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ABSTRACT 

Occidenol is a crystalline sesquiterpene, which was first isolated in 1960 by von 

Rudloff and co-workers from the heartwood of Eastern white cedar {Thuja occidentalis 

L). Biologically, occidenol belongs to family of compounds called phytoalexins.The 

structure of occidenol is unusual in its rare divinyl ether group, which is a part of a seven 

membered ring system (dihydrooxepine ring system). No natural product with such a 

divinyl ether ring system has been synthesized. The work described m this dissertation is 

the first total synthesis of occidenol. This synthesis proceeded from occidentalol, a 

related natural product, and used reversal pericyclic reactions to produce the divinyl ether 

fimctional group. The correct stereochemistry was determined through the comparisons 

of the synthesized compound with an authentic sample. 

The second part is the acid catalyzed-rearrangement of carbocations. The 

migrating group is often hydrogen, an aryl group, or alkyl group. The migration 

tendencies of 3,3-disubstituted 3H-pyrazoles 5, arrangement reaction were studied. In this 

system, the ethyl migrates faster than the methyl by factor of about fifty times. It was 

predicted that the isopropyl group would migrate faster than the ethyl group by fifty-fold 

factor. The isopropyl pyrazole was synthesized for the first time, in addition to the methyl 

and the ethyl pyrazoles. The prediction was validated by kinetic studies. Two 4-methoxy-

4-R-cyclohexadienones, one with an ethynyl group and the other with a cyano group, 

were synthesized for the fiarst time. The ethynyl group did migrate but fiirther reaction 

occtirred leading to hydration of ethyl group. The cyano group did not migrate but the 

methoxy group migrated instead. 
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CHAPTER I 

INTRODUCTION 

The Total Synthesis ofOccidenol 

Occidenol 1 is a crystalline sesquiterpene of the eudesmane class, 

C15H24O2, m.p. 42-44, [a]D-139°, which was first isolated in 1960 by von Rudloff and co

workers from the heartwood of Eastern white cedar (Thuja occidentalis 1)^ 

1 

Biologically, occidenol belongs to family of compounds called phytoalexins.̂ '"* 

The word phytoalexin is derived from the Greek "phyton," meaning plant and, "alexin," 

to ward off Phytoalexins can be defined as antimicrobial substances that are produced by 

plants in response to infection by fimgi or bacteria and help to defend the plant by 

inhibiting the growth of invading microbes. Phytoalexins vary in their chemical nature. 

They can be divided into two main groups: terpenes from such sources as in the 

Solanaceae (tomato, tobacco, potato), and aromatic phenols, such as flavonoids of 15 

carbons. The majority of phytoalexins are isoflavonoids.' 

The structure of occidenol is unique in its rare divinyl ether group, which is a part 

of a seven membered ring system (dihydrooxepine ring system). No natural product vwith 

such a divinyl ether ring system has been synthesized. The synthesis of this unique 



sesquiterpene with unusual structure characteristics will provide understanding of a new 

synthetic methodology. Furthermore a stereo-controlled synthesis should lead to proof of 

the correct stereochemistry of occidenol. 

Carbocation RearranRement Kinetics 

The acid catalyzed-reairangement of carbocations is an important process, which has 

been studied extensively throughout the history of organic chemistry. The migrating 

group R is often hydrogen, an alkyl group, or an aryl group.̂ "^ 

I / H \ \ I 
—9~9® *- ®C-C— or © c - C — 

Relative migratory aptitudes have been determined for a number of substituents. 

Migration has been shown to occur when there are two different groups (R and X). The 

one which migrates is the one which has the ability to stabilize a positive charge in the 

transition state of the migration reaction, although many other factors can affect the 

migrating group.^ 

The classical method that was used to study these migratory aptitudes is referred to 

as "relative migratory aptitudes" in which groups are pitted against each other in the 

intramolecular sense to see which one migrates or using the ratio of products that resulted 

from competing 1, 2-shifts. However, this intramolecular comparison is complicated by 

several factors, such as the conformational preference of different substituents, 

amount of charge density generated before rearrangement occurs, and relative stability of 

the substituents to migrate. 



In order to give a more meaningful comparison and cancel out most of these 

complications. Stiles and Mayer'" have studied the rearrangements of a series of glycols 

and proposed the term "migration tendency". The "migration tendency" (MT) was 

defined as MT=kp'^/kp^', where kp^= partial rate constant under defined conditions for 

migration of the group R, where only the migration group varies and the structure of the 

rest of the molecule and the reaction conditions remain constant. In this case the 

migration is controlled only by electronic factors. 

In addition to the alkyl group migration, many examples of electron withdrawing 

groups migrating such as the ester,'^ keto,'^ and thioester" substituents have been 

reported. The migration of the electron withdrawmg groups seems electronically 

unreasonable, because the carbon atom that undergoes the migration has a partially 

positive charge by the nature polarization of the fimctional group (shown for ester figure 

1.1). 



Origin 

Migrating group 

Terminus 

Figure 1.1. Proposed transition state for migration of the ester group. 

The postulate has been made that n bond of the carbonyl group plays an important 

role by back-donating some electron density to the transition state for the migration 

reaction. In contrast, the trichloromethyl group,'^ which has similar polarity but lack of 

71 electrons, does not undergo such migrations under any conditions. In fact, a vinyl 

group, which contains a sp^ hybridized carbon and is not electron withdrawing, does 

migrate in preference to both methyl and methoxy groups.'^ The vinyl migration was 

much faster in preference to the methoxy group compared to the methyl group because 

the methoxy group provides rate acceleration of all groups studied. 

The cyano group is another electron withdrawing group that contains a n-system. But 

the cyano group has never been observed to migrate in a carbonium ion. The first detailed 

study of the migration of a cyano substituent was done by Yoimg-Sook Hahn ' (in our 



lab), who tested the rearrangement of the 4-methyl-4-cyanocyclohexa-2,5-dienone 3 

under a wide variety of acidic conditions . Hahn found that the cyano group did not 

migrate but the methyl group did migrate instead. 

C H 3 ^ 

R=cyano. 

In current work, 4-methoxy-4-R-cyclohexa-2,5-dienone 4 was chosen to determine 

the characteristic migratory aptitude of cyano group. In order to make a determination on 

whether the adverse polarity or the sp hybridization better explains the fact that the cyano 

group does not migrate in 3. The ethynyl group, which shares the sp hybridization with 

the cyano group but which does not have the adverse polarity, was studied to separate the 

two effects. 

CH3O. /^ 

4a: R= ethynyl, 4b:R=cyano 



The cyclohexadienone system has shown to be a suitable model to study the relative 

migratory aptitudes and migration tendencies of R substituents because of the following 

reasons: 

a) Aromatization is a good driving force. 

b) The rearrangement is initiated by protonation, and no leaving groups are present. 

c) The migration step is the rate-determining step and is irreversible, so that the 

migration tendency can be obtained directly from the rate constants and product 

ratios. 

d) The potential migrating groups are in the same steric environment on the flat 

cyclohexadienone ring, thus eliminating steric effects in the rearrangement. 

e) The initial ion can be detected by UV-VIS or NMR spectroscopy, and the charge 

density at the migration terminus before the rearrangement can be calculated 

(Schemel. 1.) 



Scheme 1.1. Competing pathways for the rearrangement of a 4,4- disubstituted 
cyclohexa-2,5-dienone 

It has been reported by Marx and co-workers that the ethyl group migrates 

approximately 50 times fester than the methyl group and the isopropyl migrates 2500 

[(50) ] times faster than the methyl group in 4-methyl-4-alkyl-cyclohexa-2,5-dienone 

1X 

3. Also the same prediction was reported in 4-methoxy-4-alkyl-cyclohexa-2,5-dienone 
1X 

system 4, in which the ethyl group migrates 210 times faster than the methyl group and 

the isopropyl group migrates 41600 [(210)^] times faster than methyl group. 

These results were predicted a priori, based on transition state theory and were 

explained by the fact that the hyperconjugation plays an important role in stabilization of 

the partial positive charge in the migrating group (Figure 1. 2). The results also require 

that the effects of all of the other variables are cancelled out in these compounds, and 

only the structure of the migrating group is needed to explain the relative rates. 



H-
,R' 

C -«- migrating group 

8" 
u 

5" 

origin terminus 

Figure 1.2. The fransition state during a carbocation rearrangement. 

An ethyl group also migrates 50 times fester than a methyl in the 3,3-disubstituted 

3H-pyrazole system, which has shown similar rearrangement characteristics as a 

cyclohexadienone system does. Should the increased rate of an ethyl group be due to 

hyperconjugation of its methyl group in the fransition state, and the effect of further 

methyl group substitution be multipUcative? In order to answer these questions, a work 

was designed to synthesize and measure the migration tendencies of methyl, ethyl and 

isopropyl groups in the 3,3-disubstituted 3H-pyrazole system 5. This system should 

provide fiirther evidence that the effect of the migrating group in the transition state 

dictates the ability of such alkyl groups to migrate. 

R CH3 
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CHAPTER II 

LITERATURE REVIEW 

Many chemical compounds are produced by plants as defensive substances in 

response to infection. These substances are called phytoalexins. Commonly phytoalexins 

are not detected in the plants because they are not stored. They start to be produced 

rapidly (from 1 to 8 hours) when the plant is attacked by fimgi or bacteria. '̂'* 

Phytoalexins are also known as heartwood constituents in unrelated woody species. 

Occidenol 1 presents one such case, since it has been isolated from the heartwood of 

Eastern white cedar Thuja occidentalis L, but acts as a phytoalexin when tobacco mosaic 

virus (MTV) attacks in tobacco, Nicotiana rustica. 

Occidenol 1 C15H24O2, m.p. 42-44, [a]D-139'', which is a crystalline sesquiterpene of 

the eudesmane class, was first isolated with other compounds in 1964 by von Rudloff and 

Nair from the heartwood of Eastern white cedar. ̂ "̂  Occidenol was found as a minor 

component. These Canadian workers made an incorrect structural assessment for 

occidenol as 6 and named it occidiol since they assumed that it is a diol.^ 

1 6 

Figure 2.1. Occidenol 1 and the framework 6 for occidiol as reported by von 
Rudtofifand Nair (1964) 

10 



Later, Tomita and co-worker isolated a crystalline compound from the wood of 

Thuja korainsis^'^. This new compovmd proved to be identical to "occidiol" isolated by 

Von Rudloff and Erdtman. Tomita and his workers suggested that the compound was not 

a diol because only one proton signal (6 3.95, s) was assigned to a hydroxyl group in the 

NMR spectrum in DMSO-d^ solution. Tomita renamed the compound occidenol. The 

new structure of occidenol, which was proposed based on the basis of NMR, IR and 

various chemical transformation has a imique cis fiised bicyclic ring system with a 

divinyl ether group. The hydroxyl group is part of an isopropanol group. This was 

proved by the feet that the base peak is at m/e 59 in the mass spectrum and the NMR 

spectrum has a signal at 6 1.23 (6H,s). A hydrogenation product of occidenol displayed a 

new mukiplet at 5 3.3-3.8 (4H) due to -CH2-O-CH2- and a doublet of the secondary 

methyl group at 6 1.00 in its NMR spectrum. These NMR results showed that occidenol 

structure has three olefinic protons and an allylic methyl group -CH=CH-0-CH=C(CH3)-

and this divinyl ether group is located in a seven membered ring 1. 

In 1985 occidenol was isolated along with a closely related conq)ound named 

occidentalol and with other compounds from the leaves of Nicotiana rustical (tobacco) 

by Uegaki and co-workers.^' They reported that the spectral data of occidenol were 

con^letely in agreement with that proposed by Tomita and Hirose. The structure of 

occidenol as shown in (Figure 2.2) and some of its spectral data are summarized in Table 

2.1. 

11 



1 14 

Figure 2.2. Structure and Nmnbering ofOccidenol. 
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Table 2.1. Spectral Data for Occidenol 

*HNMR: Proton 

I4-CH3 

12,13-CH3 

I5-CH3 

5-H 

1-H 

2-H 

3-H 

Shift r8) 

1.15 

1.27 

1.67 

2.18 

4.4 

6.09 

6.09 

Multiplicity 

s 

s 

s 

ddd 

dd 

d 

br. s 

J(Hz) 

11,2.5,1.0 

7.5,1.3 

7.5 

"CNMR; Carbon 

1 

2 

3 

4 

5 

6 

7 

8 

Shift (5) 

140.9 

137.8 

120.2 

115.5 

38.2 

48.1 

28.8 

42.4 

Carbon 

9 

10 

11 

12 

13 

14 

15 

Shift (5) 

22.6 

38.4 

74.1 

29.4 or 29.5 

29.5 or 29.4 

21.5 

31.0 

IR (KBr): 3400-3500cm"'(hydroxyl group), 1670,1655, 1300,1285 and 1200. Ms: M^ 
m/e 236 and base peak at m/e 59. 

