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ABSTRACT

The first room temperature stable 4-ethoxy-2,3-dihydropyridines derived from
2,3-dihydropyridones were prepared. Additionally, 2,3-dihydropyridinium salts derived
from N-substituted-2,3-dihydropyrid-4-ones have also been prepared. These compounds
were screened under a variety of different Diels-Alder conditions and found to be
unreactive.

The C3-substituent effect on the oxa-di-m-methane photoisomerization was
explored using the DFT method B3LYP. No barrier height variation was observed with
respect to the electronic character of the C3-substituent. An inductive effect model has
been proposed to explain the observed reactivates.

Bisphosphonates represent an important class of medicinal agents. Herein we
describe the preparation of two new bisphosphonomethyl-pyrimidinediones. These
bisphosphonates were prepared utilizing oxaphospholene methodology.
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CHAPTER |

INTRODUCTION

The development and exploration of synthetic methodologies are central to
organic chemistry. Often chemists are faced with unexpected or undesirable results.
Understanding and possibly utilizing these results can lead to new and interesting
chemistries.

The objectives of this work are three fold: (1) development of methodology to
access new 2,3-dihydropyridines such as 4-ethoxy-2,3-dihydropyridine, 1, (Figure 1); (2)
understanding the role of C3-substituents in the oxa-di-7t-methane photoisomerization
(Scheme 1); and (3) development of methodology toward the preparation of
bisphosphonomethyl-pyrimidinediones 2 (Figure 1). Herein these methodologies will be

explored, and new insights into their chemistries will be presented.

Figure 1



Scheme |
2,3 -Dihvdropvridines

The aza-Diels-Alder reaction has the potential to be a very powerful method for
the preparation of interesting nitrogen heterocyclic molecules. However, there is a large
void in this area, as there are no examples of 2,3-dihydropyridines being utilized in the
aza-Diels-Alder reaction (Scheme 2). This has made the synthetic preparation of
guinuclidines significantly more complex than if an aza-Diels-Alder reaction could be
used to assemble the quinuclidine core. The preparation of new 2,3-dihydropyridines and
their attempted use in aza-Diels-Alder reactions is described in Chapter 2. Currently
nearly all examples of 1-azadienes which undergo aza-Diels-Alder reactions are limited
to acyclic unsaturated imines, two of which are shown in Scheme 3.12 Two cases exist
where the aza-dienes are cyclic, but are part of fused aromatic systems.34 This will be

discussed further in Chapter 2.

Scheme 2
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Scheme 3

C3-Substituent Effects on the Oxa-Di-Ti-Methane Photoisomerization

The oxa-di-7t-methane (ODPM) photoisomerization has proven to be a useful
synthetic transformation.5 Syntheses of several natural products have been realized using
the ODPM photoisomerization 6 Examples of these include Modhephene,7 (-)-Coriolin,8
and (-)-Silphiperfol-6-en-5-one9 (Figure 2). Recently, the use of basic nitrogen
containing substrates have been reported to react under ODPM conditions to produce the
desired tricyclic compounds 7 and 8 (Scheme 4).101112 However, the reaction conditions
did not prove to be general, and the conversion of imidate 9 to the desired photoproduct
10 was not observed (Scheme 4).11 One other example of a failed ODPM
photoisomerization where the C3-substituent was an electron donating alkoxy group has
been found.5d The role of the C3-substituent on the ODPM photoisomerization is

explored in Chapter 3.



Modhephene (+/-)-Coriolin (-)-SHphiperfol-6-en-5-one

Figure 2

CO2Hep

5% acetophenone
acetone

various triplet
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conditions

Scheme 4



Bisphosphonomethvl-pvrimidinediones

Bisphosphonates such as risedronate1d 11 (Figure 3) have been shown to be
effective in the treatment of bone resorptive disorders such as osteoporosis and Paget’s
disease.l4 Several bisphosphonates have been studied by a number of pharmaceutical
companies with the goal of enhancing activity against such bone resorptive disorders.1315
In pursuit of this goal, a new bisphosphonate 13 has been realized via synthetic
methodologies developed in the McClure group (Scheme 5).16 This work is described in

Chapter 4.

Figure 3

Scheme 5



CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF 2,3-DIHYDROPYRIDINES

Introduction

In order to readily access variously substituted l-azabicyclo[2.2.2]octenones for
our photochemistry methodology, a program of study into the Diels-Alder reactivity of

2,3-dihydropyridines with ketene equivalents was begun. The interest in P,y-enones

stems from the development of a novel variant of the oxa-di-7i-methane
photoisomerization to include a basic nitrogen in the photoprecursors (Scheme 6)1011°12
The synthetic possibility of utilizing an aza-Diels-Alder reaction to efficiently construct
these type of bicyclic systems was of great interest as the current synthetic route to
photoprecursor 15 from cinchomeronic acid 14 consisted of many steps.101112 The
desired aza-Diels-Alder reactions, such as shown in Scheme 7, could provide ODPM

photoprecursors much more convienently than currently possible.

Scheme 6
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Review of 2.3-Dihvdropvridines

There are relatively few accounts of 2,3-dihydropyridines in the literature. The
published 2,3-dihydropyridines fall in to two categories: those possessing geminal alkyl
groups 18,17 and those prepared via extreme thermal conditions, such as 19,18 (Figure 4).
2,3 -Dihydropyridines possessing geminal dimethyl groups are the most stable of the three
types. Those formed by flash vacuum pyrolysis, have been noted to be less robust.

These 2,3-dihydropyridines are discussed in turn below.

dr

20

Figure 4



Stable 2,3-dihydropyridines have been prepared which have geminal dimethyl
groups. This has led to enhanced stability due to the molecules’ inabiltity to aromatize to
the corresponding pyridine. An example of the use of geminal dimethyls is the
preparation of 2,3,3-trimethyl-2,3-dihydro-6-thiomethylpyridine 18 by Brandsma et al.17
The dihydropyridine 18 was prepared from lithiated 1,1-dimethylallenel9 21 over three

steps (Scheme 8).

Flash vacuum pyrolysis (FVP) has also given access to 2,3-dihydropyridines.
Three related procedures for the preparation of the parent 2,3-dihydropyridine 19 were
reported by Ripoll18 (Scheme 9). Thus, l-azabicyclo[2.2.2]oct-2-ene 23, prepared via
elimination of I-azabicyclo[2.2.2]-3-chlorooctane 22, was heated to 520°C at 10 torr, to

produce the product 19. The second procedure directly converted 22 to 2,3-



dihydropyridine by treatment with K2CO3 at 450°C at 103 torr. In the third route, N-
chloro-1,2,3,6-tetrahydropyridine 25, prepared via chlorination of 1,2,3,6-
tetrahydropyridine 24, was eliminated using K2CO3 at 300°C at 103 torr to produce
dihydropyridine 19. The 2,3-dihydropyridine 19 was characterized by low temperature
IH-NMR as it was only stable in solution below -80°C. Allowing the temperature to rise

above -SOOC led to polymerization.

tBuOK
DMSO. 60°C

520°C, !Cr?torr

25°C, I0r3torr

Scheme 9

Review of 2.3-Dihvdropvridinium salts
The preparation and use of 2,3-dihydropyridinium salts has been around for
several years. In many cases these 2,3-dihydropyridinium species have been prepared

and subsequently reacted with various nucleophiles. Examples of 2,3-dihydropyridinium
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salts have been reported by Comins,20 Hanson,2L Meyers,22 and Husson.23 These
examples will be discussed below in turn.

The use of in situ generated 2,3-dihydropyridinium salts has been used for the
stereoselective synthesis of small natural products. Comins20 reported the preparation of
(+/-)-dihydropinidine 29 using a 2,3-dihydropyridinium salt 28 as the key intermediate
for introduction of the relative stereochemistry between the Cl and C6 positions
(Scheme 10). It was demonstrated that the use of n-propylzinc led to the cis alkylation
product when added to 2-methyl-2,3-dihydropyridinium trifluoromethoxyborate 28.
Although the product was proposed to come from the intermediate 2,3-

dihydropyridinium salt 28, no spectral evidence was obtained to support it.24

0] OMe
CO2Ph
27 BF3OEt2
26
I- I ©
. n-Prznl MeOBF3
2. H2IPdZC
% -<
H 3. KOH I
HOCH2CH20H ‘
reflux CO2PhJ
29 28

Scheme 10
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Hanson2l used an intermediate 2,3-dihydropyridinium salt 31 for the
stereoselective preparation of pipecolic acid derivatives 32 and 33 (Scheme 11). When
trimethyl aluminum was utilized, the cis alkylation product 33 was produced. It is of
further interest that the trans alkylation product 32 was obtained through the use of
benzylmagnesium chloride and aluminium chloride. This stereochemical change was
thought to be due to complexation of the aluminum-magnesium species with the
carbomethoxy group. No spectral evidence of the existence of the intermediate 2,3-
dihydropyridinium species was offered. In both of the cases above, the structures of the

dihydropyridinium salts were inferred from the reaction conditions and products.

OAcC
= 0
AcOAIMe3
a. AlMe3
T meoM b. AlMe3 'CO2Me
€ BnmgCl
BOC BOC
31
30
Bnl CO2Me # zC 0 2Me
BOC BOC
32 33

Scheme 11
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In 1969, Meyers22 published examples of 2,3-dihydropyridinium salts derived
from bi- and tricyclic dihydropyridones. An example of this work is shown in Scheme
12. Pyridone 34 was treated with methyl lithium to yield the corresponding enamine
alcohol 35 which was smoothly converted to the dihydropyridinium salt 36 by treatment
with cold perchloric acid. Here the dihydropyridinium perchorate salt 36 formed was
found to be stable enough to obtain analytical data, including melting points. Further
conversion of the dihydropyridinium perchlorate salt 36 to the corresponding pyridinium

perchlorate salt 37 was easily accomplished via air oxidation in refluxing ethanol.

HCIO4
EtOH

EtOH

Scheme 12

In 1980, HussonZ3 reported the preparation of N-methyl-2,3-dihydropyridinium

salts via the Polonovski-Potier reaction.5 An example of this work is the in situ
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preparation of I-methyl-2,3-dihydropyridinium tetrafluoroacetates 39 from I-methyl-
1,2,3,6-tetrahydropyridine N-oxides 38 by treatment with trifluoroacetic anhydride in
CDCI3 at 0°C followed by spontaneous elimination (Scheme 13). These 2,3-
dihydropyridinium salts were prepared to investigate their reactivity with nucleophiles,
and no indication was given that they pursued aza-Diels-Alder conditions with them. The
use of CDCb as solvent allowed Huson to obtain 1H-NMR data for the 2,3-
dihydropyridinium salts. This report is the only one, that we are aware of, which

provides spectroscopic evidence of 2,3-dihydropyridinium salts.

Scheme 13

Review of2.3-Dihvdropvridones

Our approach to 2,3-dihydropyridines relied upon the availability of 2,3-
dihydropyridones (Scheme 14). 2,3-Dihydropyridones have been employed as key
synthetic intermediates for the preparation of several natural products, including the
enantioselective  syntheses of (-)-sedamine,26 (-)-pumiliotoxin C,27 and (-)-
porantheridine2s (Figure 5). All of these molecules were prepared via optically active

2,3-dihydropyridone derivatives derived from pyridinium salts.
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OMe

-Z

41
Scheme 14
Z 'n
Ph®™ x ~OH
(-)-sedamine
Figure 5

There are several published routes used to prepare 2,3-dihydropyridones. 2034
Among them, the reduction of 4-alkoxypyridinium salts represents the most facile route.
This method can be used to prepare both 2-alkylated and 2-H 2,3-dihydropyridones by
selection of the reducing agent. When hydride sources such as sodium borohydride293L
and potassium tris-isopropoxyborohydrided (KTPBH) are employed, the 2-H 2,3-
dihydropyridones, such as 42, are produced. The use of a Grignard reagent such as
methymagnesiun bromide produced the 2-alkylated product, such as 26, in good yield

(Scheme 14).3334



Aza-Diels-Alder Reactions

Hetero-Diels-Alder reactions have been an area of synthetic interest for many
years, with the aza-Diels-Alder reaction being explored by several groups.14 Most aza-
Diels-Alder reactions of l-aza-dienes involved dienes that were acyclic. Examples of
these acyclic cases have been reported by Bogerl and Ghosez2. Boger has effectively
used dienes such as the unsaturated imine 3 in inverse electron-demand Diels-Alder
reactions (Scheme 15).” Ghosez utilized the unsaturated imine 5 to react in the normal

electron-demand mode with diethyl fiimarate (Scheme 16).2

Scheme 15
..CO2Me
§C02Me
MeO2C"
1000C ,230h
benzene CO2Me
NMe2 NMe2

Scheme 16
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The use of cyclic l-aza-dienes in aza-Diels-alder reactions is very limited, as
searching the literature revealed only two such examples (Scheme 17). In both cases, the
“aza-diene” moiety was imbedded in Aised aromatic heterocycles. Rastogi3 reacted 8-
hydroxyquinoline 43 with maleic anhydride yielding the desired tricyclic adduct 44.
Wittig4 utilized acridine N-oxide 45 as a l-aza-diene by reacting it with 1,4-dihydro-1,4-

epoxido-napthalene to give the Diels-Alder product 46.

Scheme 17
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Results and Discussion

Preparation of 2.3-Dihvdropyridones

In order to explore the use of 2,3-dihydropyridines in aza-Diels-Alder reactions
for the preparation of the desired photoprecursors (Scheme 7), the required 2,3-
dihydropyridones were prepared. For this study, our 2,3-dihydropyridines were
synthesized from the requisite 2,3-dihydropyridones. One-pot preparation of the N-
carbobenzyloxy-2,3-dihydro-2-methylpyridone 49 was facilitated by the in situ
generation of pyridinium salt 47 followed by addition of methyl magnesium bromide to
yield the 1,2-dihydropyridine 48. This was subsequently hydrolyzed to the desired

dihydropyridone 49 in 89% overall yield (Scheme 18).

Scheme 18

Preparation of the non-alkylated dihydropyridones from 4-methoxypyridine
represented a combination of two common methods from the literature 2931 We chose to
investigate the wuse of sodium borohydride in place of the potassium tris-
isopropoxyborohydride (KTPBH) used by Comins'2Q after noticing the conditions
demonstrated by Raucherd) (51) and Yamada3l (52) on 4-isopropoxypyridine 50 (Scheme

19). Comins stated that the reason for using the more exotic reducing agent was due to
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the relatively poor yields (34%) when sodium borohydride was employed for the
reduction of N-carbophenoxy-4-methoxypyridinium chloride 53 (Scheme 20), versus the
use of KTPBH (53%).29 However, we have found that sodium borohydride could be used
to produce the related N-carbobenzyloxy-2,3-dihydropyridone 55 in similar yields (76%o)

to those found for Comins’ KTPBH conditions (Scheme 21).

