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ABSTRACT

The nitrogenous bisphosphonates pamidronate, aeatd, risedronate, and
zoledronate are used clinically in the treatmerarie disease. All of these drugs inhibit
the enzyme farnesyl diphosphate synthase (FDPSjchwinediates production of
farnesyl diphosphate (FPP). However, because i isranch point in isoprenoid
biosynthesis, FPP is involved in the biosynthediseveral different substrates at the

same time.

One key enzyme downstream of FDPS in isoprenoidsybibesis is
geranylgeranyl diphosphate synthase (GGDPS) whiffbrds the geranylgeranyl
diphosphate (GGPP) necessary for prenylation ofsthall GTPases such as Ras, Rab,
Rho and Rac, that are important signaling proteiN&n-nitrogenous analogues of the
clinical drugs, including mono- and bisisoprenoigphosphonates, have been developed
more recently. These new analogues have been fumthibit GGDPS selectively.
Because it is important to inhibit the generatidi&GPP, selective inhibition of GGDPS
is highly desirable. In previous research, diggrabisphosphonate (DGBP) was
discovered to show good inhibition of GGDPS. Idesrto obtain more potent analogues
of the compound DGBPand to study the biological effect of aralkoxy group on
bisphosphonate compounds, a series of ether bighbbpates has been prepared and

studied.

A second important enzyme in isoprenoid biosynthels geranylgeranyl
transferase Il (GGTase IlI). This enzyme transf8GPP to Rab proteins, and thus

converts the parent proteins to lipoproteins whach essential for their proper cellular

Vi



localization. One known inhibitor of this enzynsethe chemical 3-PEHPC, but a high
concentration of this compound is necessary torgéa@ny cellular effects. In an effort
to study the cellular effects that result from Wition of this enzyme, and to develop
more potent inhibitors, my research has focusednodification of 3-PEHPC to obtain
derivatives that may have improved biological attivBoth the known compounds 3-
PEHPC and 3-PEPC, and new structures, includingidtegeneration PEHP®-oxides
and the second-generation compounds prepared throlick chemistry, have been

prepared and tested for activity in this system.
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PUBLIC ABSTRACT

The nitrogenous bisphosphonates pamidronate, aeatd, risedronate, and
zoledronate are used clinically in the treatmerarie disease. All of these drugs inhibit
the enzyme farnesyl diphosphate synthase (FDPSjchwinediates production of
farnesyl diphosphate (FPP). However, FPP is irewlin the biosynthesis of multiple

other isoprenoids.

One key enzyme downstream of FDPS in isoprenoidsybibesis is
geranylgeranyl diphosphate synthase (GGDPS) whiffbrds the geranylgeranyl
diphosphate (GGPP) necessary for prenylation ofsthall GTPases that are important
signaling proteins.  Recently, non-nitrogenous egaés of the clinically used
bisphosphonates have been found to inhibit GGDRé&ctseely, and are of interest
because of their activity in biological systems. order to obtain more potent analogues
of the compound digeranyl bisphosphonate (DGBP)chvinas demonstrated a strong

potency against GGDR& series of ether bisphosphonates has been piegradestudied.

A second important enzyme involving isoprenoidgasanylgeranyl transferase |l
(GGTase Il). This enzyme transfers GGPP to Rateprs, and thus converts the parent
proteins to lipoproteins which are essential fagittproper cellular localization. One
known inhibitor of this enzyme is the chemical 3HFHE, but a high concentration of this
compound is necessary to generate any cellulacteffdn an effort to study the cellular
effects that result from inhibition of this enzyme)y research has focused on
modification of 3-PEHPC to obtain derivatives thagy have improved biological

activity.
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More potent inhibitors have been developed tocsigkly target GGDPS or

GGTase Il that will lead to a better understandihthe mevalonate pathways.
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CHAPTER|

A BRIEF INTRODUCTION TO PHOSPHORUS

Phosphorus was discovered by a merchant, Dr. HeBnagnd of Hamburg,
around the seventeenth century during the procésarine distillation. This new
substance emitted light and thus was named as foefd Within the first years of its
discovery, it was exhibited in the courts and fawr&urope as a wonder that people had
never seen?

Phosphorus is a stable element with only one isotimm, 'P, which loses
electrons with great difficulty and never exists as elemental cation. There are two
major phosphorus forms, white and red. White phogh consists of f£molecules
which are in tetrahedral arrangement. It can bevexted to P molecules by treatment
with high temperature. This white form phosphorss highly reactive, toxic, and
flammable. It converts to red form phosphorus dy@nspontaneous process that can be
accelerated by heat and light if protected from Aithough red phosphorus is still in a
tetrahedral form, it is in a polymeric structuredaherefore more stable compared with
the white form.

White phosphorus was used in the match industtiierearly nineteenth century.
Due to its high toxicity, a small amount of whitegsphorus is enough to kill an adult
and people died from it due to either illegal arantious use. Although it was lethal and
extremely dangerous to use, because of the big rbrwa fire it was still needed in
industry and daily life. In 1855, Swedish chemishan Lundstrom discovered a new

method to use the more stable and less poisonadisphesphorus in the match



manufacturing process. As the safe production apglication of matches was
developed and enhanced, they were used more widelgiccelerate the Industrial
Revolution.

Phosphorus does not exist as a free element imendhstead, it usually forms a
phosphate salt with calciufnin older times, the original source of phosphamas bone
ash. The production process includes heating lashefirst and then decomposing it
from phosphate of lime to sulphate of lime to gaverude liquid which could be further
distilled by a clay retort in a heating furndceAfter the electronic arc furnace was
introduced in 1890, phosphate ore, which is usuég(PQOy)sF or Ca(POy)s0H,
replaced bone ash as the major source of phosppbordsction. In modern industry, to
produce elemental phosphorus, phosphate ore isdnvixln quartz sand (SKD in an
electronic arc furnace and heated to 1200 °C td® F&Dto be reduced according to the
equation:

2Ca(PQy), + 6SIiG + 10C = 6CaSi@+ P, + 10CO
The resulting vapor containing phosphorus and c¢arbonoxide is condensed to yield
phosphorus as a white sofid. The dominant application of phosphorus at thieetis as
a fertilizer in agriculture. Nonetheless, it iss@l widely used in the fields of
pharmaceuticals, organic synthesis, steel producéind even the weapon industry.

Phosphorus is an essential element needed hyial tells in both animals and
plants. For example, it is involved in the nucdiéef adenosine triphosphate (ATP), a
high energy intermediate needed for life. The biydis reaction of ATP catalysed by
adenylpyrophosphatase (ATPase) can generate adenodiphosphate (ADP),

orthophosphate (P and free energy which is used in biological peses such as



biosynthesis and active transpdft. ADP can also release a significant amount ofgner

upon hydrolysis to give adenosine monophosphateRAdhd R At the same time, the

conversion of ATP to ADP and AMP is a reversibleqass. By absorbing energy from

light or the metabolism of food, the latter two kEwenergy nucleotides can serve as the

starting materials to react with phosphate to reféxTP under conditions of enzyme

catalysis.
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The phosphatgroup also plays key roles in important cellulatabelic
pathways to mvide cells necessasubstrates. One example is thevalonate pathwe
which converts mevalonate isoprenoidsandsteroids includingcholesterc.
Mevalonate also ia starting materiefor hormones, bile acidand vitamin D. Othe
guantities of mevalonate atenverted tinonsterol isoprenoidehich areimportant for
postranslational modification (many proteins , including those in thasRsuperfamil
of small GTPases. These proteare involved in intracellular signalingathways whicl

are assciated with cell growth, differentiati, and gene expressidir-*
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Figure 2 Isoprenoid biosynthesis pathway

More detailed information aboithe the mevalonate pathwaymammals it
shown in kgure 2. It beginwith 3-hydroxy-3-methylglutaryl-COA (HM&Co0A) which
is synthesized from acetyl CoA and acetoacetyl GpAIMG-CoA synthast The

reduction reaction of HM&o0A is catalysed by HMGz0A reductase, the r«limiting



enzyme of the mevalonate pathway, and leads tgeheration of mevalonic acid. It
then undergoes a phosphorylation reaction catalygedevalonate kinase (MK) which
requires ATP to transfer a phosphate group to noev@bcid to yield mevalonate-5-
phosphate, a phosphomevalonate. The next reaigons mediated by an enzyme,
phosphomevalonate kinase (PMK) and ATP, which cdewbe mono-phosphate starting
material to a pyrophosphate product, mevalonatgbedphate, that subsequently
undergoes a decarboxylation reaction to give arortapt intermediate, 3-isopentenyl
pyrophosphate (IPP). The IPP formed is in an dguwim with its isomer, dimethylallyl
pyrophosphate (DMAPP). In plants, geranyl pyropthase synthase (GDPS) catalyses
the reaction of one equivalent of the five carbarleoule, IPP, with another equivalent
of its isomer, DMAPP, to generate the ten carbatuat] geranyl diphosphate (GPP).
GPP can undergo a parallel reaction with IPP imptiesence of the enzyme, farnesyl
pyrophosphate synthase (FDPS), to afford an impbfiféeen-carbon intermediate,
farnesyl diphosphate (FPP). In animals, FDPS ysalboth reactions to convert three
molecules of IPP to FPP as the ultimate profuct.

As shown in Figure 2, FPP is at a branch poitbhémevalonate pathway. A
two-step head-to-head condensation of two identicdécules of FPP catalysed by
squalene synthase (SQS) which leads to the gemei@tsqualene, which contains a
thirty-carbon structur&® Squalene can be converted to cholesterol thraughilti-step
proces$. In addition, FPP can be directly transferred @yésyl transferase (FTase) to
proteins, including Ras and RhoB, in a processéddrfarnesylation. Furthermore, FPP
can also react with one molecule of IPP to gendhetéwenty-carbon intermediate

geranylgeranyl diphosphate (GGPP), a reaction wisichediated by geranylgeranyl



diphosphate synthase (GGDP$J> GGPP is involved in biosynthesis of many natural
products, including the taxanes and gibberefifinEurthermore, it can be transferred by
either geranylgeranyl transferase | (GGTase Iytdgins such as RhoA and Rapla, or by
geranylgeranyl transferase Il (GGTase Il) to babgut geranylgeranylation of the Rab
proteins'® Once these proteins are isoprenylated, they bedonttional signaling
proteins after insertion into cellular membrane padicipate in intracellular signaling
pathways-"***° In addition, this post-translational prenylatipmcess is important to
signal transduction, cytoskeletal formation, andl gewth regulatiorf’

Statins are competitive inhibitors targeting HMGAC®@ductase and they are
used to lower cholesterd!. However, since they interrupt the mevalonatepaghat the
first step, they also reduce the synthesis of FRPGGPP and induce apopto¥ig®#423
As discussed, FPP can be transferred by FTaseise qgaiotein farnesylation which will
activate p21, a ras oncogene proddét. Once this post-translational modification is
initiated, ras protein can be switched on to engajgoroliferation?® To inhibit protein
prenylation more specifically, bisphosphonates Hzaen widely used as drutfs. As
shown in Figure 3, bisphosphonic acid is a closdague of pyrophosphoric acid.
Changing the central oxygen to a carbon not orlikzes the entire structure, but also
provides various possibilities to modify the moliecan this central carbon. For
example, the nitrogenous bisphosphonates, alendyamsedronate and zoledronate
which are inhibitors targeting FDPS are used dliycin the treatment of bone
diseasé/?° In addition to depletion of farnesylation, intibn of FDPS also results in
reduced generation of GGPP. It has been repdrdhe addition of exogenous

geranylgeraniol can reverse the inhibition of oslast-mediated bone resorption, which



suggests that agents that inhibit FDPS may exériitgcthrough GGPP depletiof.
Cellular GGPP also plays a critical role in posiaglational modification. Therefore, it
also will be of benefit to develop phosphonatebitbrs that target enzymes downstream

of FDPS to deplete the generation of GGPE.

o
(HO)(0)P” “P(O)(OH), (HO)(O)P” “P(O)(OH),
4 5

Figure 3. Pyrophosphoric acidl)( and bisphosphonic aci8)(

Phosphorus has a critical role in living organisrivire importantly to an
organic synthetic chemist, it also is involved iamy reactions to help to construct
complex molecule structures. The most well-knowpligation of phosphorus in organic
synthesis is the Wittig reaction to form carbonkcar double bonds. In 1954, Wittig and
Schollkopf discovered a methodology to use phogmhylides to react with a ketone or
aldehyde to form olefin¥3*and this reaction still is widely used in natysedduct
synthesis. They were awarded the Nobel Prize en@$try in 1979 for this discovery.

As shown in Figure 4, the electronegative carbdjacent to triphenylphosphine
in ylide 7 attacks the carbonyl group in compoufidn a [2+2] cycloaddition to form
either intermediat& or 9, which will lead to the generation of @s olefin or atrans
olefin product. However, in the twisted transitistate, intermediat8 is more favored
than9 due to the van der Waals repulsion betweemil ylide groups. Therefore, the

formation of8 is faster tha®, which results in theis isomer as the dominant product.
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Figure 4. Wittig ReactioRl

In an effort to synthesize thans olefin, Dr. Leopold Horner modified the Wittig
reaction in 1958, using phosphonate stabilizedasadns (Figure 5°*® Phosphonate
anion 12 can be formed by addition of base, such as NalHe d@nion was added to
aldehyde6 to form transition statel3 or 14 in a rapid equilibration. The transition states
13 and14 further rearrange to four membered ring intermiedids and16. Elimination
of phosphate as a by-product affords thens product 17, and thecis product 18.
Because there is a steric interaction effect exgsin the transition stat&6, it is less
favored compared with its geometric isonié. Therefore, the Horner-Wadsworth-

Emmons reaction is widely employed foansolefin preparatiori>**
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Figure 5. Horner-Wadsworth-Emmons Reaction

Because phosphonate is an important functionalpgvehich has a wide range of
applications in organic synthesis, methodologigsrépare alkyl phosphonates are highly
respected. One incredibly useful reaction amongmthis the Michaelis-Arbuzov

Reactior®®

For example, when trialkyl phosphil8 is treated with the alkyl halid20,

the electron rich phosphorus atom attacks thereleateficient carbon atom adjacent to
the halide to form intermediatgl. The halide anion generated in the previous step
reaction can further attack R' group on the phospteto cleave the C-O bond. As a

result, the lone pair electrons form a P-O doubledbto give alkyl phosphona® as the

desired product.

| X
OR (o 0
. “ | I
RO/P\'OR X—R —» RO—Fl’—R‘ — > RO—F|>—R‘ + X—R
20 OR OR
19 23
21 22

Figure 6. Michaelis-Arbuzov Reaction
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Phosphonate hydrolysis is also an important anehyidsed reaction to convert a
phosphonate ester to the phosphonic #ffl. In McKenna’s conditions, TMSBr is
treated with 2,4,6-collidine to form a bromide <26t After the addition of phosphonate
22, the oxygen of the P=0O group will attack the TM®up to form a silyl ethep7
which exists in three different resonance fori2gA-27C). A bromide anion will then
attack the ester group of phosphon@®C to give neutral phosphonate silyl ester
intermediate27D which further reacts with MeOH or water to cledkie trimethyl silyl

group and form the phosphonic aéid.

= (0] O
‘ i‘sle | o, MeOH L
Sy | i—Br —» ~ Me3S|Ofﬁ’fR — HO*ﬁ’*R
\/ o N 0 OSiMes OH
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‘ . ‘ . Br ‘ .
fs‘lf 7S‘|7 7‘S|7
o (@] @0
1 I 5 " I 2 e H<> ’
R 7Ofﬁ> R® «— R 7O*ﬁ>fR <« R 7075—’7
OR! OR! OR!
27A 27B 27C

Figure 7. Proposed mechanism of phosphonate hygisol

More recently, in our group we developed a synthgtotocol to convert benzylic

and allylic alcohols to phosphonates in the present Znb.>%>?

The proposed
mechanism is shown in Figure 8. Both triethyl gitose and benzyl alcohol complex
with Znl, to form the transition sta0. The electron rich phosphorus atom then attacks
the electron deficient methylene group in benzgbhol to break the C-O bond and yield

intermediate31 and zinc oxide as by-product. It then undergoeshktlis-Arbuzov

reaction with iodide to afford phosphon&as the final product.
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Figure 8. Proposed mechanism of alcohol-phospleaatversior?

As has been related above, phosphorus is an inmpoei@ment which was
discovered over 300 years ago and now is widely uisendustry, agriculture, organic
synthesis, and pharmaceutical research. Our gnaspa strong interest in phosphorus
research, including using phosphorus as a toohtaral product synthesis and studying
phosphonates as inhibitors of the mevalonate pathwdome detailed research related to

phosphonate inhibitor development will be discussetie following chapters.
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CHAPTERIII

SYNTHESIS OF DIGERANYL BISPHOSPHONATE ANALOGUES

The nitrogenous bisphosphonates, pamidronate, raleatt, risedronate and
zoledronate (Figure 9) are used clinically in theatment of bone disea¥e® These
drugs inhibit farnesyl diphosphate synthase (FDRXey enzyme at a branch point in
the mevalonate pathway which is responsible forpttoeluction of farnesyl diphosphate
(FPP)?° Inhibition of FDPS will also interrupt cholestéreynthesis and protein
geranylgeranylation as well. Another key enzymeagglgeranyl diphosphate synthase
(GGDPS), is responsible for the biosynthesis ofaggigeranyl diphosphate (GGPP)
which leads to protein geranylgeranylation of sn@llPases such as Rab, Rho and Rac,
which are important signaling proteins for ostestlunction. With the depletion of
protein geranylgeranylation, both osteoclastic b@s®rption and proliferation of cancer
cells can be inhibited:*>** Because it is important to inhibit the generadrGGPP, a

way to selectively inhibit GGDPS is highly desirabl

NH, N7 N
H2N NN | «D
W§<OH OH OH %OH

(HO)zﬁ Iﬁ(OH)z (HO)zﬁ Iﬁ(OH)z (Ho)zﬁ Iﬁ(OH)z (Ho)zﬁ Iﬁ’(OH)z

O O O O O O O O
33 34 35 36
(pamidronate) (alendronate) (risedronate) (zoledronate)

Figure 9. Nitrogenous bisphosphonates used asallidrugs
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Non-nitrogenous analogues of these four compoumududing monoalkyl
bisphosphonates and dialkyl bisphosphonates whielslaown in Figure 10, have been

developed more recently. These new analogues Ibese found to selectively inhibit

GGDPS3132:%°
= Pz H Pz P =

(HO)zIFI’ IFI’(OH)z (HO)zIFI’ IFI’(OH)z

37 38
X = = NN P Pz Pz
(HO)zIFI’ IFI’(OH)z (HO)zﬁ ﬁ(OH)z

39 40

X X = = NN NN Pz Pz Pz

(HO)zIFI’ IFI’(OH)z (HO)2I|3| IIDI(OH)2

O O OO0

41 42

(digeranyl bisphosphonate)

Figure 10. Non-nitrogenous bisphosphonates deedlby the Wiemer group

The 1Go value against GGDP# vitro of the lead compound in this family,
digeranyl bisphosphonatél (DGBP), is approximately 0.2M.** Furthermore, the
crystal structure of the GGDPS dimer and its bigdmotifs have been reported by
Oldfield et al*® As is shown in Figure 11B, three magnesium medsibns coordinate
with the pyrophosphate head group of the subspatephosphate. There are two other
sites which were identified in the enzyme, the bpthobic site that is occupied by the
farnesyl fragment of the substrate shown in thee dalor, and the GGPP site that is
occupied by the product resulting from the additddrone isopentenyl (IPP) unit to FPP

(pink color structure). When GGDPS was incubatedh wDGBP, the polar
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bisphosphonate head group also coordinated withnthgnesium cations. One of the
geranyl side chains occupied the FPP site whileother C-10 side chain was found in
the GGPP site (green color structure). Therefongs tmportant “V-shape” of the

inhibitor allows for competition with the naturalltsstrate in binding to the enzyrife.

FsPP (2e8t)

Figure 11. Structure of inhibitor-GGDPS compfex

According to previous studies, bisphosphonatesirmgpaan a-hydroxy group
attached to the germinal carbon will increase thieebaffinity of the compound, because
it can strengthen chelation with calcium catidh§herefore, bisphosphonate head groups
along with thisu-hydroxy group were regarded as key features tblerthe compound to
rapidly localize to the surface of the bone. Itswaported that the insertion of an
hydroxy group boosts the compounds’ bioactivity nifigantly.>”*® Furthermore,
compared with the bisphosphonate head group, theppgsphate group of the natural
substrate has one more oxygen atom which may castight difference in pKa by an

inductive effect. Therefore, by introducing om@xygen atom, we predicted it would
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help to mimic the physiological pKa more accuratend thus increase binding ability
with the enzym&° On the other hand, according to the crystal sirecof the enzyme
bound to DGBP, it is very important for the inhdito carry two side chains to preserve
the “V-shape™® Combining all these important features listedva) we designed
compoundd4 as an interesting analogue to the parent comp@@G&P (Figure 12). We
hypothesized that it would be very interestingneeistigate the biological effects that this

a-oxygen atom brings to the structure. By modifyihg length of two side chains, it

also will help us to better understand the spewifiy this inhibitor binds to the enzyme.