13 



The stereochemistry of occidenol is closely related to the stereochemistry of 

occidentalol. The stereochemistry of occidentalol was originally postulated to be as 

shown in structure 7. Structvire 7 was synthesized and was shown not to correspond to the 

natural product. The structure was later modified to structure 8.̂ ^ A total synthesis of 

stereostructure 8 verified that this structure was correct. This makes it highly likely that 

the stereochemistry of occidenol is also in error and should be reversed to 9, though this 

proposal has not been made in the literature. This stereochemical assigrmient allows the 

isopropanol side chain to be equatorial (conformation 9b) instead of the original axial 

assignment (conformation lb), and still accommodate the trans-diaxial geometry required 

for Hs with one He proton, as required by a coupling constant of 11 Hz (table2.1). 

OH OH 

7 8 

Figure 2.3: The origmal proposed structure of occidentalol and its revised structvu-e. 

14 



1a lb 

9b 

Figure 2.4. Proposed structure of occidenol la, its conformation lb , and the 
currently proj>osed structure of occidenol 9a and its conformation 9b. 

15 



Biosynthesis ofOccidenol 

The structural precursor for the formation of sesquiterpenes is known to be cis or 

trans- femesylpyrophosphate, 10 or 11. The biogenesis of this class of compounds starts 

by forming an unstable cation from the elimination of the allylic leaving group. This 

cation intermediate changes to different classes of ring compounds by linkage to one or 

other of the isolated double bonds (Scheme 2.1). Reaction of the resulting compounds 

with the solvent or Uberation of a proton will stabilize the compoimds.^^ All such 

reactions are under enzyme control, of course. 

According to the reasonable proposal by Hortman,^^ occidenol, hke other 

eudesmane-type sesquiterpene alcohols, in which its rings are cis-fiised is actually 

produced fix)m simple hydration of ion 12 followed by dehydrogenation to form 14 and 

biosynthetic epoxidation of 14to form 15, followed by Cope rearrai^ement that leads to 

occidenol 9(Scheme 2.2). 

16 



Famesyl 
cis-pyrophosphate 

10 

POP 

Farnesyl 
trans-pyrop hosph ate 

11 

Scheme 2.1. Formation of the structural unit of sesquiterpenes. 

17 



_ 0 

15 

Scheme 2.2. Proposed biosynthesis of occidenol. 

Previous synthetic approaches to occidenol 

Two imsuccessfiil approaches have been tried to synthesize occidenol in our lab. 

The first attempt was done by Don Kyle.̂ '̂  The approach was to convert the synthetic 

keto-aldehyde 16 into occidenol via a single step by using a bis-Wittig reagent,a,a'-bis-

triphenylphosphoniumbromide dimethyl ether 17. The more easily obtained ketoaldehyde 

20, derived from elemol was used as a model instead of the synthetic keto-aldehyde 16 

for most studies. But, unfortunately, the bis-Wittig reagent did not react with the elemol 

derivative. It seems that steric hindrance in the keto-aldehyde was the reasoiL 

The second approach to the synthesis of occidenol was done by Howard 

MerkcTL*̂  This approach was very similar to the previous one. The ketoaldehyde 16 was 

18 



chosen as the starting material, which would be allowed to react with 2 equivalents of the 

previous unknown bis-methoxy(trimethysilyl) methylid (Peterson olefination reagent) to 

hopefully yield 19, which ŵ as expected to react with a strong base, such as KH, to form 

occidenol acetate 18. 

The product of the addition was successfiiUy formed, and diastereomers were 

present. The elimination step with potassium hydride failed to occur and the approach 

was abandoned (Scheme 2.3). 

19 



MeaS 

MeaSiCHLiOCHLiSiMea 
18 

OAc OAc 

B r B r 

1.Ph3PCH20CH2PPh3 17 

2. NaOMe/MeOH 

2KH 

OAc 

18 

OAc 

20 

Scheme 2.3. The failure approaches to synthesis of occidenol. 
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CHAPTER III 

RESULT AND DISCUSSION 

Proposed Synthesis ofOccidenol 

The proposed synthesis of occidenol is shown in scheme 3.1 with initially-assumed 

stereochemistry of intermediates. The starting material is occidentalol 8, which can be 

extracted with acetone from the heartwood of the Eastern white cedar free {Thuja 

occidentalis L.).^ The acetone extract is reported to contain 36% occidentalol. This 

starting material has stereocenters which correspond to those in the proposed 

stereostructure of occidenol, as well as suitable fimctionality needed for synthesis. 

Occidentalol 8 should undergo a Diels-Alder reaction with 4-phenyl-l,2,4-triazoline-3,5-

dienone 21 to give 22.̂ "̂̂ ^ Epoxidation of 22 with a neutral reagent such as 

dimethyldioxirane 23 should form a stereospecific epoxide 24.^^ Selective hydrolysis, 

followed by mild oxidation with CuCl2 should yield diazo compound 25. A thermal 

fragmentation reaction of 26 should give occidenol in optically active form. 
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Scheme 3.1. The proposed route to occidenol. 
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Occidenol has an acid-sensitive divinyl ether fimctional group so the challenge in 

this synthesis is to generate and retain this group under all synthetic conditions. By 

producing this fimctionality in the last step, the mild neutral conditions of the 

Segmentation should not include any damage to the divinyl ether group of occidenol. 

From the proposed synthesis of occidenol shown above, it appears that we have two 

major sections to the work to synthesize occidenol 9. The first section is to isolate the 

starting material from the natural source {Thuja occidentalis L.) in quantity. The second 

section is the formal insertion of an oxygen atom between the double bonds of 

occidentalol, which is to be accomplished via Scheme 3.1. 

Extraction and isolation of occidentalol 8 

Occidentalol represents 36% of the acetone extract from the heartwood of the 

Eastern white cedar free {Thuja occidentalis L)} The reported total analysis of the 

sesquiterpenoid content of the extract, as determined by GLC analysis^ is shown in Table 

3.1. 

Table 3.1. Sesquiterpenoid components of the wood of Thuja occidentalis L. 

Compoimd 

Occidentalol 

y-Eudesmol 

a- + p-Eudesmol 

Diol (occidenol) 

Occidol 

% 

36 

3 

10 

3 

46-47 
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The heartwood (306.0 g) of the Eastern white cedar tree {Thuja occidentalis L.) 

was extracted with acetone in a large continuous extractor for 36 hours. The extract was 

evaporated to a small volume then dissolved in diethyl ether. The ether solution was 

filtered from the insoluble residue. The filfrate was extracted with 3 portions of aqueous 

10% potassium hydroxide to remove the acidic and phenolic material. The combined 

ethereal layers were washed with water and dried over anhydrous magnesium sulfate, and 

the ether was evaporated to yield a neufral oil (5.72 g, 1.9 %). The neutral oil was 

fiactionally distilled through a vacuum-jacketed 6 inch Vigreaux column at 1.0 mm 

pressure. Occidentalol was collected boiling 148-149 °C (1.8 g, 34.0 % from the acetone 

extract). Occidentalol was further purified by column chromatography once, but was 

normally used without such purificatioa By GC/MS, the distilled sanq)le was 72% pure 

and contained four components at about the 5% level each and a number of very minor 

components.^ 

Synthesis of occidenol 1 from occidentalol 8 

The key step required in our proposed synthesis is to insert an oxygen atom 

between the double bonds of the occidentalol 8. No method exists to do this 

transformation directly, so a series of pericychc reactions were proposed. 

The first step is the Diels-Alder reaction between occidentalol with a dienophile to 

convert the conjugated diene to a single double bond. This dienophile should be highly 

effective and highly stable to acids, bases, moisture, or alcohols. 4-phenyl-1,2,4-

triazoline-3,5-dione (PTAD)̂ ^"^^ 21 has been chosen. PTAD is a strong dienophile that 
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reacts very rapidly, even at room temperature with a wide variety of diene systems with 

excellent yields. 

As we expected, PTAD 21 underwent the cycloaddition reaction to occidentalol 8 

very smoothly in dry THF at 0 °C providing the 1,4-cycloadduct 22 with a quantitative 

yield. Occidentalol was used as a mixture with other components but occidentalol was the 

only diene. It is known that the Diels-Alder reaction is selective for cis dienes, so the 

dienophile added selectively to the occidentalol only. After completion, the resulting 

mixture was washed through column chromatography with diethyl ether to remove the 

other con^wnents. Compound 22 was obtained in the 60:40 ethyl acetate: diethyl ether 

flections with 70 % yield. 

The IR, "C-NMR, ' H - N M R spectral data were definitive for the structure. The IR 

spectrum showed two carbonyl group bands at 1765 and 1720 cm'' with imequal intensity 

of the urazole moiety. The ' H NMR spectrum of the product showed sharp singlets at 8 

1.905 (3H), 6 1.27 (3H), 5 1.16 (3H), 5 1.05 (3H), and many multiplets 5 0.65-1.8 (IH) 

each. The two vinyl peaks were at 5 6.18 (IH) and 5 6.48 (IH). The bridge proton 

(adjacent to the urazole nitrogen showed up at 6 4.41 (IH). The aromatic phenyl showed 

up as two multiplet peaks in the ejqjected 8 7.30-7.42 (5H) regioit Also the '^C-NMR 

spectrum supported the proposed structure. For example, the aromatic and double bond 

carbon signals are located in the expected 8 125.8-132.6 region, the urazole carbonyl 

peaks at 8 153.8 and 154.6, and the two bridgehead carbon peaks (adjacent to the urazole 

nifrogen) at 8 63.9 and 73.1. The reaction produced only one stereoisomer. The 
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stereochemistry follows from the method of formation and a NOESY spectrum after the 

next reaction. 

Ph—N 

21 

The next stage of the synthesis was the epoxidation of the double bond in 22. A usual 

epoxidation reagent, m-chloroperoxybenzoic acid, did not touch 22. The proposed 

reagent, dimethyldioxirane 23, was then attenq)ted. It can be generated from oxone 

(potassivun peroxomonosulfate) and acetone and transferred to the reaction or can be 

generated in situ. 

Dimethyldioxirane 23 was prepared under biphasic conditions (benzene and 

CH2CI2/H2O) using excess acetone, oxone, a phosphate buffer, and a phase transfer 

catalyst (18-crown-6). This protocol was then applied to the epoxidation of 22 as 

proposed, but unfortunately the oxidation did not go to completion as evidenced by an H 

NMR spectrum, which showed new peaks for the epoxide but also substantial peaks for 

starting material. Several runs with different concentrations of oxone and acetone were 

tried. Also the dimethyldioxirane reagent was generated externally using oxone and 

acetone, then transferred from the generation medium to a receiver containing acetone. 
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This solution was added to 22 but gave only the starting material. At this point, it was 

decided to search for a new reagent. 

The new reagent was another dioxirane, methyltrifluoromethyldioxirane, which 

has the highest reactivity among the dioxiranes reported so far.^' It was generated in situ, 

using trifluoroacetone as a reagent and acetonifrile-water mixture as the solvent. This 

protocol has been successfully applied to epoxidize many unactivated olefins with 

various substitution patterns, including strongly electron-deficient olefms, and others. 

Methylfrifluoromethyldioxirane was found to convert 22 to epoxide 24 with 100 % 

yield (by'H NMR). 

CF3COCH3 
Oxone/NaHC03 y~^"",'.'."P 

Ph—N lor 
\ r L, 

22 24 

The reaction was carried out, starting at 0 °C and continumg at room 

temperature for 24h. The pH (7-7.5) of the reaction was confrolled by sodium carbonate. 

In general these conditions prevent possible opening of the epoxide. The structure was 

readily determined by NMR. The ' H NMR spectrum showed substantial chemical shift 

changes for the three protons (H a, Hb, He) between the alkene 22 and the epoxide 24. The 

bridgehead proton He (adjacent to the nitrogen) shifted from 8 4.40 to 8 4.19, Hb and Ha 

shifted from 6 6.45 and 8 6.19 to 8 3.64 and 8 3.39 respectively. The epoxidation reaction 

stereospecific, as proved by the spectral data, which showed only one isomer for 24. 
was 
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According to COSY assignments, there are two possible isomers which fit the proposed 

structure (24a and 24b). 