Scheme 19

Scheme 20

? Me LCICO2Bn

/L 2. NaBH4
3. 10% HCIN I
N
i
CO02Bn
41 55

Scheme 21
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The preparation of 5-silyl-substituted 2,3-dihydropyridones was also
accomplished using the conditions developed in this study. Using the Comins approach,
the preparation of 4-methoxy-3-(triisopropylsilyl)pyridine 56 was accomplished by a-
lithiation of 4-methoxypyridine 41, followed by treatment with triisopropylsilyl chloride
to produce the silylated pyridine 56 in yields comparable to those reported in the
literature (Scheme 22).35 With the silylated pyridine 56 in hand, it was easily
transformed to the corresponding 2,3-dihydropyridone 57 in 75% vyield using the
conditions developed here, that is, by treatment with carbobenzyloxy chloride in the
presence of sodium borohydride, followed by hydrolysis with 10% HCI (aq.) (Scheme

22).

OMe OMe

Scheme 22
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N-Carbopropargyloxy-5-(triisopropylsilyl)-2,3-dihydropyridone 60 was prepared
for the purpose of appending an intramolecular dienophile onto the dihydropyridinium
salt 58 (Scheme 23). Dihydropyridone 60 was prepared in similar fashion to the
previously described pyridones, from 3-(triisopropylsilyl)-4-methoxypyridine 56 in 75%

yield (Scheme 24).

OEt

BF4

59

Scheme 23

2. NaBH4
3. 10%HC1

Scheme 24
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Removal of the carbobenzyloxy groups was carried out via standard
hydrogenolysis3 of the N-carbobenzyloxy-2,3-dihydropyridones 49, 55 and 57 with
palladium on carbon under a hydrogen atmosphere (Scheme 25). This procedure gave
the parent 2,3-dihydropyridones 61, 62 and 63 in high yield. With 2,3-dihydropyridones

in hand, the transformation o f them into the desired 2,3-dihydropyridines was possible.

EtOH

Scheme 25

Preparation of 2.3-Dihvdropvridines

Preparation of the new 4-ethoxy-2,3-dihydropyridine derivatives, I, 64 and 65,
has been accomplished in good conversion by IH-NMR as outlined below. These
dihydropyridines were prepared to investigate their reactivity under Diels-Alder
conditions (Scheme 26). To access the 2,3-dihydropyridines, we have employed the
known29'3l and novel 2,3-dihydropyrid-4-ones 61, 62 and 63 as starting materials.

Transformation of pyridones 61 - 63 to the corresponding 2,3-dihydropyridines was
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accomplished in high conversion by H-NMR utilizing ethyl Meerwein’'s reagent36in the
presence of dibasic sodium phosphate, a proton scavenger, to prevent formation of HF
(Scheme 27). Insitu identification ofthe dihydropyridines was accomplished via proton

and carbon NMR spectroscopic techniques. See Appendix A for copies of the NMR

spectra.

OEt

Scheme 26

aN Z

OEt

Scheme 27
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. Central to the identification of the dihydropyridines were the lH—NMR signals
representing the protoné on C6 and‘ C5, where applicable, and comparison to the chemical
shifts of the dihydropyridone starting material (Table 1). The dihydropyridines exhibited
a considerable downfield shift from their corresponding dihydropyridones. High
resolution mass spectrometry data were obtained for the 2,3-dihydro-4-methoxypyridine

1. The dihydropyridines were stable under anhydrous conditions for several days, but

attempts to further purify them by vacuum distillation or chromatography on basic

alumina led primarily to the parent pyridine and other unidentified decomposition

products.
Dihydropyridone | C6 C5 | Dihydropyridine | C6 C5
61 7.18 | 5.04 1 8.04 | 5.63
62 7.19 | 5.33 64 8.29 | 5.68
63 7.16 - 65 7.96 -
Table 1

Preparation of 2,3-Dihydropyridinium salts
The 2,3-dihydropyridinium salts 66 and 67 were prepared ufilizing similar

conditions to those described for the 2,3-dihydropyridines, but without the use of dibasic
sodium phosphate (Scheme 28). The proton scavenger was not required as no HF would

have been produced during the course of the reaction. The 2,3-dihydropyridinium salts

were found to be much more sensitive to air oxidation and no further attempts to purify

them was undertaken.
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The 2,3-dihydropyridinium tetrafluoroborate salts prepared here were identified
by NMR spectroscopy and exhibited spectral features similar to those found for the 2,3-
dihydropyridines. Again the chemical shifts of the protons on C6 and CS, where
applicable, demonstrated a significant downfield shift from their corresponding
dihydropyridones (Table 2). The instability to the atmosphere found for the
dihydropyridinium salts prepared here, compared to the air stability of the
dihydropyridinium salts prepared by Meyers,23 may be due to the electronic differences
between the nitrogen substituents; carbamates versus the methyl group used by Meyers.
Additionally, the dihydropyridinium salts prepared by Meyers had an alkyl or aryl group
at the C4 position versus the ethoxy group in our cases. The counterion may also play a
role in the relative stabilities between these two different salts as well, as Meyers’

examples had perchlorate counterions.
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Compound # Cé6 CS Compound # C6 CS
55 7.83 5.32 66 8.86 6.10
57 7.89 . 67 8.61
60 7.82 . 58 8.50 -
Table 2
Conversion of dihydropyridone 60 with the appended

dihydropyridinium

alkyne to

salt 58 was accomplished under similar conditions that were

employed for the N-carbobenzyloxy cases. Thus, addition of ethyl Meerwein’s reagent to

a solution of the dihydropyridone in CDCI3to give the desired dihydropyridinium salt 58

in good conversion by IH-NMR (ca ~ 72%). The NMR spectrum for dihydropyridinium

salt 58 exhibited similar features as were noted for the other dihydropyridinium salts

(Table 2).

TIPS

CDCI

Scheme 29

OEt
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Attempted Diels-Alder Cyclizations
Using 2,3-Dihydropyridines
and 2.3-Dihvdropvrdinium salts
As noted earlier, the described 2,3-dihydro-pyridines and -pyridinium salts were
prepared to investigate their reactivity under Diels-Alder conditions. The aim was to
react our aza-dienes with a ketene equivalent, thus generating the desired

azabicyclo[2.2.2]octenones in a rapid and efficient manner (Scheme 30). To this end,

various aza-Diels-Alder conditions were investigated.

Scheme 30

Initially, the Diels-Alder reactions (Table 3) were run at room temperature in
chloroform-d and followed by H-NMR spectroscopy. The azadienes utilized are shown
in Figure 7, and the dienophiles are shown in Figure 6. After several days, all of the
reactions attempted yielded no products. The mixtures were then heated to reflux (610C),
but again no products were observed via NMR. This led to further attempts in refluxing
toluene-d8 (HOT), again indicating no addition of product (NP) by IH-NMR
spectroscopy. Following the lack of success utilizing traditional thermal conditions, the
use of a non-traditional solvent media was investigated. The conditions developed by

Grieco consisting of SM lithium perchlorate in ether was selected.37 This highly polar
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media has been used, by Grieco, to effect aza-Diels-Alder reactions of the 2-aza-diene 68
with electron deficient dienophiles (Scheme 31).37 Unfortunately, the highly polar media
failed to produce the desired Diels-Alder adduct. These reactions were followed by TLC
of the reaction looking for disappearance of the dienophile. Table 3 Summarizes the

thermal and Grieco conditions attempted.

TBDMSO
SOMLICIO4 HNA
Et20 TBD
OTBDMS
TBDMSO
SOMLIiCIO HNA
TBDMSO
OTBDMS
Scheme 31
A3CHCO20
CIXN/CN N
N CO2CH2QCCI3
73 74
75 76 77 78

Figure 6
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Aza-diene

64
64
64
64
64
64

66
66
66
66
67
67
58
58

Dienophile

71
72
73
74
71
73
73
73
75
73
73
76
76
71
77
73
73
78
78
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Figure 7
Temperature Solvent
RT to 61°C CDCI3
RT to 61°C CDCI3
RT to 6 1°C CDCI3
RT to 61°C CDCI3
RT SM LiClIO4-Et20
RT SM LiCIO4-Et20
RT SM LiCIO4-Et20
RT IM LiCIO4-Et20
RT Toluene-d8
RT to 61°C CDCI3
1HO0C Toluene-d8
RT to 61°C, CDCI3
1HO0C Toluene-d8
RT Acetone / DCM
RTto61°C CDCI3
RT to 61°C CDCI3
HOT ToluenedS
RT DCM
1000C sealed vial DCM
RT to 61°C CDCI3
RT Mg(ClO42 (I eq.)
DCM

Table 3

Result
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
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The final attempt to facilitate the aza-Diels-Alder reaction was via the use of
microwave radiation. In order to follow the reactions By IH-NMR spectroscopy, they
were performed in chloroform-d. Microwave radiation at 250 watts led to no observation
of product (NP) at the témperatures used. As the temperature was increased, degradation
of the aza-dienes was observed, but no aza-Diels-Alder adduct was obtained. Table 4

summarizes the microwave conditions attempted.

Entry | Aza-diene | Dienophile | Temp | Time | Result
22 65 ' 73 150 10 NP
23 . 65 73 175 10 NP ,
24 65 73 180 10 | Decomp
25 68 73 150 10 NP
26 68 73 . 175 10 NP
27 68 73 180 10 | Decomp
28 58 - 150 | 10 NP
29 S8 - 175 10 " NP
30 58 - 180 10 | Decomp

Table 4

In conclusion, the first room temperature stable 4-ethoxy-2,3-dihydropyridines

derived from 2,3-dihydropyridones were prepared. They were generated under very mild
conditions using ethyl Meerwein’s reagent at room temperature. Although they proved to
be non-isolable, they were stable for prolonged periods at and above room temperature in
anhydrous solutions. They were also unreactive, to our dismay, to a variety of Diels-
‘Alder conditions by failing to react with dienophiles. Exposure to air and extreme
thermal conditions led to decomposition. Conditions for the preparation of 2,3--
dihydropyridones was' further optimized from those available in the literature, and the

need for the use of the expensive reducing KTPBH was found to be unnecessary.
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Experimental

~ General
All experiments were carried out under an atmosphere of dry argon in oven and/or

flame dried glassware. 'H, *C, 3P NMR spectra were obatained on Bruker DRX-250,

DPX-300, or DRX-500 spectrometers using CDCl; as solvent unless noted otherwise. |

Chemical shifis are reported in ppm downﬁéld of the internal refernce tetramethysilane,
or phosphoric acid (in the case of 31p). Splitting patterns are designated as: s (singlet), d
(doublet), t (triplet), q (quartet), pent (pentet), sext (sextet), sept (septet), and m‘
(mulitplét); addition of b indicates broadened pattern, addition of app ‘iﬁdicates and
apparent signal, i..e. app pent. - apparent pentét. Infrared épeétra weré taken on a Perkin-
Elmer 1600 FTIR spectrophotometer as neat oils on NaCl plates or solid plates with KBr
and are reported in cm™. Mass spectra were obtained on a VG70E_HF double focusing
mass spectrometer. Gas chromatography was performed on a Hewlett-Packard model

5890A using a 30m DB-5 column (0.25 mm i.d., 0.25 mm film thickness), He flowrate

30 cm/sec calibrated at 200°C, start 50°C hold 5 min, ram 10°C/min to 300°C, hold until -

complete. Column chromatography ﬁas performed using Whatman 4790-250 silica gel.
The solvent mixtures used from column chromatography are reported in Volumg/volume
Mures. R¢ values refer to thin layer chromatography on Analtech 2.5 x 10 c¢m, 250M
analytical plates coated with silica gel GF. Melting points were taken on-Lab Device

Mel-Temp and are uncorrected. CH;CN, CH;Cl, were distilled from CaH, under argon.

THF, benzene, toluene, xylenes, and diethyl ether were distilled from sodiumv

benzophenone ketyl before use.
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Experimental

2,3-Dihydro-4-ethoxypyridine (1): An oven dried. Argon purged 50 mL round bottom
flask was charged with 2,3-dihydropyrid-4-one 61 (884.6 mg, 9.1 mmol), and NaiHPC~
(1.55 g, 10.9 mmol). To this was added freshly distilled CDCb (10 mL). A solution of
ethyl Meerwein's reagent in CDCI3 (9.1 mL, 9.1 mmol, 1M) was then added at room
temperature in one portion. The reaction mixture was stirred at room temperature and
followed by NMR until the reaction was completed at 2 days. The reaction mixture was
then filtered to remove the phosphates and concentrated invacuo. Attempts to further

purify the material led to decomposition.

4/ V 5N 2

5< N <
H-NMR: 8.29 (1H, dd, /=5.6 Hz, /=1.0 Hz, H on CI), 5.68 (1H, /=5.7 Hz, H on C2),
4.20 (2H, g, J=1.\ Hz, H s on C6), 3.89 (2H, t,/=9.3 Hz, H s on C5), 2.76 (2H, t,/=9.3
Hz, H s on C4), 1.20, (3H, t,/=7.0 Hz, H son Cl). 13C-NMR: 179.6 (C3), 166.2 (Cl),
92.5 (C2), 66.2 (C6), 40.9 (C5), 27.3 (C4), 15.7 (Cl). HRMS calculated for C7H1INO

125.084064, Found 125.084206

N-Carbobenzyloxy-2,3-dihydro-2-methylpyrid-4-onc (49): An oven dried. Argon

purged 100 mL round bottom flask was charged with 4-methoxypyridine (1.08 g, 9.9



32
mmol) and dry THF (35 mL), and then cooled to -23°C. Carbobenzyloxy chloride ( 1.79
g, 10.Smmol) was added dropwise to the cooled solution, and the mixture stirred for an
additional 30 minutes. To the cooled reaction flask, a solution of methyl magnesium
bromide in butyl ether (1M, 12 mL, 12 mmol) was added dropwise. Following the
addition, the reaction was stirred for an additional 30 minutes at -23°C. The reaction was
then quenched by pouring the reaction mixture into a flask containing 10% HCI (aq) (50
mL) that had been cooled to 0°C. The reaction mixture was stirred to room temperature
for 90 min. Ether (25 mL) was then added, and the mixture separated. The aqueous layer
was extracted with ether (4x25 mL). The combined organic extracts were dried by
filtration over K2COs and then concentrated in vacuo. Column chromatography on silica
gel of the crude product eluting with 5% MeOH/DCM vyielded the product as a yellow oil

in 89% vyield (2.16 g, 8.8 mmol).