X S % %

(HO)P B(OH),

41
digeranyl bisphosphonate

43

geranylgeranyl pyrophosphate
NS OE/Y:|
ny n
(HO)leI’ ﬁ(OH)z 2
O O

44 ng=12;n,=1,2

Figure 12. Comparison of GGPP, DGBP and a DGBRgna

Synthesis of O,C-dialkylbisphosphonates
The first generation retrosynthesis is shown inuFégl3. The tetra sodium salt
45 can be obtained from the hydrolysis of the telrgetster46*® which could arise from
the alkylation reaction of the-hydroxy bisphosphonaté7. Therefore, compound7

would be a very important intermediate to prepardtis synthetic route.
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Figure 13. The retrosynthesis@fgeranylO-geranyl bisphosphonat®

Compound48, which has a much simpler structure and can bpapeel from an
inexpensive commercially available starting matevies selected as a model compound

to study synthesis of a family afhydroxy bisphosphonates.

OH

(EtO)zllzl’ II:I)(OEt)Z

O O
48

Figure 14. Model study target

The attempted synthesis of compoutlis shown in Figure 15. The starting
material 3, 3-dimethylacrylic acidi9) was treated with oxalyl chloride to prepare the
acid chloride50 in good yield®* The next two steps of the sequence were cartieiho
one flask. Michaelis-Arbuzov reaction occurred hwécid chloride50 when it was
treated with triethyl phosphite to produce acyl fifttonates1.°? Following completion
of the reaction as monitored B> NMR, a Pudovik reaction was applied with addition

of one equivalent of diethylphosphite. In theotlye a-hydroxy bisphosphonaté8
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should have been formed. However, two peaks & 48d —-0.8 ppm with a 36.7 Hz
coupling constant were observed in #f@ NMR spectrum (Figure 16), indicative of the
presence of both phosphonate and phosphate groughe imolecule. Based on these
spectral data, it appeared that instead of theatesarget moleculd8, the rearrangement

product52 was obtained.

Q  oxalyl chloride Q P(OEt) 0 HP(O)(OEY), \Q<OH
x o x e e Uiy >
OH 0° Cl P(O)(OE); I;Ets (EORP P(OED,
O O

64%
49 50 51

T

(Et0),F  OP(OEY),

48

52

Figure 15. Attempted synthesis of intermedége

This rapid rearrangement that leads to compdihhay be driven by the strong
bonding between oxygen and phosphorus atoms. Huokanism of this rearrangement
reaction involves attack on the carbonyl group @mpound51 by diethyl phosphite.
The resulting oxygen anion will further attack arfethe phosphonate groups to cleave
the C-P bond and form the new O-P bond. Furthternmolecular proton transfer would
lead to the formation of the final produb2. Even though the desiregthydroxy
bisphosphonatd8 is generated, the acidichydroxy group could be deprotonated easily
by base and subsequent rearrangement forms theobygqt 52 (Figure 17). This
phenomenon was reported first by Fitch and Moeeifitzin 1962 and studied and
supported more recently by numerous groii§é. The structure of compour?2 was

further confirmed by 2D NMR which is shown in Figut6. Therefore, based on what
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has been observed and what has been reported pashe-hydroxy bisphosphonai8
is unstable under basic conditions. In additiom, aflylic nature of the bisphosphonate

head group may cause it to be even more reactaredaturated alkyl systems.

e
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T T =t
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Figure 16. 2D phosphorus NMR of compolsd

The next attempted synthesis started from the gghicoacid 53 (Figure 18). It
was converted to the acid chloriédd upon treatment with oxalyl chloride and then
further allowed to react with triethyl phosphiteassemble acyl phosphon&® When
the reaction mixture for the second step was meettdy*'P NMR, the resonances for
the a-hydroxy bisphosphonat&6 and rearrangement produsf were observed along

with trace amounts of the target molecule, and ammg56 was successfully isolated in

low yield.
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Figure 17. Rearrangement mechanism

Treatment of an acid chloride with multiple equesats of triethyl phosphite can
result in addition of two phosphonate groups in flask. Furthermore, inspired by
Kolodyazhnaya and Kolodyazhnyi's work, if a prowwurce can be added to the reaction
mixture, the resulting oxygen anion might be trappapidly to avoid the undesired
rearrangement reactiGf®®

oxalyf enonae,
~ “~ ~
oH 0°C—r1t cl 0°C—-rt P(O)(OEY),

69%
53 54 55

+

OH
MP(O)(OEt)Z

P(O)(OEt),
56

+

OP(O)(OEY),
)\/\/k/k
P(O)(OEt),

57

Figure 18. Attempted synthesis starting from &3d

The new synthetic strategy was carried out witlermiediate acid chloridé4

(Figure 19). This compound was treated with 2.5iedents of triethyl phosphite and
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pyridine hydrochloride was used as a proton sourtle desired producti-hydroxy

bisphosphonatB6, was thus obtained in 14% yield from this onelflesaction.

)\/\/ui oraby chiondg )\/\/ui LN M
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“ “ “
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56 55a

: P(OEt);

Figure 19. Synthesis of bisphosphortie

Although a methodology to prepare tirdaydroxy bisphosphonates intermediates
has been developed, there is still a serious siothmitation. The most important is
thata-hydroxy bisphosphonates needed for our studies@trstable. These compounds
undergo a rapid rearrangement reaction even wtmeadsin a freezer. This unexpected
feature not only lowers the yield of tlkehydroxy bisphosphonates, but also eliminates
the possibility of alkylation of the-hydroxy group because it cannot be treated with
base. Therefore, development of a new strategynthesize the target molecdlé was
necessary.

The second generation retrosynthesis is showngar€i20. Tetra sodium sa@b
could be derived from the hydrolysis reaction dfaethyl ester6.** The dialkylated
compound46 can be constructed by C-alkylation of the e which can be further
assembled by phosphorylation reaction of mono phaspte59.”%"* The O-alkylation

of alcohol60 will lead to the formation of intermedia®®.’® "
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Figure 20. The second generation retrosynthesis

The synthesis started from commercial diethyl (bygmethyl)phosphonat&0.
This compound was treated with NaH followed by #uelition of geranyl bromide to
form the etheb9 which was further treated with LDA and diethyl afdphosphate to
lead to the generation of the key intermediate,nio@o alkylated bisphosphondi@ in
moderate yield® Once the key intermediats8 was in hand, it was of interest to
investigate whether compounds with the length @& @Ralkyl side chain varied and
constant lengths of th€-terminal side chain would demonstrate differerdabtivities.
Therefore, intermediat®8 was first treated with NaH to deprotonate thposition and
then separately with prenyl bromide and geranyhide to give theC-prenyl-O-geranyl
bisphosphonat62 and theC-geranyl©O-geranyl bisphosphonat. Standard hydrolysis
conditions with TMSBr and NaOH then afforded theresponding salt$3 and 45.
Because the primary objective was to obtain thes $ai biological studies, intermediate

58 also was directly hydrolysed to the mono alkyldtespphosphonate sdi (Figure 21).



22

(0]
Il
o (NaO)2 PY O\/W
P(ONa),

1l
(EtO),P-__OH o
o]

60

Collidine
NaH GerBr TMSBr 17%
15-Cr-5| 62% LDA NaOH

CIP(0)(OEY), I

O
Il
(EtO), Pe_ O\/W W (EtO), P\( O\/W
o
ﬁ(OEt)z

59 o 58
NaH NaH

15-Cr-5 15-Cr-5
GerBr PreBr

51% 30%

WO\/Y\/Y M OW
(Et0)2||°I ﬁ(OEt)z (Et0)2||°I IFI’(OEt)z

(Oe] O O
46 62

Collidine Collidine

TMSBr | 20% TMSBr

NaOH NaOH
22%

MOW MOW
(NaO)P  P(ONa), (NaO)RP  P(ONa),

O O O O
45 63

Figure 21. Synthesis @-geranyl DGBP analogues

It also would be interesting to study the effectaddification of the alkyl group
length on the oxygen substituent. Therefore, ees@f analogues with a geranyl chain
on the oxygen terminal and different isoprenoidichangths on th€ terminal has been
prepared as well. Diethyl (hydroxymethyl)phospherG® was converted to the prenyl
ether64 through treatment with NaH and prenyl bromide. phesphorylation reaction
of mono phosphonateé4 afforded the desired intermediate, bisphosphorte
Following the same synthetic strategy, attemptéglation reactions of intermedia@b
gave the expectedC-prenyl-O-prenyl bisphosphonaté9 and C-geranylO-prenyl

bisphosphonate66. Hydrolysis of both of these two ethyl esters desl their



corresponding salts compoun@® and 67.

provide the salé8 as well (Figure 22).

23

Intermediate65 also was hydrolysed to
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Figure 22. Synthesis @-prenyl DGBP analogues

All the compounds that have been prepared at thgesare achiral molecules. It
was of interest to attempt the synthesis of anogned in this family that carries a
stereogenic center. One 10-carbon side chain wéers a stereogenic center is the
citronellyl group. Furthermore, both pui®-( ] )-p-citronellol and R)-(+)-B-citronellol

are commercially available with the former moreremical. Thus, as shown in Figure

23, the first target molecule was tl&(S)-citronellyl-O-geranyl bisphosphonatél.
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However, the alkylation reaction of mono alkylaté&isphosphonate58 was not
successful, perhaps due to the crowded carbonrcantkea-position of the two bulky
phosphonate moieties as well as the less reactiveary bromide in the citronellyl
reagent. Increasing the reaction temperature dahgefragile ether chain to decompose.
Therefore, reversing the reaction sequence to puhe less reactive side chain first was
explored. Inspired by this idea, diethyl (hydromethyl)phosphonat&0 was allowed to
react with citronellyl bromide first to give eth@2, which was then treated under
phosphorylation conditions to introduce the secphdsphonate moiety and generate
bisphosphonaté3. Alkylation of intermediat&3 with the more reactive reagent, geranyl
bromide, proceeded smoothly to yield dialkylatespbiosphonat&4 in moderate yield.

A standard hydrolysis reaction of the ethyl e3teafforded the corresponding s@k

NaH

o] 15-Cr-5 o] LDA o]
(EOLP. _OH CCBL (EonP_ o CIPOXQEY: ciob o
NN T 2N X X7 T 2 X X
6 44%
60 P(OEY

NaH 59 i 5
15-Cr-5 23%

(S)-(-)-citronellyl bromide NaH . ,

15-Cr-5 /\ (S)-(-)-citronellyl bromide

(EtO)zP/\OW MOW

o (EtO),P P(OEY),
72 1]l

71
LDA .
CIP(O)(OEt), | 93%

o) NaH

I 15-Cr-5
(EtO)ZPY OM/ GerBr . e O\/\/V\(
: 45% H
ﬁ(OEt)z : (EtO)zﬁ ﬁ(OEt)z :
fe) 73 [o}e)

74

2,4,6-collidine
TMSBr 17%
1N NaOH

)WWO\/\/V\(
(NaO)oP P(ONa),
O O

75

Figure 23. Synthesis @-geranyl©O-citronellyl bisphosphonatés
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Seven compounds have been prepared in this fafidyie 24). Along with the
parent compound, DGBP, these compounds were swoimitt our collaborators for

biological studies and they obtained some positseailts.

)WW/L/\)\ )WWO\/Y )WWO\/YV\(
(NaO)gﬁ Iﬁ’(ONa)z (Nao)gﬁ ﬁ(ONa)g (NaO),P P(ONa),

I
[OJNe]

DGBP 67 45
)WO\/Y )WOM
(NaO):P  P(ONa), (NaO):P  P(ONa),
O O (O]
70 63
9 0
(NaO)zP\(O\/\( (NaO),P_ _O.
X Y \/W
ﬁ(ONa)z ﬁ(ONa)g
o 68 o 61
)WWO\/\/W(
(NaO)gﬁ ﬁ(ONa)z
[OJNe]

75

Figure 24. DGBP and its analogues

Biological results
As shown in Figure 25, in the mevalonate pathwhg, dubstrates FPP with a
fifteen carbon side chain and IPP with a five carbmle chain are joined by the enzyme
GGDPS, to yield GGPP which has a twenty carbon aidén. By inhibition of GGDPS,

we expect to see a decrease in intracellular GG&iRtentration and less protein

geranylgeranylatiofi.

o o o o

S S S

D X N0 o oH N0 07 o H

OH O

FPP lGGDPS PP

gy
X N N X071 07 oH
OH OH

GGPP

Figure 25. GGPP formation
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The effects of compoundb, 63 and67 on intracellular FPP and GGPP levels
were examined at different concentrations. Theatn@GPP inhibitor DGBP and the
HMG-COoA reductase inhibitor lovastatin were useda@strols. The previously reported
reversed phase HPLC methodology was applied to unedake intracellular FPP and
GGPP level$® Following incubation of K562 cells and the tesimpounds for 48 hours,
cells were counted. Isoprenoid pyrophosphates wetected from cell pellets with a
standard extraction solvent (butanol/75mM ammonhwdroxide/ethanol 1:1.25:2.75).
The FPP and GGPP in the residue were incorporated filuorescent GGVLS and
GCVLL peptides by FTase or GGTase | after dryinvddhe extract under a stream of
nitrogen gas. Reverse phase HPLC with a fluorescdetector was applied to separate
and quantify the prenylated fluorescent peptides.

According to the results shown in Figure 26, dltee of the dialkylated
compounds 45, 63 and 67), demonstrated the ability to decrease the coraton of
GGPP and to raise the concentration of FPP, withpound67, the C-geranylO-prenyl
bisphosphonate, being the most active. This résubnsistent with the known GGDPS
inhibitor DGBP and quite different from the HMG-Coshibitor, lovastatin, which
reduced the concentration of both FPP and GGPRoritrast, while the monoalkylated
68 has no effect on FPP/GGPP levels, compo6hdncreases both FPP and GGPP
levels. Because monoalkylated bisphosphonatestteck/-shape” structure, they likely
do not compete as effectively with substrates athdalialkylated bisphosphonates. The

mechanism behind compoufil's effects on GGPP levels remains to be determined.
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Figure 26. Effects of compounds on FPP and G(levels

This series of compoun@lso was tested agairthe K562 chronic leukemia ce
for their abilities to inducecytotoxicity as measured by an MTT as. Cells and
potential drugsvere incubate for 24-72 hours at 37 °C and 5% £C0The experimen

was performed following previousl| reported MTT assay methdd.

As shown in Figur€7, DGBP wasused as a positive control for a compari
with compounds45, 61, 68, 63, and 67. Interestingly, both mono alkylat:
bisphosphonate8l and68 do not display any activity in the MTT assay. bntrast, al
the dialkylated bisphosphonatcompounds 45, 63, and 67) decreasedMTT activity

after 72 hours.
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Furthermore, these compounds have been screen€dbd cells using western
blot studies to examine if they selectively inhiprbtein gernylgeranylation over protein
farnesylation. When the farnesylation of RAS piotis disrupted, both farnesylated
RAS (lower band) and non-farnesylated RAS (upperdb&an be observed on the gel.
Therefore, according to the results obtained (g28), none of the tested compounds

inhibited FDPS.
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Figure 28. Effects of the novel bisphosphonates on Rapla asdoRenylatio
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To measure inhibition of GGDPS in cell culture @mewhat more complicated.
GGPP is a substrate for both GGTase | and GGTadedpla is an example of a GGtase
| substrate and Rab6 is a substrate for GGTasénhibition of GGDPS will result in
disruption of geranylgeranylation of both GGTasand Il substrates. Unlike RAS
protein, only non-geranylgeranylated RaplA protwn be detected on the gel using a
commercially available antibody. As shown in FguR8, only the dialkylated
bisphosphonate45, 63 and 67 reveal non-modified RaplA protein which means ¢hes
compounds inhibit the geranylgeranylation of GGThsebstrates. Th€&-geranylO-
prenyl bisphosphonat®/ was the most active, because the non-modified Rapatein
can be detected at the lowest inhibitor concemtnatluM. To determine if the GGTase
Il pathway is also affected, evidence of non-medifiRab6 protein is needed. The
antibody for Rab6 detects both modified and non-fifexti proteins but the two forms
cannot be directly separated on the gel. To ddtexte forms separately, K562 cells
were lysed with TX-114 detergent which separatdisiysate into a cytosolic (aqueous)
fraction and a membrane (detergent) fraction. Assalt, the geranylgeranylated protein
will be in the detergent layer and the non-geraemdgylated protein remains in the
aqueous layer. Western blot analysis using thi@ay directed against Rab6 can be
used for both the aqueous and detergent fractiigsife 29). The outcome of tests of
the GGTase Il activity is parallel to those founithwGGTase I. three dialkylated
bisphosphonated5, 63, and 67 disrupt this route. The only chiral compound st
family, the C-geranylO-citronellyl bisphosphonaté5, also was studied. Like all other

dialkylated bisphosphonates, it selectively inlslS#«GDPS over FDPS as well.
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Figure 29. Effects of the novel bisphosphonates on Rab pré&op
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Figure 29 continued

The 1G valuesof these compounds when they wtestedagainst GGDPS ar
FDPSin vitro (table 1) hae been evaluated as well. Not surprisinghg C-prenyl-O-
prenyl bisphosphonaté, which hasthe two shortest side chairshows little activity ir
assays withhoth GGDPS and FDP< In contrast to our expectatignsiost dialkylatec
bisphosphonates, including compoui45, 63 and67, did not demonstrate better poter
than the parent compound, DG' However, the activity of th€-gerany-O-geranyl

bisphosphonated5 is weaker thanthe C-prenyl-O-geranyl bisphosphonat63 and
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stronger thanC-geranylO-prenyl bisphosphonaté7. This data does support the
hypothesis that th€ terminal side chain an@ terminal side chain will be orientated in a
specific manner inside the enzyme. More excitinglye C-geranylO-citronellyl
bisphosphonat@5 shows the best potency in this class. lig Malue is 82 nM, which is
about 3-fold more potent than the parent compou@BP. This may suggest that the
stereogenic center plays an important role tah&t@-terminal side chain in the enzyme

pocket and boost the potency significantly.

Compound GGDPS I Cs (nM) FDPSICs (nM)
DGBP 262 > 10000
36 (Zoledronate) ND 18
45 408 > 10000
63 274 > 10000
67 684 830
70 4750 5260
75 82 > 10000

Table 1. Compound activities against GGDPS and$*bP
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CHAPTER 11

DEVELOPMENT OF INHIBITORS OF GGTASE |1

As discussed in the last chapter, GGPP is usedeircell for protein prenylation
of small GTPases such as Ras, Rab, Rho and Raere &ne several possible ways to
disrupt the prenylation of these proteins. The nmmmshmon way is to use statins to
inhibit HMG-CoA reductase which catalyzes the vdimgt step of the mevalonate
pathway®. However, while statins diminish the generationGBPP*>**> many other
cellular processes are disrupted by these druggelisincluding protein farnesylation
and cholesterol generatiéhAn effective alternative would be developmentrifibitors
selectively targeting either GGDPS, GGTase |, orTa& 118 Unlike FTase and
GGTase |, the modification of Rab protein requioe® additional component, the Rab
escort protein (REP), which delivers the Rab proted GGTase Il for further
modification®® Several inhibitors of FTase and GGTase | have beported>®® but
very few inhibitors have been identified to inhiggGTase II. One of the known
inhibitors is the chemical 3-PEHPC76), an analogue of the clinically used
bisphosphonate, risedronat85( Figure 30). Although this compound has a high
selectivity for GGTase Il, a high concentrationtlus compound is necessary to generate
any cellular effect with a reported dCvalue of about 60QuM.®* More recently,
McKenna et al, identified a carboxylic acid analegof minodronate, (+)-3-IPEHPC,

which is about 25 times more potent than 3-PEEPC.
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Figure 30. GGTase Il inhibitors and their parestnpounds

To synthesize a more potent inhibitor, our initegdproach was based on the
analysis of the crystal structure of GGPP boundGteTase Il (Figure 31). Three
different sites were identified, including the pghmsphate recognition site which binds
the polar head group of GGPP, the catalytic Zn ingpaite, and the terminal isoprene

pocket that holds the final olefin of the C-20 chai

Pyrophosphate
Phe 142 Hisyn Recognition Site
120A 98 A His144a —— L.’s‘”%
Me Me O
5 e L \ Arg'n_‘s
/ ’ L L
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Terminal Lo
Isoprene
Sie

Calalytic Zn++ Site

Figure 31. Schematic of the bound conformatio®GIPP in GGTase II

The new generation of inhibitors we designed isnshm Figure 32. According
to the previous research, the triazole group has Identified as a potential Zn binding
86,87

group, ~"which can be assembled easily by a copper cathlgizek reaction between an

alkyl azide and an acetylene in excellent yf8ldA bisphosphonate head group was
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intended to mimic the pyrophosphate head group invithith the active site of the
enzyme. At the same time, the terminal isoprecbign was designed to insert into the
hydrophobic pocket. According to this design cqtca number of modifications can be
done to prepare different analogues. For exantipéebisphosphonate head group can be
modified to ana-hydroxy phosphonate to examine different bindifgitees with the
enzyme active site. By changing the length ofddwéon bridge which connects the head
group and zinc binding group, we can insure thezalie moiety is located at the most
effective position to bind to the zinc atom. Machition of different tail groups will
allow the potential inhibitor to occupy the besasp inside the enzyme’s hydrophobic

pocket.
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Figure 32. Prototypical GGTase Il inhibitor witkpresentative isoprenoid, reactive

acetylenes, and pyrophosphate mimics

Synthesis of thefirst generation of triazoles
The general structure of this type of compoundshmasimplified to salt9 which
is shown in Figure 33. Sal® would arise from the hydrolysis reaction of ethgter80,
and this key triazole core structure can be asssinflickly by a coupling reaction
between an acetyler®l and an azid82 catalyzed by a Cu (I) catalyst. This reaction is

commonly known as a “click” reaction which has fodowing advantages: one-flask,
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high regioselectivity, and high yiefd. The acetylene81 would be prepared from
tetraethyl methylenebisphosphon®&®® Using a different starting material, such as
triethyl phosphonoacetate, different head groups ba added to this family of
compounds. On the other hand, azi@2san be obtained easily from many different

commercially available alcohol84) which provides variety for the tail groups fouimd

salt79.
(NaO),(O)P, (EtO)2(O)R (EtO)2(O)R,
>/\(\N/ — ANNR—> >/\\\ +  RNg
(NaO),(0)P (EtO),(0)P N:N/ (EtO)2(0)P 82
80 81
PN

(EtO)2(0)P P(O)(OEY),  ROH
83 84

Figure 33. Retrosynthesis of triazole bisphosptenampounds

The first analogue prepared in this family wasdbkeanyl triazole bisphosphonate
90 (Figure 34)f" The synthesis started with conversion of geraf85) to geranyl
bromide 86) by treatment with PBr The resulting bromid&6 was then allowed to react
with a sodium azide solution to produce the cowesing allylic azide87. For the
coupling partner, tetraethyl methylenebisphosple@® was allowed to react with
paraformaldehyde to form a primary alcohol interratg] which was dehydrated upon
treatment with TSOH to give the alke®8 in 88% yield® A 1,4-addition reaction
condition was carried out on the intermedi&& by addition of a slurry of sodium
acetylide to produce the desired acetyl8havhich is another key intermediate for the

entire synthetic approadf. With acetylene81 and azide87 in hand, the compounds
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were allowed to react in a reaction catalysed Ryudl) catalyst to produce triazo89 in
good vyield®*** Ethyl ester8 was then hydrolyzed by treatment with TMSBr and

NaOH" to form the biologically testable s&.