24a 
24b 

The NOESY spectrum shows an interaction between Hb and He and another 

interaction between Ha and Hd, which are not near each other in isomer 24a but they are 

in 24b. Isomer 24a shows that the FU and Hb are not close to any of the ring protons, on 

the contrary. Ha and Hb in isomer 24 b are close enough to the ring protons (Hd, Hg). After 

these NOSEY correlations between protons on the bicyclic proton of the molecule (Ha 

and Hb) vdth the protons on the ring (H<j and He), it is demonstrated that 24b is the right 

isomer. This spectrum has been discussed in detail.^" 

Basic hydrolysis of the urazole 24 and subsequent oxidation was hoped to give the 

azoalkane 25. Unfortunately, 24 could not be hydrolyzed. Two other attempts at base-

catalyzed hydrolysis were made, the first one is a reductive removal method with lithium 

aluminium hydride in THF, and the second is the freatment with sodium carbonate in 

DMSO. These two methods were tried under several conditions of increasing harshness, 

but only starting material was recovered. 
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After all of these results, it seems that 24 is very difficult to hydrolyze so we decided 

to use another triazolinedione, which is N-methyl triazolinedione (MTAD)^' 26 in place 

of the phenyl derivative in hope that it could be more easily hydrolyzed. 

CH3—N^ "I 

26 

Compoimd 26 was synthesized from 4-methylurazole by N2O4 oxidation, and 

added successfully to 8 to give the Diels-Alder 27 adduct with high yield. Epoxidation of 

the Diels-Alder adduct was then done with methyltrifluoromethyldioxirane. The NMR 

spectra showed similar peaks to compound 24 with small differences in the chemical 

shifts and the new methyl peak instead of the phenyl peaks. 

H3C—N 

26 

CH2CI2.OC 

V-N'"'-; 
^ H3C—N I Ot 

Oxone/NaHCOs V . ^ 

CF3COCH3 

27 28 
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Compound 28 was refluxed with excess potassium hydroxide in isopropyl alcohol 

for twenty-four hours under nitrogen. Fortimately, this compound was completely 

hydrolyzed under these conditions. The resulting compound was oxidized using a cupric 

chloride work up to lead to 25. The relative configuration of 25was assigned on the basis 

of H NMR and by analogy to compound 24. 

V-N "y-
H3C-M lo;;;;| 

^—N' 
o 

1.KOH/i-PrOH 

OH 2.CUCI2 , 

3.NH3 

28 

29 

The *H NMR spectrum showed substantial chemical shift changes for the three 

protons in the downfield shift region between 28 and 29. The bridgehead proton 

(adjacent to the nitrogen) shifted from 8 4.19 to 8 5.13 and the other two hydrogen 

shifted from 8 3.64 and 8 3.39 to 8 3.43 and 8 3.18. The fragmentation gave only one 

isomer for 29, as proved by the NMR. 

Compovmd 29 was heated in acetonitrile to 135 °C in a sealed tube for 10 hours after 

cooling and work up the resulting compound was shown to be (+)-occidenol 9. 
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+ N2 

29 9 

The structure was readily determined by spectral analysis and comparison with 

natural occidenol 9. 

The H NMR spectrum clearly showed three olefinic proton signals H-1, H-2, and H-

3 (8 4.32, 6.02,, and 6.02), an allylic proton signal H-5 ddd (8 2.19) and the four methyl 

peaks H12, H-13, H-14, and H-15, (8 1.19,1.19, 1.08, and 1.61). 

The COSY spectrum confirmed the assigrunents of H-1 (correlated with H-2), and 

H-2 (correlated with H-3). C-1, C-2, C-3, and C-4 were determined by '^CNMR and 

HMQC. 

The total synthesis of (+) occidenol is achieved for the first time. The synthesis 

proceeded from occidentalol 8, a related natural product and has the same strereocenters. 
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which correspond to those in the proposed stereostructure of occidenol 9. The synthetic 

plan involved a reverse pericyclic reaction to produce the divinyl ether fimctional group. 

The fi^mentation can be consider as a reverse [2;2;2] cycloaddition. The specfra exactly 

matched those reported by Uegaki and co-workers^'. Since there are no changes on the 

stereocenters of occidentalol 8 during the synthesis the stereostructure of occidenol 

should be 9 not 1. That proved our prediction and the correct stereostructure of occidenol 

is 9. 
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CHAPTER IV 

EXPERIMENTAL: PART 1 

Unless otherwise noted, all chemicals used were purchased from Aldrick 

Tetrahydrofliran and diethyl ether used in reactions were distilled from sodium in the 

presence of benzophenone. Dichloromethane was distilled from calcium hydride 

immediately before use. 

NMR experiments were conducted in deuterated chloroform using an INOVA-

500 (500 MHZ for proton) instrument. All NOSEY, COSY, and DEPT experiments were 

conducted with the INOVA-500 instrument. Peak positions were given in parts per 

million (8) from the internal standard teframethylsilane. Coupling constants (J) were 

reported in Hertz (Hz). Infrared spectra were obtained from thin fihns of the material 

between sodiimi chloride plates using a Perkin Elmer 1600 series FT IR specfrometer. 

Analytical thin layer chromatography was performed using Eastman 

chromatogram sheets. Colimm chromatography was done with 200-300 mesh neutral 

silica gel. 

Most of the products were worked up using an organic-aqueous separation, the 

mixtures were extracted tv^ce with dichloromethane. The organic layer was dried over 

anhydrous MgS04, then filtered and the organic solvent was removed in vacuo, unless 

otherwise stated. 
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Extraction and isolation of occidentalol 8 

An initial generous supply of the heartwood from the Eastern white cedar Thuja 

Occidentalis L, was suppUed as wood chips by Bob Nadeau of the Sovebec Furnittire 

Company in Canada (Address: Sovebec, Inc., 9201 boul. Centre HospitaUer, Chamy, 

Quebec, G6X 1L5. Canada). A second sample was supplied later through Michael Paice 

(Address: Environmental program, Pulp and Paper Research Institute of Canada, 570 

Boulevard St. Jean, Pointe-Claire, Quebec, H9R 3J9, Canada). We thank these 

individuals. 

A sample (306.0 g) of the wood was extracted in a continuous extractor with 

acetone for 36 hours. After removal of the solvent under reduced pressure (18 mm Hg) in 

a rotary evaporator at 40-50 °C the dark brown viscous residue was poured into 500 mL 

ether. The ether solution was stirred for two hours and the insoluble precipitate was 

filtered off. The ethereal solution was extracted with three aUquots of 10% aqueous 

potassium hydroxide solution to remove all the phenohc and other acidic material. After 

washing with water, the solution was dried over anhydrous magnesium sulfate, and then 

filtered and the organic solvent evaporated to dryness with a rotary evaporator to yield an 

oUy material (5.72 g, 1.9%). 

The oily material was fractionally distilled through a vacuum-jacketed 6 inch 

Vigreaux column at 1.0 mm pressure. The fraction collected betweenl48-149 °C 

contained 1.8 g. This material proved to be 71% occidentalol, determined by GC/MS, 

which was used in the subsequent step without any fiirther purification. 
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*H NMR (500 MHz): 8 5.80 (dd, J= 5.0,5.5 Hz, IH), 8 5.56 (dq, J= 4.0,1.0 Hz, IH), 

8 5.28 (d, J= 9.0 Hz, IH), 8 1.79 (s, 3H), 8 1.679 (d, J= 4, IH), 8 1.53 (dd, J=12.5,3.3, 

IH), 8 1.360 (m, 2H), 8 1.228 (dd J= 6, 2H), 8 1.14 (s, 3H), 8 1.13 (s, 3H), 8 1.110 (dd, 

J=1.5,2.0,2H),8 0.85(s,3H). 

"C NMR (500 MHz): 8 139.82,8 133.63, 8 123.46, 8 116.76, 8 72.82,8 47.55,8 

47.195,8 39.00,8 35.58, 8 26.99, 8 27.28, 8 27.28, 8 26.81, 8 24.7, 8 22.22. 

IR(neat betweenNaClplates), cm': 3300, 3050,2950, 1640, 1495, 1400, 1125,1080, 

900. 

Preparation of the Diels-Alder Adduct 22 

To a solution of occidentalol (1.1 g , of 71% purity, 5.0 mmol) in a 30 ml of dry 

THF was added dropwise at 0 °C a solution of 4-Phenyl-l,2,4-triazoline-3,5,dione 

(0.875g, 5.0 mmol) in 30 ml of dry THF. The resulting mixture was stirred for 10 h at 

room tenperatvffe, and the solvent was removed by rotary evaporator. The crude mixture 

was chromatographed on silica gel by eluting with a 30:70 mixture of diethyl ether and 

ethyl acetate to yield 39 (1.38 g, 70 %) as a white powder: mp 188-189 °C. 

' H NMR (500 MHz): 8 7.43-7.45 (m, 5H),), 8 6.44 (dd, J= 3.0,4.5 Hz, IH), 86.18 (d, 

J=4.5, IH), 8 4.19 (d, J= 3.0 Hz, IH 8 1.905 (s, 3H), 8 1.75 (ddd, J= 12.5,5.0,2.5, IH) 

81.74 (ddd, J=12.5,5.5,22.5), 8 1.61 (dd, J=13, 5.5 Hz, IH), 8 1.54 (ddd, J - 13,5.5,2.5, 

IH), 8 1.53 (ddd, J= 13,9.2.5, IH), 8 1.37 (ddd, J= 13,7.0,2.5, IH), 8 1.22 (dd, J=13,6.6, 

IH), 8 1.28 (s, 3H) 8 1.16 (s, 3H), 8 1.12 (s, 3H), 8 0.59 (ddd, J=13.0,13.0,13.0, IH). 
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"CNMR(500MHz): 8 154.54,8 153.76,8 132.64,8131.56,8 130.36,128.96,8 

128.01,8 125.83,8 73.11, 8 63.94, 8 58.60, 8 49.97,8 42.14, 8 37.24,8 28.83,8 27.81,8 

26.30,8 25.48,8 23.73, 8 20.11, 8 18.81. 

IR (neat between NaCl plates), cm': 3300, 3050,2950,1725, 1700,1580,1450,1300. 

Analysis calculated for C23H29N3O3: C, 69.85% ; H, 7.39%; N, 10.62%; Found: C, 

69.70%; H, 7.22%; N, 10.66%. 

Preparation of compound 24 

To (237.7 mg, 0.60 mmol) of the compoimd 22 dissolved in 20 mL of acetonitrile 

was added to an aqueous Na2.EDTA solution (3 mL, 4 x 10^ M). The resulting solution 

was cooled to 0 °C, followed by addition of trifluoroacetone (2 mL). After 5-10 min of 

stirring a mixture of sodimn bicarbonate (0.5 g, 6.0 mmol) and oxone (2.5 g, 6.0 mmol) 

was added at once. The mixtiire was stirred for 24 h at room temperature. The solution 

was added to 20 mL of water and extracted with 2 xl5 mL of dichloromethane. The 

combined organic layers were washed with distilled water, then dried over magnesium 

sulfate and solvents removed in vacuo to yield 24 mp 185-186, by ' H NMR (100%). 

' H NMR (500 MHz): 8 7.43-7.45 (m, 5H), 8 4.19 (d, J= 3.0 Hz, IH), 8 3.65 (dd, J= 

3.0,4.5 Hz, IH), 83.39 (d, J=4.5, IH), 8 1.92 (s, 3H), 8 1.870 (ddd, J= 12.5,5.0, 2.5, IH) 

81.78 (ddd, J=12.5,5.5,22.5), 8 1.736 (dd, J=13, 5.5 Hz, IH), 8 1.688 (ddd, J= 13,5.5,2.5, 

IH), 8 1.563 (ddd, J= 13,9.2.5, IH), 8 1.472 (ddd, J= 13,7.0,2.5, IH), 8 1.345 (dd, 

J=l3,6.6, IH), 8 1.30 (s, 3H) 8 1.208 (s, 3H), 8 1.159 (s, 3H), 8 1.006 (ddd, 

1=13.0,13.0,13.0, IH). 
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•'C NMR (500 MHz): 8 154.69,8 154.17,8 131.64,129.03,128.12, 8 126.26, 8 

72.97,8 61.64,855.61,8 54.63,8 53.16, 8 50.80,8 42.09, 8 37.74, 8 28.09,8 27.81, 

8 27.05,8 25.66,8 21.97,8 19.34, 8 8.94. 