12 % ~ 10
11

H-NMR: 7.72 (1H, d, J=8.2Hz, H on C6), 7.32 (5H, bs, H’s on CIO, 11, 12, 13, 14),
5.31 (1H, d, J=8.9 Hz, H on C5), 5.25 (2H, d, J=2.1 Hz, H’s on CS), 4.71 (1H, m, H on

C2), 2.84 (1H, dd,.7=16.5, 6.8 Hz, H on C3), 2.29 (1H, d, .7=16.5 Hz, H on C3), 1.24 (3H,
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d, J=6.8 Hz, H’s on C15). PC-NMR: 192.8 (C4), 153.3 (C7), 141.6 (C6), 135.0 (C9),
128.7 (C’s 11, 12, 13), 128.4 (C’s 10; 14), 106.8 (C5), 69.0 (C8), 49.3 (C2), 41.8 (C3),

16.7 (C15). Spectral data are consistent with the values reported in the literature *®

N-Carbobenzyloxy-2,3-dihydropyrid-4-ene (55): An oven dried, Argon purged 250
mL round bottom flask wés charged with sodium borohydride (2.43 g, 64.2 mmol) and
dry methanol (50 mL), The flask was then cooled to -78°C. To this mixture, a solution
of 4;methoxypyridine (4.3 g, 39.4 mmol) in dry methanol (50 mL) was added dropwise.
Carbobenzyloxy chloride (7.07 g, 41.4 mrhol) was then added dropwise to the cooled
reaction mixture. Following the addition, the reaction was allowed to warm to room
temperature ovemight. The reaction was quenchéd by pouring the reaction mixture into a
flask containing 10% HCI (aq) (120 mL) that had been coéled to 0°C. The reaction
mixture was stirred to room temperature over 45 min. Ether (100 mL) was then added
and the mixture separated. The aqueous layer was extracted with ether (4x100 mL)
followed by extraction with DCM (5x200 mL). The combined organic extracts were
concentrated. in vacuo. Column chromatography on silica gel of the crude product with
5% MeOH/DCM yielded the product as a. white solid,- which was subsequently

recrystalized from hexanes in 76 % yield (6.98 g, 30.2 mmol), mp 64.6 - 64.8 °C.
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IH-NMR: 7.83 (1H, bs, H on C6), 7.38 (5H, bs, H’s on CIO, 11, 12, 13, 14), 5.32 (1H, bs,
H on CS), 5.25 (2H, s, H’s on CS), 4.03 (2H, t, J=1.3 Hz, H’s on C2), 2.55 (2H, t, J=1.3
Hz, H s on C3). 13C-NMR: 193.3 (C4), 153.4 (C7), 149.1 (C6), 134.9 (C9), 128.8 (C’s
11, 12, 13), 128.5 (C’s 10, 14), 108.2 (CS), 69.1 (CS), 43.7 (C3), 36.6 (C2). IR: 3065,

3032, 2961, 1726, 1669, 1603, 1423, 1391, 1344, 1324, 1301, 1214, 1182, 1106, 998.

N-Carbobenzyloxy-5-triisopropylsilyl-2,3-dihydropyrid-4-one (57): An oven dried,
Argon purged 50 tnL round bottom flask was charged with sodium borohydride (153 mg,
4.1 mmol) and dry methanol (10 mL). The flask was then cooled to -78°C. To this
mixture a solution of 4-methoxy-3-triisopropylsilylpyridine 56 (2.33 g, 8.8 mmol) in dry
methanol (10 mL) was added. Carbobenzyloxy chloride (334.7 mg, 2.8 mmol) was
added dropwise to the cooled reaction. Following the addition, the reaction was allowed
to stir at -78°C for 2 hours, and then allowed to warm to room temperature overnight.
The reaction was quenched by pouring the reaction mixture into a flask containing 10%

HCI (aq) (5 mL) that had been cooled to 0°C. This mixture was stirred to room
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temperature over 10 min. Ether (20 mL) was then added, and the mixture separated. The
aqueous layer was extracted with ether (4x20 mL) followed by extraction with DCM
(5x20 mL). The combined organic extracts were concentrated in vacuo. Column
chromatography of the crude product with 20% EtherZHexanes yielded the product as a

colorless oil in 75% yield (453 mg, 1.2 mmol).

16 16

wr ~ /1~ 10
11

H-NMR: 7.89 (1H, bs, H on C6), 7.37 (5H, bs, H’s on CIO, 11, 12, 13, 14), 5.26 (2H, bs,
H’s on CS), 4.00 (2H, t, J=1.5Hz, H’s on C2), 2.53 (2H, t, J=1A Hz, H s on C3), 1.29
(3H, app. sept. J=1A, H’s on C’sl5), 1.16 (18H, d, >7.3, H s on C’sl6). 13C-NMR:
196.6 (C4), 152.8 (C7), 148.4 (C6), 135.2 (C9), 128.6 (C’s 10, 11, 13, 14), 128.1 (C12),
111.7 (C5), 68.8 (CS), 42.4 (C2), 36.3 (C3), 18.7 (C’sl6), 11 1(C’s 15). IR: 2973, 2931,
2839, 1707, 1659, 1510, 1436, 1297, 1247, 1247, 1027. HRMS calculated for

C2HBNO3Si (M+H) 388.229141, Found (M+H) 388.230798.
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N-Carbopropargyloxy-2~-dihydropyrid-4-cthoxy-5-triisopropylsilyl-pyridiniuni
tetrafluoroborate (58): An oven dried. Argon purged 5 mL conical vial was charged
with N-carbopropargyloxy-2,3-dihydro-5-(trisiopropylsilyl)pyrid-4-one 60 (500 mg, 1.5
mmol). To this was added freshly prepared solution of ethyl Meerwein's reagent in
CDCb (1.5 mL, 1.5 mmol, 1M) at room temperature. The reaction mixture was stirred at
room temperature and followed by NMR until the reaction was completed at 2 d.

Attempts to purify the material led to decomposition.

14 14
BF4

H-NMR: 8.50 (1H, s, H on C6), 4.75 (2H, m, H’s on CU), 3.97 (2H, m, H s on C2),
3.40 (2H, m, H’s on C3), 2.65 (1H, s, H on CIO), 1.47 (3H, t, J=6.9 Hz, H s on C12),

1.25 (3H, m, H son C s 14), 1.01 (18H, m, H son C’sl3).

N-Carbopropargyloxy-5-triisopropylsilyl-2,3-dihydropyrid-4-one (60): An oven
dried. Argon purged 250 mL round bottom flask was charged with sodium borohydride

(532 mg, 13.8 mmol) and dry methanol (50 mL). The flask was then cooled to -78°C. To
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this mixture, a solution of4-methoxy-3-triisopropylsilylpyridine 56 (2.33 g, 8.8 mmol) in
methanol (50 mL) was added dropwise. Carbopropargyloxy chloride (1.22 g, 10.2 mmol)
was added dropwise to the cooled reaction mixture. The reaction was then allowed to
warm to room temperature overnight. The reaction was quenched by pouring the reaction
mixture into a flask containing 10% HCI (aq) (30 mL) that had been cooled to 0°C. The
mixture was stirred and allowed to warm to room temperature over 20 min. Ether (100
mL) was then added and the layers separated. The aqueous layer was extracted with
ether (4x100 mL) followed by extraction with DCM (5x200 mL). The combined organic
extracts were concentrated in vacuo. Column chromatography of the crude product with
20% Ether/Hexanes yielded the product as a colorless oil in 75% yield (2.21 g, 6.6

mmol).1

IH-NMR: 7.82 (1H, bs, H on C6), 4.83 (2H, d, J=2A Hz, H’s on CS), 4.00 (2H, t, J=IA
Hz, Hs on C2), 2.54 (3H, m, H’son C s 3 & 10), 1.29 (3H, app. pent, J=1.5 Hz, H s on
C's 11), 1.02 (18H, d, J=IAS Hz, H son C s 12). 13C-NMR: 196.7 (C4), 152.3 (CI),

148.3 (C6), 112.3 (C5), 76.9 (C9), 75.8 (ClO), 54.5 (CS), 42.5 (C2), 36.2 (C3), 18.9
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(CU), 11.0 (C12). IR: 3306, 3268, 2861, 2130, 1717, 1661, 1567. GC: Rt=25.8 min.
MS: 292 (100). HRMS calculated for C2H33NO3Si (M-C3H7) 292.136848, Found (M-

C3H7) 292.136897.

2,3-dihydropyrid-4-one (61): An oven dried. Argon purged 100 mL round bottom flask
was charged with N-carbobenzyloxy-2,3-dihydropyrid-4-one (1.03 g, 4.4 mmol) and
absolute ethanol (85 mL). To this solution 10% Pd/C (130 mg) was added. The flask
was then purged with hydrogen gas, and a hydrogen atmosphere was maintained using
balloons filled with hydrogen. The reaction was allowed to stir at room temperature for
15 h. After TLC indicated completion of the reaction, the mixture was filtered through
Celite and MgS0O4. The resulting solution was concentrated in vacuo. The resulting oil
was purified via column chromatography on silica gel eluting with 2% MeOH/DCM
giving the product as a white solid, which was recrystalized from ether in 98 % vyield

(418 mg, 4.3 mmol), mp 38.9 - 39.4 °C (Lit. mp 38 - 40 0C40).1

/4 ~ 5

IH-NMR: 7.18 (1H, t, J=6.7Hz, H on C6), 5.04 (1H, d, J=1A Hz, H on CS), 3.58 (2H, t,
J=11 Hz, Hson C2), 250 (2H, t, J=11 Hz, H s on C3), 1.77 (1H, bs, H on N). 13C-
NMR  193.0 (C4), 151.7 (C6), 100.3 (CS), 42.5 (C3), 36.6 (C2). Spectral data are

consistent with values reported in the literature. *°
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27n-dihydro-2-methylpyrid-4-one (62): An oven dried. Argon purged 100 mL round
bottom flask was charged with N-carbobenzyloxy-2,3-dihydro-2-methylpyrid-4-one (3.18
g, 1.8 mmol) and absolute ethanol (80 mL). To this solution, 10% Pd/C (130mg) was
added in one portion. The flask was then purged with hydrogen gas, and the hydrogen
atmosphere was maintained using balloons filled with hydrogen. The reaction was
allowed to stir at room temperature for 17 h. After TLC indicated completion of the
reaction, the mixture was filtered through Celite and MgSCL The resulting solution was
concentrated in vacuo. The resulting oil was purified via column chromatography on
silica gel eluting with 2% MeOH/DCM yielding the product as a white solid,
recrystallization from ether gave a white solid in 88% yield (1.26 g, 11.4 mmol), with a

melting pointof 28.5 - 28.9 °C (Lit. mp 28 - 30 0C39).

O

31

H-NMR: 7.19 (1H, t,J=6.3Hz, H on C6), 5.33 (1H, bs, H on N), 5.05 (1H, d, >6.3 Hz,
H on C5), 3.78 (2H, m, H on C2), 2.36 (2H, m, H’s on C3), 1.30 (3H, d, >6.5 Hz, H on
Cl). 13C-NMR: 192.9 (C4), 150.8 (C6), 99.3 (C5), 49.3 (C3), 44.0 (C2), 20.2 (CI).

Spectral data are consistent with values reported in the literature.3
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5-triisopropylsilyl-2,3-dihydropyrid-4-one (63): An oven dried, Argon purged 50 mL
round bottom flask was charged with N-carbobenzyloxy-5-triisopropylsilyl-2,3-
dihydropyrid-4-one 57 (926 mg, 2.3 mmol) and absolute ethanol (40mL). To this
solution, 10% Pd/C (283 mg) was added. The flask was purged with hydrogen gas, and a
hydrogen atmosphere was maintained using balloons filled with hydrogen. The reaction
stirred at room temperature overnight, at which time TLC indicated completion of the
reaction. The mixture was filtered through Celite and MgSo4 The resulting solution
was concentrated in vacuo. The resulting oil was purified via column chromatography on
silica gel eluting with 1% MeOH/DCM giving the product as a white solid, which was

recrystallized from hexanes in 98% yield (571 mg, 2.25 mmol), mp 25.4 - 25.7 °C.1

: N 1T
H
H-NMR: 7.16 (1H, d, .7=6.1 Hz, H on C6), 5.09 (1H, bs, H on N1), 3.56 (2H, t, ,7=7.3
Hz, H’s on C2), 2.48 (2H, t, .7=7.5 Hz, H’s on C3), 1.23 (3H, app. pent, .7=7.6 Hz, H s on
Cs 7), 1.07 (18H, d, J=1A Hz, H’s on C s 8). 13C-NMR: 196.1 (C4) 156.4 (C6), 100.5
(C5) 41.8 (C3), 36.9 (Cl), 18.9 (C8), 11.2 (C7) IR: 3220, 2942, 2862, 1744, 1606, 1566,
1461, 1312, 1157, 1016, 882. HRMS calculated for CH4H28NOSi (M+H) 254.194637,

Found (M+H) 254.194018.
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27-Dihydro-4-ethoxy-2-mcthylpyridinc (64): An oven dried. Argon purged 25 mL
round-bottom flask was charged with 2,3-dihydro-2-methylpyrid-4-one (655 mg, 5.6
mmol), and NazHPC” (973 mg, 13.9 mmol). To this was added freshly distilled CDCb (5
mL). A solution of ethyl Meerwein's reagent in CDCb (5.6 mL, 5.6 mmol, 1M) was
added at room temperature. The reaction mixture was stirred at room temperature and
followed by NMR until the reaction was completed at 2 days. The reaction mixture was
then filtered to remove the phosphates and concentrated in vacuo. Attempts to further

purify the material led to decomposition.