PBrs NaN3
NS NS > NS NS > NS NS
OH Br N3
86 87

85

k (Et0),(O) P>/\

N
EROP” POIOEY, M3 EonOP” “POOEY), MY S
TsOH 57% ( t )2( )
83 88% 88 81
5M CuSO;4 .
sodium ascorbate | 79%
2,4,6-collidine
(NaO),(O)R M TMSBr  (Et0),(O)R M
1N NaOH
>/\(\/N = = LN NaOl V\(\/N = —
(NaO),(0)P N=N 5% (EIOROP -

89

Figure 34. Synthesis of geranyl triazole bisphosyite

A second important analogue in this family was tiexanylgeranyl triazole
bisphosphonat®7 (Figure 35). Because commercial geranylgerargch imixture of
olefin isomers, this synthesis started from farfeesstone91 which was treated with
triethyl phosphonoacetate to generate ethyl eSfer Reduction by LiAIH gave
geranylgeranio®3 in 79% yield®® This alcohol was then converted to the corresimond

bromide 94 and then to azid®5. Following the standard click reaction condition,



41

triazole 96 was obtained in 58% yield. This ester was hydmetiyto obtain sa®7.*’

(Et0),(0)P~ “COOEt |O

X X X - N N N N
OEt

91 92
LiAIH4l 79%

PBr3
N N N N N N N N
Br OH
94 93
l NaN3
N N N N
N3
95
(EtO),(O)P. M Cuso,  (E1OR(O0R
4
>/\\\ sodium ascorbate z /N = = = =
(EtO)2(0)P 58% (EtO)2(O)P N=N
81 96
2.,4,6-collidine
TMSBr 59%
1N NaOH
(NaO),(O)R,
N = = = yZ
/
(NaO)(O)P N=N

97

Figure 35. Preparation of geranylgeranyl triazngphosphonate

Following this general strategy, a number of anaésghave been prepared in this
family (Figure 36). Farnesyl azide was synthesizenh puretrans, trans-farnesol. The
parallel benzyl and naphthyl compounds could belyeasepared from commercially
available benzyl bromide and naphthyl bromide.cdntrast, the primary azidi)l is a
new compound, and was synthesized for the firs¢ tirare. For this target compound,
diol 98 was allowed to react with 0.5 equivalents of ptdmgmide to give ethe®9.” A
bromination reaction with CRBr successfully converts primary alcoh®B to the
corresponding bromid&00® which was further allowed to react with Nak DMF at

100 °C to yield the desired azid®@1. The azidelOl undergoes a click reaction with
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acetylene8l to give the expected triazol®5. Unfortunately, bisphosphonat@5 did
not survive the TMSBr hydrolysis conditions, bult @her bisphosphonate ethyl esters
have been hydrolysed to their corresponding 8alts.

)\/\
o )\/\ — Ty
HO/\/\OH . A O/\/\OH CBry

N
O/\/\Br

37% 92%
98 99 100
NaNngO%
)\/\
o/\/\N3
101
2,4,6-collidine
TMSBr
(EtO)2(O)R RN,  (EtO)2(0)P INNaOH (NaO)2(0)P R
N N R T —— % J\'/
/
(Et0)2(O)P (EtO)2(O)P N=N (NaO),(O)P N=N
81 102-105 106-108

R: _ X e 102: 67%; 106: 76% ©/j( 103: 60%; 107: 54%
104: 58%; 108: 48% )\/\
NN 105: 51%
O/\/}{

Figure 36. Additional analogues prepared

For the biological evaluation, radiolabeled GGRpmbinant GGTase Il, a Rab
substrate, and REP were used to test the five nme@zole bisphosphonic acids,
compound®0, 97, 106, 107, and108.”> As shown in Table 2, inhibitory activity against
GGTase Il was significantly affected by the lengththe alkyl chain. The most active
compound was geranylgeranyl triazole bisphospho®atevhich bears the longest side
chain. In contrast, little activity against GGTdk&vas displayed by the geranyl length

compound90, and the farnesyl length compout@6 displayed only modest activity.
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Following a 48 h incubation, the ability to inducgtotoxicity in the human-derived
myeloma cell line RPMI-8226 was also tested withesth five compound.
Interestingly, there was not a uniform correlatimetween the observed cytotoxicity and
the GGTase Il inhibitory activity. The most pot@smpound in the MTT assay was the
napthyl derivativel08. Although it is still unclear what mechanism($)agtion is (are)
responsible for this compound’s cytotoxic effect|ldar assays demonstrated that this

compound does not affect protein farnesylationasagylgeranylatiofi’

Compound GGTasell I1Cg MTT ICs
90 >2mM >1mM
97 0.10 mM 1 mM
106 0.65 mM 0.9 mM
107 2 mM >1mM
108 >2 mM 0.2 mM

Table 2. Biological activities of triazol@®, 97, 106, 107 and108*’

Although the first generation triazole bisphospdites have been prepared as
described above, a significant synthetic limitattbat cannot be ignored was that some
of these compounds were not obtained as singlénadmers. When geranyl triazole
bisphosphonate90 was formed, unexpected carbon peaks were obseirvethe
unsaturated region of tH&C NMR spectrum. The same concern also was fourtul thvé
farnesyl and geranylgeranyl triazole bisphosphan#® and97. The common feature
of these three molecules is they all have an alljlile chain with olefin stereochemistry

at the first internal olefin. Formation of olefstereoisomers was suspected.
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At least two different possibilities might causéstisomerization problem. First
of all, when acetylene and alkyl azide react torfdine triazole ring, two possible isomers
could be generated and different regioisomers nhghtormed, such as compouri®
and110 in Figure 37. However, according to Sharplesskwidn’s research, to generate
a product likel09 or 110, either copper (1) or ruthenium catalyst is neetespectively.
Furthermore, these two catalysts should affordrg gkean reaction product as a single
isomer®®” A second possible source of the isomerization lévdne impurities from
starting material acetylen®l or alkyl azidel11l. Both theH and**C NMR spectra
indicated that acetyler®&l was a material with high purity. In contrast, &R data of
azidel1l (n = 2) was very similar to what was observed withzole 89, especially in

that in contained overabundance of olefin resorance

(E10),(O)P /\)\/\)\ (E10),(O)R
W\N _ _ >/\

/ A
(EtO)(0O)P N=N (Et0)2(O)P
109 81
(EtO),(O)P.
72 /N
(EtO)(0O)P N=N
NN NN
Ho nNS n=1,2,3
7 111

Figure 37. Possible isomerization problems
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Further investigation of azidedll reveals that there is an allylic azide
rearrangement reaction as shown in Figuré®38ssuming that the pure allylic azid&2
is obtained, it will undergo a sigmatropic rearramgnt spontaneously to form the
secondary azid@l4. This new azide also can rearrange back to agoyirallylic azide
form, but there is no stereocontrol for this reawtistage. Although thdrans
configuration is more favored than tbis one, this azide isomer mixture is composed of
three different components, including tinens allylic azide116, thecis allylic azide115
and the secondary azidé44. Upon treatment under click reaction conditiortediary
azide, such as compoudd7 will not be able to cyclize with acetylene to fomntriazole
ring, but bothtrans andcis allylic azides are reactive. Once again, althotightrans
allylic azide is more reactive than tbes isomer, the final product will be a mixture of
trans andcis compound$® This phenomenon easily explains the isomerizatimblem

with these isoprenoid azides.
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Rearrangement of allylic azide

N
N
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N3 \N
. N3 83%
HO XX - HOW — " HO X
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(47% trans, 8% cis) (91% trans, 9% cis)

Figure 38. Sigmatropic rearrangement reactioralglic azides®

After learning of this rearrangement reaction, agsumed that either theans
allylic alcohol geraniol, or theis allylic alcohol nerol would lead to the same preidu
mixture. To test this assumption, a new synthgsiging from nerol was carried out. As
shown in Figure 39, this synthesis began with n€i2®). The alcohol was converted to
azide124 through bromidel23 by standard conditions as described above. Wiithea
124 and acetylen&l in hand, these two intermediates were treated ruciadk reaction

condition to form the triazold25. The NMR data for triazold25 was carefully
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compared with compoun@b, which was the product obtained from the startragerial,
geraniol 85). The spectra of these two reaction productsevedmost identical and
indicated that both are mixtures containing aba®&rans and 33%cis isomers, which

were not readily separable.

)\/\/{ PBrs )\/\/{ NaN )\/\/§
122 OH 123 Br 124 Ng
=
(EtO)(O)R (E10):(O)R (Et0)(0)R M
>/\\\ V\(\ — _ V\(\ N =

(EtO),(0)P 63%  (Et0),(0)P N=N —  (Et0),(0)P N=N

81 125 (prepared from nerol) 89 (prepared from geraniol)
(trans:cis = 2:1) (trans:cis = 2:1)

Figure 39. Study of sigmatropic rearrangementtir@ac

Because the first generation compounds we providedhe biological studies
were isomer mixtures, and according to feedbacknftbe preliminary results, the
compound which bears the longest side chain, geyaranyl triazole bisphosphondié
was the one most active against GGTadéitlwas important to seek a synthetic route to
prepare this compound as a single isomer. Thexgelloe next research objective became
determination of a strategy to address this allgticle rearrangement. To work out this
issue, there are several potential solutions. @ight think that changing the allylic
azide to a primary azide would avoid such a problédme possible strategy would be to
insert one additional CHyroup between the azide and alkene functionalggaeo make
a homoallylic azide. An alternate solution woulel to add a protecting group to mask
the original alkene functional group and its stehmmmistry, and then regenerate the
olefin with stereoselectivity after the formatioh tdazole ring. The advantage of this

solution is that extra length is not added to tide €hain, and it could keep its original
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trans or cis configuration. | chose to investigate this optioraddress the stereochemical
problem.

A common way to protect an alkene functional graaipo allow reaction with
mCPBA to form an epoxide ring (Figure 40). Howeveatgoxygenation with
stereocontrol is a challenge, especially with thenown effects of the triazole ring and
bisphosphonate moiety. According to Caputo’s stuaty epoxide can be removed by
treatment with trimethylsilyl halid® Halide anion will open the epoxid®8 from the
back to form the intermediat29. Reaction with a second halide anion follows &1 E
elimination mechanism to regenerate alk&s@ with its original configuration.

Alkene protection

X
_ _ Re. _Ry
Re HR2 Me3SiX 1/ Re
— —
Rs Ra/H
O
. R3 H
128 L SiMe;
129 130

Figure 40. Alkene protection and deprotection

To apply this strategy, it was necessary to sekdgtprotect the internal olefin of

geraniol which was readily accomplished by methotiSharples$® Following his
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conditions, geraniol85) was allowed to react with TBHP in a reaction betad by
vanadyl acetylacetonaf®'”to give epoxidd31 in 71% yield. The primary alcohB1

2192 \which further reacted

was converted to the mesylate first and then tonide 13
with sodium azide in DMF (with protection from ligto yield azide133.2°® With both
azide 133 and acetylendl in hand, under the click reaction conditions tksuiting
cyclization product bisphosphondt®4 was generated as a single isomer.

VO(CsH702)2 MsCl
)\/\/k/\ L )\/\/B/\ LiBr
NS NS —— N —_— _w
OH 71% 5 OH 379 Br

85 131 1320

NaNgl 69%
N

(EtO),(O)R, (EtO),(O)R
>/\\\ 9 V\(\N W

(E10),(O)P 2% (E0),0)P N=N ©
81

1330

134

Figure 41. Alkene protection

At this stage, the key issue of the synthesis besomduction of the epoxide with
stereocontrol. Following Caputo’s procedure, Naswreated with TMSCI first and
followed by the addition of epoxidé34 to allow reaction at room temperatdfe.
However, only unreacted starting material was olexkiby TLC without any desired
product generated. One potential alternative wdagdSonnet’s in situ conditiorl&’
Therefore, Nal and trifluoroacetic anhydride (TFA#gre allowed to react to form

trifluoroacetyl iodide first, which then reducesthpoxide to the corresponding olefin.
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This method successfully converted epoxiB@é to alkenel35 in 55% yield. The NMR
data suggested that compoul® was obtained as a single olefin isomer as wehis T
compound was then hydrolysed by treatment with TMSBd NaOH to the

corresponding sodium sdi86 under standard conditions.

Nal
(Et0),(O)R TMSCI  (EtO),(O)R
NN P ﬂ NN _— _
/ /
(Et0),(0)P N=N © (E10),(0)P N=N
134 135
Nal, TFAA
55%
° 2,4,6-collidine
TMSBr | 75%
NaOH

>/\(\N — _—

(NaO),(0)P N=N

Figure 42. Epoxide reduction to olefin

The experiments described above proved that anidpaan be used as a
protecting group to avoid allylic azide rearrangatse However, it was still necessary to
prove that it also holds either the origirtedns or cis configuration of the allylic side
chain when converted back to the olefin. Therefdravas necessary to prepareia
epoxide for comparison. The parallel synthesistelafrom thecis alcohol nerol122
(Figure 43). It was oxidized by vanadium-mediadadtation with TBHP:****to0 give
epoxide intermediatd 37, which was then converted to epoxide aziB® through

bromidel38. With acetylend1 and azidel39 in hand, they were allowed to react under
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click reaction conditions to generate the triazihg and form the bisphosphonate ethyl
esterl40.

With the same deoxygenation conditions describeovabepoxidel40 was
reduced by treatment with Nal and TFAA to the cgpanding olefinl41l as a single
isomer. The NMR spectra of olefibdl were carefully compared with those of
compound135. These spectra clearly indicated that these twie psomers were
different compounds. The most diagnostic carborR\d#nal was the methylene carbon
adjacent to the newly formed olefin. It was obsérat 39.6 ppm for compourd85 and
32.2 ppm for compoun#i4l. This observation is very similar to the valueparted for
geraniol (39.7 ppm) and nerol (32.2 ppif). Tetraethyl estei4l subsequently was
hydrolysed to its corresponding sodium s&P. At this point, not only had we fully
proved that this deoxygenation conditions restdhedoriginal olefin stereochemistry of
the allylic side chain, but we also had preparéestable compound to study the relative

biological activity of these two isomers.

VO(C5H702)2 MsClI
TBHP LiBr N NaN; x
—_ R Em—
60% O 33% 9 60% o)

139 N3
= =
Nal
(EtO)z(O)P>/\ L (EOXOR V\(\ s (EtOL(OR NN P
(Et0)(0)P 67%  (Et0)p(0)P % Eop0p =
81 141
TMSBr l
collidine | 65%
1M NaOH _
(NaO)(O)R
Z N =
(NaO),(0)P N=N

142

Figure 43. Synthesis of neryl triazole bisphosten
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According to the biological results from the firgeneration of the triazole
compounds, the analogues with longer side chaith ternave better biological potency.
Therefore, the third new analogue which was preparea single isomer was ttrans,
trans—farnesyl triazole bisphosphonate!9 (Figure 44). With the same strategy,
synthesis started from pungans, transfarnesol 143, and the internal olefin was
selectively protected as the epoxide. The regukipoxide alcohol44 was converted
through the bromidé&45 to the epoxide azid&46, and then was allowed to cyclize with
acetylene81 to give epoxide triazold47. Upon treatment with Nal and TFAA, the
epoxidel47 was reduced to olefitd8 which was further converted to the corresponding

sodium saltl49, the target compound.
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Figure 44. Synthesis of farnesyl triazole bisplhasiate

Because it would be interesting to determine if pa¢éency would be improved
with an epoxide ring on the internal olefin of #ide chain, the last compounds prepared
in this family were the sodium saft§0 and152 (Figure 45). However, when ethyl ester

134 was treated under the standard hydrolysis comditroultiple phosphorus NMR
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resonances were observed in e NMR spectrum. It is not hard to imagine thatessc
NaOH or a long reaction time would allow base tack the epoxide ring and through an
Sn2 reaction mechanism form didbl. Therefore, epoxidé34 was treated briefly with
four equivalents of 1N NaOH to afford the desiredduct, sodium salt50 in 46% yield.
The same procedure was applied to epoxid® as well, to convert it to the

corresponding sodium sdl52 in 76 % yield*®

TMSBr
collidine
(Et0),(O)R (NaO),(O)R
>/\(\N = 1M NaOH >/\(\ =
/ 46 % /
(Et0),(0)P N=N © ° (NaO)(O)P N=N ©
134 150
and
(NaO),(O)R OH
ZN =
/
(NaO)z(O)P N=N OH
151
— >
(Et0),(O)R TMSBr (NaO),(O)R
ZEN collidine ZEN
/ 1M NaOH /
(Et0),(0)P N=N © 2EON (NaO)(0)P N=N ©
140 76 % 152

Figure 45. Synthesis of an epoxide triazole bisphonate

Biological results
All of the second generation triazole compoundseveeibmitted for the biological
tests as single isomers. Our preliminary studigh wompound90 revealed that it
disrupts protein geranylgeranylation in intact €ellfo determine whether this activity is
a consequence of the geranyl and/or neryl stereashry, and to begin to determine the
underlying mechanism of action, a series of westdoh experiments was performed.
Rapla is a substrate of GGTase | while Rab6 idatsate of GGTase Il. For detection

of Rapla, whole cell lysate was prepared and abaxt that detects only unmodified
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Rapla was utilized. For Rab6, a Triton X-114 Iyses employed to generate aqueous
and detergent fractions. Under control conditidhs, majority of Rab6 is found in the
detergent (membrane) fraction, while in the settofgan agent which disrupts Rab
geranylgeranylation, Rab6 becomes localized toatipgeous (cytosolic) fraction. The
known GGDPS inhibitd? digeranyl bisphosphonate (DGBPwas used as a positive
control.