IR (neat between NaCl plates), cm"': 3300, 3050,2950,1725, 1700,1600,1540,1450, 

1300,1150, 

Preparation of 4-Methyl-l,2,4-triazoline-3,5,dione 26 

Gaseous dinitrogen tefroxide was generated from the addition of nitric acid to 

copper metal then passed through a tube into a cold stirred solution of (0.300 g, 2.61 

nunol) of 4-methylurazole in dichloromethane until all the urazole dissolved and the 

solution turned a dark red color. The solution was used in the next step. 

Preparation of Diels-Alder Adduct 27 

To a solution of occidentalol (0.610 g of 71% pxirity, 1.968 mmol) in a 20 ml of 

dry dichloromethane was added dropwise at 0 "C a solution of 4-methyl-l,2,4-triazoline-

3,5,dione , which was prepared above. The resulting mixture was stirred for 10 h at room 

ten^erature. The solvent was removed by rotary evaporator. The crude mixture was 

chromatographed on silica gel by eluting with a 30:70 mixture of diethyl ether and ethyl 

acetate to yield 27 (0.55 g, 84%) as a Kght yellow powder, mp 145-148 °C. 

Preparation of compound 28 

Con^vmd 28 was prepared analogously to compound 22. To a solution of (292.7 

mg, 0.869 mmole) of the compound 28 dissolved in 30 mL of acetonitrile was added an 

aqueous Naj.EDTA solution (4 mL, 4 x 10"* M). The resulting solution was cooled to 0 

°C, foUowed by addition of trifloroacetone (3 mL). After 5-10 min of stirring a mixture of 
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sodium bicarbonate (0.75 g, 9.04 mmol) and oxone (3.744g, 9.00 mmol) was added at 

once. The reaction was stirred for 24 h at room temperature. The mixture was poured 

into 20 ml of ice-water zuid extracted with CH2CI2 (3 x 20 m l ) . The 

combined organic extracts were washed with brine and dried over MgS04 

Rotary evaporation of the filtrate gave the essentially pure product, as judged 

b y ' H NMR (100%). 

' H NMR (500 MHz): 8 4.19 (d, J= 3.0 Hz, IH), 8 3.65 (dd, J= 3.0,4.5 Hz, IH), 83.39 (d, 

J=4.5, IH), 8 2.99 (s, 3H), 8 1.92 (s, 3H), 8 1.870 (ddd, J= 12.5,5.0,2.5, IH) 81.78 (ddd, 

J=12.5,5.5,22.5), 8 1.736 (dd, J=13, 5.5 Hz, IH), 8 1.688 (ddd, J= 13,5.5,2.5, IH), 8 

1.563 (ddd, J= 13,9.2.5, IH), 8 1.472 (ddd, J= 13,7.0,2.5, IH), 8 1.345 (dd, J=13,6.6, 

IH), 8 1.30 (s, 3H) 8 1.208 (s, 3H), 8 1.159 (s, 3H), 8 1.006 (ddd, 1=13.0,13.0,13.0, IH). 

Preparation of compound 29 

A 50-mL, round bottomed, two necked flask, equipped with a reflux condenser, 

gas inlet and outlet tubes, and a magnetic spinbar, was charged with (500 mg, 8.91 mmol) 

of KOH and (0.3497 g, 1.00 mmol) of urazole 28 in 20 mL of isopropyl alcohol. The 

reaction was refluxed under nitrogen gas and stirred for 24 h. After the solution cooled 

down to room temperature 3 g of ice was added and then followed by concentrated HCl 

to acidify the solution to pH 1-2. The solution was subsequently adjusted to pH 5-6 with 

5 M NH4OH, and then, with gentle stirring, a 3 M aqueous solution of CuCb. 2H2O was 

added dropwise. The solution turned brown. The pH was readjusted to pH 5-6, after 15 

min the solution was extracted with (3 X 30 mL) of dichloromethane. The combined 
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organic layers were washed by (2 X 20 mL) of water, then dried over anhydrous MgS04, 

and concentrated by rotary evaporator. 

'H NMR (500 MHz): 85.139 (d, J= 2.5 Hz, IH), 8 3.481 (dd, J= 3.5, 2.5 Hz, IH), 

63.185 (d, J=3.5, IH), 6 1.98 (s, 3H), 8 0.926 (s, 3H). 

'^C NMR (500 MHz): 8 73.04, 8 72.97, 855.61,8 54.63, 8 53.16,8 50.80,8 42.09,8 

37.74,8 28.09,8 27.81,8 27.05,8 25.66,8 21.97,8 19.34, 8 8.94. 

A GC-MS specttum showed no peaks for compound 29. However, the major peak in 

the GC trace (RT: 12.37) gave a mass spectrum (m/z 236 [>f ]: Ms-Ms 218,203, and 

59.) identical to that of a natural sample of occidenol, obtained from the wood of Thuja 

Occidentalis L. 

Occidenol 9 

A solution of the azoalkane (60 mg, 0.23 mmol) in 5 ml of acetonitrile was heated 

to 120 C° in a sealed tube for 10 h. After cooling. The mixture was poured into 10 

ml of ice-water and extracted with CH2CI2 (2 X 10 ml). The combined 

organic extracts were washed with brine and dried over MgS04 Rotary 

evaporation of the filtrate gave the essentially pure product 52mg,90%. 

'H NMR (500 MHz): 8 6.04 (s, IH), 8 6.04 (d, J= 7.5, IH), 8 4.38 (dd, J= 7.5,1.3 Hz, 

IH), 82.15 (ddd, J= 11.0,2.5,1.0 Hz, IH), 1.65 (s, 3H), 8 1.24 (s, 3H), 8 1.23 (s, 3H), 

8 1.11(s,3H), 

'^C NMR: 8 140.9, 8 137.06, 8 120.46, 76,8 72.82,8 47.55,8 47.195,8 39.00,8 

35.58,8 26.99, 8 27.28,8 27.28,8 26.81, 8 24.7,8 22.22. 

Ms: m/z 236 [M^]: Ms-Ms 218, 203, and 59. 
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PART II 

CARBOCATION REARRANGEMENT 
KINETICS 
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CHAPTER V 
LITERATURE REVIEW 

PART II 

Dienone-Phenol Rearrangement 

Dienone-phenol rearrangement is an old term. It was first used by Wild and 

Djerrassi to refer to the acid catalyzed migrations of alkyl groups of cyclohexadienones, 

The earliest example of the dienone-phenol rearrangement was reported by Androecci in 

32 

1893, which was the rearrangement of santonin 30 to desmofroposantonin 33. 33 

H+ 

30 

OH Me 

3 1 1,2 Me Shift 

Me H 

-H^ 

OH Me OH Me 

33 32 

The dienone- phenol rearrangement has also been observed in many other 

compounds. For example. Woodward and Singh showed that 34 rearranged to 35. 
34 
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Me 

34 

AC20 

H+ 

35 

The rearrangement of 4,4-disubstituted cyclohexadienone systems 3 and 4 to 

phenols has been extensively studied.'''''^' '̂ -̂ ^̂ ^ 

CH3O 

The 4,4-disubstituted cyclohexadienone is shown to be a useful and excellent 

system to study of the migratory aptitude and migration tendency in carbonium ion 

rearrangement reactions. Scheme 5.1 shows the competing pathways possible for a 4,4-

disubstituted cyclohexadiene when treated with acid. The mechanism has been 

estabUshedbyVitullo.^* 
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H+ 
-H+ 

-H+ 

R= alkyl or aryl, X= an electron-withdrawing substituent 

Scheme 5.1. The competing pathways for the rearrangement of a 4,4-disubstituted 
cyclohexadienone. 

The first step is rapid and reversible, and the protonated ion A can be detected by 

NMR or UV-VIS spectroscopy. One of the substituents on ion A will imdergo a 1,2 

migration, upon acid treatment, in order to achieve the energetically favorable aromatic 

system. There are two possible pathways (a and b) that the rearrangement reaction can 

go. The kinetically preferred pathway would be expected to involve the migration of the 

substituent which can best stabilize the positive charge density in the transition state. The 

rearrangement step is the rate-determining step and is irreversible, and is followed by 

43 



rapid proton loss, which generates the aromatic ring. In the ion B the group X remaining 

behind destabilizes the positive charge (path a). However, if X group migrates to give 

ion D, the R group will stabilize flie positive charge (path b). When R=methyl group and 

X=carbethoxy group, carbeflioxy group migrates 11 times faster than the methyl group as 

shown in table 5.1. 

Table. 5.1. Relative Rates of reaction of carbocation Rearrangements 

CH3O 

R-Group 

-CH3 

-CH2CH3 

-COOEt 

-CH=CH2 

Isopropyl 

-C=CH 

-C=N 

CCI3 

JL Under study 

0 

3 

1 

50 

11 

12,000 

2530 

-

Me migrated 

Me migrated 

0 

4 

1 

210 

4800 

100,000 

42500 

a 

a 

-

44 



some electron density for the migration reaction (Figure 5.1). In contrast, the 

trichloromethyl group,'' which has similar polarity but lacks n electrons, does not 

undergo such migrations and the methyl migrates instead (Table 5.1). 

Migrating group 

Origin 
Tenninus 

Figure 5.1. Proposed transition state for the migration of the carbethoxy group. 

In addition, the vinyl groip which is sp^ hybridized, migrates 12,000 times fester than the 

methyl groip in 4-methyl-4-allgrl-cycfohexa-2,5-dienone 3 , and 100,000 times fester than the methyl 

groiq) in 4-methojg'-4-alkyl-cycbhexa-2,5'dJMione 4 (Table 5.1)." Therefore, the ;rsystem of the 

vinyl groiq) he^xrf to stabilize the traiisition state due to back (tonation of 71 electron density in the 

transition state. 

Migration of the ethynyl groiq> an ejanple of sp hylmdizatwn has been investigated in our 

lab by Hahn'' RearrangenKnt of the ethynyl pinacol 37 in TFA gave three products. The three 
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poducts were dhynyl, methyl and phenyl group migration in the ratio of 85:6.9 iespectively,!n 

TrifluoroacetK acid, but the ratios changed dramatically in different acidic msdia 

Ph C^CH Ph 
I I H^ I 

Ph -C - ( ^ -CH3 ^ p h - C - C - C H g + 
OH OH 

37 

C 0 

38 

Ph 0 

I 
CH 

CH 
ill 
C 0 

P h - ^ - U - C - C H ^ P h - ( ^ - ^ - P h 

CHg 

39 40 

The cyano groiq) lias rever been obsoved as a migrating groip. The carbon of tte cyano 

gtoiq) is sp Itybidized like the etl̂ myl and, also the group is an electron vwthdrawiî  gro^^ 

possible migration of a cyano groi5> has been studied in our lab.'̂  The cyano group in the 4-me!thyl-4-

cyanoq?cbhexar2,5-dienone 3b did not migrate under any of a wide variety of conditions, but when 

3b was treated with BF3.0Et2 the migration of the methyl group was observed (Scteme 5.2). 
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C H , CN 

BFsOEta 

CH3 

CN 
CH-̂  ^ 

OBF-. 

OBF3 

CH3 

CH3 

-fH+ workup 
^ ^ 

CN 

CN 

_u+ workup I 
^ i - ^ ^ 

CH3 

OBF3 OH 

Scheme 5.2. The rearrangement reaction of the 4-cycno-4-metltylcyctohexa-2,5-dienDne 

The 4-methoxy-4-alkylcyclohexadenone system 4 reacts similarly to the methyl 

substituted cyclohexadienones with the alkoxy group remaining in place and the other 

group migrating. In addition, the methoxy group showed rate acceleration due to high 

stabilization of the positive charge during the migration step (Table 5.1). Also the methyl 

group migrates in preference to the methoxy group in concentrated hydrochloric acid, 

that was the first example of the migration of 4 (R=Me).''* 

CH30^ CH3 

conc-HCi 

OCH3 
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Pyrazole Rearrangement 

A substituted pyrazole may undergo rearrangement and aromatization of the 

pyrazole ring in acid or heat. The course of the rearrangement is through a 1,2 shift of an 

alkyl group to the adjacent carbon or nitrogen atom.̂ ^ 

The earhest known example of the substituted pyrazole rearrangement is the methyl 

migration of pyrazole 43 upon heating to 400 °C.^ 

400 °C 

McGreer and Wigfield ^̂  observed the migration of the carbomethoxy group 

during the thermal dehydrobromination of 4-bromo-3-methyl-3-carbomethoxy-l-

pyrazoline 45. 
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CHaOOC cHa 

Br 

45 

CH3OOC CHa 

(-HBr) Y 

46 

t 

CHa 

CHaOOCY^jH 

47 

The first and only detailed study of the migration of substituted pyrazoles was 

carried out by Schiess and co-worker'̂  in the aromatization of the series of 3,3-

disubstituted 3H-pyrazoles 5, in which R=methyl, ethyl, benzyl, phenyl, and 

carbomethoxy. 