H-NMR: 8.04 (1H, d, ./=5.4 Hz, N on Cl), 5.63 (1H, d, J=5.6 Hz, H on C2), 4.11 (2H,
q,>7.1, H son C7), 2.72 (2H, dd, >18.1, 7.7 Hz, H s on C4), 2.52 (1H, dg, >18.1, 6.3
Hz, H on C5), 1.32 (3H, d,> 6.9 Hz, H s on C6), 1.18 (3H,t,>7.1, H s on C8). 13C-
NMR: 179.3 (C3), 165.6 (Cl), 92.1 (C2), 66.2 (C7), 48.9 (CS), 34.6 (C4), 15.7 (C6), 14.2

(CS)

2,3-Dihydro-4-ethoxy-3-triisopropylsilylpyridine (65): An oven dried, Argon purged,
15 mL round-bottom flask was charged with 2,3-dihydropyrid-3-triisopropylsilyl-4-one

63 (303.3 mg, 1.2 mmol), and Na2HPO4 (204.4 mg, 1.4 mmol), and DCM (5 mL). A
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solution of ethyl Meerwein’s reagent in DCM (1.2 mL, 1.2 mmol, 1M) was added in one
portion at room temperature. The reaction mixture was stirred at room temperature and
followed by NMR until the reaction was completed at 2 days. The reaction mixture was
then filtered to remove the phosphates and concentrated in vacuo. Attempts to further

purify the material led to decomposition.

6

13

H-NMR: 7.96 (1H, d, >7.65 Hz, H on Cl), 4.32 (2H, q,>7.0, H s on C6), 3.87 (2H, t,
>9.1 Hz, H’s on CS), 2.95 (2H, t, >9.3 Hz, H’s on C4), 1.38 (3H, t, >7.1 Hz, H’s on
Cl), 1.25 (3H, app. septet, >7.45 Hz, H’s on C s 8,11,14), 0.99 (18H, d,>7.14 Hz, H s
on C s 9, 10, 12, 13, 15, 16). 13C-NMR: 188.6 (C3), 169.1 (Cl), 101.2 (C2), 66.1 (C6),

39.8 (CS), 24.2 (C4), 18.8 (Cs 8, 11, 14), 15.6 (C7), 11.5 (Cs 9, 10, 12, 13, 15,16).

N-Carbobenzyloxy-2,3-dihydro-4-ethoxypyridinium Tetrafluoroborate (66): An
oven dried. Argon purged 5 mL conical vial was charged with N-carbobenzyloxy-2,3-
dihydropyrid-4-one 55 (462.9 mg, 2 mmol). To this was added freshly prepared solution
of ethyl Meerwein’s reagent in CDCIlg (2 mL, 2 mmol, 1M) at room temperature. The
reaction mixture was stirred at room temperature and followed by NM R until the reaction

was completed at 2 d. Attempts to purify the material led to decomposition.
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H-NMR: 8.86 (1H, d, J=6.9 Hz, H on CI), 7.23-7.36 (5H, m, H’s on C’sll-15), 6.10
(1H, d,.7=7.0, H on C2), 5.52 (2H, s, H’s on C9), 4.49 (2H, q, J=1.Q Hz, H s on C6), 4.21
(2H, t, J=SJ Hz, H s on Cb5), 3.00 (2H, t, J=S.6 Hz, H s on C4), 1.42 (3H, t, J=7.0 Hz,

H son C7).

N-Carbobenzyloxy-2,3-dihydropyrid-4-ethoxy-5-triisopropylsilyl-pyridinium

tetrafluoroborate (67): An oven dried. Argon purged 5 mL conical vial was charged
with N-carbobenzyloxy-2,3-dihydro-5-(trisiopropylsilyl)pyrid-4-one 57 (132.1 mg, 0.3
mmol) and DCM (I mL). To this was added freshly prepared solution of ethyl
Meerwein’s reagent in DCM (0.3 mL, 0.3 mmol, 1M) at room temperature. The reaction
mixture was stirred at room temperature and followed by NMR until the reaction was

completed at 2 d. Attempts to purify the material led to decomposition.
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H-NMR: 8.61 (1H, s, H on C6), 7.35-7.41 (5H, m, H’s on CIO, 11, 12, 13, 14), 4.36
(2H, m, H’s on C13), 4.09 (2H, m, H s on C2), 3.45 (2H, m, H’s on C3), 1.53 (3H, t,

7=7.1 Hz, Hson CM), 1.24 (3H, m, Hs on C s 15), 1.06 (18H, d, J=13 Hz, H s on

C’sl6).
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CHAPTER 3

INVESTIGATION OF THE REACTIVITY EFFECTS OF C3 SUBSTITUENTS ON

THE OXA-DI-Tt-METHANE PHOTOISOMERIZATION

Introduction

(3,Y-enone photochemistry has been the subject of detailed investigations over the
past several decades.5,6 The most commonly studied photochemical processes are the
1,3-acyl shift and the oxa-di-Tt-methane (ODPM) photoisomerizations. ODPM
photoisomerization is the triplet sensitized rearrangement of P,y-unsaturated carbonyl

compounds resulting in the 1,2-acyl shift products (Scheme 32).

triplet sensitizer

triplet sensitizer

Scheme 32

The best chemical yields for the ODPM photoisomerization have been observed
for systems that are conformationally rigid. Acyclic systems typically have low yields
due to their high flexibility, where as [2.2.1]- and [2.2.2]-bridged molecules, which place
the olefin and carbonyl groups in close proximity, exhibit higher yields.5 The lower

yields seen for bicyclo[3.2.2]nonenones reflect the “floppy” nature of those systems.5
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The enhanced reactivity of the rigid bicyclo[2.2.2]octenones as ODPM substrates
has been particularly useful to synthetic chemists.5,6 Thus, the synthetic potential of the
ODPM photoisomerization has been used to introduce significant molecular complexity
from relatively simple starting materials. Several groups have illustrated this point in
elegant syntheses of fused bi- and tricyclic molecules.6 Modhephene,7 (-)-Coriolin,8 and
(-)-Silphiperfol-6-en-5-one9 are examples of synthetically interesting molecules which

have been prepared via the ODPM photoisomerization (Figure 8).

Modhephene

(-)-Coriolin

OMEM

(-)-Silphiperfol-6-en-5-one
Figure 8



47

Recently, research by McClure, Kiessling and Link101112 led to the extension of
this methodology to include basic nitrogen containing substrates in the ODPM
photoisomerization. They reported the successful transformations of 15a,b to 32a,b
under triplet sensitized photolytic conditions (Scheme 33). This represents the first
occurrence of the ODPM photoisomerization proceeding with a basic nitrogen in the
photoprecursor. Previous examples of substrates containing a nitrogen either underwent
the related aza-di-7E-methane (ADPM) photoisomerization, or the lone pair of electrons
on the nitrogen were tied up as amides or carbamates, and the compounds reacted via

ODPM or di-7t-methane (DPM) rearrangements (Scheme 34).

Acetone
PhCOMe

a: R = Me
b: R = Heptyl

Scheme 33
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OAcC
acetone
(DPM)
CO2Me
acetone
(ODPM) MeO2C
Scheme 34

Further studies by McClure and Link1l have led to the investigation of the ODPM
photoisomerization where the ring nitrogen was involved in the reactive portion of the
molecule. Two examples of this work include the C-acyl imine 85 and imidate 9. Imine
85 reacted as expected, under the standard photolysis conditions used by McClure et al.,
giving the desired tricyclic photoproduct 8 in 32% overall yield from the starting
dienophile (Scheme 35). However, exhaustive photolysis under a variety of conditions

failed to provide the photochemical rearrangement product from imidate 9.



49

5% acetophenone
acetone

various triplet
sensitized
conditions

Scheme 35

Noting the unreactivity of imidate 9 led to a thorough search of the literature,
yielding only one other example of an ODPM substrate containing an electron donating
group at the p-position, 3-methoxybicyclo[2.2.2]oct-2-en-5-0ne 86. It was reported that
this compound also failed to produce the desired photoproduct upon exposure to
photolytic conditions (Figure 9).11 Aside from this singular example, we have not found
any references, synthetic or theoretical, which describe this lack of reactivity, nor its
origin. An attempt has been made to construct an empirical model for the prediction of

ODPM reactivity, but the model does not hold for several important cases.5

Figure 9
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The earliest molecular mechanism for the ODPM photoisomerization4l indicated
that upon triplet sensitization, the substrate undergoes vinyl-carbonyl bridging to give
diradical B, which subsequently rearranges to diradical C. Spin-flip then leads to bond
formation to produce ODPM product D (Scheme 36). This mechanism has provided the
basis for theoretical investigations by Shuster,42 Houk,43 Robb,44 and now here. These
previous investigations have been aimed at confirming and refining the proposed
mechanism. Our goal was not to confirm the mechanism of the ODPM
photoisomerization, but to study the mechanism in enough detail to eventually lead to a
predictive model which could be employed by synthetic chemists to assist them in

designing ODPM photoprecursors.

Cc2
C3 ho o1
triplet
Cc4 sensitizer | 3 Cl
A B
Scheme 36

Computational Investigations of
the Oxa-Di-Ti-Methane Mechanism

The mechanism of the ODPM photoisomerization has been previously studied by
various theoretical methods.4224 The earliest example is a semi-emperical INDO-MO
investigation by Schuster.42 For this study, the lowest triplet state of 3-butene leading to

ODPM photoisomerization was implicitly assumed to be n —» 7t* of the carbonyl

(hereafter refered to as n — Tco*). The reactivity ofthe n —» Itco* triplet state o f 3-butenal
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was proposed to be due to spin polarization of the olefinic region by the excited state
carbonyl via the bridging methylene group. This spin polarization was proposed to lead
to electron pairing between the Tco* electron and a spin of opposite sign on the olefin at
the P-carbon. Closely following this report in a paper by Houk,43 an alternative
explanation was proposed based on the mixing of non-bonded electrons on the oxygen
(n), the Tc orbital on the olefin (tCc), the TC* orbital on the olefin (tc*cc) and the TC* orbital
on the carbonyl (T ¢ * orbitals using a more accurate semi-empirical method, CNDO/S,
on trans-4-hexen-2-one (Figure 10). From these calculations, the ODPM
photoisomerization reactivity was described by the computational observation that the
TGx* orbital indicated a C1-C3 bonding interaction. Houk, on the basis of the molecular
orbitals, supported the vinyl-carbonyl bridging interaction of the proposed mechanism of
the ODPM (Scheme 36). However, neither of these studies went beyond the starting

material’s vertical excitation (VE) to the triplet state.

C4

Figure 10

The most recent and more complete theoretical investigation of the ODPM
mechanism was reported by Robb44 and co-workers in 1996. This was the first study
which explored the reaction beyond the initial excitation, and gave a global picture of the
potential energy surface. This study used Complete Active Space - Self Consistent Field

(CAS-SCF) method to locate key intermediates and transition states (Figure 13). These
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intermediates and transition states were connected by qualitatively drawn triplet and
singlet surfaces. The simplest “model” ODPM substrate, 3-butenal 87, was used in their
calculations. - The initial step of the mechanism discussed in Robb’s study was consistent
with those previously suggested,” with the addition. of the geometrically relaxed
intermediate 1 (I1) from the initial vertical excitation (VE). Two triplet surfaces, the T,
(Ttec — Toc™ Of the olefin, red line in Figure 13) and T, (n — 7e,*) of the carbonyl, green
line in Figure 11) exéitations, were explored by calculating the structures of intermediates
and transition states corresponding to Il, transition state 1 (TS1), intermediate 2 (12),
transition state 2 (TS2), and intermediate 3 (I3). The first excited singlet (Si) surface (n

— T* blue line Figure 11) was generated in the same fashion. Since Robb did not

calculate an intermediate specie preceeding TS2 on the S; su&ace, this point on the
surfaces appears not to be a true transition state; however, Robb indicated it as a
transition state and qualitatively drew a minimum nearby.** _

The potential energy surfaces drawn based on the relative energies of these
structures showed that the two triplets at I2 indicated thaf the ODPM process could be
accessed from both triplet surfaces. Robb* suggested, based on the conical intersection
at I2, that the reaction continued on the singlet surface S; at I2 toward I3 where the S;
surface crossed the ground state closed shell singlet (So) surface leading to product (P)
(Figure 11). Robb concluded that the surface and conical intersections were “well
represented at fhe MC-SCF/6-31G* ievel”, b_ut that “computed barrier heights will Be

» 44

sensitive to the treatment of dynamic electron correlation”.” Most importantly, he

speculated that substituent effects would be observed in computed barrier heights.




Reaction Coordinate
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Project Aim

The aim ;)f this project was to deduce the origin of the reactivity differences that
have been noted, and to attempf to provide a éuantitative description of the B-substituent
(C3) effects. In order to achieve this goal, key molecular descriptors, such.as atomic
charges, bond orders, geometric parameters, etc., that' account for the observed
experimental reéctivitiés needed to be identified. These descriptors could- then be
employed in a simple model to be used by experimental organic chemists without a deep
knowledge of sophisticated theoretical methods, such as multiréfergr_lcé CAS-SCF
calculations, to predict the ODPM reactivity of phqtoprecursors possessing various

substituents at the C3 position.

Computational Methods

The Density Functional Theory (DFT)* is one of the most popular cbmblitational
methods, and was employed to perform the calculatioﬁs described herein. DFT is a
superior method to another well known ab initio method, Hartree-Fock (HF),* by its
more complete treatment of electron-electron correlation interactions. The method is
based on the Kohn-Sham equation, vs./hich operates on electron density, and divides the
total energy operator into four terms: kinetic, potential, coulombic and
exchange/correlation functionals.”’”  This method is particularly attractive since it
involves a significant amount of electron correlation in additic;n to the. exchange

interactions in the form of an appropriate exchange correlation functional, whereas the

t

HF ‘methods require additional post-SCF. methods to take into account electron.

correlation.*® Another benefit of DFT method is that it typically scales better, roughly as
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the cube of the number of electrons (~N3), than comparable correlated post-HF methods
(N4-N7).49 For the calculations presented here, the B3LYP set of functionals were used.50
This functional (Becke 3-parameter exchange and Lee-Yang-Parr correlation) was chosen
because it was empirically corrected for use in calculations on small organic molecules.

The calculations described herein involved acyclic and bicyclic molecules, that is,
appropriately substituted bicyclo[2.2.2]octenones 88 - 91 and the 3-butenals 87, 92 - 94
(Figure 14). These were selected based on their similarity to known ODPM substrates,5
as well as their simplicity for the purpose of allowing for detailed potential energy
surface studies at a reasonable computational cost. The two molecule sets were labeled

as shown in Figure 12.