As shown in Figure 46A, the positive control DGBigerrupts the
geranylgeranylation of Rapla protein, as doegrtres cisisomer mixture0 (2 : 1 E to
Z). Neryl triazole bisphosphonatd?2 strongly disrupts Rapla geranylgeranylation while
geranyl triazole bisphosphondt86 barely disrupts it (Figure 46B). In contrast,ther
epoxidesl50 nor 152 show any inhibition effect. Only the isoprenoidktare 90 and the
neryl 142 disprupted Rab geranylgeranylation (Figure 46A).examine the differences
of inhibition on Rapla geranylgeranylation betw&ans compoundl36 andcis
compoundl42, the parallel experiments were carried out witbveer concentration
series. Neryl triazole bisphosphona&# begins to show inhibition against
geranylgeranylation at ajM concentration while geranyl triazole bisphosptherid6
does not have an obvious effect even alill0 These experiments indicate that te

compoundl4?2 is much more potent than ttrans compoundl36 (Figure 46B).
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Figure 46. Neryl triazol@42 potently disrupts protein geranylgeranylation umian

myeloma cells. RPMI-8226 cells were incubated4®ir in the presence or absence of
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test compounds. Cells were lysed using RIPA buéfegenerate whole cell lysate or with
Triton X-114 to generate aqueous and detergentidrec Immunoblot analysis was
performed. The Rapla antibodies detect only unfieadprotein. -Tubulin was used as
a loading control for whole cell lysate and aquefastions while calnexin was used the
loading control for the detergent fraction. Thésgee representative of two independent
experiments. (A) Cells were incubated in the preseor absence of 1M DGBP

(positive control) or test compound. (B) Cells @rcubated in the presence or absence
of increasing concentration (0.1, 1, (i) of either DGBP 136, 142. (C) Addition of
GGPP, but not mevalonate (Mev) or FPP, preventsffieets of compoundi42 on

Rapla geranylgeranylation. Cells were incubatetierpresence or absence of inhibitor
(10 uM lovastatin (Lov) or 1QuM 142) and/or isoprenoid (1 mM Mev, 1M FPP, or 10

uM GGPP)%°

To confirm neryl triazole bisphosphondi#? selectively inhibits GGDPS, an add
back experiment was performed. Different isoprématermediates were added
separately to the cells when they were incubatdil thie inhibitorl42. Lovastatin was
also incubated with cells as a positive controt shown in Figure 46, only adding back
GGPP prevents inhibition of the geranylgeranylabbRapla. Neither mevalonate nor
FPP reverse this process, which further confirmshgpothesis that this compound is a
GGDPS inhibitor.

The effects of the isomer mixtu@@ (2:1 E to Z), geranyl triazol&€36, and neryl
triazole142 on FPP and GGPP levels were evaluated as wellr@-i4j7). Because

DGBP inhibits GGDPS selectively, it reduces thecamtration of GGPP and causes the
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accumulation of FPP. Parallel results were obsewith the isomer mixtur60 and
neryl triazolel42 which both significantly decrease the amount ofRP&Gnd increase

accumulation of FPP. In contrast, geranyl triaAd@ does not show a similar effect.
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Figure 47. Neryl triazol@42 depletes cells of GGPP and increases intrace k&
levels. RPMI-8226 cells were incubated for 24 thie presence or absence qiM test
compound. DGBP was included as a positive cont@dlls were counted and
intracellular FPP/GGPP levels were measured. Brat@&xpressed as a percentage of
control (mean + SD, n = 2). The * denotes 0.05 in an unpaired two-tailed t-test and

compares treated cells to untreated control &2lls.

These newly synthesized compounds also were exahnfiin their ability to
directly inhibit GGDPS and other enzymes (Table Bj)e most potent compound against
GGDPS is the neryl triazole bisphosphorit2 which has an I value of 375 nM,
while the geranyl triazole bisphosphon&B6 and the two racemic epoxides are more

than 45 times less potent. On the other hand) t@yole bisphosphonate does not
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display high potency against FDPS. Similar tofthding that the isomer mixturg0
does not inhibit GGTase I, neither ttianscompoundL36 nor thecis compoundl42
displays any activity against GGTase Il, and thexepes150 and152 also were inactive.

At the same time, none of these five compounds shaw effective inhibition of FTase

or GGTase I.
Compound GGDPS FDPS FTase GGTasel GGTasell
[Cso (M) 1 Cs0 (M) [Cso (M) 1 Cs0 (M) [Cso (M)

90 2.2 84 500 200 > 1000
136 17 57 > 500 340 > 1000
142 0.38 79 400 500 > 1000
150 23 33 400 500 > 1000
152 17 47 340 300 > 1000

Table 3. Evaluation of triazole phosphonates agd@GDPS and related enzyrifes

Finally, the ability of these agents to disrupteg cellular process in myeloma
cells was examined. RPMI-8226 cells and thedestpounds were incubated together
and the effects on monoclonal protein traffickingrevdetermined via lambda light chain
ELISA performed on whole cell lysate. Our colladiors have previously demonstrated
that agents which impair Rab geranylgeranylatianugit monoclonal protein trafficking
in myeloma cell$”® As shown in Figure 48, the olefin mixtud@ and the positive
control DGBP induce the same amount of intracallldebda light chain accumulation.
This activity must be a consequence of neryl tli@a2d2 given that the geranyl triazole

136 has no effect on intracellular light chain levels.
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Figure 48. Neryl triazol@42 disrupts monoclonal protein trafficking in humagetoma
cells. RPMI-8226 cells were incubated for 48 lthia presence or absence ofpl\ test
compound or DGBP. Intracellular lambda light cheamcentrations were determined
via ELISA. Data are expressed as a percentagentfatgmean + SD, n = 3). The *
denotep < 0.05 in an unpaired two-tailédest and compares tested cells to untreated

control cells*®

In previous studies, several GGDPS inhibitors bear side chains of different
length and olefin stereochemistry have been pregaréccording to our biological
results, the most potent compounds as inhibitoS@DPS are digeranyl bisphosphonate
and2E, 6E-farnesyl bisphosphonai®3 (Figure 49), which have Kgvalues of 0.21M
and 0.1uM. In contrast, dineryl bisphosphonate and neygtanyl bisphosphonate are
30 and 35 times less potent than digeranyl bisgiwste whilE, 6Z; 2Z, 6Eand2Z,
6Z -farnesyl bisphosphonate are about 6, 400, andal@0ess potent thaRE, 6E-

farnesyl bisphosphonai&3. Furthermore, mono alkylated geranyl bisphosprefzis
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about 10 times more potent than the corresponding hisphosphonaté® Based on
these results, thieans configuration is more preferred than the configuration in the
enzyme binding site. Although the C3 to C5 carbond length of compound$3/154

is slightly different than the C3 to N5 bond lengficompound4.36/142 due to the
different bond angles in the triazole ring, if caangd with these newly synthesized
triazole bisphosphonate compounds, the methylésmote functional group can be still
viewed as an isopentenyl unit replacement. Framgtospective, the geranyl triazole
bisphosphonat#36 is a structure close #E, 6E-farnesyl bisphosphonaié&3 while

neryl triazole bisphosphonatd? is a structure close &F, 6Z-farnesyl bisphosphonate
154. From the reported biological results of farndsgpbhosphonatekb3 and154, one
would easily predict that geranyl triazole bisphHuspatel36 should be a more potent
inhibitor than neryl triazole bisphosphona#?. However, as discussed above,
compoundl4?2 is about 45 times more potent than compolB&l This data suggests
that the triazole functional group may play an imaot role in enzyme binding. By
employing this special element, we may have dis@al/a new strategy to develop
inhibitors for GGDPS. Moreover, experiments alsggest that the first olefin functional
group of geranyl and neryl side chains of triazZktdé and142 is important, because these

compounds lose activity when they are protectedrbgpoxide gruop.
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Figure 49. Comparison of farnesyl and triazol@bésphonaté8

Of note, the neryl triazol&42 shows better potency in inhibition of protein
geranylgeranylation in cell culture studies comgastth DGBP. In contrast, DGBP has
a reported 1§ of 0.2uM, ! which is slightly more potent in the vitro enzyme assay.
This might be due to the enhanced cellular uptdlmpoundl42 as compared to
DGBP, because it only bears one isoprenoid chateaa of two and is less hydrophobic.
In the future, its effectiveness might be furthenanced through prodrug strategi&s,
although this has yet has to be examined with ttresmoles. Competitive inhibition
with respect to FPP as opposed to IPP has beenndémaied for DGBPY but the

inhibition mechanism of compourid2 remains to be determined.
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CHAPTER IV

SYNTHESIS OF 3-PEHPC ANALOGUES

In the previous chapter, the development of nevesypf GGTase Il inhibitors
based on computer-assisted drug design has beewmssksl. By analyzing the crystal
structure of GGPP bound to GGTase Il (Figure 3hjed different regions were
identified in the substrate, including a pyrophasgehmimic, a ligand to bind to the zinc
metal, and a terminal isoprene unit that inserts the empty pocket of the enzyme to
occupy that space. Based on these important sidbd$aatures, the general structure of
alkyl triazole bisphosphonate inhibitors was desdrfFigure 32). According to the
biological results, the most potent compound agaBGTase Il is the geranylgeranyl
triazole bisphosphonaf¥ which bears the longest side chain.

As a complementary approach, we also have triagrithesize GGTase Il
inhibitors based on the known inhibitor 3-PEHPQ(ffe 50). Following the same
concept, we tried to directly modify the structofe8-PEHPC to incorporate three
distinct motifs, a head group, a zinc binding grampl an isoprenoid tail group. When
viewed from this prospective the structure of 3-PEHhas an a [1 hydroxy carboxylic
acid phosphonate as the head group and a pyridiges the potential zinc binding
group. We designed compoub®b as a new analogue which has an alkyl chain on a
reduced pyridine ring to occupy the hydrophobickgb@s a tail group that might achieve
better potency. Preparation of thenethyl compound55 would help develop methods
to synthesize such analogues, while the synthédisgeranyl compound56 would help

investigate strategies for addition of a longerropthobic side chain.
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Figure 50. Structure based design of potential @®TI inhibitors

The synthesis of 3-PEHPC is shown in Figure 5ridihe aldehydd57 and the
ethyl esterl58 were condensed to give the diketd®® which is in an equilibrium with
its enol form160. Enol160 was then treated with diethyl phosphite to yigdgphonate

161 that was hydrolysed by treatment with aqueous td@kenerate the target molecule,

. 110
acid 76.
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Figure 51. Synthesis of 3-PEHBE

Instead of directly testing the pyridine alkylaticeaction on the key intermediate
161, methyl nicotinatd62 was used initially as a model compound. Compdifiwvas
treated with methyl iodide at reflux in dichlororhahe overnight to generate what
appeared to be the pyridinium iodide 48 in 100% yield. According to many

reported procedures, the most common method taceeapyridinium is treatment with
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NaBH,.'****? Such reactions have been done under many ditfecemlitions, including
NaBH;, in EtOH,"> NaBH, in EtOH /water’'* and NaBH in EtOH/HOACZ™ as the
reaction solvent. However, none of these standanditions reduced pyridinium salt
163 to the amind64. On the other hand, Okamwetal developed a method to reduce
N-methyl pyridinium iodide toN-methyl-1,4-dihydropyridine derivatives using

Na,S,0..**° Unfortunately, none of the desired prodig was observed b{H NMR
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A%EHZO
o _Mel (j)‘\ o NaBH,
EtOH

1oo %
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Figure 52. Reduction of pyridinium salt

Because it was difficult to reduce the pyridiniwodide 163 under variations of
known conditions, the identification of this intezthate was questioned. A new

synthesis allowed methyl nicotinal62 to react with iodomethane in acetone at room
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temperature instead of reflux in dichlorometh&feThrough this new method, the
pyridinium iodidel63 was generated in 71% yield. The product was éurtteated with
NaBH, in MeOH/HOAC to give trace amounts of amit@4 as the desired product. At
the same time, compourd@2 was treated with geranyl bromide in acetone te tine
corresponding pyridinium bromides6. Part of the salt66 was treated with the
NaBH/MeOH/HOAc reduction conditions described abovaftord the reduced
compoundl67 in 6% yield. On the other hand, part of the $66 was allowed to react
with NaBH;, in MeOH to give the desired produki7 in modest yield (329’
(e]
O)ko/ Mel O/Mo NaBH, @/Mo/
Acetone \@ MeOH
71% ! 3% ‘
163
(0]
O/ GerBr o NaBH,4 A o~
Acetone \@ éa MeOH

8794 HOAC N
6

162 16

Figure 53. Study of model compound

Once the reaction method had been developed andkel compound62, it
was applied to the 3-PEHPC precur$6t and the rearranged compout&®d (Figure
54). Unfortunately, when compounti&l and169 were treated with Mel or geranyl
bromide, neither reaction gave a solid from tha@ee solution, with only starting

material observed by TLC. Attempts to alkylate kieg intermediatd61 also failed.
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Figure 54. Attempted alkylation of 3-PEHPC preours

Because it was difficult to alkylate the 3-PEHR€qursorl61 directly, alternate
synthetic routes were evaluated. The next appreashto modify the structure of the
starting aldehydé&57 (Figure 55). Therefore, it was treated underdsach alkylation
conditions to form the pyridinium bromid€7, which was further allowed to react with
NaBH, to give the reduced produti8. With the alcoholl78 in hand, oxidation by
MnO, yielded the aldehyd&79 in moderate yield, although the reaction was not
optimized. Unfortunately, when aldehyfigd was treated witiN-N-dimethyl glycine
ethyl esterl58 under standard condensation condition, none ofiéisged product75

was generated.
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Figure 55. Evaluation of different synthetic raite

Because the original synthetic plan failed, modifien was carried out on another
intermediate, compountb0. Thisa—keto ester was alkylated with geranyl bromide to

give the pyridinium bromidé&71 first, which was then reduced by treatment witiBNa
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to yield alcoholl72 in 35% yield over two steps. Two advantages caselea in alcohol
172. In theory, it can be oxidized to produce the kegrmediatel 75 directly.
Alternatively, it could be protected with a PMB poting group to yield phenol ether
173 which might be further deprotonated and allowetktrct with diethyl
chlorophosphate to generate phosphothdle However, it was difficult to establish
either of these two synthetic routes. Many oxwmlatieaction conditions were explored
with alcohol172, including TPAP??**8 Jones oxidatioh®*?°and two different Swern
oxidation conditions?>*??but none of them oxidized the alcohol to the kegimediate
175. The attempted protection reaction of alcalii also was not successful. Only the
starting material PMBCI was recovered from thiscteen mixture. Although a good
NMR spectrum and HRMS data were obtained for alc@l®, to prove it was of good
guality an experiment was designed. Because arb@af could be easily assembled
between an oxygen atom and a phosphate group,chltéhwas deprotonated by
NaHMDS first and then treated with diethyl chloropphate. If the desired O-P product
176 could be obtained, it would verify the qualityad€ohol172. Based on the analysis
of the®*'P NMR spectrum, peaks at 9.80 ppm, 9.22 ppm, 4085, p9.20 ppm and -13.3
ppm were observed from a spectrum of unpurifiedenmgtand none of these resonances
was easily recognized as the phosplidée This experimental result may also explain
why alcohol172 was extremely hard to oxidize or protect with eliéint reaction
conditions. Reevaluation of the assigned struatumet be pursued.

Because it was difficult to synthesize the targeteculel56 via modification of
the starting materid57 or intermediatd 60, different alkylation conditions were

examined with the 3-PEHPC precurdéd again. In this experiment it was heated at
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reflux with geranyl bromide in dichloromethane teegthe bromide salt80 in 87%
yield. Compound80 was obtained as yellow oil which may explain whyas hard to
obtain as a precipitate when the parallel reaatias run in acetone. With the bromide
salt in hand, it was reduced upon treatment witBMlaunder acidic conditions to give
the key intermediat@81. In order to form this reduced pyridine ring moiatyany
challenges were faced. Becauseahnydroxy group is found in the head group
structure, regular NaBHeduction condition might rearrange a phosphotwate
phosphate functional group. To avoid such reaearent reactions, compouaf0 was
treated with NaBhlin HOAc. According to &'P NMR spectrum of the reaction
mixture, the starting material was converted todésired reduced compout8l in
almost quantitative yield with little rearranges@uct176 generated. However, when
the reaction was worked up, only trace amounte@fesired compouri8l1 could be
isolated. It was also found that the reduced peb@i8l was unstable even in an
anhydrous environment, presumably because thargemine can induce the
rearrangement. To avoid this side reaction, a¢#d@ (10% HOAc in HO) was added
to quench the reduction reaction and the tertigrpgen was thus protonated to form a
cationic center. The resulting compout82, which was relatively stable compared with
compoundl8l, could be isolated in a better yield.

The hydrolysis reaction of compoutfl2 was attempted under many different
conditions, including treatments with TMSBr/2,4 @liline,** morpholine!*
concentrated HC'° and TMSBf® (Figure 56). When compouri®2 was treated with
TMSBr and 2, 4, 6-collidine, a rearrangement reschiappened, and the same

rearrangement was observed when it was treatedwatpholine under reflux condition.
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When it was heated under reflux in concentrated, ld€tomposition was observed. In
addition, isomerization of the geranyl side chaighhbe caused by acid to give different
isomers. Furthermore, compoui®P also was treated with TMSBr in anhydrous
CHsCN in the absence of collidine. Although tH® NMR resonance shifted from 17.1
ppm to 15.2 ppm, which suggests the generatiohetlesired acid, several importaHt
NMR resonances were absent, which made it difficuitientify the product structure.
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a, TMSBr, 2,4,6-collidine, H,O; b, Morpholine, reflux; c, HCI, reflux; d, TMSBr, CH3CN, H,O

Figure 56. Synthesis df-geranyl reduced 3-PEHPC

According to Artyushin’s work?* TMSBr should cleave only phosphonic ethyl
esters. To convert the carboxylic ester to theesponding acid, further treatment with

NaOH or LiOH is required. Because only a diethybgphonate group could undergo
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rearrangement under basic condition, once the iorsp acid was obtained, it should be
stable under basic conditions. Therefore, thigmdtie strategy may yet help to solve the
problem of obtaining the acid produks6.

As discussed above, many synthetic challenges ifficutiies were faced to
prepareN-alkyl derivatives of 3-PEHPC. At the same time, designed a second type of
analogue, th&l-oxide derivatived83. We are interested in whether thexide
functional group will display a better zinc bindiagility when compared to the original
pyridine ring. The known analogue of 3-PEHPC, 32BHK184), has a similar potency
for inhibition of Rab prenylation but because itka the germinal hydroxyl group it is
more stablé® Therefore, we also decided to attempt preparati-PEPC and it
oxide analogué85 as well, for comparison of their biological actiwwith 3-PEHPC

and its analogue.

OH OH P(O)(ONa P(O)(ONa
_ COOH mcow _ Ox )z/ (O)(ONa)
| | |
\N | P(O)(OH) » \(Kl) P(O)(OH) » \N COONa \I(Q? COONa
76 B-PEHPC) ¢ 183 184 (3-PEPC) o0 185

Figure 57.N-Oxide derivatives of 3-PEHPC and 3-PEPC

The synthesis of the twd-oxide analogues of 3-PEHPC is shown in Figure 58.
Pyridine aldehydd57 was condensed with carboxylic ethyl esits8 to afford the keto
esterl59, which was further treated with diethyl phosphidegive the key intermediate
161. With compound61 in hand, it was allowed to react withCPBA to oxidize the
pyridine ring and givéN-oxide 186. Acid hydrolysis oiN-oxide 186 converted it to the

corresponding acidi83. To study the biological activity of a substrdtat bears a
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phosphate head group, and to allow comparisontwélsynthetic target83, the

rearrangedN-oxide 188 also was synthesized through base catalysed ng@meent

reaction ofN-oxide 186 and acid catalysed hydrolysis of the ethyl estéompound
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Figure 58. Synthesis df-oxide analogues of 3-PEHPC

The GGTase Il inhibitor 3-PEPQ&4), which has a potency similar to 3-PEHPC,

was pursued through a parallel synthesis. Howeatdhe beginning it was hard to obtain

the target molecul@84 following a literature proceduré® One of the major problems

was poor solubility of the starting material, comrmoglly available hydrochloride salt

190, in organic solvents such as THF and DMF. To cvere this problem through a

new synthesis, the hydrochloride salt was firstradized by treatment with NaHG®o

give compound 90 as a free base which was then added to a soloftithre triethyl
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phosphonoacetati89 anion in situ. The reaction mixture was allowedtio overnight

to form the 3-PEPC precursd®1 in 41% yield. With the key intermediai8l in hand,
part of the material was converted directly to 3HE84 by hydrolysis while the
remaining material was treated with the san@PBA oxidation conditions described
above to generatd-oxide 192. Hydrolysis of estet92 by treatment with HCI gave the
corresponding acid85. At this point, the known GGTase Il inhibitorsPEHPC, and 3-
PEPC and their nelN-oxide analogue83, 185 have been prepared and provided to Dr.
Holstein’s research group for biological evaluation

P(O)(CEY, P(O)(ONa)

(Et0),(0)P~ “COOEt O/\ DHel
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o
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Figure 59. Synthesis of 3-PEPC and\texide analogue

Biological results
The submitted compounds were tested in severas®aya, including an enzyme
assay with GGTase Il, an MTT cytotoxicity assay andmmunoblot analysis. In the
GGTase |l assay, recombinant GGTase Il, Rab 1A,-RBRd fH]-GGPP were
incubated in the presence or absence of the tegpa@ands for 20 minutes at 37 °C. The
reaction was stopped by the addition of 10% HCIHE#Nd the radiolabeled Rab 1A was
collected and counted using a scintillation countarthe MTT cytotoxicity assay,

RPMI-8226 human myeloma cells were incubated irptlesence or absence of the test
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compounds for 48 hours prior to the addition of MiET salt solution. Following
solubilization, absorbance was read on a micropkdder. For immunoblot analysis,
RPMI-8226 cells were incubated in the presencdoselace of the test compounds for 48
hours. Whole cell lysate was obtained using a RbB#er while aqueous and detergent
fractions were obtained using a Triton X-114 lyspigtocol. Protein content was
determined via BCA. Equal amounts of total proigere loaded on acrylamide gels and
then transferred to a PDVF membrane. Primary andrsdary antibodies were added
and proteins were visualized using an ECL chemih@stence detection kit.