R CH3 
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The migration tendencies, in acetic acid at 60 °C, fell into the order 

methyl<ethyl<phenyl<benzyl <carbomethoxy, with relative rates of 1:44:880:9000:9500. 

The migration tendency of the ethyl group versus the methyl group in the 3,3-

disubstituted 3H-pyrazoles 5 has shown similar characteristics as a cyclohexadienone 

system does. In the 4-methyl-4-alkyl-disubstituted cyclohexadienone 3, the ethyl group 

migrates 50 times faster than the methyl group, also the isopropyl migrates 50 times 

faster than the ethyl group and 2530 times faster than the methyl group (Table 5.1). The 

increased rate observed for the ethyl group due to the hyperconjugation of its methyl 

group in the transition state is shown in figure 5.2. The effect of the two methyl groups 

on the migrating carbocation in the isopropyl group versus one methyl group in the ethyl 

group multiples the effect versus the methyl group. Would the isopropyl do the same 

thing in 3,3-disubstituted 3H-pyrazole system 5? The synthesis and the measurement of 

the migration tendencies of methyl, ethyl and isopropyl groups in the 3,3-disubstituted 

3H-pyrazole system 5 will answer this question. 
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H-
,R' 

migrating group 

x̂^̂^̂^̂  8" 
n 

origin terminus 

Figure 5.2. The transition state during a carbocation rearrangement. 
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CHAPTER VI 

RESULTS AND DISCUSSION:PART II 

Synthesis of Substrates Used for Kinetics 

Synthesis of Two 4-Methoxy-4-R-cyclohexadienQnes 

The preparation of 4-methoxy-4-ethynylcyclohexa-2,5-dienone is sununarized in 

scheme.6.1. Following the procedure of D. A. Evans, ̂ "̂'̂  trimethylsilylcyanide reacted 

directly with p-benzoquinone 48 in anhydrous THF by using triphenyl phosphine as a 

catalyst to generate the silyloxynitrile 49. To silyloxynitrile 49, ethynyl magnesivmi 

bromide in THF was added followed by acidic work-up to form adduct 50. The blocking 

group, silyloxynitrile, was removed vdth silver fluoride in aqueous THF at room 

temperature. Methylation of p-quinol 51 into methoxy compound 4a was done by using 

KOH and methyl iodide in THF.̂ ^ 
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o 

TMSCN 

PhsP 

BrMgC^CH 
• 

48 

HO P-CH 

TMSO CMM 

49 

AgF 

Ĥ  

HO C=CH 

THF/H2O 

O 

51 

KOH 

CH3I 

CH,0 P=CH 

4a 

Scheme 6.1. Synthesis of 4-methoxy-4-ethynylcyclohexa-2,5-dienone 4a. 

The synthesis of 4-methoxy-4-cyanocyclohexadienone was carried out as shown 

in scheme 6. 2. 
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The first step of the synthesis of 4b (Scheme 6.2) was to prepare the 

silyloxynitrile 49. This was successfully done as in the synthesis of 4a. The methylation 

step to form 4b was very troublesome. Several attempts were made to do that. First 

silyloxynitrile 49 was treated with methyltrifluoromethanesulfonate (magic methyl), a 

very good methylating agent, m the presence of silver fluoride. In this case, only p-

benzoquinone was recovered. Another attempt was to use methyl iodide instead of 

methyltrifluoromethanesulfonate, this gave up to 5% of the desired con^und, as 

detected by NMR, but the reaction was not reproducible. It was foxmd that the TMS 

group could be removed under acidic conditions to give pure cyanohydrin 52. The 

cyanohydrin decomposed back to p-benzoquinone when methylation was attempted 

under any of several basic conditions. The formation of the very stable benzoquinone 

causes 52 to be an especially unstable cyanohydrin (Scheme 6.2), although all 

cyanohydrins decompose vmder basic conditions. 

54 



TMSO C=N 

TMSCN 

Ph3P 

Q CMS! 

CH3I or 

CH3QTf 

"A^F 

-CN 

53 

CH,0 P ^ N 

( CH3)30BF4 

or 

52 

CH2N2, Si02 6 

4b 

Scheme 6.2. Synthesis of 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b. 

It was possible to avoid these reaction conditions and use acidic or neutral 

conditions. Cyanohydrin derivative 52 was treated with diazomethane,^ catalyzed by 

silica gel, to give the methylated product 4b but vrith very low yield, less than 10 %. 

Trimethyloxonium tetrafloroborate was added to a solution of cyanohydrin derivative 52 

in dichloromethane. After the workup, compound 52 was completely methylated to form 

4b. 
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Synthesis of Pyrazoles 

The three 3,5-dimethyl-3H-pyrazoles 5a-c carrying a fiirther methyl, ethyl or 

isopropyl group were synthesized as described below. The methyl pyrazoline 54a was 

produced by a literature method^', shown in scheme 6.3. In this scheme, acetone 

underwent aldol condensation, dehydration, and cyclization with hydrazine 

dihydrochloride all in the same pot to give 55, which gave 54a on neutralization. 

O 

a A 
2 CH3^ CH3 

Reflux 
CH3 

CI- 01-

H3N-NH3 CH3 

55 

MaHC03( aq) 

C H 3 . ^ C H 3 

CH3 

54a 

Scheme 6.3. Synthesis of 3,3,5-Trimethylpyrazoline 54a. 

The synthesis of 3-ethyl-3,5-dimethylpyrazoline 54b and 3-isopropyl-3,5-

dimethylpyrazoline 54c is summarized in scheme 6.4. 
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A condoisation reaction of propaigyl bromide 56 in the presence of aluminum powder widi 

a krtone (ethyl metliyl ketone or isopropyl methyl ketone) followed by aqueous workup gave a 

tertiary alcohol 57. ® Conversion of alcohol 57 to eiwne 58 was done by an acid catalyzed 

rearrangement.^ The rearrangement is related to the well-known acid catalyzed Rupe 

rearrangemmt.^ Refluxing enone 58 with hydrazine dihydrochloride gave 59. Neutralization of 59 

by aqueous sodium bicarbonate gave 54b and 54c. 
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-Br 
56 

O 

A CH: 

R= ethyl, Isopropyl 

1. Al (Powder) 

2. H3O+ 

CH. 

OH 

57 

H2SO4 (caO 

AcOH 

^H3 

58 

ci-ci-
H3N-NH3 

R CH3 R CH3 
Cl-

^ H J^^^^Q (̂aq) ^ H 

CH3 
54 

54b: R= Ethyl 
54c: R= Isopropyl 

59 

Scheme 6.4. Synthesis of 3-ethyl-3,5-dimethylpyra2oIine 54b and 
3-isopropyl-3,5-dimethylpyrazoline 54c 
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Finally, the pyrazolines were oxidized to the pyrazoles using a bromination-

dehydrobromination process (Scheme 6.5). hi our hands, the bromination gave the 5-bromo isomer 

60. Schiess '̂  had used this method to make 5a and 5b, but the communication gave no evidence 

of how he did the bromination or proof of stmcture of his bromo intermediate. 

CH3 

54 

Br2 

CHCI3 

NaOH 
CH3OH 

R CH3 

CH3 

R=Me, Et and isopropyl 

Scheme 6.5. Synthesis of 3,5-dimethyl-3H-pyrazoles 5a-c. 
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Rearrangement of 4-ethvnvl-4-methoxvcvclohexa-2.5-dienone 4a. 

(A) In CF3COOH 

To a solution of ethynyl dienone 4a in dry CDCI3 in an NMR tube was added an 

excess of dry CF3COOH. According to the NMR spectrum, the vinylic protons a to the 

carbonyl were deshielded 0.20 ppm and those protons p to the carbonyl group were 

deshielded 0.18 ppm. There was no fiirther change after two days at room temperature. It 

seemed that 4a does not imdergo rearrangement in CF3COOH. There was no attempt to 

try the rearrangement at higher temperature. Compounds 3 and 4 with R = methyl, ethyl, 

isopropyl, carbethoxy, and vinyl undergo clean and feirly rapid rearrangement imder 

these condtions. 

(B) Intrimethylsilyltriflate (TMSOTf). 

At room ten5)eratvu"e, a measured amount of ethynyl dienone 4a was added to an 

NMR tube. A measured amount of trimethylsilyhriflate (TMSOTf) was added slowly to 

the 4a solution to reach approximately a 1:1 ratio. The 'HNMR spectrum showed 

immediately, that the vinylic protons a to the carbonyl were deshielded 0.24 ppm and 

those protons p to the carbonyl group were deshielded 0.22 ppm. After 2 days, the H 

NMR spectrum showed the disappearance of the methoxy signal at 3.4 and the two 

vinylic peaks at 6.25 ppm and 5 6.78 ppm. New peaks had appeared, new methoxy 

signals at (3.7-4.0) ppm and many peaks in the aromatic region (7.8-6.85) ppm. After the 

usual work up and purification by silica gel chromatography, many products were 

obtained but only one showed the presence of an aromatic methoxy group. The H NMR 

showed two methoxy peaks at 3.81 (3H) and 3.73 (3H) ppm, and another singlet with 
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integration for 3H at 2.55, which was identified as a methyl ketone peak. Analysis of the 

aromatic region showed three signals; the 'H NMR spectrum showed two downfield 

doublets at 7.25 ppm,(3.3 Hz) and 6.86 ppm,(9.0 Hz), and a doublet of doublets at (6.9-

7.0) ppm, (9.0 Hz) requiring a 1, 2,4-trisubstituted benzene ring. The mass spectrum 

showed a molecular ion peak at m/z 180, corresponding to C10H12O3 and a base peak at 

m/z 165. These data indicated that the product is 2,5-dimethoxyphenyl methyl ketone 61, 

a known compound.̂ ^ 

OCH3 p 

'CH. 

OCH3 

61 

The mechanism and the product of the rearrangement reaction of 4-ethynyl-4-

methoxycyclohexadienone 4a in TMSOTf can be summarized in scheme 6.6. The extra 

methyl presumably comes fi-om the trimethylsilyl group, but the details are obscure. This 

reaction is still under investigation. 
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CH3O C^CH 
^ C H 

TMSOTf 

4a 

OCH. 

C=C—H 
-H+ 

OTMS 

TMSOTf 

J OTf 

TMS 

1,2 ethynyl shift 

C^C—H 

OTMS 

CH3O OTf H 

C=C 

Si(cH3): I3 workup 

OCH3 

OCH3 O 

CH3 

Scheme 6.6. Mechanism and the product of the rearrangement reaction 
of 4-ethynyl-4-methoxycyclohexadienone 4a in TMSOTf 
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(C)WithBF3.Et20 

In a similar manner to the previous reaction, ethynyldienone 4a was added to one 

equivalent of boron trifluoride etherate BF3.0Et2. The vinylic protons a to the carbonyl 

were deshielded 0.24 ppm and those protons P to the carbonyl group were deshielded 

0.22 ppm. There was no further change after two days at room temperature. Another 

sample was done vsdth an excess (10 equivalents) of boron trifluoride etherate BFs.OEta at 

room temperature, the same result was found. 

(D) CH3OSO2CF3 (magic methyl). 

1 equivalent of ethynyl dienone 4a and 1 equivalent of CH3OSO2CF3 were placed 

in an NMR tube. The NMR spectrum showed no downfield chemical shift even after a 

week. The sealed NMR tube was heated to aroimd 90° for 4 hours. The NMR spectrum 

showed that the starting material was completely consumed. The product mixture 

consisted of a conqilex mixture of insoluble unidentified products but no evidence for 

ethynyl migration products. 

Rearrangement of 4-Methoxy-4-cyanocyclohexa-2.5-dienone 4b. 

(A) BF3.Et20. 

To a solution of 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b m dry CDCI3 in an 

NMR tube was added one equivalent of boron trifluoride etherate, BF3.0Et2. According 

to the NMR spectrum, the vinylic protons a to the carbonyl were deshielded 0.22 ppm 

and those protons P to the carbonyl group were deshielded 0.18 ppm. Next day, the ' H 

NMR spectrum showed the methoxy signal shifted from 3.4 ppm to 3.9 ppm. The two 
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different vinylic protons (a and p) to the carbonyl had disappeared and three new 

aromatic proton peaks had appeared. After the usual work up and purification, the 'H 

NMR spectrum showed the methoxy signal at 3.86 ppm. The aromatic region showed the 

three protons, showing a doublet at 5 7.71 (9.0 Hz), doublet at 6 7.26 (3.3 Hz), and 

doublet of doublets at 6 7.19 (9.0,3.3 Hz). The IR spectrum showed the presence of the 

cyano group (as a strong peak at 2200 cm"'). The mass spectrum showed a molecular ion 

peak at m/z 149, corresponding to C8H7NO2. Based on these data the structure was 

assigned as 4-cyano-3-methoxyphenol 62. 