C4
88 R-H 87 R=H
89 R=Me 92 R=Me
90 R=OMe 93 R=OMe
91 R=COOMe 94 R=COOMe

Figure 12
Ground and excited state calculations were performed by single point SCF energy
calculations with and without altering the occupation of molecular orbitals. The vertical
excitation (VE) energies were calculated by energy differences (ASCF)5L of ground and
excited states. In addition, time-dependant DFT (TD-DFT)52 calculations were also

carried out which are based on the SCF solution of a time-dependant perturbation of the



56
ground state e}ectron density. This approach can prévide reasonable excitation energies
for the lower lying excited states.’>

Geometry optimizations and relaxed potential energy surface scans were
performed to locate the intermediates, transition states and the connecting pathways.
Stationary points were confirmed by frequency calculations to be true equilibrium
geometries as they must not have any imaginary components of the normal mode
vibrational frequencies.

The two methods employed tc; compute atomic charges and atomic spin densities
we're Mulliken® and natural population analysis (NPA)**. The major difference between
these computatibnallmethods is the way the electron density is divided up among the
nuclear centers. Mulliken population analysis equally distributes the electron density,
while Weinhold's NPA method uses a set of core, valence and Rydberg natural orbitals to
fit the electron density. NPA was selected for this study because it tends to be more
sensitive to subtle electronic effects and provide chemically more reasonable charge
distributions. Mulliken atomic spin densitites were used to uniquely assign the electroqic

states based on the localization of spin densities.

Calculations were performed using the Gaussian 98> and Spartan’02°¢

computational packages. Three basis sets were employed in this study: 6-31G* (called

hereafter BS1), 6-311G* (called hereafter BS2), and 6-311++G** (called hereafter

BS3).”” The hardware used for this study consisted of single processor 2.4 GHz Dell

desktops used alone or parallelized in clusters of 3, 6, and 10 processors. Unless
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otherwise noted all units are reported as follows: energy in kcal/mol, distances in

Angstroms, and angles in degrees.

Results and Discussion

Calibration of BALYP/BS3 Level of Theory Using Acetone

The ODPM photoisomerization is a triplet sensitized rearrangement which
involves a sensitizer molecule that absorbs the direct irradiation, followed by intersystem
crossing to its triplet state without any further reaction until it transfers the triplet energy
to the acceptor molecule of interest (Scheme 37). The most common triplet sensitizer
used in the ODPM photoisomerization is acetone, which is often used as the solvent as
well.58 The frequent application of acetone is due to its short singlet lifetime (109 sec),

long lived triplet state (10 5 sec), and its quantum yield of intersystem crossing (ISC) of

VE

Scheme 37
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As a means of calibrating the computational method for our study the ground
state, VE and geometrlcally relaxed first triplet state were calculated for acetone using
B3LYP/BS3 and compared to available experimental -spectroscopic data. These DFT
calculations gave a relaxed triplet state energy of 76 kcal/mol, which is close to the
reported experimental value of 78 kcal/mol.® To further refine the triplet energy of
acetone, solution phase calculations were also performed ard gave a triplet energy of 77
kcal/mol, which further supports the good agreement. These results indicated that this
combination of method and basis set should be sufficient for the calculations to be used
in this ODPM photoisomérization study. In addition, the anticipated solvent effects are

small, and therefore gas-phase calculations should already provide reasonable. energiés.

Examina_tion of VE Energies

In a general physical organic picture, the VE of ODPM photoisomerizaﬁon »

substrates may be affected by the electronic character of the C3-substituent. Cases with
strong electron donating groups at the C3 po;ition would not be sensitized to the reactive‘
triplet state since the strong electron donation should lower the HOMO energy of the
ground state and therefore increase the VE energy. Therefore, these groups should not
give product upon exposure to photolytic conditions. To investigate this hypothesis, four
molecules were selected to probe the C3-substitent effect: 88 — 91 (Figure 13). The four
different C3-substituents convey different electronic interactions with the olefin. The

methyl ester acts as a resonance withdrawing group, the hydrogen is essentially a very

mild induqti\}ely active electron donor, the methyl substituent .acts as a mild electron .

Lllnl
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donating group via hyperconjugation, and the methyl ether acts as a strong electron donor

via resonance.
Geometries for the four molecules were optimized as singlet ground states (Figure
13). The singlet ground state geometries had olefin and carbonyl bond lengths typical for

these systems (Table 5). Single point energy (SPE) calculations were performed on the

singlet geometries in the triplet state to calculate the VE values via ASCF.

COOMe
Figure 13
C3 R-group Ol-ClI C1-C2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R
(A) (A) (A) (A) (A) (A) (A)
H 121 153 2.44 151 2.40 1.34 1.08
Me 121 153 2.45 1.52 2.39 1.34 1.50
OMe 121 153 2.44 1.52 241 1.34 1.37
CO2Me 121 153 2.45 151 241 1.34 1.48
Table 5

Spin density plots for the triplet state indicated, surprisingly, an n — Kco*
excitation for three of the four cases. The ester substituent was the only case where the

VE was Tcce —>Teee*. Plots of the atomic spin densities, clearly indicating the nature of the
excited state, are shown in Figure 14. TD-DFT calculations also supported the n — Kco*

excitation for all cases except the ester. VE energies were also calculated taking
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solvation interactions into account, and its effect on these VE energies was negligible, as
was observed in the acetone case. These calculations indicated that no correlation existed
between VE and the electronic character of the C3-substituent for compounds 88 - 91
(Table 6). The lack of any correlation was not too unexpected for the three cases where
the excitation was n—»To* on the C=0 bond, as the C3-substituents were two o bonds
away from the location of the excitation. However, the VE for 91 with the ester C3

substituent varied some from the other three cases due to its %% VE

90 91
Figure 14
Molecule ~ C3 R-Group VE(A-SCF) VE(A-SCF) TD-DFT
(kcal/mol) w/solvation (kcal/mol)
(kcal.mol)

88 H 84.7 85.3 82.7

89 Me 846 85.0 825

90 OMe 85.1 85.6 82.9

o1 COMe 819 81.4 753

Table 6
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From the atomic spin densities (Figure 14) it was apparent that the calculated
triplet states for three cases (88 — 91) was that of an n — w* excitation. These results

43,44

seem to contradict what has been found in the literature ™" as the previous studies were

based on © — w* excitation of the olefin leading to ODPM products. To assure that the
n — m* excitation was not an artifact of the DFT method used here, other theoretical

methods were also considered. To evaluate other theoretical methods for this study, a
calibration scheme was constructed based on 3-butenal, as was used in Robb’s

calculations. This scheme focused on the nature of the VE based on spin densities. A

theoretically converging series of theoretical methods, such as Hartree-Fock (HF),46‘

Moller-Plessett” second order correlation (MP2), MP3, MP4, and quadratic
conﬁguration interaction of singles and doubles (QCISD)* were selected and compared
to B3LYP* using BS1. Ground state geometries were optimized, starting from the bond
lengths and angles from Robb’s paper, for HF and MP2 methods. MP3, MP4, and
QCISD calculations used the geométry obtained from the MP2 optimization. VE
energies were calculated similaﬂy to the bicyclic céses‘ via tﬁe ASCF procedure (Table 7).
Moller-Plesset (MP) methods showed th;it the nature of the excitation could not be
assigned unambiguously. The spins were located on the oxygen and carbons 1,3 and 4.
It was not until the QCISD method, which was the highest in the abo-ve series, was
applied that the atomic spin densities clearly indicated the nafure of the lowest lying
triplet state as n — 7o, * (Table 7, column 1):

The spir_l densities obtained from QCISD calculations, as the highest level of

theory explored, agreed with the B3LYP n — m,,* assignment for the first triplet excited
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state. Therefore, the n —* Kco* may well be the lowest triplet state for certain P,y-
unsaturated carbonyl compounds. For additional confirmation, the initial orbital
occupations, shown in Table 7 (column 2), were altered to choose the Tcc Ttee*
excitation of 3-butenal 87 (Figure 15). The results (Table 7, column 2) indicated that at
all levels of theories, the Kecc —» Kce* excitation of the olefin was significantly higher in
energy than that of the optimized wavefunctions starting from n — Kco* excitations. It
should be noted here that even starting from the initial Tice* N kacexcited wavefunction in
B3LYP led to the n —>Kco* triplet state. These calculations were repeated with a larger

basis set BS2 to determine if the results showed any basis set dependence (Table 7,
columns 3 & 4). Columns 3 and 4 compared to columns | and 2 (Table 7), respectively,
show that the larger basis set had little or no effect on the observed spin densities. With
this calibration in hand it could be concluded that 6-31I-H-G** (BS3) already represents
a theoretically converged basis and the use of a larger basis would not improve the

computational results.

C4 H

84

Figure 15
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Initial Wavefunctions

n-—> wE T —> T n — T > Tk
1 2 3 4
Method A-SCF/BS1 | A-SCF/BS1 | A-SCF/BS2 | A-SCF/BS2
Erel
HF | (kcal/mol) 73 83 T2 83
01 1.1 0.0 1.1 -0.2
Spin Cl1 0.9 0.1 0.8 0.1
Densities C3 -0.2 1.2 -0.1 1.2
C4 0.2 12 0.2 1.2
Ere '
MP2 | (kcal/mol) 102 106 100 106
01 1.0 0.2 1.1 0.2
Spin Cl 0.8 0.1 0.8 0.1
I Densities C3 1.5 11 1.7 1.1
C4 -15 12 -1.7 12
Erel
MP3 {kcal/mol) 92 102 89 102
01 1.1 0.1 1.1 0.1
Spin Cl 0.8 0.1 0.8 -0.1
Densities C3 12 1.1 13 1.1
C4 -12 12 -13 1.2
Ea
MP4 | (kcal/meol) 93 102 89 102
01 1.0 0.1 1.1 0.1
Spin Cl 0.8 0.1 0.8 -0.1
Densities C3 1.0 1.1 1.0 1.1
C4 0.9 1.1 -1.0 1.2
Ect
QCISD | (kcal/mel) 89 101 87 101
01 1.0 . 0.0 1.0 0.0
Spin Cl 0.8 0.0 0.8 0.0
Densities C3 0.0 1.1 0.0 1.1
C4 0.0 1.1 0.0 1.2
Erel ' ‘
B3LYP | (kcal/mol) 85 85 85 85
01 0.9 0.9 0.9 0.9
Spin Cl 0.7 0.7 0.7 0.7
Densities C3 0.0 0.0 0.0 0.0
C4 0.1 0.1 0.1 0.1

Table 7
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Naturally, reproduction of the results published by Robb™* were attempted.
The aim of these calculations was to directly compare the published results on the
unsubstituted case with those bearing a C3-substituent. To accomplish this, the initial
geometry for 3-butenal 87 was generated from the bond lengths and angles reported by
Robb. The structure was fully optimized at HF/6-31G*, and frequency calculation
showed no imaginary frequencies. The seven active space orbitals selected by Robb were

the n orbital on the oxygen, the 7t and ®* orbitals on the carbonyl and olefin, and ¢ and

o* orbitals on the a-carbon. The active space orbitals used here were selected to be as-

close as possible to those described in Robb’s célculations (occupied MOs Figure 16,
unoccupied MOs Figure 17). The CAS-SCF calculations were carried out using the HF
optimized singlet ground state geomeiry. The ground state singlet (Root=1) was
calculated and the energy (-229.89138 a.u.) was 7.4 kcal/mol lower than the the CAS
o'ptirﬁized geometry reported by Robb (-229.8802a.u.). The first excitéd singlet state
(Root=2) was calculated (-229.70121 a.u.) to be 3.5 kcal/mol higher in energy than that
reported by Robb (-229.7067 a.u.). The lowest triplet. state (Root=1) was. calculated (-
229.72307 a.u.) and found to be 7.3 kcal/mol lower-ip energy than that reported by Robb.
(-229.7114 au.). The excited state triplet (Root=2) could not be obtained due to
convergence issues in both state-specific and state-averaged calculations. These issues
with reproducing publishéd results discouraged us from continuing with multireference

methods, which could easily overgrow the original aim of this investigafion.
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MO 11 Ca-Cco

MO 16 Tuxo

MO 18 no

MO 19 Ttcc

Figure 16
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MO 29 Oca-Cco*
Figure 17

To further investigate the n —%4¢* excitation, we calculated optimized geometries

for the triplet excited state for all 4 bicyclic systems 88 - 91 (Figure 18). Intermediate |
(1) equilibrium triplet geometries were found and the energies were compared with
respect to the C3-substituent in Table 10. These optimizations gave structures where the
carbonyl group was bent indicating that the hybridization of the carbonyl carbon had

changed due to excitation localized on the carbonyl. Two isomers for this intermediate
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were found, exo and endo, with respect to the orientation of the carbonyl oxygen to the
ring system. Based on the geometric requirements of the reaction, the exo isomer should
be the reactive isomer and lead to product formation, where as the endo isomer would
eventually recombine back to the ground state. It was assumed that the methoxy C3-
substituent might affect the relative energies favoring the endo isomer and therefore act
as a sink to hinder its reactivity. To investigate this, both exo (Table 8) and endo (Table
9) structures for all four bicyclic systems 88 - 91 were optimized, as well as the transition
state (TSO) that connected the two isomers. The exo and endo isomers were found to be
nearly degenerate with a small barrier (TSO) between them (Table 10), therefore it was

concluded that the C3 substituent does not have any influence on the relative energies of

the Il intermediates.

llendo TSO llexo

Figure 18

C3 Rgroup  OI-ClI C1-C2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R

(A) (A) (A) (A) (A) (A) (A)

H 1.29 159 2.46 1.50 2.39 1.34 1.08
Me 1.29 159 2.46 150 2.38 1.34 150
OMe 1.29 1.60 2.45 1.49 2.39 135 136
CO2Me 1.29 158 2.46 150 2.39 1.34 148

Table 8
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C3 R-group | 01-C1 C1-C2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R
A) A) . A& A A A A)
H 1.29 1.60 2.50 1.50 239 | 134 1.08
Me 1.29 1.60 2.50 1.50 2.38 135 1.50
OMe 1.28 1.61 249 1.49 240 1.36 1.36
CO;Me 1.29 1.59 249 1.50 - 240 1.35 148
Table 9
Molecule | C3 R-group | Il (endo) TSO I1, (ex0)
] (kcal/mol) (kcal/mol) (kcal/mol)
88 H 74.0 786 747
89 Me 73.8 . 184 74.4
90 OMe 73.0 ) 77.3 737
91 CO,Me 73.7 78.3 745
Table 10