Although the reported I§ value of 3-PEHPC against GGTase Il is about 600
uM,3* much lower activity was observed in these assaysriM). Unfortunately, none
of the analogue$83, 184 and185 showed any improved potency. All four of these
compounds could only inhibit about 20% geranylgglaion even at a 2 mM
concentration. At the same time, at concentratiogiser than 100QM, 3-PEHPC76
and itsN-oxide analogué83 displayed a slightly better potency on MTT as$ant3-

PEPC and it&-oxide analogué85 which barely showed any cytotoxicity.
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These four compounds also were evaluated in REME6&uman-derived
myeloma cells. As shown in Figure 61, only theifpas control, lovastatin, interrupts
the geranylgeranylation of Rapla protein, and rafregher compounds display any
inhibitory effect. Blots for Rab6 demonstrate tBEREHPC most effectively disrupts
Rab geranylgeranylation whiN-oxide 184 and185 appear to have little effect. The
ability of these compounds to induce apoptosisstadied as well. Three compounds,
3-PEHPC, 3-PEPC arndtoxide 185 all induce PARP cleavage at 5 mM concentrations.

These experiment results indicate thathexide functional group does not
enhance the compounds’ binding ability with GGThseéAnaloguesl83 and185

preserve have less potency than their parent contsp3-PEHPC and 3-PEPC.
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Figure 61. Effects of BEHPC derivatives in RPI-8226 human myeloma ce A) 3-
PEHPC derivatives disrupt Rab geranylgeranylatiovatrying degrees and do not img
Rapla geranylgeranylation. Cells were incubated&nours in the presence or abse
of 10 mM lovastatin (Lov) or 5 mM of theePEHPCrelated compounds. Cellsere then
lysed using Triton Xt14 and aqueous (n-membrane) and detergent (membre
fractions were obtained. Immunoblot analysis wasopemed for Rapla (antibody on
recognizes unmodified Rapla), Rab6, a-tubulin (as a loading control). B-PEHPC
derivatives induce apoptosis. Cells were incubabed8 hours in the presence

absence of 10 mM lovastatin (Lov) or 0.5 or 5 mMha -PEHPCrelated compounc
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Whole cell lysate was obtained and immunoblot asislwas performed for PARP (*

represents cleaved PARP) gitlibulin (loading control).



80

CHAPTER YV

CONCLUSIONSAND FUTURE WORK

In Chapter II, a methodology to prepare Gralkyl-O-alkyl bisphosphonates as
analogues for DGBP has been presented. In thmakigynthesis route, the key
intermediatex—hydroxy bisphosphonate undergoes a rearrangemgetion under basic
condition and even without added base in some caBesvoid such a problem, the
oxygen was alkylated first to form an ether moieg¢yore the bisphosphonate group was
assembled. Following this strategy, a series afagues, including dialkylated
bisphosphonates and mono-alkylated bisphosphorre@edeen synthesized. Dialkylated
bisphosphonateth, 63, 67 and75 show a similar effect to the parent compound, DGBP
selectively inhibiting GGDPS over FDPS. T@eageranylO-citronellyl bisphosphonate
75 displays the best potency in this family which Idooe related to a novel biological
effect brought about by its chiral center. Howevee detailed mechanism is still unclear
at this point. In contrast, the mono-alkylatedobizsphonate8l, 68, and theC-prenyl-
O-prenyl bisphosphonaf® only weakly disrupt this biosynthetic pathway.

BecauseC-geranylO-(9)-citronellyl bisphosphonatés demonstrates the best
activity against GGDPS, to determine the importawfdie S chiral center, it would be
interesting to synthesize the opposite enantiorheompound?5, theC-geranylO-(R)-
citronellyl bisphosphonat#6 (Figure 62). Becaude-citronellol is more expensive than
S-citronellol, this starting material can be obtair®y reduction reaction of a less
expensive, commercially available compouRetitronellal 193.2” With the alcohol in
hand, it should undergo the same transformatioed tesprepare compoun®, to afford

the desired target molecul6.
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Figure 62. Synthesis @-geranylO-(R)-citronellyl bisphosphonate

The studies described earlier have demonstratédnbactivity of theC-prenyl-
O-geranyl bisphosphonaé3 is about 1.7 times stronger than @xgeranylO-geranyl
bisphosphonaté5 and 2.9 times better than the isomé&igeranylO-prenyl
bisphosphonat&7. This data suggests that tGg¢erminal side chain an@-terminal side
chain may be orientated in a certain order indigesinzyme. |If that is the case, then the
presence of a five carbon side chain unit onGtterminal and a ten carbon side chain
unit on theO-terminal is more preferred than other combinatioimsaddition, the most
potent compound currently &-geranylO-(S)-citronellyl bisphosphonatés. Therefore,
by summarising all the information that has beestuaksed, th€-prenyl-O-citronellyl
bisphosphonat&97 would be another interesting compound to syntleesizour entire

hypothesis is correct, compouh@7 will display the best potency in this family.

)\/\)\/YO\/\:/\/Y )\/YO\/\/\/Y
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Figure 63. Citronellyl analogue
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More recently, a methodology to preparalkyl-1,1,1-trisphosphonate has been
successfully developed in our group (Figure 84}:*?® To add the third phosphonate
group to a bisphosphonate, a 1-alkyl-1,1-bisphosateo(98) can be treated with
NaHMDS and diethyl chlorophosphite to form the ®dnd. When followed by addition
of H,O,, the phosphonite will be oxidized to a phosphogatelp in situ. This method
has been tested with different substrates withdgieanging from 59% to 799%°* The
synthesis, biological application and clinical stud bisphosphonates have been widely
reported?> 32197129130\ contrast, trisphosphonate compounds have eent ktudied
extensively. Therefore, it would be interestingtody the synthesis and biological

effect of novel trisphosphonates.
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Figure 64. Synthesis afalkyl-1,1,1-trisphosphonate

In Chapter Ill, a method to synthesize the alkigzole bisphosphonates has been
developed. With this method, the first generabbtriazole compounds has been
prepared. According to the biological studies,itiast active compound against GGTase
Il is the geranylgeranyl triazole bisphosphorf@tevhich has an 1§, value of 0.1 mM.
However, with the original synthetic method, gefafgrnesyl and geranylgeranyl

triazole bisphosphonates could not be obtainedhgtesolefin isomers due to an allylic
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azide rearrangement reaction. To overcome thmmesization problem, an epoxide was
used as a protecting group on the internal oldfih® starting materials geraniol and
nerol, to preserve their origintans andcis configurations. After formation of the
triazole, the epoxide was reduced stereoselecttedlyecis or transolefin. One of the
newly synthesized compounds, neryl triazole bisphosatel08 has been demonstrated
to be a potent inhibitor against GGDPS instead @fT&se Il. This important discovery
may open a new opportunity for the design of a faamily of GGDPS inhibitors in the
future.

Because we already have discovered that the migfugeranylgeranyl triazole
isomers is the most potent inhibitor of GGTasé Will be important to synthesize this
compound as a single isomer. As shown in Figurevth geranylgeranid3 in hand,
the internal olefin can be protected by an epoxitiee alcohoR06 would then be
converted to azid207 through the bromide. TriazoR®8 can be formed by click
reaction between azid®97 and acetylene bisphosphon@ie The reduction reaction of
epoxide208 will afford olefin 209 with the originakrans configuration. We expect the
target molecul09 to display a better activity against GGTase Il paned with the
isomer mixtured7. If not, other geometric isomers could be pregpdre parallel

synthetic routes.
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Figure 65. Synthesis of pure geranylgeranyl tliabisphosphonat209

It has been discussed that the newly synthesimetble compounds involve three
different groups, including the head group, thazivie as a potential zinc binding group,
and the tail group, which all take different roleenzyme binding. While extensive
research has been done on modification of thgtatps, not as much has been done yet
to explore the value of different head groups. @se the parent compound, 3-PEHPC,
bears a carboxylic acid and phosphonic acid heagpgisynthesis of triazole compounds
with the same type of head group will provide apantunity to examine the bioactivity
of different head groups. To quickly evaluate kfemad group will afford the same or
even better potency, compouBtPf is an ideal synthetic target. However, it will be
important to prepare other members in this fan@iy?(a-€), which may lead to other
significant discoveries. The carboxy phosphonai@b and212c would be of special
interest, because their bisphosphonate analdiiteand142 have demonstrated
inhibition of GGDPS over GGTase Il. At this poiatl the identified GGDPS inhibitors
carry a bisphosphonate head group, but at the 8amaenot many compounds with

different head groups have been examined. Withpoamds212b and212c in hand, we
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can evaluate how a head group binds in the GGDB&aste. If they display better
activity, it will be a significant aide in desigr thhe next generation of GGDPS inhibitors.
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Figure 66. Synthesis of triazoles with a differeaad group

In Chapter IV, although the alkylation and redueciconditions of pyridine ring
have been successfully studied on both model congmand key synthetic intermediate
from the PEHPC synthesis, many challenges wereugneed in the synthesis Nfalkyl
derivatives of 3-PEHPC. Further investigationfigdrolysis of theN-alkyl derivative
149 are critically needed to complete the study. @ndther hand, to prepare a different
type of analoguenCPBA was found to be an efficient reagent to oxadize pyridine
ring to the corresponding-oxide. With the method developed, 3-PEHPC, 3-PEPd
their N-oxide derivatives have been synthesized. Unfaitilg, compared with the
parent compound 3-PEHPC, these three analoguestaiisplay better potency with
respect to GGTase Il inhibition or cytotoxicityntérestinglyN-oxide 185 does induce
apoptosis in myeloma cells. These findings sugtpasithis agent may have effects on

cellular targets which are unrelated to proteimpiation.
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To overcome the challenging hydrolysis of the hgeip of compound82, it
might be useful to attempt a stepwise hydrolygis.discussed earlier, the presence of
2,4,6-collidine results in rearrangement of thegpimnate to a phosphate. To avoid
such a problem, the phosphonate group might beohygird by treatment with TMSBr.
Once the phosphonic acid group is formed, it shookdundergo a rearrangement. To
hydrolyse the carboxylate ethyl ester group, thermediate could then be treated with
either NaOH or LiOH to convert the ester to theigodor lithium salt, which upon

acidification with HCI should afford the correspamgl acid.

OHPO OEt 5 H
“ (O)(OE N POXOH)Z P(O)(OH)
® COOEt TMSBL COOEt HCI’ COCH

H=N N N

182 213 156

Figure 67. Hydrolysis of C-P head group

Many synthetic challenges were encountered inyhthesis olN-alkyl 3-PEHPC
analogues, and most were due to the rearrangerhtr@ phosphonate to the-hydroxy
group. Therefore, special conditions were requicekkeep the reaction environment
acidic. To quickly assemble a testable compournblexxamine the design concept of
sequential hydrolysis, it would be easier to sysitteetheN-alkyl analogue of 3-PEPC
which has a similar biological effet®

The suggested synthetic route is shown in FigureF8lowing the previously
described procedure, the anion of triethyl phosplhocatatel89 can be treated with
neutralized pyridine chlorid&30 to afford the desired produt®l. With this

intermediate in hand, the alkylation conditions &yed to alkylate the 3-PEHPC



precursorl6l can be applied in this series. Upon reflux of poomd191 and geranyl
bromide in DCM overnight, the bromide sat4 should be obtained. Because there is no
a—hydroxy moiety on this head group, simply treatimg bromide sal214 with NaBH,

in MeOH could reduce it to amir#d5. Because it cannot undergo a rearrangement
reaction, either the carboxylic ester or the phosplte esters can be hydrolysed first,

depending on how the reaction proceeds. Throughmibthod, target molecufd7

(O)(OH), P(O)(OH),
N NaOH @N
COOH ™ =% COOEt
N H30 N
A

PN *
(EtO)»(0)P COOEt TMSBr, collidinei

might be obtained.

189 P(O)(OEY), P(O)(OEY),

P(O)OED, GerBr = NaBH,4 ~
Ry X I's ‘coomt - > COOEt
+ X r
41% < coost  CHiCh N MeOH
N
= cl 191 214 w 215 v‘\/\/‘\

P(O)(CH),

TMSBr X
coIIldlne
COOH  =------- COOH

Figure 68. Synthesis d&f-alkyl 3-PEPC analogues
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While bisphosphonates were known to have biologictlity before this work,
these efforts have produced new compounds beaoitigdikyl and alkoxy groups on the
geminal carbon. Furthermore, click chemistry hesrbshown to be an efficient strategy
for assembly of GGDPS inhibitors. Finally, derivas of PEHPC may yet prove to be

more potent inhibitors of GGTase Il, and theseistitlave highlighted some aspects of
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its reactivity. The new activity observed with $kecompounds strongly encourages

further research into phosphonate-based inhibabisoprenoid biosynthesis.
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CHAPTER VI

EXPERIMENTAL PROCEDURES

General experimental procedures.*®

Tetrahydrofuran (THF) was freshly distilled fromdaam/benzophenone, while
methylene chloride (C¥l,) was distilled from calcium hydride prior to usell other
reagents and solvents were purchased from comrhsotieces and used without further
purification. All reactions in nonaqueous solventse conducted in flame-dried
glassware under a positive pressure of argon atidmagnetic stirring. The NMR
spectra were obtained at 300, 400, or 500 MHZHgrand 75, 100, or 125 MHz fdfC,
with internal standards of (GHSi (H, 0.00) or CDCJ(*H, 7.27;*3C, 77.2 ppm) for non-
aqueous samples oeO (*H, 4.80) and 1,4-dioxanéC, 66.7 ppm) for aqueous samples.
The®'P chemical shifts were reported in ppm relative3&6 HPO, (external standard).
High resolution mass spectra were obtained at thiedisity of lowa Mass Spectrometry

Facility. Silica gel (60 A, 0.040-0.063 mm) wagdsor flash chromatography.

O
[l

59
(E)-diethyl (((3,7-dimethylocta-2,6-dien-1-yl)oxy)methyl)phosphonate 59.
Diethyl hydroxymethylphosphonatéQ, 1 mL, 6.8 mmol) was added dropwise to a
solution of NaH (60% dispersion in mineral oil, 3®@, 7.5 mmol) in THF (7 mL) in an
ice bath, followed by addition of 15-crown-5 (0.1 4 M in THF). After 30 minutes,

geranyl bromide (1.62 g, 7.5 mmol) was added ta¢hetion mixture and it was allowed
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to react at room temperature overnight. Oncedhetion was complete based on
analysis of thé'P NMR spectrum, saturated NEl was added. The resulting residue
was extracted with ED, the organic extracts were combined, dried,§),
concentrated in vacuo, and purified by column clatmgraphy (5% EtOH in hexane) to
afford the desired produB® as a colorless oil (1.27 g, 62%MH NMR (300 MHz, CDC})
§5.31 (t,J= 6.5 Hz, 1H), 5.08 () = 4.9 Hz, 1H), 4.254.09 (m, 6H), 3.74 (dJ4p= 8.6
Hz, 2H), 2.171.98 (m, 4H), 1.68 (s, 6H) 1.60 (s, 3H), 1.35)@, 7.3 Hz, 6H)°C NMR
(75 MHz, CDC}) 6 141.7, 131.5, 123.6, 119.6, 69.0Jeb= 12.7 Hz), 62.9 (dJcp=
166.0 Hz), 62.1 (dJcp= 6.1 Hz, 2C), 39.4, 26.0, 25.5, 17.4, 16.3, 18Q2)(*'P NMR

(121 MHz, CDC}) 5 22.0.

O
[l
(EtO),P. OM
\ﬁ(OEt)z
0 58

(E)-tetraethyl (((3,7-dimethylocta-2,6-dien-1-
yl)oxy)methylene)bis(phosphonate) 58. Prepared according to the general procedure
given for compoun@5: yield, 44%: colorless oiH NMR (300 MHz, CDCY) § 5.26 (t,
J=7.0 Hz, 1H), 5.01 () = 6.7 Hz, 1H), 4.27 () = 7.5 Hz, 2H), 4.23-4.10 (m, 8H),
3.95 (t,dup = 17.6 Hz, 1H), 2.09-1.93 (m, 4H), 1.63 (s, 3HH3L(s, 3H), 1.60 (s, 3H),
1.28 (t,J=7.3 Hz, 12H)fL3C NMR (75 MHz, CDCY) 6 142.1, 131.0, 123.2, 119.0, 70.1
(t, Jep= 157.9 HZ), 69.2 (Icp=5.1 HZ), 62.7 (tJcp= 4.1 Hz, 2C), 62.5 (tlcp= 3.2 Hz,
2C), 39.1, 25.7, 25.0, 17.0, 15.9¢p= 2.4 Hz, 2C), 15.8 (tlcp= 2.7 Hz, 2C), 15.8'P
NMR (121 MHz, CDCJ) § 16.1; HRMS (ES m/z) calcd for (M+Naj C1gH350/P-Na:

463.1991,; found: 463.1972.
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(EtO)zll:l’ ||3|(OE'[)2

O O
46

Tetraethyl ((E)-1-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-4,8-
dimethylnona-3,7-diene-1,1-diyl)bis(phosphonate) 46. Compound8 (325 mg, 0.74
mmol) was added into a solution of NaH (60% disioergn mineral oil, 50 mg, 1.25
mmol) in THF (3 mL), 15-crown-5 (0.1 mL, 1M in THWas added, and the reaction
mixture was allowed to stir for 30 minutes. Getdmpmide (300 mg, 1.38 mmol) was
then added and the reaction was allowed to stoa@h temperature overnight. Reaction
progress was monitored by analysis of it NMR spectrum. Once it was complete,
water was added to quench the reaction. The negwoblution was then extracted with
EtOAc and washed with brine. The organic layer didesd (NaSQ,) and concentrated
in vacuo, and the residue was purified by colummorctatography (5% EtOH in hexane)
to afford compounds as a colorless oil (220 mg, 51%§ NMR (300 MHz, CDCJ) 5
5.50 (t,J = 6.7 Hz, 1H), 5.34 (1) = 5.6 Hz, 1H), 5.16-5.05 (m, 2H), 4.37 {c& 6.8 Hz,
2H), 4.30-4.17 (m, 8H), 2.98-2.82 (m, 2H), 2.168119, 8H), 1.68 (s, 12H), 1.61 (s,
6H), 1.35 (tJ = 6.9 Hz, 6H), 1.35 () = 6.9 Hz, 6H);**C NMR (75 MHz, CDC}) &
139.6, 136.7, 131.4, 131.2, 124.3, 123.9, 120.8,8L@t,Jcp= 7.9 Hz), 80.7 (tJcp=
151.0 Hz), 63.2 (tJcp= 3.6 Hz, 2C), 62.9 (tlcp= 3.7 Hz, 2C), 40.0, 39.5, 30.0, 26.6,
26.3, 25.6 (2C), 17.6 (2C), 16.5dtp= 3.0 Hz, 2C), 16.4 (tlcp= 2.5 Hz, 2C), 16.4,
16.3;*'P NMR (121 MHz, CDGJ) § 19.0; HRMS (ES, m/2) calcd for (M+Na)

CooHs4,0;NaP:: 599.3243; found: 599.3244.
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@)
[l
(NaO),P. OW
\lFl’((ONa)z
0 61

Sodium (E)-(((3,7-dimethylocta-2,6-dien-1-yl)oxy)methylene)bis(phosphonate)
61. Prepared according to the general procedurendorecompounds3: yield, 17%;
white solid;"H NMR (300 MHz, DO)  5.49 (t,J = 6.6 Hz, 1H), 5.29-5.21 (m, 1H),
4.32 (dJ = 7.1 Hz, 2H), 3.67 (up=15.2 Hz, 1H), 2.25-2.08 (m, 4H), 1.74 (s, 3H)21.7
(s, 3H), 1.66 (s, 3H)-*C NMR (75 MHz, DO) 6 142.1, 133.8, 124.3, 120.8, 75.7Xp
=130.3 Hz), 69.8, 39.0, 25.8, 24.9, 17.0, 18'8;:NMR (121 MHz, RO) 6 14.1; HRMS

(ES, m/2) calcd for (M-H) C11H2,0,P,: 327.0763; found: 327.0748.