8 7.71 

5 7.26 ^ 5 7.19 

62 

Thus the rearrangement reaction of 4-cyano-4-methoxycyclohexadienone 4b in 

BF3.0Et2 did not yield the expected 3-cyano-4-methoxyphenol 63 (cyano migration) but 

the methoxy group migrated to yield 3-methoxy-4-cyanophenol 62 instead (scheme 6.7). 
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CH3Q 

BF3.0Et2 

4b 

workup 

OOI 

N 
IJ CH3 

0 + 

-H 

S 

OBF. 

Scheme 6.7. Mechanism and the product of the rearrangement reaction of 4-cyano-4-
methoxy-cyclohexadienone 4b in BF3.0Et2 
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In conclusion, ethynyl group migration had occurred when 4-ethynyl-4-

methoxycyclohexa-2,5-dienone 4a was treated v^h TMSOTf but fijrther reactions led to 

the formation of 2,5-methoxyphenyl methyl ketone 61 (scheme 6. 6). This suggests that 

the ethynyl group is a migrating group due to the polarizable 7i-electrons of the ethynyl 

migrating group, which can stabilize the transition state by the back donation of 7c-

electrons. In addition, the methoxy group is a good group to remain behind and stabilize 

the positive charge during the migration step. However the ethynyl group is a sluggish 

migrating group at best. No migration tendency was calculated because the data available 

for other con^unds was obtained in aqueous H2SO4, where the ethynyl group does not 

migrate. A very strong lewis acid (TMSOTf) was required to cause an ethynyl group 

migration, even in the very reactive dienone 4a 

CH3O 

In the 4-cyano-4-methoxycyclohexadienone 4b the cyano group did not migrate 

but the methoxy migrated instead. Two possible explanations for this seem reasonable. 

One could be that interaction of the 7i-bond of nitrile with the resonance stabilized 

carbonium ion provides extra stabilization for the cyano group to remain behind. 

66 



OCHs OCH. 

The other reason is the formation of the methyl oxonium bridge ion during the 

migration step, which is not very favorable but is possible when other rearrangement 

pathways are too high in energy. This is the only compound studied to date in which the 

methoxy group migrates. 

CH-
NC ,0 

ox 

Thus, in the two cyano cases studied in our lab, 4-methyl-4-

cyanocyclohexadienone and 4-methoxy-4-cyanocyclohexadienone, the group which 

normally remains behind became the migrating group and no examples of cationic 

migration of cyano group are known to date. 
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Rearrangements of the three pyrazoles. 

(A):CF3COOH 

The possible acid-catalyzed rearrangement products of pyrazoles (5a, 5b, and 5c) 

m CF3COOH are as follows (Scheme 6. 8). 

CH3' 

63 64 65 

a: R= Me. b: R= Et, c: R= Isopropyl 

Scheme 6.8. Possible acid-catalyzed rearrangement products of pyrazoles (5a, 
5b, and 5c) in CF3COOH. 
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The results of the rearrangements of three pyrazoles 5 in CF3COOH at 25° are 

s\immarized in Table 6. 1. 

Table 6.1. Rearrangement of pyrazoles (5a, 5b, and 5c) in CF3COOH at 25". 

Pyrazole 

5a 

5b 

5c 

Substituents 

Me:Me 

Me:Ethyl 

Me:Isopropyl 

Group Migrated 

Me 

Me and Ethyl 

Isopropyl 

Product 

(ratio) 

63a 

(100%) 

63b and 64b 

(98%) (2%) 

63c and 65c 

(66%) (34%) 

The NMR spectrum of rearranged methyl pyrazole 5a in CF3COOH showed that 

the methyl migrates to the adjacent carbon atom exclusively leading to a single product of 

structure 63a. For the structure determination of the migration product of the methyl 

pyrazole, the vinylic hydrogen peak was con^letely disappeared and the two methyl 

singlet peak at 5 1.3 was shifted downfield to 5 2.4 (Scheme. 6.9). 
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56.3 

51.3 

5 2.4 

5 2.04 

H+ 

8 2.4 

5 2.4 

CH. 

CH 

CH3/ 

NH 

Scheme. 6.9. Rearrangement of methyl pyrazole 5a in CF3COOH. 

The ethyl pyrazole 5b rearranges to give a mixtvire of 63b with 98% and 64b vdth 

19 2%. These results are in Eigreement with 4-methyl-4-ethyl-cyclohexadienone, in which 

the ratio of ethyl to methyl migration was 98:2. The 'HNMR spectrum showed the 

dis^pearance of the vinylic hydrogen. The ethyl and the methyl group peaks also shifted 

downfield (Scheme 6. 10). 
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51.94 
8 0.7 51.3 

CH3CH2 CH-

5 6.37 

5 2.4 

H+ 

5 2.51 
8 2.4 

CH2CH3 

CH 

CH3/ 

Scheme. 6.10. Rearrangement of ethyl pyrazole 5b in CF3COOH. 

The isopropyl pyrazole rearranges quantitatively to a mixture of 66% 63c 2uid 

34% 65c through a shift of the isopropyl group to both carbon and nitrogerL The ' H N M R 

spectrum showed the peaks of the two rearranged products and disappearance of the old 

peaks (Scheme 6.11). 
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8 2.29 

5 0.65 
5 1.03 

5 6.37 -• H 

8 2.4-« CH3'^ 5c 

81.3 

H+ 

1.26 52.39 

\ 

5 6. 

CH3 9H3 \ 

52.34 
-1 ^ SI 

/ / 

63c 

Scheme. 6.11. Rearrangement of isopropyl pyrazole 5c in CF3COOH, with NMR 

data. 

Kinetics of pyrazoles. 

The kinetic studies of pyrazoles 5 were attempted to be obtained in aqueous 

sulfuric acid to compare that with 4-methyl-4-R-cyclohexadienone results. But 

unfortunately, pyrazoles 5 rearrange much too rapidly in strong acids to measure by UV 
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methods even in very dilute solution (less than 0.1%). The rearrangements of pyrazoles 

(5a, 5b, and 5c) were carried out in dilute solution of trifluoroacetic acid in acetic acid 

(TFA/AA). 

The observed rate of rearrangement, kobs, in a given acid depends on the 

concentration of the conjugate acid (cation, Slf*̂  and its propensity to rearrange. In 

general, the concentration of SH^ can be measured by UV or NMR techniques. 

S + H+ ^ ^ SH+ 

SH+ ^^ >• X* »• Product 

The rate constant of the reaction per unit volume of solution observed 

experimentally (kobs) would be related to the rate constant for the rate-determining step 

k.by: 

-d[S+Slf] / dt = kobs [ S+ SH"] (1) 

= ki[SHl (2) 

and therefore, 

ki=kobs[l+[S]/[SHl (3) 

Equation 3 is used in case of the rearrangements of cyclohexadienones in strong 

acid like sulfiiric acid. Since pyrazoles are very strong bases conq)are with the 

cyclohexadienones and the rearrangement of the pyrazoles was done in different acid 

media another equation (4) derived from equation 3 was used to calculate ki. 
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k , = k o b s . l O - ^ (4) 

where ki, and Ka are represented below, and kobs is the experimental rate. ApKa: 

is the difference in pKa of the ethyl and isopropyl pyrazoles (5b and 5c) to methyl 

pyrazole 5a. The pKa values for 5a-5c were estimated from pKa values of R-substituted 

model compound (4-substituted quinuclidmes). ApKa values were found *̂: ethyl + 0.1, 

and isopropyl + 0.2. 

Product 

B 

Migration tendencies can be determine from product ratios if the migration step is 

the rate determining step (A B). The partial rate constant k̂ , for the migration of 

individual groups can be determined from 

kp = ki X % migration product /100. (5) 

and MT = kp''/kp^' (6) 

Figure 6.1 shows the rearrangement of 3,3,5-trimethylpyrazole 5a in l.ON 

TFA/AA solution, and the UV cut-off was about 260 nm, all readings were recorded 

every 25 minutes, with the first one starting at 30 seconds . Figure 6.2 shows the results 
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of one of the kinetic runs done in 1 .ON TFA/AA at 25°. The slope was used to calculate 

the kobs= (1.25 X 10 sec"'), from the average of three kinetic runs. 

kobs= ^'QP^ 
60 sec/min (6) 

Since we compare ethyl and isopropyl with methyl ApKa for the methyl = 0, 

and either of the two methyl groups could migrate, so a statistical factor of 2 must be 

used to correct the rate constant. 

kobs = ki and kp = ki/ 2 (kp = 6.25 X 10"̂  sec"') 

Figure 6.3 shows the rearrangement of 3-ethyl-3,5-dimethylpyrazole 5b in l.ON 

TFA/AA solution, and the UV cut-off was about 260 nm, all readings were recorded 

every 2 minutes, with the first one starting at 30 seconds. Figure 6.4 shows the results of 

one of the kinetic runs done in l.ON TFA/AA at 25°. The calculated kobs= (3.66 X 10"̂  

sec''). 

From equation 4, ki = 2.91 X 10"̂  sec"', and ' H NMR showed that 98% ethyl 

migrated and 2% methyl migrated, kp = 2.85 X 10'̂  sec"' 

2.85 X 10-3 sec-1 
MT= 

6.25X10-5 sec-1 

45.6 = 46 times 
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Figure 6.1. Typical UV spectra for the rearrangement of 3,3,5-timethylpyrazole 
5a in l.ON TFA/AA at 25°. The top trace is at 10 sec, and each 
subsequent trace is at 25 min intervals. 
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Figure 6.2. Rate of rearrangement of 3,3,5-timethylpyrazole 5a in 
l.ON TFA/AA at 25°. 
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Figure 6.3. Typical UV spectra for the rearrangement of 3-ethyl-3,5-
dimethylpyrazole 5b inl.ON TFA/AA at 25°. The top trace is at 10 
sec, and each subsequent trace is at 2 min intervals. 
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Figure 6.4. Rate of rearrangement of 3-ethyl-3,5-dimethylpyrazole 5b in 
l.ON TFA/AA at 25°. 
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Figure 6.5 shows the rearrangement of 3-ethyl-3,5-dimethylpyrazole 5b in 0.16N 

TFA/AA solution, and the UV cut-off was about 260 nm, all readings were recorded 

every 20 minutes, with the first one starting at 10 seconds. Figure 6.6 shows the results 

of one of the kinetic runs done in 0.16 N TFA/AA at 25°. The kobs was calculated to be 

6.1X10"^ sec'. 

k, = 4.80 X 10"̂  sec"', and kp = 4.78X 10"̂  sec"' 

Figure 6.7 shows the rearrangement of 3-isopropyl -3,5-dimethylpyrazole 5c in 

0.16 TFA/AA solution, and the UV cut-off was about 260 nm, all readings were recorded 

every 2 minutes, with the first one starting at 10 seconds. Figure 6.8 shows the results of 

one of the kinetic runs done in 0.16 N TFA/AA at 25°. The calculated kobs was (2.95 X 

10"̂  sec-'). 

ki = 2.35 X 10"̂  sec"', kp = 2.35 X 10"̂  sec"' and the migration tendency 

(MTEt"^= 49 times 
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Figure 6.5. Typical UV spectra for the rearrangement of 3-ethyl-3,5-
dimethylpyrazole 5b in 0.16N TFA/AA at 25°. The top trace is at 10 
sec, and each subsequent trace is at 20 min intervals. 
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Figure 6.6. Rate of rearrangement of 3-ethyl-3,5-dimethylpyrazole 5b in 
0.16N TFA/AA at 25°. 
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Figure 6.7. Typical UV spectra for the rearrangement of 3-isopropyl-3,5-
dimethylpyrazole 5c in 0.16N TFA/AA at 25°. The top trace is at 10 
sec, and each subsequent trace is at 2 min intervals. 
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Figure 6.8. Rate of rearrangement of 3-isopropyl-3,5-dimethylpyrazole 5c in 
0.16N TFA/AA at 25°. 
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The rate ratios for the rearrangements of 3,3,5-timethylpyrazole 5a, 3-ethyl-3,5-

dimetliylpyrazole 5b and 3-isopropyl-3,5-dimethylpyrazole 5c are summarized in table 6.2. 