In order to be able to map the potential energy surface of the reaction, and stay
within reasonable computational cost, it was ‘decided to switch from the
bicyclo.[2.2:2]octenones to the simpler acyclic 3-butenal series with substituents placed at
the 3-position (Figure 19 & Table 11). For the purpose of completeness, the VE energies
were calculated by both ASCF and TD-DFT methods for the four acyclic cases, and again
no correlation was observed with respect to the C3 substituént (Table 12). Both VE

methods indicated n — T.* assignments for all but the ester case, similarly to the

bicyclic cases. Il, geometries were also calculated for each of the four molecules
(Figure 20 & Table 13). These acyclic Il., structures, like the bicyclic structures
previously mentioned, have similar energies and no correlation to reactivity could be

drawn.
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\"/\C]l/o Me\”/YO Meo\ﬂ/\]/o Meozc\ﬂ/\l/o
H H H

Figure 19: Starting Material Ground State (S,) Structures

R-group 01-C1 C1-C2 C1-C3 C2-C3 C2-C4 | C3-C4 C3R
A A A A A | A& A)
H 1.20 1.52 2.51 1.51 2.51 1.33 1.09
Me 1.21 1.52 2.52 1.52 2.48 1.33 1.51
OMe 1.21 1.52 2.52 1.51 2.51 1.33 1.38
CO,Me 1.21 1.52 2.52 1.51 2.50 1.34 1.49
Table 11
R-group | VE(D-SCF) { VE(TD-DFT) 11
(kcal/moly (kcal/mol) (kcal/mol)
H 83.2 . 82.0 72.8
Me 82.7 81.4 71.9
OMe 82.6 80.3 71.1
CO,Me 824 76.6 74.7
Table 12

\n/\ll/o Me\n/\ro. Meo\”/\(o' MeOZC\n/YO.
H L H
93 94

Figure 20: Intermediate 1, (I1c0) Structures

C2-C3

R-growp | OL-CI | CI-C2 [ CI-C3 C2C4 | C3-C4 | C3R
A A) (4) A) A A) A

H 1.30 1.55 2.51 1.50 2.50 1.33 1.09
Me 130 155 2.51 1.50 247 1.34 1.50
OMe 1.30 1.56 2.57 1.50 2.49 1.34 136
CO,Me 1.30 1.54 2.51 1.50 2.50. 1.34 1.50

Table 13
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In summary, on the basis of the B3LYP calculations the C3;substituent does not
appear to affect the VE energies or corresponding Il energies. The ﬁrst‘tn'ple.t state
appeared to be n — m* for all cases.except the ester, which was me, — me*. The
observed difference in the nature of the VE in the ester case may be due to the électronic

effect of the ester to effectively lower the w*. orbital making the me. — Tiec* transition
lower in energy with respect to the n — w*., excitation. Calculations indicated that the

excitation will occur for all substrates regardless of the electronic nature of the C3-
substituent. This can be easily rationalized, since the excitation is localized away from

the olefin in all cases except the ester.

Examination of I1 to 12 Barrier Heights

Robb“ épeculated that the experimentally observed selectivity must be due to the
barrier height variation. We therefore studied whether the barrier between 11c, an<_i 12
(TS1) would be affected by the C3 substituent since this part of the mechanism involves
the formation of a bond between C3 and C1. = The anticipated result frc;m these
calculations was that the relative height of TS1 would be greatest for. the methoxy
substituent and lower for the other substituents. To probe this, several attempts were

made to calculate geometries for the first transition state (TS1) starting from various

initial structures having the correct imaginary frequency for the C1-C3 bond formation ‘

without any success. These attempts gave stationary points corresponding to either I1 or
12 geometries. This difficulty can be attributed to the observed flat potential energy
surfaces and the small activation barrier. An alternate solution was devised whereby the

surface was mapped by performing relaxed potential energy surface (PES) scans at set
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intervals along the reaction coordinate. The reaction coordinate was driven to give an
approximate potential energy function connecting I1c aﬁd 12 by constraining the C1-C3
distance from 2.5 A to 1.4 A. Results of this scanning are shown in Figure 23. Starting
from Il the surface energy gradually increa.sed as expected until the C1-C3 distapce
reached 2.3 A to 2.1 A, depending on the substituent. The Il surface (Figure 23, T2:
‘dotted lines) then collapsed to the Il triplet surface (Figure 23, T1: solid lines). This
collapse was due to the localization of spin density distributiéns of Il (Table 14) on O1
and C4 as the surfaces approached 12, and importantly varied with the C3-substituent
(Figure 21). At shorter C1-C3 distances, proper electronic structures corresponding to
the I, were located, however all optimizations led to the Il surfa<-:e. At similar C1-C3

distances the 1. (Table 15) surface has the spin densities mostly localized on the olefin.
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Figure 21: Intermediate lco (ilco) structures

R-Group ol Cl a3 C4

H 0.8 0.5 0.0 0.6
Me 0.8 0.6 -0.1 0.7
OMe 0.8 0.7 0.0 0.4

CO2Me 0.9 0.6 0.0 0.4

Table 14

0 MeO

Figure 22: Intermediate lcc (llcc) structures

R-Group Ol Cl c3 c4

H 0.2 0.0 0.7 11
Me 0.2 0.5 0.8 0.9
OMe 0.2 0.5 0.7 0.8

CO2Me 0.2 0.4 0.7 0.9

Table 15
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The llcc triplet surface was probed in the same manner as the Ilco surface, that is,
stepping toward 12 by constraining the C1-C3 distance (Figure 23) of optimized llcc
geometries (Figure 24). Important bond lengths are shown in Table 14. The llcc (T1)
surfaces showed barriers that were nearly identical for all cases (Figure 23). However,
and most importantly, the largest barrier was calculated for the ester case. Since the ester
case produce the ODPM product, this barrier height between Ilcc and 12 cannot explain

the observed reactivity.

h\9 "ﬂ cN o, Me

Cc4 H
87 92 93

Figure 24: Intermediate lcc (11cc) Structures

Molecule Ol-fl Ci1-Cc2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R
L O [ A [ I U )
87 1.20 1.51 2.51 1.49 2.51 1.46 1.09
92 1.19 1.52 2.51 1.49 2.52 1.46 1.51
93 1.21 1.52 2.50 1.52 2.52 1.46 1.37
94 1.18 1.52 2.52 151 2.50 1.47 1.49
Table 16

Analysis of the 1l to 12 surfaces indicated that molecules possessing a hydrogen,
methyl or methoxy C3-substituent, will be excited to their first triplet state (n —» Tio*),
then relax to the intermediate lloc, and travel along the reaction coordinate (Figure 24,
dashed lines) until the T2 surface collapses to the Ilcc (T 1) surface (Figure 23, solid lines)

continuing to the Ilcc minimum. The methyl ester case will be excited to its Toc —» Tiec*
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triplet state and relax to llcc. The conclusion of these results is that it may not matter
which triplet excited state is accessed, VEco or VEcc, since molecules excited to the Il
intermediate have a path to the Ilcc minimum. Furthermore, the similar barriers in going
from llccto 12, and no observed correlation with respect to C3-substituent, indicated that

all molecules excited can reach 12 (Figure 25 & Table 17).

c2 Ol

87 92 93 94

Figure 25: Intermediate 2 (12) Structures

R-group Ool-Cl C1l-C2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R

0 L A [ 1

H 1.29 1.61 1.58 1.48 2.57 1.46 1.08

Me 1.27 1.60 1.57 1.48 2.53 1.47 151

OMe 1.28 1.60 1.58 1.47 2.56 1.47 1.38

CO2Me 1.28 1.59 1.57 1.50 2.55 1.47 151
Table 17

Examination of 12 to 13 Barrier Heights

Following the investigation of the llco and Ilcc to 12 triplet surfaces, it was
concluded that no correlation existed between reactivity and the intermediates and barrier
heights from Il to 12. Based on the mechanism by Robb,44 the transition state between 12
(Figure 25) and 13 (Figure 26) (TS2) could hold the key to the C3 substitiuent effect on
reactivity. The expectation was that this barrier would be the largest for the methoxy and

smaller for all other cases. In order to address this hypothesis the potential energy



surface was mapped in a stepwise fashion similar to the process used to scan the Il to 12
surfaces. To accomplish this, optimized structures for 13 (Figure 26 & Table 18) were
generated and the surface was driven by constraining the C1-C2 distance from 2.5 A to
15 A (Figure 26). From these results it was determined that no correlation existed
between the substituent and the barrier height. Furthermore, this mapping, along with the
Il to 12 mapping, showed the surface around 12 to be quite flat indicating that molecules
reaching 12 on the PE surface would eventually reach 13. From this we concluded that
the triplet surfaces offered no quantitative answer to the origin of the non-reactivity of

ODPM photoisomerization substrates bearing an electron donating group at the C3

position.

Molecule

87
92
93
94

ol-ClI

1.20
1.20
1.20
1.20

Figure 26: Intermediate 3 (13) Structures

C1l-C2

2.46
2.50
2.53
2.52

76

C1-C3 C2-C3

)
1.54
1.55
1.58
1.56

Table 18

)
1.50
1.49
1.49
1.49

C2-C4
)
2.51
2.49
2.50
2.50

CO2Mb6
C3-C4 C3-R
L
1.49 il
151 1.55
1.49 1.43
1.50 1.55
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The next step in this study was to investigate the closed shell singlet state
potential energy surface (PES) connecting 13 with the product to determine the property
of a pathway for 13 to reach product (P) (Figure 27 and Table 19). Intersection ofthe 13
triplet (Figure 28, solid line) and P closed shell singlet (Figure 28, dashed line) surfaces
were probed by mapping the two surfaces with respect to the C2-C4 distance by
constraining it between 2.5 and 1.8 A The resulting intersections are shown in Figure
29. From the figure it can be seen that all four cases behave similarly and the intersection
occurs at about 2.45 A . These results indicated that any molecule reaching 13 on the
triplet surface (Ti) would eventually be converted to the desired product via intersystem

crossing to the closed shell singlet surface of the product.

H C02Me
c2 OMe q
X
C3 Cl
c4 H H H
87 92 94
Figure 27

Molecule Ol-fl C1-C2 C1-C3 C2-C3 C2-C4 C3-C4 C3-R

)

87 1.21 2.57 1.48 1.53 1.50 1.53 1.08
92 1.21 2.54 1.48 1.53 1.50 1.53 1.52
93 1.21 2.53 1.48 1.53 1.50 1.53 141
94 1.20 2.54 1.49 1.53 1.50 1.53 1.51

Table 19
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Mapping of the Starting Material (SM)
Singlet Potential Energy Surface (So PES)

In the mechanistic paper by Robb et al,** multiple surfaces were discussed.
Central to his discussion was the. conical intersection of the triplet and singlet surfaces
found around I2. On the basis of lacking any significant difference in the barriers on the
triplet surfaces investigated with respect to the selectivity, intersystem crossing at 12
should describe the observed reactivity differences. This can occur as crossing of the
triplet and two singlet states. In DFT, the open-shell singlet calculations collapsed to the
closed shell singlet wavefunction. The corresponding open shell singlet surface could not
be studied due to the limitations of the method, therefore only the clbsed shell singlet
surface is discusse& here. If the SM S, surface crossed the triplet surface before I2 in the
methoxy case, it would provide a pathway for spin recombination leading back to the
ground state yielding no product. The SM surface would then have to cross the triplet
surface after 12 in the hydrogén, methyl, and methy! ester cases allowing them to proceed
to I3 and eventually give the product. To define the Sy surface starting from SM, the

already optimized SM geometries were employed and the surfaces were mapped by

constraining the C1-C3 distance, as was done in the I1 to I2 surface mapping (Figure 29).

The SM S surface (Figure 29, dashed lines) mapping showed similar behaviors for all
four cases, and no correlation to the C3-substituent on the SM S, surface could be.drawn.
‘The finding that the triplet and closed shell singlet surfaces did not show any correlation

with reactivity indirectly implies that the reactivity should originate from surface crossing

of the triplet and open shell singlet surfaces at I2. From Robb’s calculations, the surface

crossing for the hydrogen case 87 is known, and it was found to be located beyond 12,
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Inductive Effect Model

Based on the surface calculétions performed using density functional calculations,
it was deduced that the origin of the reactivity with respect to the C3-substituent is likely
to éome from crossing of the S; and T; surfaces at 12. In Robb’s calculations, this
crossing occurred after I2 on the rising slope of the 12-I3 triplet surface.44 An indirect
indication of the selective surface crossing can be found in the behaviour of the Il to I2
surfaces. In order to fulfill the original goal of this. project, to construct a si‘niplg
computational model which correlates the reactivity differences with C3 substituents, a
model based on the electronic features of 12 structures was designed. NPA atomic
charges were computed to investigate this electronic efféct for tﬁe four C3esui)stituent
cases. These C3-substituent charges should indicate the effective electron-withdrawing
strength by induction of the C3-substituent, and their overall effect on the C1-C3 bond.
This effect, combined with the inherent bond angle strain in cyclopropanes, can describe
the observed reactivities. This model shows a reactiﬁty correlation with respect the C3

substituent’s inductive electronic effect. Scheme 38 shows the orbitals involved in the

mechanism of the ODPM photoisomerization. The results of the PES scanning indicated
that all substrates have a path to 11, either from sensitized excitation to Ilwy (ester case)
or via sensitized excitation to Il followed by travel along the PES to Il., as was
demonstrated by both Robb™ and us. Starting from triplet Ile, as the' molecule
progresses toward 12 the singly occupied MO (SOMOj at C3 rotates to form a bondiﬁg
interaction with C1. The formation of the new C1-C3 bond should be most influenced by

inductive effects in the course of the reaction. At Il., the unpaired electrons are .
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localized on the olefin carbons (C3 & C4). As found by Robb (Figure 13) and us (Figure
30) after the intersystem crossing (conical intersection at 12) the unpaired electrons
remain localized on CI and C4, however they are now antiparallel (12-open shell singlet
state). Cleavage of the C1-C2 bond will give 13 and consequently P. TSI is a late
transition state that connects Ilcc and 12. At 123 (12-triplet state) the unpaired electrons

are separated by a distance of three a bonds and localized on the olefin carbon (C4) and

carbonyl oxygen (O1l)

Scheme 38

In the case of the methoxy substituted molecule, the newly forming C1-C3 bond,
will be weakest due to its strong electron withdrawing nature by induction. After ISC,
instead of cleaving the C1-C2 bond, the weaker C1-C3 bond will be cleaved and it will

eventually relax to the stating material ground state through an open shell singlet surfaces
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and later a closed shell singlet surface. In order to quantitate this, atomic point charges
were calculated using the Natural Population Analysis method for optimized 12
geometries. The result of these computations ranked the CS-substituents, in order of
electron withdrawing to electron donating by induction, from methoxy to the methyl ester
then methyl and finally hydrogen (OMe, CC™Me, Me, H) (Figure 30 & Table 20). This

provides a quantitative correlation with observed reactivity.