WOW
(N&O)zﬁ ﬁ(ONa)z

(ONNO)
45

Sodium ((E)-1-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-4,8-dimethylnona-
3,7-diene-1,1-diyl)bis(phosphonate) 45. Prepared according to the general procedure
given for compoun®3: yield, 20%:; white solid*H NMR (500 MHz, DO) § 5.65 (t,J =
6.5 Hz, 1H), 5.39 (t) = 6.2 Hz, 1H), 5.27-5.18 (m, 2H), 4.32 {d: 6.9 Hz, 2H), 2.88
(td, Jup= 14.1 Hz,J = 6.5 Hz, 2H), 2.19-2.12 (m, 4H), 2.11-2.05 (m, 4HYO (s, 6H),
1.69 (s, 6H), 1.65 (s, 3H), 1.64 (s, 3EAC NMR (125 MHz, RO) § 141.2, 137.1, 133.7,
133.5, 125.2, 124.7, 121.3, 119.7)¢p= 7.8 Hz), 79.5 (tJep= 131.8 Hz), 62.7 (cp=

6.5 Hz), 39.4, 38.9, 28.7, 26.1, 25.7, 25.0, 18751, 17.1, 15.9, 15.8!P NMR (201
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MHz, D,O) 17.5; HRMS (ES nVz) calcd for (M-H) C,1H3/0,P,: 463.2015; found:
463.2021.

@)
I

(Eto)zp\/o\/ﬁ/
64

Diethyl (((3-methylbut-2-en-1-yl)oxy)methyl)phosphonate 64. Yield, 77%;
colorless oil;H NMR (300 MHz, CDCY) & 5.36-5.28 (m, 1H), 4.23—4.11 (m, 4H), 4.10
(d,J= 7.1 Hz, 2H), 3.74 (dl4p = 8.4 Hz, 2H), 1.76 (s, 3H), 1.70 (s, 3H), 1.35{&,7.0
Hz, 6H);°C NMR (75 MHz, CDCJ) § 137.8, 119.6, 68.6 (dcp= 12.0 Hz), 62.7 (dlcp
= 166.8 Hz), 61.7 (dlcp= 6.1 Hz, 2C), 25.2, 17.4, 15.9 (p= 5.1 Hz, 2C)*'P NMR
(121 MHz, CDCH) 6 21.7.

O
I

(EtO), P\(O\/Y
||=|>(OEt)2 65

O

Tetraethyl (((3-methylbut-2-en-1-yl)oxy)methylene)bis(phosphonate) 65.” A
solution ofn-butyllithium in hexanes (8.8 mL, 21.2 mmol) waslad to a solution of
diisopropylamine (2.75 mL, 19.5 mmol) in THF (16 jrdt—78 °C and the reaction was
allowed to stir for 30 minutes. Ethé4 (2 g, 8.5 mmol) was then added to the reaction
mixture dropwise (over 90 minutes), allowed to tdacone additional hour, and then
followed by the careful addition of diethyl chlotogsphate (2.9 mL, 19.5 mmol). After
it was allowed to warm to room temperature slowlig & stir overnight, the reaction was
guenched by addition of water. The aqueous laysr extracted with EtOAc, and the

combined organic layers were dried ¢{88)y) and concentrated in vacuo. The resulting
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residue was purified by column chromatography (3@HEin hexane) to afford the
desired produds5 as a colorless oil (1.39 g, 44% NMR (300 MHz, CDCY) § 5.34 (t,
J=7.2 Hz, 1H), 4.36-4.08 (m, 8H), 4.32 {c= 7.1 Hz, 2H), 4.03 (}up= 17.5 Hz, 1H),
1.77 (s, 3H), 1.72 (s, 3H), 1.37 §t= 7.3 Hz, 12H)*C NMR (75 MHz, CDCJ) 6 139.1,
119.3, 70.1 (t)Jcp= 156.9 Hz), 69.4 (tJcp= 5.2 Hz), 62.9 (t)cp= 2.6 Hz, 2C), 62.7 (t,
Jop= 3.2 Hz, 2C), 25.4, 17.6, 16.1 J&p= 2.9 Hz, 2C), 16.0 (tlcp= 3.6 Hz, 2C)?'P
NMR (121 MHz, CDCY) § 16.2; HRMS (ES m/z2) calcd for (M+Na) C14H300,NaP:
395.1365; found: 395.1395.

O
Il

P(ONa); 68

O
Sodium (((3-methylbut-2-en-1-yl)oxy)methylene)bis(phosphonate) 68. Yield,
73%:; white solid*H NMR (300 MHz, BO) § 5.38 (t,J = 6.7 Hz, 1H), 4.25 (d] = 7.2
Hz, 2H), 3.67 (tJup= 16.2 Hz, 1H), 1.74 (s, 3H), 1.68 @H); :°C NMR (100 MHz, RO)
0 140.2, 119.9, 74.1 (cp= 140.6 Hz), 69.8, 25.1, 17.5P NMR (121 MHz, RO) &

13.9; HRMS (ES mV2) calcd for (M-H) CeH130:P,: 259.0137; found: 259.0145.

/K/\/K/Y O\/ﬁ/
(EtO), ||:|’ ||:|’(O Et),

O O
66

(E)-tetraethyl (4,8-dimethyl-1-((3-methylbut-2-en-1-yl)oxy)nona-3,7-diene-
1,1-diyl)bis(phosphonate) 66. Yield, 37%:; colorless oitH NMR (300 MHz, CDCY) &

5.48 (t,J = 6.2 Hz, 1H), 5.31 () = 6.7 Hz, 1H), 5.16-5.04 (m, 1H), 4.33 (&5 6.8 Hz,
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2H), 4.30—4.10 (m, 8H), 2.89 (td,p= 14.5 Hz,J = 6.4 Hz, 2H), 2.15-1.96 (m, 4H), 1.72
(s, 3H), 1.68 (s, 3H), 1.67 (s, 3H), 1.65 (s, 3HPO (s, 3H), 1.34 (1] = 7.0 Hz, 6H), 1.34
(t, J= 6.8 Hz, 6H);*C NMR (100 MHz, CDGJ) § 136.8, 136.5, 131.4, 124.4, 121.2,
117.9 (tJcp= 8.1 Hz), 80.8 (t)cp= 150.6 Hz), 63.4 (lcp=3.2 Hz), 63.4 (tJcp=4.5 Hz,
2C), 63.0 (tJcp= 3.6 Hz, 2C), 40.1, 30.2, 26.7, 25.8, 25.8, 18727, 16.6 (tJcp= 2.4

Hz, 2C), 16.6 (tJcp= 3.0 Hz, 2C), 16.5"'P NMR (121 MHz, CDGJ)) § 19.1; HRMS

(ES', m/2) calcd for (M+HY C,4H470,P2: 509.2797; found: 509.2803.

/K/\/K/Y O\/ﬁ/
(NaO)z Il:l) ﬁ(ONa)z

O O
67

Sodium (E)-(4,8-dimethyl-1-((3-methylbut-2-en-1-yl)oxy)nona-3,7-diene-1,1-
diyl)bis(phosphonate) 67. Yield, 33%; white solid*H NMR (500 MHz, DO) & 5.65 (t,
J=6.3 Hz, 1H), 5.39 () = 6.6 Hz, 1H), 5.25 (t) = 6.0 Hz, 1H), 4.31 (d] = 7.0 Hz, 2H),
2.87 (td Jup = 13.3 Hz,J = 6.4 Hz, 2H), 2.20-2.12 (m, 2H), 2.11-2.05 (m, 2HY5 (s,
3H), 1.70 (s, 6H), 1.69 (s, 3H), 1.65 (s, 3tk NMR (125 MHz, RO) & 138.7, 137.1,
133.6, 124.7, 121.1, 119.7 §&p= 7.8 Hz), 79.5 (t)cp= 131.7 Hz), 62.7 (tJcp= 6.0H2),
39.3, 28.9, 26.0, 25.0, 24.9, 17.5, 17.1, 18B;:NMR (201 MHz, BO) § 17.5;HRMS

(ES, nV2) calcd for (M-H) C16H2007P,: 395.1389; found: 395.1400.

MOV\(
(EtO)zlﬁ IFl)(OEt)z

OO
69
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Tetraethyl (4-methyl-1-((3-methylbut-2-en-1-yl)oxy)pent-3-ene-1,1-
diyl)bis(phosphonate) 69. Yield, 29%; colorless oitH NMR (500 MHz, CDC}) § 5.45
(t, J=6.5 Hz, 1H), 5.31 (tt) = 6.9 HZ,Jyp= 1.4 Hz, 1H), 4.33 (d] = 6.7 Hz, 2H), 4.28-
4.18 (m, 8H), 2.87 (tdlyp= 14.7 Hz,J = 6.8 Hz, 2H), 1.73 (s, 6H), 1.67 (s, 3H), 1.65 (s,
3H), 1.34 (tJ = 7.6 Hz, 6H), 1.34 (i) = 7.2 Hz, 6H);*C NMR (125 MHz, CDG)) 5
136.6, 133.3, 121.2, 118.1 Jtp= 7.8 Hz), 80.8 (tJcp= 150.5 Hz), 63.5 (tJcp= 5.2 Hz),
63.3 (t,Jcp= 3.2 Hz, 2C), 63.1 (tlcp= 3.7 Hz, 2C), 30.4, 26.1, 25.8, 18.2, 18.1, 16.6 (
Jep= 2.6 Hz, 4C)3*'P NMR (201 MHz, CDGJ) § 19.0; HRMS (E$, nvz) calcd for

(M+Na)+ C1oH3s0;NaP: 463.1991; found: 463.1989.

MOV\(
(NaO)zﬁ I|3|(ONa)2

O O
70

Sodium (4-methyl-1-((3-methylbut-2-en-1-yl)oxy)pent-3-ene-1,1-
diyl)bis(phosphonate) 70. Yield, 87%; white solid*H NMR (500 MHz, DO) & 5.70 (s,
1H), 5.39 (tJ = 5.9 HZ, 1H), 4.30 (dJ = 6.7 Hz, 2H), 2.82 (td}yp= 12.4 Hz,J = 5.7 Hz,
2H), 1.75 (s, 3H) 1.74 (s, 3H), 1.69 (s, 3H), 1($83H);*C NMR (125 MHz, BO) 5
137.9, 132.7, 121.7, 121.5 §p= 7.7 Hz), 80.4 (tJcp= 127.1 Hz), 62.4 ()cp=5.5 Hz),
30.3, 25.3, 25.1, 17.5, 17.3P NMR (201 MHz, RO) § 17.7; HRMS (ES nv2) calcd

for (M-H)_ C11H21O7P2: 327.0763; found: 327.0780.

)\/YOW
(EtO)zlﬁ Ilil’(OEt)z

O O
62
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(E)-tetraethyl (1-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-methylpent-3-ene-
1,1-diyl)bis(phosphonate) 62. Yield, 30%; colorless oifH NMR (300 MHz, CDCJ) &
5.45 (t,J = 6.9 Hz, 1H), 5.33 () = 6.5 Hz, 1H), 5.13-5.04 (m, 1H), 4.37 {d; 6.5 Hz,
2H), 4.30—4.16 (m, 8H), 2.88 (td,p= 14.2 Hz,J = 6.5 Hz, 2H), 2.15-1.97 (m, 4H), 1.73
(s, 3H), 1.68 (s, 3H), 1.66 (s, 6H), 1.61 (s, 3HR5 (t,J = 6.9 Hz, 6H), 1.34 (= 7.3
Hz, 6H);°C NMR (75 MHz, CDCJ) 6 139.7, 133.2, 131.6, 124.0, 120.8, 118.0d$~
7.5 Hz), 80.7 (tJcp= 150.9 Hz), 63.3 (tlcp= 5.9 Hz), 63.3 (tJcp= 3.2 Hz, 2C), 63.0 (t,
Jep = 3.0 Hz, 2C), 39.5, 30.2, 26.4, 26.0, 25.7, 18717, 16.5 (t)cp= 3.2 Hz, 4C), 16.5;
3p NMR (121 MHz, CDGJ) § 19.0; HRMS (ES, m/2) calcd for (M+Naj CosHacO7P.Na:

531.2617; found: 531.2619.

)\/YOW
(NaO)2I|3| ﬁ(ONa)z

O O
63

Sodium (E)-(1-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-methylpent-3-ene-1,1-
diyl)bis(phosphonate) 63. 2,4,6-Collidine (0.22 mL, 1.67 mmol) was addedih ice
cold solution of bisphosphonaé@ (85 mg, 0.17 mmol) in C¥Cl, (5 mL) followed by
the addition of excess TMSBr (0.27 mL, 2.00 mmdihe reaction was allowed to warm
slowly to rt and allowed to stir overnight. Onbe treaction was complete based on
analysis of thé'P NMR spectrum, the volatile materials were remadwegacuo. The
resulting residue was washed with toluene and cureted repeatedly to remove any
remaining TMSBr. It was treated with NaOH (0.27 8\ NaOH, 2 mL HO) for 10
minutes and then the water was removed on a lyiaphiio obtain the crude salt. This

material was precipitated from water by additioraoétone to obtain the desired product,
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the salt63 as a white solid (77 mg, 9491 NMR (500 MHz, DO) § 5.84 (s, 1H), 5.39

(t, J= 6.8 Hz, 1H), 5.22-5.17 (m, 1H), 4.17 {5 7.0 Hz, 2H), 2.89—2.79 (m, 2H), 2.16—-
2.03 (M, 4H), 1.72 (s, 3H), 1.69 (s, 3H), 1.683(), 1.65 (s, 3H), 1.62 (s, 3HYC NMR
(125 MHz, DO) 6 140.6, 133.7, 131.4, 124.2, 123.108,= 6.4 Hz), 122.4, 82.4 (fcp
=134.7 Hz), 61.1 (tJep= 6.2 Hz), 39.1, 29.7, 25.9, 25.4, 25.0, 17.4, 17516;*'P NMR
(201 MHz, BO) 6 17.8; HRMS (ES m/2) calcd for (M-H) C16H2607P,: 395.1389; found:

395.1388.

(EtO)zﬁ/\O/\)\/\)\

O
72

(S)-diethyl (((3,7-dimethyloct-6-en-1-yl)oxy)methyl)phosphonate 72. Yield,
34%; colorless oil*H NMR (500 MHz, CDCYJ) § 5.10-5.05 (m, 1H), 4.20-4.12 (m, 4H),
3.75 (ddJup = 8.7 Hz,J = 1.9 Hz, 2H), 3.63-3.57 (m, 2H), 2.05-1.89 (m, 2HJ0-1.53
(m, 2H), 1.66 (s, 3H), 1.59 (s, 3H), 1.43-1.28 2), 1.34 (tJ = 7.4 Hz, 6H), 1.23-1.12
(m, 1H), 0.90 (dJ = 6.7 Hz, 3H)*C NMR (125 MHz, CDG) § 130.1, 124.0, 71.2 (d,
Jep = 11.5 Hz), 64.3 (dlcp = 165.6 Hz), 61.4 (dlcp = 5.7 Hz, 2C), 36.4, 35.7, 28.6, 24.9,
24.7,18.7, 16.8, 15.7 (dep = 5.4 Hz, 2C)*'P NMR (201 MHz, CDGJ) § 21.0; HRMS

(ES’, m/2) calcd for (M+H) CisH3,04P: 307.2038; found: 307.2044.
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(S)-tetraethyl (((3,7-dimethyloct-6-en-1-yl)oxy)methylene)bis(phosphonate)
73. Yield, 53%; colorless oifH NMR (400 MHz, CDCJ) § 5.12-5.05 (m, 1H), 4.30—
4.20 (m, 8H), 3.91 (t}p= 17.6 Hz, 1H), 3.85-3.75 (m, 2H), 2.06—1.88 (m),2H73—
1.49 (m, 2H), 1.67 (s, 3H), 1.60 (s, 3H), 1.47-1(®52H), 1.36 (t) = 7.0 Hz, 12H),
1.23-1.12 (m, 1H), 0.91 (d,= 6.7 Hz, 3H)*C NMR (100 MHz, CDGJ) § 130.5, 124.3,
73.2 (t,Jcp= 157.0 Hz), 73.0 (cp=4.6 Hz), 62.9 (tJcp= 3.1 Hz), 62.8 (tJcp= 3.3 H2),
62.7 (t,Jcp= 3.5 Hz), 62.7 (tJcp= 3.2 Hz), 36.7, 36.4, 28.8, 25.2, 25.0, 19.0, 17621
(t, Jep= 3.6 Hz, 2C), 16.0 (tlcp= 3.1 Hz, 2C)*'P NMR (121 MHz, CDGJ) § 15.8;

HRMS (ES, m/2) calcd for (M+HY C1oH4107P,: 443.2328; found: 443.2325.

MOW
(E10),P P(OEt);

(ONNO)
74

(S,E)-tetraethyl (1-((3,7-dimethyloct-6-en-1-yl)oxy)-4,8-dimethylnona-3,7-
diene-1,1-diyl)bis(phosphonate) 74. Yield, 45%; colorless oiftH NMR (400 MHz,
CDCl) § 5.46 (t,J = 6.3 Hz, 1H), 5.15-5.05 (m, 2H), 4.29-4.16 (m, 8HB7-3.78 (m,
2H), 2.79 (td Jup= 14.8 Hz,J = 6.6 Hz, 2H), 2.14-1.90 (m, 6H), 1.76—1.52 (m, 4HB8
(s, 3H), 1.65 (s, 3H), 1.60 (s, 3H), 1.60 (s, 3H#0-1.30 (M, 15H), 1.22-1.12 (m, 1H),
0.89 (d,J = 6.5 Hz, 3H);*C NMR (100 MHz, CDGCJ) § 136.8, 131.3, 131.1, 124.9,
124.4, 117.8 (tJep= 7.9 Hz), 81.0 (t)cp= 150.4 Hz), 84.7 (tJcp=5.5 Hz), 63.3 (tJcp =
2.9 Hz), 63.3 (tJcp= 3.6 Hz), 62.9 (tJcp= 3.2 Hz), 62.9 (t)cp= 4.3 Hz), 40.0, 37.4
(2C), 29.9, 29.4, 26.7, 25.7 (2C), 25.5, 19.6, 11716, 16.6 (t)cp= 3.3 Hz, 2C), 16.5 (t,
Jep= 3.3 Hz, 2C), 16.4'P NMR (121 MHz, CDGJ) § 19.2; HRMS (ES mv2) calcd for

(M‘l‘H)+ CooHs570,P>: 579.3580; found: 579.3573.
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WOM/
(NaO);P P(ONa), :

O O
75

Sodium (S,E)-(1-((3,7-dimethyloct-6-en-1-yl)oxy)-4,8-dimethylnona-3,7-
diene-1,1-diyl)bis(phosphonate) 75. Yield, 17%; white solid*H NMR (500 MHz, BO)
§5.73 (t,J = 5.5 Hz, 1H), 5.28-5.22 (m, 2H), 3.85-3.73 (m, 2H87-2.75 (m, 2H),
2.20-1.95 (mBH), 1.71 (s, 3H), 1.70 (s, 3H), 1.67 (s, 3H), A$53H), 1.64 (s, 3H),
1.61-1.45 (m2H), 1.44-1.31 (m, 2H), 1.22-1.12 (m, 1H), 0.89J(d,6.4 H, 3H):*°C
NMR (125MHz, D,O) 6 136.0, 133.5, 133.1, 125.5, 124.9, 121.6, 80.I:ft 126.5
Hz), 64.9,39.5, 37.3, 36.9, 29.4, 26.2, 25.0 (3C), 24.9, 19721, 17.0, 15.5'P NMR

(201 MHz,D,0) & 17.7; HRMS (ES nvz2) calcd for (M-H) Co1H3gO7P»: 465.2171; found:

465.2168.
W\N 7 =
(Et0),(0)P N=N

89
Representative procedure for the cycloaddition. Preparation of 1-Geranyl-4-
[2,2]-bis(diethyoxyphosphinyl)ethyl-1H-1,2,3-triazole (89). Geranyl bromide (455 mg,
2.10 mmol) was dissolved in DMF (5 mL) and Na433 mg, 2.10 mmol) was added to
the solution. The mixture was allowed to stir f& thin after which a solution af
BuOH/H,O (5 mL) was added along with tetraethyl-(3-butyghtiene)-1,1-
bisphosphonate88, 228 mg, 0.72 mmol). The solution was allowedttowhile CuSQ

(5 M, 0.10 mL) and sodium ascorbate (8.3 mg, 0.4%ihwere added. The mixture was
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allowed to stir overnight, and then EDTA and 1M JHH were added. The resulting
solution was placed in a continuous liquid-liquixtractor and extracted for 24 h with
EtOAc, or extracted with EtOAc in a separatory felanThe organic portion was
concentratedn vacuoand the resulting oil was purified via flash chadography (silica
gel, 10% EtOH in hexanes) to provide the desiredate89 (79%).

(EtO),(O)P.

V\(\N
/
(EtO)-(O)P N=N
103
Tetraethyl (2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,1-

diyl)bis(phosphonate) 103. Yield, 60%; colorless oil; théH and*'P NMR data agreed
with that previously reported; theC data was very similag 145.4 (t,Jcp = 8.9 Hz),
134.8, 128.9 (2C), 128.5, 128.0 (2C), 122.1, 6@,3dp = 6.5 Hz, 2C), 62.3 (dicp = 6.7
Hz, 2C), 53.9, 36.5 (lcp = 132.7 Hz), 22.1 (Ucp = 4.6 Hz, 2C), 16.2 (dlcp = 5.8 Hz,
2C), 16.1 (dJcp = 6 Hz, 2C)*°

(EtO),(O)P.