Table 6.2. Rate ratios of the rearrangement of the three pyrazoles (5a, 5b, and 5c) 
in Trifluroacetic acid and Acetic acid. 

Compound Percent TFA/AA kp Ratio of Rates 

5a l.ON (6.15 ± 0.12) X10"^ 1 

5b l.ON (2.87 ± 0.082) X10"^ 47 

5b 0.16N (4.7 ± 0.10) X10"^ 1 

5c 0.16N (2.3 ± 0.05) X10"^ 49 

The migration tendency of the methyl pyrazole system 5 reveals that ethyl 

migrates 47 times faster than the methyl in TFA/ AA. The value is similar with that of 

Schiess eteL- (44, AA)''. These values represent the migratory differences between ethyl 

and methyl groups are due to the build-up of charge density before the migration step. On 

the basis of the hyperconjugative effect, it is reasonable to stabilize developing charge at 

the migration origin and ethyl to be better to stabihze the transition state for the 

rearrangement. The prediction was made that the effect of the two methyl groups on the 

migratmg carbocation in the isopropyl group versus one methyl group in the ethyl group 

would multiply the effect versus the methyl group. This prediction is completely correct. 
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It shows that isopropyl group migrates 49 times faster than an ethyl group and 49x47= 

2303 times faster than a methyl group. Thus, the multiplication of the rate with the 

number of the methyl groups on the migrating carbon has been observed in the 

4-methyl-4-R-cyclohexadienones 3, the 4-methoxy-4-R-cyclohexadienones 4, and now 

the 3-R-3,5-dimethylpyrazoles 5. 

86 



CHAPTER VII 

EXPERIMENTAL: PART II 

All chemicals were purchased from Aldrich unless stated otherwise. NMR 

experiments were conducted in deuterated chloroform, unless otherwise noted, using an 

lNOVA-500 (500 MHZ for proton) instrument. All NOSEY, COSY, and DEPT 

experiments were conducted with the INOVA-500 instrument. Peak positions were given 

in parts per million (5) from the internal standard teframethylsilane. Coupling constants 

(J) were reported in Hertz (Hz). Infi-ared (IR) spectra were measured using a Perkin-

Ehner 1600 series FTIR (neat) on a Beckman Acculab 8 or Nicolet MX-S FT-IR 

spectrophotometer. A Shimadzu UV-Vis, Model # UV-265, recording was used to 

measure the wavelength, absorbance, and time to determine rate constants for samples 

dissolve in 95% ethanoL 

Analytical thin layer chromatography was performed using Eastman 

chromatogram sheets. Cohmm chromatography was done with 200-300 mesh neutral 

silica gel. 

Preparative gas chromatography was done with a Gow Mac Gas Chromatography 

series 400 Thermal Conductivity Detector, using Nitrogen as carrier gas. The column was 

15.24 cm H X 25.4 cm W X 18.41cm D. Injection port temperatures were 120-150° C 

and the column temperatures were 90-120° C. 

Dry solvents were prepared by distillation from an appropriate drying agent, as 

follows. Tetrahydrofiu-an (THF) and ether were distilled from sodium metal with sodium 

benzophenone. All other reactants and solvents were reagent grade. Ether refers to 
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anhydrous diethyl ether and petroleum ether refers to the analyzed reagent grade 

hydrocarbon fraction (bp 35-60 C). 

Procedure for Kinetic Run.s 

A 3.0 ml aliquot of a solution of the desired concentration of TFAA/AA was 

placed in a 1-cm spectrophotometer cell in the thermostatted cell compartment of A 

Shunadzu UV-Vis spectrophotometer. Model # UV-265. After the solution had come to 

25°C, the reaction was initiated by injecting 5-10 jil of 0.2 M solution of pyrazole in 

95% ethanol and mixing it with the acidic media in the cell. The increase or decrease in 

the optical density of the solution at an appropriate wavelength wdth time was then 

followed. The rate of rearrangement was determined from the slope of a plot of hi [(At-

Ainf) /(Ainf-Ao)] vs time. The kinetics were always cleanly pseudo first-order. 

Synthesis of 4-Methoxy-4-ethynylcyclohexa-2,5-dienone 4a 

4-Hydroxy-4-ethynylcyclohexa-2,5-dienone51 

A 100-ml flask equipped with magnetic stirring bar and drying tube was charged with 

1.082 g (10 mmol) of p-benzoquinone 48 in 10 ml of dry tetrahydrofliran, and the 

solution cooled to 0 °C. To the cold, stirred, yellow solution was added 1.5 ml (1 Immol) 

of TMSCN and 20 mg of triphenylphosphine. Stirring was allowed to continue at 0 °C 

for 15 min. To the resulting silyloxynitrile was added 40 ml of 0.5 M of ethynyl 

magnesium bromide (20 mmol) m THF at 0°C and stirred for 24 h at room temperature, 

and then saturated aqueous ammonium chloride solution was added to precipitate the 

magnesium salts. The mixture was allowed to settle for several minutes and the 
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supernatant sohition was decanted. The dense precipitate was washed with two 20 ml 

portions of ether. The combined organic layers were washed with brine, dried over 

sodium sulfate, and concentrated under reduced pressure to give the corresponding 

masked quinol 50 as a crude, dark brown oil. 

'H NMR 6.8 (d, 2H), 6.24 (d, 2H), 2.55 (s, IH), and 0.30 (s, 9H), 

Deblocking of quinol 50 was accomplished by stirring with a solution of 0.8 g 

(6.3 mmol) of silver fluoride in 30 ml of THF-H20 (10:1) at room temperature for 1.0 h. 

The reaction mixture was diluted with dichloromethane and filtered, and the filtrate was 

washed successively with water and teine and dried over sodium sulfate. The solvent was 

removed in vacuo to yield crude oil of 51. 

Chromatogr^hy of the residue of sihca gel with 40:60 diethyl ether/petroleum 

ether gave a Kght tan soUd, which was recrystallized from 5:95 diethyl ether/petroleum 

ether to yield 51 as analytically pure white needles mp 52-53 °C (490 mg, 37.0 %) 

'H NMR (500 MHz): 5 6.24 (d, 2H), 6 6.8 (d, 2H). 6 4.0 (OH, IH,), 

and S 2.55 (s,lH) 

IR (neat between NaCl plates), cm': 3300, 2950, 2090, 1700, 1670, 1580, 1450, 1050. 

Synthesis of 4-Methoxy-4-ethynylcyclohexa-2,5-dienone 4a 

To THF (10 ml) was added powdered KOH (289 mg, 5.164 mmol) and the flask 

was capped with a rubber septura After stirring for 5 min, the flask of KOH/THF 

solution was put in a cold water bath (10 °C) and Mel was injected (400 |il, 2.58 mmol) 

and then was injected dropwise 4-hydroxy-4-ethynylcyclohexa-2,5-dienone (173 mg. 
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1.29 mmol) in 1 ml of THF via syringe. There was an immediate exothermic reactioa 

Stirring was continued for 30 min at room temperature. The mixture was poured into 20 

ml of ice-water and extracted with dichloromethane (3 x 20 ml). The combined organic 

extracts were washed with water and dried over sodium sulfate. The filtrate was 

concentrated under reduced pressure to give oily crude 4a. The product was then 

chromatographed vnth silica gel using 30:70 diethyl ether/petroleum ether gave a Ught 

yeUow liquid 4a, (150 mg, 79.0 %). 

^H NMR: 'H NMR (500 MHz): 5 6.24 (d, 2H), 5 6.8 (d, 2H), 5 2.55 (s, IH), and 5 3.34 

(s,3H) 

'^C NMR (500 MHz): 5 184.34,8 144.71,6 129.50, 578.5,8 75.28, 8 52.27,8 92.7 

IR(neat between NaCl plates), cm"': 3050,2950,2090,1700, 1670,1580,1450,1260. 

1050. 

Synthesis of 4-Methoxy-4-cyano-cyclohexa-2.5-dienone 4b 

4-Hydroxy-4-cyano-cyclohexa-2,5-dienone51 

A 50-ml flask equipped with magnetic stirring bar and drying tube was charged with 

1.082 g (10 mmol) of p-benzoquinone in 10 ml of dry tetrahydrofliran, and the solution 

cooled to 0 °C. To the cold, stirred, yellow solution was added 1.5 ml of TMSCN and 20 

mg of triphenylphosphine. Stirring was allowed to continue at 0 °C for 15 min. To the 

resulting silyloxynitrile was added 10 ml of 3.ON HCl, and stirred for 20 min at room 

temperature. The reaction mixture was poured into 15 ml of water and extracted with two 

20 ml portions of ether. The combined organic layers were dried over sodium sulfate and 
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concentrated under reduced pressure to give 1.2 g (89 %) as a white solid of cyanohydrm 

51, mp 58-60 °C. 

'H NMR (500 MHz): 8 6.8 (d, 2H), 8 6.24 (d, 2H), and 8 4.0 (OH, 1H,) 

IR (neat between NaCl plates), cm"': 3300,2950,2200,1700,1680,1580,1450,1050. 

Synthesis of 4-Methoxy-4-cyanolcyclohexa-2,5-dienone 4b 

A 50 ml, one necked, round bottomed flask equipped with magnetic stirring bar 

and drying tube was charged with (0.962 g, 8.3 mmol) of trimethyloxonium 

tetrafluoroborate 25 ml of dicloromethane, and (0.8g, 5.92 mmol) of 4-hydroxy-4-cyano-

cyclohexadienone 51. The solution was allowed to stir for 2 days. The reaction mixture 

was washed with two 25 ml portions of 5% sodimn bicarbonate, and 25 ml water. The 

organic layer was dried over sodimn sulfate, and concentrated on a rotary evaporator to 

give 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b (0.38 g, 43.1%). 

^H NMR (500 MHz): 8 6.24 (d, 2H), 5 6.8 (d, 2H), and 5 3.34 (s, 3H) 

'^C NMR (500 MHz): 5 187.34,8 144.71,8 129.50, 8 115.7, 8 78.5,8 75.28, and 8 

52.27, 

IR (neat between NaCl plates), cm"': 3050,2950,2200,1700,1680,1580,1450,1260. 

1050. 

Synthesis of 3.3.5-Trimethvlpvrazoline 54a 

A100 ml round bottomed flask, equipped with a reflux condenser and stirring bar 

was charged with 50 ml dry acetone and 25 g of hydrazine dihydrochloride. The reaction 

mixture was refluxed for 4 hours. The solution was then cooled to room temperature. 

About 80% of the acetone was distilled off and concentrated liquor was seeded. After 
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washing with dry acetone the crystals were coUected and dried, yielding 10 g of 3,3,5-

trimethylpyrazolinium dichloride salt 56. Compound 56 was neutralized by 30 ml of 

saturated sodium bicarbonate solution. The neutral solution was extracted with (3 X 30 

ml) ether. The combined organic layers were washed with brine, dried over sodium 

sulfete, and concentrated under reduced pressure to give 54a as light yellow Uquid. 

'H NMR: 5 2.5 (s, 2H), 8 2.0 (s, 3H), and 8 1.15 (s, 6 H). 

Synthesis of 3-ethyl-3.5-dimethvlpvrazoline 54b and 3-isopropvl-3.5-dimethvlpvrazoline 54c 

Preparation of 3-methvl-5-hexvne-3-ol 57b 

To a wdl stirred and cooled mixture of (10 g, 0.37 mol) of aluminum powder and 30 mg of 

mercuric chloride in dry THF was added a mixture of propargyl bromide (44.5 g 0.37 mol) in dry 

THF (60 ml) dropwise. At such rate the temperature of the mixture was maintained at ca 30 °C. 

The mixture was stirred for 1 h at 25-30 °Q and then cooled to 0 °C. One equivalait of the ethyl 

methyl ketone (26.64 g, 0.37 mol) in THF was added slowly at 0 °C. The temp^ature was raised to 

about 50 °C for Ih The reaction mixture was cooled and saturated ammonium chloride solution 

was added. The mixture was extracted twice with ether, the organic layers were dried over sodium 

sulfete The solvent was removed in vacuo to yield a dark brown oil. Distillation (short 

column) gave a colorless liquid 57b (30g, 72%). 

'H NMR: 8 2.3 (s, 2H), 8 2.0 (s, IH), 8 1.55 (q, 2 H), 5 1.15 (s, 3H), and 8 0.80 (t, 3H) 

Preparation of 2.3-dimethyl-5-hexyne-3-ol 57c. 
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To a well stirred and cooled mixture of (10 g, 0.37 mol) of aluminum powder and 30 mg of 

mercuric chloride in dry THF was added a mixture of propargyl bromide (44.5 g,0.37 mol) in dry 

THF (60 ml) dropwise. At such rate the temperature of the mixture was maintained at ca 30 °C. 