Figure 30
R-Group NPA
R Charge 1 2 3 4 5 6 7
H 0.24 0.24
Me 0.07 -0.56 0.20 0.21 0.22
OMe -0.27 -0.59  -0.20 0.19 0.17 0.16
COOMe 0.04 0.83 -061 -054 -021 0.19 019 0.9

Table 20
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. This model can satisfactorily describe the observed reactivity in a fashion that
- could be readily utilized by synthetic chemists. The main difference to the original
proposal is that the selectivity originates from 12 instead of the SM, and is related to
inductive insteaa of resonance effects. This inductive effect model could be applied to
potential ODPM photoisomerization precursors to determine their likely reactivity.
Further experimental and theoretical studies need to be’ conducted to verify its

reproducibility for C3-substituents other than those studied here.

Conclusions

Potential energy surfaces of the ODPM 'photoisomerizaticm for four acyclic
photoprecursors were studied using DFT. The surface inapping, calculations of gave
similar triplet surfaces to those described by Robb** for the hydrogen C3-substituent case.
In addition, this study dgtermingd that the hypothesis of the relative barrier heights being
responsible for observed reactivities did not apply to substituent effects at C3.
Investigation of the triplet and closed shell singlet surfaces indicated that all substré,tes
may undergo the ODPM photoisomerization and yield the desired photoproducts.
However, as noted in the introduction, synthetic examples contradict this behavior;
therefore, there must be some feature of the reaction’s potential energy surface that is
selective with respect to the C3-substituent. Examination of the PE surfaces published
earlier and obtained in this work indicated tha’; a possible lbcation for the origin of
selectivity is the intersystem crossing at 12. Ai I2 intersystem crossing occurs between

triplet and singlet surfaces in the form of a conical intersection, and can lead back to the
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- starting material for substrates known not to form ODPM products under photolytic
conditions. In order to quantitatively address this poésibility it would be necessary to
'emplqy mulitreference methods, such as CAS-SCF, due to the limitatioﬁs of calculations
of open shell singlet surface crossing inherent to DFT. However, these calculations
require a significantly more elaborate approach and would not be practical for synthetic
organic chemists.

The n — 7..* triplet state was found to be the most likely state to interact with the

triplet sensitizers in B,y-enones, excepting those possessing an ester group at C3. This
result seems to contradict previous computational reports, but does not influence the
chemical outcome of the reaction, as the T; surfaces lead to the T, surfaces, thereby
allowing for conversion of Il to I, thén to 12 through small barriers.

Based on the behz;vior of the triplet surfaces, a general model has been proposed

here that allows for prediction of ODPM reactivities based on'the inductive electronic

effect of the C3-substituent. This model will be' relatively simple to implement by
experimental chemists with common cémputational packages such as Spartan™™. The
model appears to be consistent with ‘observed ODPM reactivities. Future work, both
experimental and theoretical, shall further d‘etexfmine its broader relevance to the C3-

substituent effect.
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CHAPTER 4

SYNTHESIS OF BISPHOSPHONOMETHYL-PYRIMIDINDIONES

Introduction

Historical Background

Bisphosphonic acids, pyrophosphoric acid analogs where a methylene group has
replaced the central oxygen (Figure 31), have been known and utilized since the 19th
century.14  These compounds are often referred to by the general name of
bisphosphonates; due to acidity of the acidic protons in vivo they are commonly
bisphosphonate salts. Their common industrial uses have included antiscaling,
anticorrosive, and complexing agents.14 In the 1960’s, bisphosphonomethyl compounds
were found to be effective in the treatment of bone mineral diseases 61 Of particular

interest is their activity against disorders such as Paget’s disease and osteoporosis.|4

pyrophosphoric acid bisphosphonic acid

Figure 31

The bioactivity of bisphosphonate compounds are thought to be due to two
interactive regions. These regions are referred to as the “bone hook” and “bioactive”

regions (Figure 32).13 The “bone hook” or bisphosphonate region chelates calcium to
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locate the molecules on bone surfaces. Chelation has been found to be enhanced when a
hydroxyl group has been added to the carbon bearing the phosphonate groups. The
“bioactive” region is the portion of the molecule responsible for repelling or deactivating
the osteoclast cells which mine the bone for calcium.14 This mining process is
responsible for half of the dynamic process of remodeling bones. When this process is
balanced it leads to healthy bones, however, when the balance is lost, disorders such as

osteoporosis and Paget’s disease set in and lead to bone degradation.

Bioactive Regionl

(HO)2P P(OH)2
Rl

n 0 V o0 /
"Bone Hook™" Region

Figure 32

Although many studies have been aimed at identifying the exact mode of action,
none have clearly demonstrated how the bisphosphonates interact with the osteoclasts.15
This is unfortunate, since binding site information and knowledge of the parameters
leading to inhibition of osteoclasts could direct the systematic design of potential
inhibitors. Without this information, investigators have had to infer information about
the bisphosphonate-osteoclast interactions from the screening results of many

synthetically prepared bisphosphonates.15
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The first-generation of bisphosphonates were relatively simple molecules that
demonstrated modest bioactivity. Etidronic acid and chloridronic acid are important
examples of first-generation bisphosphontes (Figure 33).15 Etidronic acid was prepared

over 100 years ago and was the first to treat human disorders.15

H203P ~zP O 3H2 H2O3P PO3H2
cr Cl ho
Chlodronic acid Etidronic acid
Figure 33

Pamidronate, a second-generation bisphosphonate, demonstrated enhanced anti-
bone resorptive activity compared to first-generation bisphosphonates 15 This led
researchers to investigate nitrogen tether length to determine if bioactivity varied with
nitrogen-bisphosphonate distance. An optimized nitrogen-bisphosphonate distance of 5
atoms, alendronate, was observed from the EDso values of a series of bisphosphonates

(Figure 34).15

H203Px /PO 3H2

HO . NH2
n Name EDX("g/KQg)
1 - 150
2 Pamidronate 61
3 Alendronate 8
4 - 20
5 Neridronate 60

Figure 34
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Risedronatel3 and Zometal5 represent the third-generation bisphosphonates
(Figure 35). Third-generation bisphosphonates incorporate a heterocyclic moiety
containing one or more nitrogens in the bioactive region of the molecule. These
bisphosphonates typically exhibit enhanced bioactivity compared to first- and second-
generation bisphosphonates. For example Zometa has an EDso value of 0.07 pg/Kg,

where as alendronate, a highly active second-generation bisphosphonate, has an EDso

value of 6 pg/Kg.5

Zometa Risedronic acid
(Novartis) (Proctor and Gamble)

Figure 35

Oxaphospholene Methodology

Oxaphospholenes 12 have been extensively used by the McClure research group
for the production p-hydroxyketones with appendant phosphonomethylene groups
(Scheme 39).16 This work featured an aldol-type reaction where the nucleophilic
oxaphospholene was reacted with aldehydes. The reaction of oxaphospholene 12 with

isocyanates followed as an extension of this work.62 The anticipated product was the P-
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ketoamide 97. However, the reaction yielded a mixture of the expected P-ketoamide 97

as well as the heterocycle 98 arising from reaction of two equivalents of isocyanate with

the oxaphospholene 12 (Scheme 39).

P(OE1)3

95

Oxaphospholene reacts like
a phosphonium enolate

— OEt

Scheme 39

Project Scope

Based on the above information, a program of study was begun to produce new
bisphosphonomethyl pyrimidinediones 2 (Figure 36) to be investigated as possible bone
antiresorptives. This preparation utilizes the reaction previously discovered in this group
between oxaphospholenes and isocyanates to yield phosphonomethyl pyrimidindiones 98
(Scheme 40). This reaction has proved to be a facile route to interesting

monophosphono-heterocycles. The goal of this project was to extend the heterocycle
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forming reaction into a process that could produce a variety of potentially useful

bisphosphonomethyl-pyrimidindiones 2.

Figure 36

98

Scheme 40
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Results and Discussion

Retrosvnthetic Analysis

Our goal for this project was the production of variously N,N-disubstituted
bisphosphono-pyrimidinediones 13 (R=Ar, Bn, H). To access these targets, we
developed the following synthetic strategy (Scheme 41). The desired bisphosphonates
could be produced from two penultimate intermediates, the mono-phosphonate 98 or

phosphono-oxaphospholene 99 as shown in Scheme 41.

Et203Pxx / PO3Et2

99 100

Scheme 41
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The first sy_Iitheticu path to be considered involved .phosphorylation of
monqphosphono heterocycles.  This approach drew -on the swift availability
monophosphono heterocycles 98 from oxaphospholene 12. The utility of this route
would depend on the efficiency and selectivity .of phosphorylation of the dianiop of
phosphonate 98 (Scheme 41).

The alternate synthetic plan involved the preparation of a new phosphono-
oxaphospholene 98 (Scheme 41). It was envisioned that this new nucleophile céuld be
prepared from the ketovinyl phosphonate (KVP) 100 and triethylphosphite. The
preparation of KVP from oxaphospholene 12 and brc;mine followed by elimination has

been previously described by this group.®?

Preparation of Monophosphonates

Monophosphonomethyl pyrimidindion_es 98 were prepared by the addition of
oxaphosphblene 12 to two equivalents of benzyl or afyl isocyanates in DCM (Schéme
42).5%% This procedure afforded the desired heterocycles in good yields (ca. 73-84%).
This procedure was used to prepare three N,N-disubstituted pyrimidinediones 101 (R =
Ph, 79%), 102 (R = PhCH, = Bn, 84%), and 103 (R = pMeOCsH, = PMP, 73%).
Attenipts to prepare N,N-disubstituted p&rimidindioneé from para—nitr-ophenylisoéyanate
and tert-butylisocyanate failed to.produce the desired prociucts. The molecules were
presumed to be formed via the mechanism shown in Scheme 42. This mechanism shows
tﬁe nucleophilic attack on the first equivalent of the isocyanate leading to formation of
the amide anion intermediate A, which further reacts with the;sepond equivalent of the-

isocyanate, to give the ‘second amide anion intermediate B (Scheme 43). This anion
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undergoes intramolecular ring closing onto the ketone giving the heterocyclic
intermediate C, and the reaction is finished by elimination to give the product 98

(Scheme 43).

POgEtz

RN=C=0 (2 eq.) S
101 R=Phc
102 R=Bn
103 R=PMP
Scheme 42
-PO3Et2
RN
(@)
98 c

Scheme 43
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Phosphorylation of Monophosphonates

With the desired monophosphonates in hand, the next step was to convert them to
their corresponding bisphosphonates. This was attempted via the generation of dianion
intermediate 104 (Figure 37) of the monophosphonate followed by quenching with
chlorodiethyl phosphate (Scheme 44). In the case where the R groups were PMP groups
(103), the phosphorylation proceeded smoothly yielding the desired bisphosphonate in
42% vyield. This process failed to produce the desired bisphosphonate where R was
benzyl (102). The conditions instead yielded a variety of products, none of which were

the desired geminal bisphosphonate.

104

Figure 37

I. LDA (2 eq.)
THF -78°C

PMPN NPMP PMPN NPMP

Scheme 44
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Preparation and Use of a
Phosphono-Oxaphospholene

Due to the failure of the phosphorylation method to produce all of the desired
bisphosphonates cleanly, it was decided that the alternate synthetic path would be
undertaken. This route avoided the late introduction of the second phosphonate group by
installing it regioselectively on the oxaphospholene. The phosphono-oxaphospholene 99
was easily prepared from KVP 100 and triethylphosphite. The phosphono-
oxaphospholene was prepared neat in situ, then dissolved in dry DCM and benzyl
isocyanate was added (Scheme 45). This reaction yielded product bisphosphonate 106 in

only 3% yield.

BnNNCO (2 eq.)

DCM

Scheme 45

In an attempt to boost the yield of this reaction, additives were employed but
showed no effect in increasing the yield. The additives that were used included:
magnesium bromide-diethyl etherate, magnesium sulfate, tetrabutylammonium bromide,
potassium trimethylsilyloxide, and 4A sieves. These additives were selected for

screening in this reaction as they were fairly mild and would not promote the reversibility
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of the formation of the phosphono-oxaphospholene. Clearly this method, although

regioselective, was not an ideal route to the desired bisphosphonates.

Deprotection ofthe PMP-Phosphonates

The paramethoxyphenyl protecting group was selected based on its use in the
synthesis of P-lactams. There it was demonstrated that PMP groups could be oxidatively
cleaved from the nitrogen of the P-lactams via the use of ceric ammonium nitrate
(CAN)71 and other mild oxidants. The deprotection conditions were attempted on the
mono-phosphonate 103 to determine which one would be most likely to succeed on the
bisphosphonates (Scheme 46). The conditions attempted are summarized in Table 19.
The data showed that under none of the conditions were the PMP groups successfully
removed. These conditions ranged from the mild CAN to the stronger oxidative
conditions of silver oxide. The use of sonication was employed in an attempt to enhance
the rate of electron transfer. Ozonolysis was also attempted to facilitate cleavage of the
PMP group. The harsh conditions of ozonolysis led to complete decomposition of the

starting material yielding no product.