)
(E10),(O)P N=N ‘O

104
Tetraethyl (2-(1-(naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethane-1,1-
diyl)bis(phosphonate) 104. Yield, 58%; colorless oiltH NMR: § 7.84—7.80 (m, 3H),
7.76 (s, 1H), 7.52-7.49 (m, 3H), 7.40-7.36 (m, B4 (s, 2H), 4.21-4.00 (M, 8H),
3.34 (td,Jup = 16.3 HzJ = 6.8 Hz, 2H), 2.99 (tt,)p = 23.6 Hz,J = 6.0 Hz, 1H), 1.24 (,
J=7.2 Hz, 6H), 1.21 () = 7.1 Hz, 6H);*C NMR: § 145.4 (t,Jcp = 8.4 Hz), 133.1,
133.0, 132.2, 128.9, 127.8, 127.6, 127.2, 126.6,5124125.3, 122.2, 62.6 (dzp = 6.8

Hz, 2C), 62.3 (dJcp = 6.7 Hz, 2C), 54.1, 36.5 @ep = 132.9 Hz), 22.1 (tlcp = 5.2 H2),
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16.2 (d,Jcp = 6.1 Hz, 2C), 16.1 (dicp = 6.0 Hz, 2C)>*P NMR:§ 22.3 ppm; HRMS

(ES', m/2) calcd for (M+H) Cy3H34N306P,: 510.1923; found: 510.1931.

>/\(\N 7 =

EOROP  N=N
89

1-Geranyl-4-[2,2]-bis(diethyoxyphosphinyl)ethyl-1H-1,2,3-triazole 89. Yield
79%, colorless oil'H NMR & 7.42 (s, 1H), 5.40 (t] = 7.5 Hz, 1H), 5.09-5.05 (m, 1H),
4.94-4.89 (m, 2H), 4.26-4.06 (m, 8H), 3.39-3.25 Jt@ = 16.2 Hz,J = 6.9 Hz, 2H),
3.01-2.91 (m, 1H), 2.19-2.00 (m, 4H), 1.78 (s, 3HB9 (s, 3H), 1.60 (s, 3H), 1.38-1.24
(m, 12H);13C NMR 6 145.0, 142.8, 123.4, 121.5, 118.0, 117.1, 62.6J¢kd= 24.7 Hz J
= 6.5 Hz, 4C), 47.8, 39.4, 36.6 {p = 129.5 Hz), 32.1, 22.1 (§,= 4.8 Hz), 17.6, 16.4

(2C), 16.3-16.2 (m, 4C)'P NMR: & 22.5 ppm; HRMS calculated for »£14,N30gP,

(M+H)*, 506.2549; found 506.2568.

EtO),(O)P,
(Et0)2(0) A P P P
/

(EtO0)(0)P N=N
102

Tetraethyl (2-(1-((6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)-1H-1,2,3-
triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 102. Yield, 67%:; colorless oitH NMR:
§ 7.38 (s, 1H), 5.39-5.30 (m, 1H), 5.10-4.98 (m,,2:90-4.82 (m, 2H), 4.19-4.01 (m,
8H), 3.26 (tdJup = 16.1 Hz,J = 6.3 Hz, 2H), 3.11-2.83 (m, 1H), 2.16-1.87 (m, 8H)
1.77 (s, 3H), 1.64-1.52 (m, 9H), 1.24Jt 7.1 Hz, 6H), 1.22 ({ = 7.1 Hz, 6H)'P
NMR: § 22.5 ppm; HRMS (ES n/z) calcd for G;HsgNsOgP, (M+H)* 574.3175; found

574.3192.
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(EtO)2(O)P.
ZaN = Y ~ ~
/

(EtO)2(O)P N=N
96

Tetraethyl (2-(1-((6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetr aen-
1-yl)-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 96. Yield 58%, colorless
oil; *H NMR: § 7.43 (s, 1H), 5.41 (1 = 6.4 Hz, 1H), 5.18-5.05 (m, 3H), 4.94—-4.90 (m,
2H), 4.25-4.05 (m, 8H), 3.33 (tdyp= 16.1 Hz,J = 6.4 Hz, 2H), 3.09-2.89 (m, 1H),
2.19-1.95 (m, 12H), 1.79 (s, 3H), 1.71-1.55 (m, 1,231 (t,J = 6.9 Hz, 6H), 1.28 (]
= 7.1 Hz, 6H)*'P NMR:$§ 22.5;HRMS (ES, nmV2) calcd for GoHs/N3OsP.Na (M+Na)
664.3620; found 664.3627.

(NaO),(O)P.

)
(NOLOP N=N A@
107

Representative procedure for ester hydrolysis. Preparation of sodium (2-(1-
benzyl-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 107. TMSBr (0.35 mL,
2.6 mmol) was added to an ice cold solution ofidwle (0.29 mL, 2.2 mmol) in C}€l,
(5 mL). After the solution was stirred for 30 mias, a solution of compouri®3 (100
mg, 0.22 mmol) in a small amount of gE, was added and the reaction was allowed to
stir overnight. Once the reaction was completesedaon analysis of th&P NMR
spectrum of the reaction mixture, it was dilutedhwioluene. After the solvent was
removed in vacuo, the residue was washed with neluevice and dried to remove any
remaining TMSBr. It was then treated with 8 egN®&OH in water (1.8 mL) overnight.

The reaction mixture was then dried on a lyophilie obtain a crude salt, which was
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then dissolved in a small amount of water, preatpd by addition of acetone, isolated by
filtration, and dried. It was then dissolved interaand lyophilized to produce the pure

white salt.

(NaO),(O)P.

>/\(\/N
(NaO),(O)P N=N
107

Sodium  (2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate)
107. Yield, 54%; white powder'H NMR (D;0): & 7.92 (s, 1H), 7.58-7.32 (m, 5H), 5.60
(br, 2H), 3.24 (br, 2H), 2.70-2.21 (m, 1HJC NMR (D;0): & 147.4, 135.2, 129.2 (2C),
128.7, 128.1 (2C), 124.3, 53.8, 39.5J¢p = 125.2 Hz), 21.8*'P NMR (D;0): § 18.8
ppm; HRMS (ES nVz) calcd for (M-H) C;1H14N3O0gP,: 346.0358; found: 346.0354.

(NaO),(O)P.

>/\(\/N
(NaO).(O)P N=N
108

Sodium (2-(1-(naphthalen-2-ylmethyl)-1H-1,2,3-triazol-4-yl)ethane-1,1-
diyl)bis(phosphonate) 108. Yield, 48%; white powder'H NMR (D,0O): § 7.94—7.66 (m,
5H), 7.56—7.46 (m, 2H), 7.32 (d,= 8.0 Hz, 1H), 5.62 (s, 2H), 3.24 (br, 2H), 2.44)p
= 20.7 Hz, 1H)*C NMR (D,0): § 133.0, 132.8, 132.6, 128.9, 128.0, 127.8, 12726,8
(2C), 125.5, 124.4, 53.9, 39.5 J&p= 114.4 Hz, 1C), 21.9"'P NMR (D,0): 5 18.8 ppm;

HRMS (ES, nVz) calcd for (M-H) C15H16N306P,: 396.0514; found: 396.0504.

>/\(\N _ _

(NaO),(O)P N=N
90
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Sodium (2-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol-4-yl)ethane-
1,1-diyl)bis(phosphonate) 90. Yield, 75%:; white powder*H NMR (D-0): & 7.86 (s,
1H), 5.58-5.48 (m, 1H), 5.18 (s, 1H), 5.01-4.97 2#), 3.20 (tdJyp= 14.5 HzJ = 7.0
Hz, 2H), 2.30-2.16 (m, 5H), 1.82 (s, 3H), 1.68-1(16) 6H);>*P NMR (D;O): & 18.9

ppm; HRMS (ES nVz) calcd for (M-H) C14H24N306P,: 392.1140; found: 392.1148.

(NaO),(O)R.
2N = = =
(NaO),(O)P N=N
106

Sodium (2-(1-((6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)-1H-1,2,3-
triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 106. Yield, 76%; white powderH NMR
(D20): 8 7.84-7.70 (m, 1H), 5.45-5.30 (m, 1H), 5.10-4.962ht), 4.89-4.84 (m, 2H),

3.21 (s, 2H), 2.55-2.35 (m, 1H), 2.12—1.88 (m, 8HJ5-1.67 (m, 3H), 1.56-1.49 (m,

9H); 3P NMR (D,0): 5 19.0 ppm.

(NaO),(O)P.
2 / = = =
/

(NaO),(0O)P N=N
97

Sodium (2-(1-((6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetr aen-1-
yl)-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 97. Yield, 59%; white
powder;'H NMR (D,0): § 7.87-7.68 (m, 1H), 5.48-5.32 (m, 1H), 5.06 (br),3H92
(br, 2H), 3.23 (br, 2H), 2.65-2.40 (m, 1H), 2.2@5L(m, 12H), 1.84-1.67 (m, 3H),

1.61(s, 6H), 1.53 (s, 6H}*P NMR (D,O): & 19.2 ppm.
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(Et0),(O)R
>/\(\N _

/
(Et0),(O)P N=N ©
134

Tetraethyl (E)-(2-(1-((3-methyl-3-(4-methylpent-3-en-1-yl)oxiran-2-
yhmethyl)-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) (134). Solid NaN;
(180 mg, 2.79 mmol) was added to a solution of bderti32'*% (434 mg, 1.86 mmol)
in DMF (3 mL) and the reaction was allowed to strernight at rt while protected from
light in a flask wrapped with aluminum fdif* Once the reaction was complete, it was
diluted with EtOAc and the solid was removed byrdiion. After the filtrate was
washed with water (five times) and then with brineremove any remaining DMF, the
organic layer was dried (MN&0O;) and concentrated in vacuo to obtain the azida as
colorless oil (250 mg, 69%)*{ NMR (300 MHz, CDCY})  5.08 (t,J = 7.1 Hz, 1H),
3.47-3.41 (m, 2H), 2.98 (§,= 6.0 Hz, 1H), 2.15-2.05 (m, 2H), 1.76-1.42 @H), 1.70
(s, 3H), 1.62 (s, 3H), 1.32 (s, 3H)). Without het purification, the azid&33 (250 mg,
1.29 mmol) and tetraethyl-(3-butyn-1-ylidene)-1j$gosphonaf@ (81, 200 mg, 0.6
mmol) were dissolved in a solution of watetiBuOH (1:4, 3 mL), followed by addition
of CuSQ (5 M, 0.01 mL) and sodium ascorbate (40 mg, 0.20ofhin sequence. After
the reaction was allowed to stir overnight athie solvent was removed under vacuum.
The resulting residue was dissolved in brine andaeted with EtOAc. The combined
organic layer was washed with 5% MBH, dried (NaSQ,), and concentrated in vacuo.
The resulting oil was purified via flash chromataginy (10% EtOH in hexanes) to
provide the desired triazofE84 as a colorless oil (130 mg, 42%H NMR (400 MHz,

CDCly) § 7.63 (s, 1H), 5.04 (] = 7.1 Hz, 1H), 4.69 (dd] = 14.4, 4.1 Hz, 1H), 4.26 (dd,
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J=14.8, 7.2 Hz, 1H), 4.22-4.09 (m, 8H), 3.35 (igh = 16.0 Hz,J = 6.2 Hz, 2H), 3.10
(dd,J = 7.6 Hz, 4.4 Hz, 1H), 2.98 (t,» = 23.5 Hz,J = 6.4 Hz, 1H), 2.07 (td] = 8.2 Hz,
7.6 Hz, 2H), 1.73-1.63 (m, 1H), 1.67 (s, 3H), 1(603H), 1.54-1.45 (m, 1H), 1.42 (s,
3H), 1.33-1.27 (m, 12H)*C NMR (75 MHz, CDC}) § 145.5 (t,Jcp = 7.8 Hz), 132.5,
122.9, 122.7, 62.8 (dcp = 6.5 Hz, 2C), 62.6 (dlcp = 6.6 Hz, 2C), 61.4, 60.4, 49.9, 38.1,
36.6 (t,Jcp = 132.5 Hz), 25.7, 23.5, 22.1 fsp = 4.0 Hz), 17.7, 17.0, 16.4 (dp = 3.1
Hz, 2C), 16.3 (dJcp = 2.3 Hz, 2C)3'P NMR (121 MHz, CDG)) § 22.3; HRMS (ES

m/z) calcd for (M-H) C14H24N3z07P5: 408.1090; found: 408.1114.

(EtO)»(O)R,
V\(\N — _

(Et0)2(0)P N=N
135

Tetraethyl (E)-(2-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol -4-
yhethane-1,1-diyl)bis(phosphonate) (135). Sodium iodide (60 mg, 0.4 mmol) was
weighed in a round bottom flask and dried in annowesernight. After the salt was
dissolved in acetonitrile/THF (1:1, 1 mL), triflmacetic anhydride (0.014 mL, 0.1
mmol) was added. After 5 minutes, when the sofubiad turned to a deep yellow color,
it was cooled in an ice bath. The starting materddl (50 mg, 0.1 mmol) was then added
to the reaction vessel as a neat oil. After anitedal 5 minutes, the ice bath was
removed and the reaction mixture was allowed toosternight at rt. Once the reaction
was complete based on TLC analysis (5% MeOH#Et® was diluted with saturated
NaHSQ. The aqueous layer was extracted withCEtthe organic extracts were
combined, dried (N&0Oy), and concentrated in vacuo. Final purification dolumn

chromatography (10% MeOH/R) afforded the desired produt85 as a colorless oil
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(28 mg, 55%)H NMR (500 MHz, CDCY)  7.44 (s, 1H), 5.40 (tql = 7.1 Hz, 1.0 Hz,
1H), 5.06 (tJ = 5.7 Hz, 1H), 4.92 (d] = 6.9 Hz, 2H), 4.22—-4.07 (m, 8H), 3.32 (&p =
15.6 Hz,J = 6.3 Hz, 2H), 3.03 (ttJup = 23.6 Hz,J = 6.3 Hz, 1H), 2.14-2.04 (m, 4H),
1.78 (s, 3H), 1.68 (s, 3H), 1.60 (s, 3H), 1.281& 7.0 Hz, 6H), 1.28 (1) = 7.1 Hz, 6H);
3C NMR (125 MHz, CDG) § 145.2 (t,Jcp = 7.8 Hz), 143.1, 132.3, 123.6, 121.7, 117.3,
63.1, 63.0, 62.7, 62.7, 48.0, 39.6, 36.0¢k = 132.6 Hz), 30.5, 26.3, 25.9, 22.3Xp =
4.4 Hz), 17.9, 16.5, 16.4, 16.4, 16’42 NMR (202 MHz, CDGQ) § 22.5; HRMS (ES,

mvz) calcd for (M+H) CoH4oN306P,: 506.2549; found: 506.2547.

(NaO),(O)R
>/\(\N _ _

(NaO)2(0)P N=N
136

Sodium (E)-(2-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol -4-
yh)ethane-1,1-diyl)bis(phosphonate) (136). Collidine (0.21 mL, 1.57 mmol) was added
into an ice cold solution of compourkB5 (79 mg, 0.16 mmol) in C¥Cl, (3.5 mL)
followed by addition of TMSBr (0.25 mL, 1.88 mmahd the reaction was allowed to
stir overnight at rt. Once the reaction was coteplbased on analysis of tf® NMR
spectrum of the reaction mixture, it was dilutedhwioluene. After the solvent was
removed in vacuo, the residue was washed with neltfere more times and dried to
remove any remaining TMSBr. It was then treatethvtiN NaOH (1.0 mL, 1 mmol)
overnight. The reaction mixture was then driedadgiophilizer to obtain the salt, which
was then dissolved in a small amount of water, ipiated by addition of acetone,
isolated by filtration, and dried. This materiabsvfurther dissolved in water and

lyophilized to produce the pure white s&6 (59 mg, 75%)*H NMR (500 MHz, BO) &
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7.81 (s, 1H), 5.45 (1] = 6.6 Hz, 1H), 5.12 (s, 1H), 4.97 @z 7.4 Hz, 2H), 3.22 (tdlyp
= 14.7 Hz,J = 6.2 Hz, 2H), 2.42 (tt)cp = 21.2 Hz,J = 6.4 Hz, 1H), 2.172.05 (m, 4H),
1.78 (s, 3H), 1.64 (s, 3H), 1.56 (s, 3FC NMR (125 MHz, DO) & 147.0 (t,Jcp = 3.7
Hz), 143.7, 133.5, 123.9, 123.6, 117.1, 47.9, %8.6cp = 118.6 Hz), 38.7, 25.6, 25.0,
21.8 (t,Jcp = 3.4 Hz), 17.1, 15.7'P NMR (202 MHz, BO) 5 18.8; HRMS (ES, n/2)

calcd for (M+H) Ci4H2oNz0sP-Nay: 482.0575; found: 482.0570.

(NaO),(O)R
>/\(\N _

(NaO)2(O)P N=N

Sodium  (E)-(2-(1-((3-methyl-3-(4-methylpent-3-en-1-yl)oxir an-2-yl)methyl)-
1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) (150). An ice cold solution of
epoxide134 (58 mg, 0.11 mmol) in dichloromethane (3 mL) wesated with 2,4,6-
collidine (0.15 mL, 1.1 mmol) and TMSBr (0.18 mL33 mmol) in sequence. After it
was allowed to react overnight at rt, and the ieaclvas complete based on analysis of
the®'P NMR spectrum, the reaction solvent was removech@uo. The resulting residue
was then dissolved in toluene and dried under vaand this process was repeated five
times. The white solid that formed was allowed tio with 1IN NaOH (0.55 mL, 0.55
mmol) for 2 minutes at rt followed by removal of teaon a lyophilizer to obtain the
initial salt. This material was further precipédtfrom acetone to produce the desired
product150 as a white solid (30 mg, 46%)}4 NMR (500 MHz, DO) § 7.92 (s, 1H),
5.16-5.08 (s, 1H), 4.76—4.73 (m, 1H), 4.58-4.5Q Jdd 15.0 Hz, 7.2 Hz, 1H), 3.45-3.39
(dd,J = 6.4 Hz, 5.4 Hz, 1H), 3.25 (tdye = 15.2 Hz,J = 6.4 Hz, 2H), 2.41 (ttp = 21.2

Hz, J = 6.6 Hz, 1H), 2.11-2.18 (m, 2H), 1.84-1.46 (m),2H66 (s, 3H), 1.62(s, 3H),
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1.49 (s, 3H):*C NMR (125 MHz, DO) § 147.4, 134.0, 124.3, 123.1, 64.2, 62.0, 49.4,
39.5 (t,Jcp = 16.2 Hz), 37.3, 24.9, 23.2, 21.8, 16.9, 18'8;: NMR (202 MHz, DO) &

18.7; HRMS (ES rn/z) calcd for (M-H) C14H24N307P2: 408.1090; found: 408.1101.

=
(EtO),(O)R
V\(\N
(E10)(0)P N=N °
140
Tetraethyl (2)-(2-(1-((3-methyl-3-(4-methylpent-3-en-1-yl)oxir an-2-

yl)methyl)-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) (140). According
to the procedure described for preparation of campd34, bromide138'% (400 mg,
1.7 mmol) was treated with NgN170 mg, 2.6 mmol). The resulting intermediate
organic azide 139, 260 mg, 1.33 mmol) was then isolated and treangth
bisphosphonat8l (330 mg, 1.02 mmol) to afford the desired triaZi31é (354 mg, 67%)
as a colorless oil after purification by flash amatography (10% EtOH in hexanedt
NMR (300 MHz, CDC}) 6 7.68 (s, 1H), 5.14 (1] = 7.6 Hz, 1H), 4.76 (dd] = 14.1 Hz,
3.3 Hz, 1H), 4.28-4.05 (m, 9H), 3.34 (fihp = 16.5 Hz,J = 6.3 Hz, 2H), 3.10 (dd] =
7.4 Hz, 3.7 Hz, 1H), 3.00 (ticp = 23.4 Hz,J = 6.3 Hz, 1H), 2.25-2.13 (m, 2H), 1.82—
1.56 (m, 2H), 1.71 (s, 3H), 1.65 (s, 3H), 1.363(d), 1.30 (tJ = 7.1 Hz, 12H)**C NMR
(75 MHz, CDC}) & 145.0 (t,Jcp = 7.6 Hz), 132.2, 122.6, 122.3, 62.4, 62.3, 682L0,
61.3, 61.2, 49.4, 36.2 (Icp = 132.6 Hz), 32.7, 25.3, 23.6, 21.7 J& = 3.8 Hz), 21.5,
17.3, 16.0, 15.9, 15.9, 15.8P NMR (121 MHz, CDG)) 5 22.2; HRMS (E$ mVZ) calcd

for (M"‘H)+ CooH4oN:zO,P,: 522.2498: found: 522.2507.
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=
(EtO),(O)R
Z N =
/
(Et0)2(0O)P N=N
141
Tetraethyl (2)-(2-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol-4-

yhethane-1,1-diyl)bis(phosphonate) (141). According to the procedure employed for
preparation of compount35, epoxidel40 (150 mg, 0.29 mmol) was treated with Nal
(170 mg, 1.15 mmol) and trifluoroacetic anhydri@04 mL, 0.29 mmol). A parallel
work-up and final purification by column chromataghy gave the desired produetl
(69 mg, 48%) as a colorless diH NMR (400 MHz, CDCYJ) & 7.45 (s, 1H), 5.40 (t] =
7.5 Hz, 1H), 5.135.06 (m, 1H), 4.90 (d) = 7.5 Hz, 2H), 4.234.06 (m, 8H), 3.34 (td,
Jup = 16.2 Hz,J = 6.5 Hz, 2H), 3.04 (ttJup = 23.6 Hz,J = 6.2 Hz, 1H), 2.22.09 (m,
4H), 1.79 (s, 3H), 1.69 (s, 3H), 1.62 (s, 3H), 1(28 = 6.9 Hz, 12H);**C NMR (100
MHz, CDCk) & 145.0 (t,Jcp = 11.5 Hz), 142.8, 132.7, 123.3, 121.7, 118.10,682.9,
62.7, 62.6, 41.7, 36.6 ({cp = 132.6 Hz), 32.2, 26.4, 25.8, 23.5, 22.2J¢; = 4.0 Hz),
17.8, 16.4, 16.4, 16.3, 16.3P NMR (121 MHz, CDG)) 5 22.5; HRMS (E$ mV/Z) calcd

for (M"‘H)+ CooH4oN3O6Po: 506.2549: found: 506.2553.