The mixture was stirred for 1 h at 25-30 °C, and tlien cooled to 0 °C. 1 equivalent of the isopropyl 

method k^one (32.0 g, 0.37 mol) in THF was added slowly at 0 °C. The temperature was raised to 

about 50 °C for Ih The reaction mixture was cooled and saturated ammonium chloride solution 

was added. The mkture was extracted twice with ether, the organic layers were dried over sodium 

sulfete. The solvent was removed in vacuo to yield dark brown oil. Distillation (short 

cohmm) gave a colorless liquid 57c (31g, 66%). 

' H NMR: 8 2.35 (s, 2H), 8 2.05 (s, IH), 8 1.8 (septet, 1 H), 61.1 (s, 3H), 

and 8 0.85 (t, 3H) 

Preparation of 4-methyl-3-hexene-2-one 58b. 

A 2-ml portion of cone. H2SO4 was added to a solution of (30g, 0.26 mol) 3-methyl-5-

hexyne-3-ol 57b in HOAc. The solution was heated at 70 °C for 40 min, poured into ice water and 

extracted with dichloromethane. The extract was washed with water, saturated sodium bicarbonate 

and dried over sodium sulfate. Vacuum distillation yielded (22g, 74%) of a mixture of isomers of 

hexene-2-one in equilibrium, and the major isomer was 4-methyl-3-hexene-2-one, 58b. 

'HNMR: 8 6.0 (s, 1 H), 8 2.1 (q, 2H), 8 2.1 (s, 3 H), 8 1.55 (s, 3H), and 8 0.90 (t, 3H) 
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Preparation of 4.5-dimethvl-3-hexene-2-one 58c. 

A 2-ml portion of cone. H2SO4 was added to a solution of (31.0 g 0.25 mol) 2,3-dimethyl-

5-hexyn6-3-ol 57c in HOAc. Tlie solution was heated at 70 C° for 40 min,poured into ice water and 

extracted with dichloromethane. The extract was washed with water, saturated sodium bicarbonate 

and dried over sodium sulfete. Vacuum distillation yielded (19.0 g, 62%) of a mixture of isomers of 

4,5-dimethyl-hexene-2-one in equilibrium, and tlie major isomer was 4,5-dimetiiyl-3-hexene-2-one 

58c. 

' H NMR: 8 6.0 (s, IH), 8 2.4 (septet, IH), 8 2.1 (s, 3 H), 8 1.55 (s, 3H), 

and 8 1.05-0.90 (dd,6H) 

Synthesis of 3-ethyl-3.5-dimethylpyrazoline 54b 

A100 ml round bottomed flask, equipped with a reflvix condenser, and stirrmg bar 

was charged with enone 58b (22 g, 0.196 mol) and (25 g, 0.24 mol) of hydrazine 

dihydrochloride in absolute ethanol. The reaction mixture was refluxed for 4 hours. The 

solution was then cooled to room temperature, and the ethanol was distilled off under 

reduced pressure . After washing with diethyl ether the salt was collected and dried, 

yielding 3-ethyl-3,5-dimethylpyrazolinium dichloride 59b. The salt 59b was neutralized by 

saturated sodium bicarbonate, and extracted with ether. The combined organic layers 

were washed with water and brine, and dried over sodium sulfate. The solvent was 

removed in vacuo to yield 54b (10.25 g, 43.0 %). 

'H NMR: 8 2.4-2.2 (dd, 2H), 8 1.85 (s, 3H), 8 1.45 (q, 2H), 8 1.1 (s, 3H), 

and 8 0.80 (t, 3H) 
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Synthesis of 3-isopropyl-3.5-dimethylpyrazoline 54c 

A 100-mL, round bottomed flask, equipped with a reflux condenser, and stirring 

bar was charged with enone 58c (19 g, 0.15 mol) and (25 g, 0.24 mol) of hydrazme 

dihydrochloride salt in absolute ethanol. The reaction mixture was refluxed for 4 hours. 

The solution was then cooled to room temperature, and the ethanol was distilled off. 

After washing with diethyl ether the salt was collected and dried, yielding 3-Lsopropyl-3,5-

dimethylpyrazolinium dichloride 59c The salt 59c was neutralized by saturated sodium 

bicarbonate, and extracted with ether. The combined organic layers were washed with 

water and brine, and dried over sodium sulfate. The solvent was removed in vacuo to 

yield 54c (7.8 g, 37.0 %). 

^HNMR: 8 2.4-2.2 (dd, 2H), 8 1.90 (s, 3H), 8 1.75 (septet, IH), 8 1.1 (s, 3H), 8 0.822 

(d, 3H), and 8 0.78 (d, 3H) 

Synthesis of 5-Dimethvl-3H-pvrazoles 5a-c from Substituted pyrazolines 54 a-c 

Synthesis of 3.3.5-TrimethvlpvTazoles 5a from 3.3.5-Trimethvlpvrazoline 54a 

A sohition of bromine (4 g, 26.0 mmol) in 5 ml of chloroform was added slovsiy to a well 

stirred solution of (2.8 g, 25.3 mmol) of pyrazoline 54a in 20 ml of chloroform at 0 °C. The 

orange solution was stirred for 30 min then washed with (2 X 20 ml) of water, dried over 

sodium sulfate The solvent was removed in vacuo to yield 59a as brown oil. The crude oil 

was dissolved in 20 ml of methanol and around 4.0 g of KOH was added. The solution 

was refluxed overnight. The reaction mixture was poured into 20 ml ice-water, extracted 

with (2 X 20 ml) of diethyl ether. The organic layers were washed with brine and dried 
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over sodium sulfete The solvent was removed in vacuo to yield a dark brown oil A 

vacuum distillation yielded 1.8 g of pyrazole 5a. Further purification was done through 

preparative gas chromatography (the column was 15.24 cm H X 25.4 cm W X 18.41cm D. 

Injection port temperatures were 120° C and the column temperatures were 95° C) to yield 

(540 mg, 14.0%) of pure 5a 

'HNMR: 86.41 (s, IH), 82.39 (s, 3H), and 8 1.388 (s, 6H) 

Synthesis of 3-ethyl-3.5-dimethylpyrazole 5b from 3-ethyl-3,5-dimethylpyrazoline 54b 

A solution of bromine (5.63 g, 44.6 mmol) in 10 ml of chloroform was added dropwise to a 

well-stirred solution of (7.145 g, 44.0 mmol) of pyrazoline 54b in 20 ml of chloroform at 0 °C. 

The orange solution was stirred for 30 min then washed with (2 X 20 ml) of water, dried 

over sodium sulfete. The solvent was removed in vacuo to yield 59b as brown oil. The 

crude oil was dissolved in 20 ml of methanol and aroimd 6.0 g of KOH was added. The 

solution was refluxed overnight. The reaction mixture was poured into 20 ml ice-water, 

extracted with (2 X 20 ml) of diethyl ether. The organic layers were washed with brine 

and dried over sodium sulfate The solvent was removed in vacuo to yield a dark brown oil. 

A vacuum distillation yielded 2.9 g of pyrazole 5b. Fiuther purification was done through 

preparative gas chromatography (the column was 15.24 cm H X 25.4 cm W X 18.41cm D. 

Injection port temperatures were 140° C and the column temperatures were 110° C) to 

yield (600 mg, 11.0%) of pure 5b. 

'HNMR: 86.37 (s, IH), 82.41 (s, 3H), 81.93 (q, 2H), 81.36 (s, 3H),and 8 0.70 (t, 3H) 
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Synthesis of 3-isopropyl-3,5-dimethylpvrazole 5c from 3-isopropvl-3.5-dimetiivlpyrazoline 
54c 

A solution of bromine (3.65 g, 26.0 mmol) in 5 ml of chloroform was added dropwise to a 

well stirred solution of (4.15 g, 26.0 mmol) of pyrazoline 54c in 20 ml of chloroform at 0 °C. 

The orange solution was stirted for 30 min then washed with (2 X 20 ml) of water, dried 

over sodium sulfete The solvent was removed in vacuo to yield 59c as a brown oil. The 

crude oil as dissolved in 20 ml of methanol and aroimd 4.0 g of KOH was added. The 

sohition was refluxed over night. The reaction mixture was poured into 20 ml ice-water, 

extracted with (2 X 20 ml) of diethyl ether. The organic layers were washed with brine 

and dried OVCT sodium sulfate The solvent was removed in vacuo to yield a dark brown oil. 

A vacuum distillation yielded 5c (1.4 g, 39.0 %). 

'HNMR: 86.37 (s, IH), 82.40 (s, 3H), 82.29 (septet, IH), 81.30 (s, 3H) 81.03 (d, 3H), 

and 8 0.65 (d, 3H). 

Rearrangement of the Three 3-R-3,5-dimethvlpyrazoles 5 (a-c) 

The rearrangements of the three 3-R -3,5-dimetiiylpyrazoles 5 (a-c) were carried out in 

trifluoroacetic acid. The rearrangement products ratios were determined by ' H NMR and 

summarized in table 5.1. 

Reartangemait of the 3.3.5-tiimethvlpvra2oles 5a 

(30 mg, 0.27 mmol) of 3,3,5-trimethylpyrazole 5a was added to an NMR tube with CDCI3. 

Two drops of trifluoroacetic acid were added and the speeds was taken after 20 minutes. The NMR 

spectium showed the rearranged product. The sample was washed with water, exhacted with 
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dichloromethane, dried over sodium sulfete, and rotaiy evaporated. The spectrum was taken again, 

and tlie rearranged product of 5a was shown to be 3,4,5-trimethylpyrazole 63a. 

'HNMR: 82.38 (s, 6H), and 8 2.04 (s, 3H) 

Rearrangement of the 3-Ethyl-3.5-dimethylpyrazole 5b 

3-EthyI-3,5-dime4hylpyrazole 5b was treated in the same feshion as described above. The 

rearranged products were shown to be 4-^yl-3,5-dimethyipyrazo!e 63b and 3-etltyl-4,5-

dimethylpyrazole 64b. 

lHNMR(63b, 98%): 82.51 (q, 2H), 82.41 (s, 6H), and 81.15 (t, 3H) 

(64b, 2%): 82.55 (q, 2H), 82.4 (s, 3H), 82.3 (s, 3H), and 81.25 (t, 3H) 

Rearrangement of the 3-Isopropyl-3.S-trimethylpyrazole 5c 

3-Isopropyl-3,5-dimethylpyrazole 5c was treated in the same fashion as described above 

The rearranged products were shown to be 4-isopropyl-3,5-dimethyIpyrazole 63c and 2-isopropyl-

3,5-dimethylpyrazole 65c 

'HNMR(63c, 66%): 8 2.90 (septet, IH), 8 2.39 (s, 6H), and 8 1.26 (d, 6H). 

(65c, 34%): 8 6.10 (s, IH), 8 2.34 (s, 6H), 8 3.2 (septet, IH), 8 1.60 (d, 6H). 
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APPENDIX 

SPECTRA OF KEY COMPOUNDS 
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Figure A. 1. 'H NMR of crude Occidentalol 8. 
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Figure A.2. '̂ C NMR of crude Occidentalol 8. 
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Figure A3. IR of crude Occidentalol 8. 
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Figure A.4. ' H NMR of compound 22. 
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Figure A5. '̂ C NMR of compound 22 
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Figure A.6. 'H NMR of con^und 24. 
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Figure A.8. ' H NMR of compound 27. 
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Figure A.9. '̂ C NMR of compound 27 
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Figure A11. '̂ C NMR of compound 28 
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Figure A. 12. ' H NMR of compound 29. 
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Figure A.15. IR Spectrum ofOccidenol 9. 
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Figure A16. 'HNMRof 4-methoxy-4-ethynylcyclohexa-2,5-dienone 4a. 
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Figure A. 17. '̂ C NMR of 4-methoxy-4-ethynylcyclohexa-2,5-dienone 4a. 
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Figure A. 18. IRof 4-methoxy-4-ethynylcyclohexa-2,5-dienone 4a. 
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Figure A.19. 'HNMRof 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b. 
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Figure A.20. '̂ C NMR of 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b. 
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Figure A.21. IRof 4-methoxy-4-cyanocyclohexa-2,5-dienone 4b. 
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Figure A22. ' H NMR of 3,3,5-timethylpyrazole 5a 
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Figure A.23. ' H NMR of 3-ethyl-3,5-dimethylpyrazole 5b 
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Figure A.24. ' H NMR of 3-isopropyl-3,5-dimethylpyrazole 5c 
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