Scheme 46
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Oxidant System

Temperature

Solvent(s) Result
CAN MeCN/H,O RT NR
CAN "MeCN/H,0 150°C NR
_ : sealed tube
CAN » MeCN/H,O 60°C NR
Sonication - '
DDQ DCM, H,0 - RT : NR
AgN 03 ) MCCN/Hzo - RT ) NR
AgNO; ~ MeCN/H,0 60°C NR
, Sonication .
AgNO; MeCN/H,0O RT NR
Ammonium Persulfate ,
AgNO; - MeCN/H,0 60°C NR
Ammonium Persulfate Sonication
AgO Acetone, MeCN, H,O RT NR
1)0; ‘ DCM -78°C Decomp.
2) DMS .
Table 21

Deprotection of Benzyl-Phosphonates

The deprotectibn of the dibenzyl protected phosphonate 102 was carried out under
the conditions developed by Kundu®. for the debenzylation N,N-dibnzyluracil using
boron tribromide in réﬂﬁxing xylenes (Scheme 47). The product of this reaction was the
parent monophosphonic acid 105 as the deprotection conditions not only cleaved both
benzyl groups, but also converted the phosphonate to the phosphonic acid. Atfempts to
completely deprotect under hydrogenolysis conditions failed to produce the deprotected
phosphonate.66 The inability to remove the benzyl groups via hydrogenolysis is
precedented for debeﬁylation of related pyrimidines, unless very acidic conditions were

employed.”’
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Scheme 47

Conclusion

Advances toward the preparation of potential bone anti-resorptive compounds
have been made. To this end an N,N-diaryl bisphosphonate (R=PMP) has been prepared
in modest yield. This compound will now be submitted for testing to determine its
bioactivity against bone-resorption. The N,N-dibenzyl bisphosphonate has also been
prepared, but in poor yield. These bisphonate compounds were accessed utilizing the

oxaphospholene chemistry developed by McClure, et al.6263
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Experimentals

For general experimental information, see the Experimental Section in Chapter 2.

Diethy! [(1,2,3,44tetrahydro-6—methyl—2,4-diqxo-1,3-‘bis(4-methoxyphenyl)-5—
pyrimidinyl)methyl]phosphonate (97): An oven dried, Argon purged 50 mL round
bottom flask was charged with oxaphospholene 12 (2.97 g, 12.6 mmiol) and DCM (10
mL). The solution was cooled to ~0°C with an ice bath and 4-meth0xyphenyiisocyante
(4.03 g, 25.3 mmol) was ad&ed dropwise. After 3 hours the ice bath was removed, and
the reaction stirred at room temperature for 2 days, after which 3p_NMR indicated
comipletion of the reaction. The mixture was poured into a flask contaiﬁ'mg DI-H,0 (5
mL) and stirred for 0.5 hour. The mixture was separated and the aqueous phase was
extracted with DCM (5x20 mL). The combined organic layers were filtered through
MgSOy and conc in vacuo. The resulting oil was triturated with ether yielding a white
powder. The powder was purified via column chromatography on silica gei eluting with

3% MeOH/DCM yielding the product as a white powder, which was recrystallized in

73% yield (4.5 g, 9.2 mmol), mp 138.9-139.3°C (1:3 DCM/hexanes).
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22 17
H-NMR: 7.17 (4H, bt,J - 9.1 Hz, H’son Cs 14, 18, 21, 25), 6.95 (2H,J= 8.8Hz, H’s
on Cs 15, 17 or Cs 22, 24),6.95 (2H,J= 8.9 Hz, H’son Cs 15, 17 or Cs 22, 24), 4.13
(4H, app. pent,J= 7.1 Hz, H son Cs 9, 11), 3.81 (3H, bs, H s on C19 or 26), 3.78 (3H,
bs, H s on C19 or 26), 3.12 (2H, d,Jp.h = 20.3 Hz, H s on CS), 2.04 (3H, d, Jp.h = 3.2 Hz,
Hson C7), 1.29 (6H,t,J= 7.0 Hz, H son Cs 10, 12). 13C-NMR: 162.6 (C4), 159.9
(C16 or 23), 159.4 (C16 or 23), 151.8 (C2), 150.9 (d, Jp* = 7.2 Hz, C6), 130.1 (C13 or
20), 129.6 (C14 & 18 or C21 & 25), 129.2 (CM & 18 or C21 & 25), 128.0 (C13 or 20),
1149 (CI5 & 17 or C22 &24), 114.6 (C15 & 17 or C22 & 24), 103.6 (d, JP ¢c= 9.9 Hz,
C5), 62.3 (d, JpC= 6.5 Hz, C9 & 11), 55.6 (C19 or C26), 55.5 (C19 or 26), 23.7 (d, JPc=
141.6 Hz, CS), 19.0 (C7), 16.4 (d, JP.c = 6.3 Hz, CIO & 12). 3IP-NMR: 27.0 ppm. IR
(cm1 NaCl): 2980, 1710, 1658, 1511, 1431, 1248, 1026. HRMS calculated for

C2ZH2ZN205 (M+) 488.170441, Found (M+) 488.171240.
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Tetraethyl [(1,2,3,4-tetrahydro-6-methy1-2,4-dioxo-1,3-bis(4-methoxyphenyl)-5-
pyrimidinyl)methylJbisphosphonate (103): An oven dried, Argon purged 50 mL round
bottom flask was charged with phosphonate 97 (466 mg, 0.95 mmol) and THF (15 mL).
The solution was cooled to -78°C with a dry ice/acetone bath, and a freshly prepared
solution of LDA in THF (5 mL, 2.2 mmol, 0.44M) was added dropwise. After stirring at
-78°C for 30 minutes chlorodiethyl phosphate was added dropwise. Following the
addition the mixture was stirred at -78°C for 2 hours then warmed to -40°C and stirred for
18 hours. The reaction was quenched by pouring the mixture into a saturated ammonium
chloride solution (20 mL) and was stirred for | hour. Ether (20 mL) was added and the
mixture separated. The aqueous phase was extracted with ether (4x20 mL). The
combined organic layers were filtered through MgSCL and cone in vacuo. The resulting
oil was purified via column chromatography on silica gel eluting with 5% MeOH/DCM

giving the product as a yellow oil in 42% yield.

P\ 8

19

20

26 21
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'H-NMR: 7.18 (2H, d, J = 8.4 Hz, H’s on C’s 18, 22 or C’s 25, 29); 7.12 (2H, d, J = 8.4
Hz, H’s on C’s 18, 22 or C’s 25, 29), 6.95 (4H, app. dd, J'% 89 Hz, J=2.3 Hz, H’s on
C’s 19, 21, 26, 28), 4.94, (1H, t, Jp.u = 29.4 Hz, H on C8), 4.28-4.04 (8H, m, s on C’ 9,
11, 13, 15), 3.80 (3H, s, H’s on C23 or 30), 3.77 (3H, s, H’s on C23 or 30), 2.27 (3H, bs,
H’s on C7), 1.34-1.19 (12H, m, H’s on C’s 10, 12, 14, 16). “C-NMR: 162.9 (t, Jp.c =5.6

Hz, C4), 159.9, (C20 or 27), 159.5 (C20 or 27), 154.3 (C2), 151.4 (C6), 129.9 (C17 or
C24), 129.7 (C18 &22 or C25 & 29), 129.0 (C18 &22 or C25 & 29), 128.0 (C17 or C24);
114.8 (C19 & 21 or C26 &28), 114.6 (C19 & 21 or C26 &28), 103.7 (t, Jo.c = 7.4 Hz,
C5), 63.1 (d, Jec = Hz, €9, 11, 13, 15), 55.5 (C23 or 30), 55.4 (C23 or 30), 33.8 (t,. Joc=
138.7 Hz, C8), 21.3 (C7), 163 (C10, 12, 14, 16). *'P-NMR: 20.1 ppm. IR(cm™, NaCl):
2980, 2930, 1714, 1651, 1511, 1429, 1297, 1249, 1166, 1026, 970. HRMS calculated for

CasH3sN2010P; (M) 624.199585, Found (M) 624.200173.

Tetraethyl [(1,2,3,4-tetrahydro-6-methyl-2,4-dioxo-1,3-dibenzyl-5-

pyrimidinyl)methyl] bisphosphdnate (106): An oven dried, Argon purged 25 mL round

bottom flask was charged with KVP 106 (1.05 g, 5.1 mmol). The solutioh was cooled to

~0°C with an ice bath and triethyl phosphite (969 mg, 5.8 mmol) was added slowly.
After 2 hours of stirring at ~ 0°C the ice bath was removed, and the reaction stirred ét
room temperature for 25 hours, at which time *'P.NMR indicated formation of the
phosphonooxaphospholene 99. Benzyl is_ocyanate (1.62 g, 12.1 mmol) was added and

the mixture was stirred at room temperature for 16 hours and suBsequently refluxed for

25 hours, at which time 3p.NMR indicated that all of the oxaphospholene had been .
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consumed. The reaction was quenched by pouring it into DI-H20 and the mixture stirred
for | hour. The mixture was then separated and the aqueous phase was extracted with
DCM (5x10 mL). The combined organic layers were filtered through MgSo4 and cone
in vacuo. The crude product was triturated with water (30 mL) and filtered. The crude
product was then taken up in ethanol (25 mL) and treated with ether (10 mL). This
solution was filtered and the filtrate was concentrated in vacuo. The resulting oil had a
3IP-NMR signal at ~20 ppm. The oil was initially purified via column chromatography
on silica gel eluting with 3% MeOH/DCM yielding the product as a yellow oil. This
material still contained significant contaminants therefore, the oil was further purified via
column chromatography on silica gel eluting with 3% MeOH/DCM vyielding the product

as a pale yellow oil in 3% yield (84 mg, 0.14 mmol).

14

28

27

O

H-NMR: 7.40-7.33 (2H, m, H’son Cs 19, 23 or Cs 26, 30 or Cs 20, 22 or 26, 28 or
Cs 21, 27), 7.29-7.18 (6H, m, H’son Cs 19, 23 or Cs 26, 30 or Cs 20, 22 or 26, 28 or

Cs 21, 27), 7.08 (2H, bd, J= 6.7 Hz, 5.27 (4H, bs, H son Cs 17, 24), 4.96 (1H, t, Jph =



105
29.5 Hz, H on C8), 4.23-4.05 (8H, m, H’s on C’s 9, 11, 13,15), 2.54 (3H, bs, H’s on C7),
1..31-1.17' (12H, m, H’s on C’s 10, 12, 14, 16). PC-NMR: 162.0 (t, Jp.c = 5.5 Hz, C4),

153.2 (t, Joc = 4.6 Hz, C6), 151.6 (C2), 137.9 (C18 or 25), 136.7 (C18 or 25), 129.0(C21

or 27), 128.7 (C21 or 27), 128.3 (C20 & 22 or C26 & 28), 127.7 (C20 & 22 or C26 &

28), 127.6 (C19 & 23 or C25 & 29), 126.0 (C19 & 23 or C25 & 29), 103.9 (C5), 63.0 (4,

Jo.c = 26.7 Hz,C9, 11, 13, 15), 48.5 (C17 or 24), 45.7 (C17 or 24), 34.2 (t, Joc = 137.5
Hz, C8), 19.7 (C7), 16.1 (d, Jec = Hz, C10, 12, 13, 16). 3'P-NMR: 20.1 ppm. HRMS

calculated for C;sH3sN,OgP (M-FH) 593.219000, Found (M-+H) 593.218168.

[(1,2,3,4—tetrahydro-6-methyl—2,4-dioxo—S-pyrimidinyl)methyl]phosphonic acid
(108): An oven dried, Argon purged 100 mL round bottom flask was charged with

phosphonate 102 (98.3 mg, 0.22 mmol) and dry xylenes (20 mL). The solution was

‘heated to reflux and a solution of boron tribromide (1M, 2 mmol, 2 mL) was added

dropwise. The mixture was stirred at reflux for 3 days. The mixture was cooled to room
temperature and absolute ethanol (10 mL) was added. The mixture was co'np in vacuo.
Ether (20 mL) and‘ water (20 mL) was added to the residue and stirred for 1 hour. The
layers were then separated and the organic layer wasl extracted with water (2x20. mL).

The combined water layers were then conc in vacuo. The crude oil was chromatographed

on C18-silica gel eluting with 20% acetonitrile/water yielding a white solid, which was.

recyrstallized from IPA in 89% yield (43 mg, 0.20 mmol), mp 283.4-283.8 °C (Lit mp

282-284 °C).%
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IH-NMR (DMSO-d6): 10.95 (1H, bs, H on Oil), 10.68 (1H, bs, H on 012), 2.65 (2H, d,
JpH=20.0 Hz, H’s on CS), 2.46 (2H, H son NI & N3), 2.05 (3H, d, Jp.H= 2.7 Hz, H’s
on Cl). 13-NMR (DMSO-d6): 164.3 (C4), 151.1 (C2), 149.8 (d, Jpc = 7.2 Hz, C6),
102.7 (d, Jpc = 9.4 Hz, CS), 24.2 (d, Jpc = 137.1 Hz, CS), 17.2 (Cl) Hz,. 3IP-NMR

(MeOH-d4): 24.9 ppm.
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APPENDIX A

NMR Spectra 2,3-Dihydropyridine 1
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APPENDIX B

NMR Spéctra of 2,3-Dihydropyridone 49
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H-NMR Spectrum of 49
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APPENDIX C

NMR:Spectra of 2,3-Dihydropyridone 55
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IH-NMR Spectrum of 55
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- APPENDIX D

NMR Spectra of 2,3-Dihydropyridone 57
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1C-NMR Spectrum of 57
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APPENDIX E

'H-NMR Spectrum of 2,3-Dihydropyridinium salt 58
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H-NMR Spectrum of 58
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APPENDIX F

NMR Spectra of 2,3-Dihydropyridone 60
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H-NMR Spectrum of 60
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13C-NMR Spectrum of 60
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APPENDIX G

NMR Spectra of 2,3-Dihydropyridone 61
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IH-NMR Spectrum of 61
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13C-NMR Spectrum of 61
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APPENDIX H

NMR Spectra of 2,3-Dihydropyridone 62
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HH-NMR Spectrum of 62
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13C-NMR Spectrum of 62
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APPENDIX I

NMR Spectra of 2,3-Dihydropyridone 63
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H-NMR Spectrum of 63
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1C-NMR Spectrum of 63
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NMR Spectra of 2,3-Dihydropyridine 64
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APPENDIX J
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H-NMR Spectrum of 64
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1C-NMR Spectmm of 64
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APPENDIX K

NMR Spectra of 2,3-Dihydropyridine 65
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IH-NMR Spectrum of 65
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13C-NMR Spectrum of 65
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APPENDIX L

"'H-NMR Spectrum of 2,3-Dihydropyridinium salt 66
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H-NMR Spectrum of 66

609'6
Z86'6

OZE - |

- SEfz
69Z2'9
TM'I
'616"1
1ZS'Z
86f Z
SSft

ZZ0'l

- CO

000"l



148

APPENDIX M

'H-NMR Spectrum of 2,3-Dihydropyridinium salt 67
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HH-NMR Spectrum of 67
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