=
(NaO),(O)R
Z N Z
/
(NaO),(O)P N=N
142
Sodium (2)-(2-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol-4-

yhethane-1,1-diyl)bis(phosphonate) (142). According to the procedure employed for
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preparation of compountB6, bisphosphonat#&41 (66 mg, 0.13 mmol) was treated with
collidine (0.17 mL, 1.31 mmol), TMSBr (0.21 mL, Z.5nmol) and then 1N NaOH (0.75
mL, 0.75 mmol). A parallel work-up and final pucktion by precipitation gave the
desired product42 (40 mg, 64%): white solidH NMR (500 MHz, DO) § 7.81 (s, 1H),
5.52 (t,J = 7.0 Hz, 1H), 5.19 (t) = 7.1, 1H), 4.95 (dJ = 7.4 Hz, 2H), 3.14 (tdJyp =
14.9 Hz,J = 5.5 Hz, 2H), 2.29-2.13 (m, 4H), 2.05 (tp = 21.7 Hz,J = 5.6 Hz, 1H),
1.80 (s, 3H), 1.67 (s, 3H), 1.62 (s, 3¢ NMR (125 MHz, BO) § 150.7, 143.7, 134.2,
123.7, 123.5, 117.8, 47.8, 41.5J¢ = 118.0 Hz), 31.4, 25.8, 25.0, 24.4, 22.6, 17'B;
NMR (202 MHz, BO) & 19.8; HRMS (ES m/2) calcd for (M-H) CiaH24N3OgPs:

392.1140; found: 392.1135.

(EtO)-(O)R
W\N _ _

(EtO)2(O)P N=N
147

(E)-Tetraethyl  (2-(1-((3-(4,8-dimethylnona-3,7-dien-1-yl)-3-methyloxir an-2-
yl)methyl)-1H-1,2,3-triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 147. According to
the procedure described for preparation of compdlB#] bromide 145 (500 mg, 1.7
mmol) was treated with NaN160 mg, 2.5 mmol). The resulting intermediatgamic
azide (46, 285 mg, 1.08 mmol) was then isolated and treatigll bisphosphonat&l
(270 mg, 0.83 mmol) to afford the desired triazbd& (279 mg, 57%) as a colorless oll
after purification by flash chromatography (10% Bt@® hexanes)'H NMR (500 MHz,
CDCl) & 7.64 (s, 1H), 5.09-5.04 (m, 2H), 4.71 (dd; 14.2, 3.9 Hz, 1H), 4.27 (dd,=
14.4, 7.4 Hz, 1H), 4.22—-4.08 (m, 8H), 3.35 (igh = 16.2 Hz,J = 6.4 Hz, 2H), 3.10 (dd,

J=7.6 Hz, 4.2 Hz, 1H), 2.99 (B = 23.3 Hz,J = 6.4 Hz, 1H), 2.13-2.02 (m, 4H),
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2.00-1.94 (m, 2H), 1.72-1.64 (m, 1H), 1.67 (s, 3HRI (s, 6H), 1.55-1.48 (m, 1H),
1.43 (s, 3H), 1.34-1.27 (m, 12HYC NMR (125 MHz, CDGJ) & 145.3 (tJcp = 8.3 Hz),
135.9, 131.2, 124.0, 122.8, 122.5, 62.7 (@$,= 6.5, 1.0 Hz, 2C), 62.4 (ddcp = 6.6,
1.0 Hz, 2C), 61.3, 60.2, 49.7, 39.5, 38.0, 36.54,= 133.0 Hz), 26.5, 25.5, 23.3, 22.0 (t,
Jop = 4.2 Hz), 17.5, 16.8, 16.2-16.1 (m, 4C), 158 NMR (202 MHz, CDG)) § 22.3:

HRMS (ES, rn/z) calcd for (M"‘H)L C27H50N307P2: 590.3124; found: 590.3124.

(EtO)(O)R
V\(\N _ _ _
(E10),(0)P N=N

148

Tetraethyl (2-(1-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)-1H-1,2,3-
triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 148.  According to the procedure
employed for preparation of compoudd5, epoxidel47 (120 mg, 0.20 mmol) was
treated with Nal (120 mg, 0.82 mmol) and trifluczeic anhydride (0.03 mL, 0.20
mmol). A parallel work-up and final purificationybcolumn chromatography (5%
MeOH/CH,Cl,) gave the desired produt48 (69 mg, 60%) as a colorless diH NMR
(500 MHz, CDC}) § 7.44 (s, 1H), 5.40 (f = 7.2 Hz, 1H), 5.11-5.05 (m, 2H), 4.92 (d,
= 7.1 Hz, 2H), 4.20-4.07 (m, 8H), 3.34 (§dp = 16.1 Hz,J = 6.2 Hz, 2H), 3.02 (ttup =
23.4 Hz,J = 6.5 Hz, 1H), 2.15-1.95 (m, 8H), 1.78 (s, 3HB8L(s, 3H), 1.60 (s, 3H), 1.59
(s, 3H), 1.29 (tJ = 7.0 Hz, 6H), 1.28 (] = 7.1 Hz, 6H)*C NMR (125 MHz, CDCJ) &
145.2, 143.2, 136.0, 131.6, 124.4, 123.5, 121.8,31163.1, 63.0, 62.8, 62.7, 48.0, 39.9,
39.6, 36.7 (tJcp = 131.9 Hz), 26.9, 26.4, 25.9, 22.3J¢p = 5.0 Hz), 17.9, 16.7, 16.5,
16.5, 16.5, 16.4, 16.3'P NMR (202 MHz, CDGJ) § 22.5; HRMS (E$ nvz) calcd for

(M+H)" Co7HsoN3O6P,: 574.3175; found: 574.3183.
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(NaO)2(O)R
2 = Y Y

(NaOL(OP  N=N
149

Sodium (2-(1-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)-1H-1,2,3-
triazol-4-yl)ethane-1,1-diyl)bis(phosphonate) 149. According to the procedure
employed for preparation of compouii8b, bisphosphonat#&48 (68 mg, 0.12 mmol)
was treated with collidine (0.16 mL, 1.19 mmol) andSBr (0.19 mL, 1.42 mmol), and
then 1N NaOH (0.95 mL, 0.95 mmol). A parallel wani and final purification by
precipitation from acetone gave the desired prodi4@{(18 mg, 28%): white solidH
NMR (500 MHz, BO) § 7.80 (s, 1H), 5.43 (s, 1H), 5.13-5.03 (m, 2H)p4®,J = 6.9
Hz, 2H), 3.27-3.14 (m, 2H), 2.49-2.32 (m, 1H), 2181 (m, 8H), 1.78 (s, 3H), 1.63 (s,
3H), 1.56 (s, 6H)*C NMR (125 MHz, DO) 5 149.2, 143.3, 136.1, 132.4, 124.5, 123.9,
123.6, 117.3, 47.9, 39.7 @gp = 119.2 Hz), 39.1, 39.0, 26.1, 25.7, 25.1, 21, 9(= 2.7
Hz), 17.2, 15.8, 15.5'P NMR (202 MHz, DO) & 18.8; HRMS (ES m/2) calcd for (M-

H)" CigH32N306P2: 460.1766; found: 460.1758.

O
~
=
[ o°
@ Br
N
W

166
(E)-1-(3,7-Dimethylocta-2,6-dien-1-yl)-3-(methoxycar bonyl)pyridin-1-ium
bromide 166. Methyl nicotinatel62 (0.765 g, 5.50 mmol) was dissolved in acetone
(20.0 mL) followed by dropwise addition of geratyybmide (3.00 g, 13.8mmol). The

reaction mixture was allowed to stir overnighttat The resulting solid was isolated by
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filtration and dried to afford a white salt in 87%field (1.70 g): *H NMR (DMS0)5 9.55
(d, J = 0.7 Hz, 1H), 9.22 (dd,= 6.1 Hz, 1.4 Hz, 1H), 9.02-8.97 (m, 1H), 8.3478,
1H), 5.54 (tJ = 7.4 Hz, 1H), 5.41 (d] = 6.9 Hz, 2H), 5.09-5.00 (m, 1H), 3.99 Jd;
1.7 Hz, 3H), 2.08 (s, 4H), 1.84 (s, 3H), 1.61 (4),3L.55 (s, 3H)**C NMR (D,O) 5
163.4, 149.2, 147.0, 145.7, 145.3, 133.8, 130.8,51223.7, 115.1, 59.6, 53.9, 38.8,

25.4,24.9,17.1, 16.0.

@

X O/

N
W\

167

(E)-Methyl 1-(3,7-dimethylocta-2,6-dien-1-yl)-1,2,5,6-tetr ahydropyridine-3-
carboxylate. NaBH,; (0.107 g, 2.82 mmol) was carefully added to atsmbuof the
geranylated salt66 (0.500 g, 1.41 mmol) in MeOH (1.6 mL)/ HOAc (0.86.) and
allowed to react overnight. The reaction was qheddy addition of 10 mL O
followed by removal of MeOH under reduced pressuree aqueous layer was washed
with EO twice and then treated with 5M NaOH until the »HO. It was then extracted
with CH,CI, three times. The combined organic layer was diNgS0O,), concentrated,
and purified by column chromatography (10% MeOK,Cl,) to afford a yellow oil
(23 mg, 6%):™H NMR (CDCL) & 7.04—6.98 (m, 1H), 5.34-5.26 (m, 1H), 5.13-5.05 (m
1H), 3.74 (s, 3H), 3.23-3.19 (m, 2H), 3.12Jd; 7.0 Hz, 2H), 2.54 (1] = 5.9 Hz, 2H),
2.40-2.32 (m, 2H), 2.17-2.00 (m, 4H), 1.68 (s, 3HH7 (s, 3H), 1.60 (s, 3H*C NMR
(CDCl) 6 166.6, 139.3, 138.3, 131.8, 129.2, 124.2, 12(6&,51.8, 51.6, 48.5, 40.0,

26.8, 26.5, 25.9, 17.9, 16.6.
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(E)-1-(3,7-Dimethylocta-2,6-dien-1-yl)-3-for mylpyridin-1-ium 177. This
compound was prepared from 3-pyridine carboxalde{@d300 mL, 3.13 mmol)
according to the general procedure given for comddeeé: yield, 57% (579 mg);
yellow solid;*H NMR (D,0) 5 8.91 (s, 1H), 8.79 (d} = 6.3 Hz, 1H), 8.75 (d] = 8.1 Hz,
1H), 8.10 (tJ = 6.9 Hz, 1H), 6.30 (s, 1H), 5.58 §t= 7.7 Hz, 1H), 5.28 (d] = 7.6 Hz,

2H), 5.17 (s, 1H), 2.24 (s, 4H), 1.87 (s, 3H), 1(6;73H), 1.61 (s, 3H).

(E)-(1-(3,7-Dimethylocta-2,6-dien-1-yl)-1,2,5,6-tetr ahydropyridin-3-
yl)methanol 178. This compound was prepared from aldehyde(2.14 g, 6.61 mmol)
according to the general procedure given for comdds7: yield, 75% (1.23 g);
colorless oil;'H NMR (CDCk) § 5.72-5.66 (m, 1H), 5.35-5.27 (m, 1H), 5.13-5.05 (m
1H), 3.97 (s, 2H), 3.08 (d,= 6.9 Hz, 2H), 2.99 (d] = 1.8 Hz, 2H), 2.53 () = 5.8 Hz,
2H), 2.25-2.15 (m, 2H), 2.15-2.00 (m, 4H), 1.673{), 1.65 (s, 3H), 1.60 (s, 3H)'C
NMR (CDCk) 6 139.1, 137.0, 131.6, 124.3, 121.1, 120.7, 65.48,53.0, 49.6, 40.0,
26.7, 25.8, 25.8, 17.8, 16.6; HRMS (EBV2) calcd for (M+H) CyeH2eNO: 250.2171;

found: 250.2175.
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(E)-1-(3,7-Dimethylocta-2,6-dien-1-yl)-1,2,5,6-tetr ahydropyridine-3-
carbaldehyde 179. MnGO, (430 mg, 4.40 mmol) was added to a solution afladt178
(110 mg, 0.440 mmol) in Ci€l, (4.00 mL) and the mixture was allowed to stir ovgint
at rt. It was then filtered through celite whichsmwashed extensively with GEl, (500
mL). The resulting organic layer was dried undelued pressure and the residue was
purified by column chromatography (10% MeOH in £H#4) to afford a yellow oil (37
mg, 34%): *H NMR (CDCL) 5 9.43 (s, 1H), 6.88-6.84 (m, 1H), 5.33-5.25 (m,,1H)
5.13-5.04 (m, 1H), 3.20-3.16 (m, 2H), 3.13J¢; 6.8 Hz, 2H), 2.61 (] = 5.1 Hz, 2H),
2.55-2.46 (m, 2H), 2.16—2.00 (m, 4H), 1.68 (s, 3H97 (s, 3H), 1.60 (s, 3H)°C NMR
(CDCl3) 6 192.8, 149.1, 140.8, 139.8, 132.1, 124.5, 12(6:&,59.5, 49.4, 40.2, 27.9,

26.8, 26.2, 18.1, 16.9; HRMS (ESn/2) calcd for (M+H) CyeH2NO: 248.2014; found:

248.2034.
O
N
= | OEt
NE) OH
N~ ©
Br
Pz Pz
171

1-((E)-3,7-Dimethylocta-2,6-dien-1-yl)-3-((Z)-3-ethoxy-2-hydr oxy-3-oxopr op-

1-en-1-yl)pyridin-1-ium bromide 171. Geranyl bromide (440 mg, 2.03 mmol) was
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added to a solution of pyridirk&0 (157 mg, 0.81 mmol) in acetone (3 mL) and the
reaction mixture was allowed to stir at rt overnigfihe resulting precipitate was isolated
by filtration and washed with acetone. The $&lt was obtained in 58% yield (193 mg)
as a white powder*H NMR (DMSO-ds)s 11.14 (s, 1H), 9.25 (s, 1H), 8.89-8.80 (m,
2H), 8.15-8.08 (m, 1H), 6.59 (s, 1H), 5.52)(t 7.1 Hz, 1H), 5.25 (d] = 7.7 Hz, 2H),
5.08-5.00 (m, 1H), 4.32 (d,= 6.7 Hz, 2H), 2.13-2.06 (M, 4H), 1.84 (s, 3HRAL(s,

3H), 1.54 (s, 3H), 1.31 (§,= 6.9 Hz, 3H)*C NMR (DMSO-ds) 163.4, 146.7, 145.8,
143.5, 141.7, 141.4, 135.3, 131.4, 127.9, 123.6,9.102.8, 62.2, 58.4, 25.6, 25.5, 17.7

(2C), 16.6, 14.1.

O
N OEt
OH
N
M

172

(E)-Ethyl 3-(1-(3,7-dimethylocta-2,6-dien-1-yl)-1,2,5,6-tetr ahydr opyridin-3-
yl)-2-hydroxypropanoate 172. Salt171 (180 mg, 0.44 mol) was dissolved in MeOH (3
mL) in a salt-ice bath followed by slow additionNddBH, (50 mg, 1.3 mmol). After it
was allowed to react overnight, water was addeglitmch the reaction. The MeOH was
removedn vacuoand the remaining aqueous layer was extracted@HHCI, three
times. The combined organic layer was then drieat 8laSO, and concentrated
vacua The resulting residue was purified by column amatography (10% MeOH in
CH.Cl,) to afford the desired product as a yellow oil (8§, 60%): *H NMR (CDCLk) &
5.60 (s, 1H), 5.30 (f] = 6.8 Hz, 1H), 5.12-5.02 (m, 1H), 4.29-4.17 (m),3409 (d J =

6.7 Hz, 2H), 2.98 (s, 2H), 2.55 {t= 5.6 Hz, 2H), 2.52—2.24 (m, 2H), 2.19 (s, 2HL4
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2.06 (m, 4H), 1.67 (s, 3H), 1.65 (s, 3H), 1.608¢d), 1.30 (tJ = 6.6 Hz, 3H)*C NMR
(CDCly) 6 174.6, 139.3, 131.7, 131.6, 124.1, 123.3, 12®4,61.5, 55.5 (2C), 49.0,
40.7,39.9, 26.5, 25.9, 25.8, 17.8, 16.5, 14.3; HRES, m/z) calcd for (M+H)

CooH34NO3: 336.2539; found: 336.2530.

OH
Y% P(O)(OEY),
@ | COOEt
NS
Br
pZ =
180

(E)-3-(2-(Diethoxyphosphor yl)-3-ethoxy-2-hydr oxy-3-oxopropyl)-1-(3,7-
dimethylocta-2,6-dien-1-yl)pyridin-1-ium bromide 180. Geranyl bromide (0.500 g,
2.26 mmol) was added to a solution of compol®t (300 mg, 0.9 mmol) in C¥l, (5
mL) and the reaction mixture was gently heatectlux and stirred overnight. Then the
volatile materials were removedvacuoto give the desired product as a yellow oil in
87% vyield (0.429 g)*H NMR (CDCk) 6 9.33 (d,J = 5.7 Hz, 1H), 9.18 (s, 1H), 8.45 (d,
J=8.0 Hz, 1H), 8.12 (t) = 6.1 Hz, 1H), 5.51-5.43 (m, 3H), 5.05 (s, 1H),3-3.14 (m,
6H), 3.75-3.53 (M, 2H), 2.16-2.10 (m, 4H), 1.923(), 1.67 (s, 3H), 1.59 (s, 3H), 1.38—
1.25 (m, 9H);*C NMR (CDCE) 6 169.5 (dJcp = 2.6 Hz), 148.1, 147.0, 145.2, 142.8,
136.5 (d Jcp= 12.6 Hz), 132.1, 127.5, 122.9, 115.4, 77.13¢d= 159.9 Hz), 64.3 (dlcp
= 2.3 Hz), 64.2 (dJcp= 1.4 Hz), 63.0, 53.5, 39.3, 36.7, 25.8, 25.5, 171, 16.3 (d,
Jep= 5.4 Hz), 16.3 (dJcp= 5.6 Hz), 14.0%'P NMR (CDC})  15.6; HRMS (ES m/2)

calcd for (M-Br) C4H39NOgP: 468.2515; found: 468.2530.
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181
(E)-Ethyl 2-(diethoxyphosphoryl)-3-(1-(3,7-dimethylocta-2,6-dien-1-yl)-

1,2,5,6-tetrahydropyridin-3-yl)-2-hydroxypropanoate 181. NaBH, (110 mg, 3 mmol)
was carefully added to a solution of bromide 8@ (110 mg, 0.2 mmol) in MeOH (3
mL)/ HOAc (0.3 mL) and the solution was allowedeact overnight. The reaction was
guenched by addition of 10 mL 1% HOACc solutiondaled by extraction with EtOAc
three times. The combined organic layer was did0;), concentrated, and purified
by column chromatography (10% MeOH in &Hp) to afford reduced pyriding81 as a
yellow oil (51 mg, 34%);*H NMR (CDCk) § 5.31 (s, 1H), 5.01 (] = 6.7 Hz, 1H), 4.80
(t, J= 6.9 Hz, 1H), 4.10-3.85 (m, 6H), 2.82—2.06 (m),&400-1.66 (M, 6H), 1.39 (s,

3H), 1.36 (s, 3H), 1.32 (s, 3H), 1.10-1.02 (m, 949, NMR (CDC}) 5 17.1.

_ | COOEt

@ P(O)(OEY),
|

©0

186
3-(2-(Diethoxyphosphoryl)-3-ethoxy-2-hydr oxy-3-oxopr opyl)pyridine 1-oxide
186. SolidmCPBA (210 mg, 0.930 mmol) was added to a solutfath® 3-PEHPC ester
161 (206 mg, 0.620 mmol) in Gi&l, (3 mL) and the solution was allowed to react at
room temperature overnight. The reaction solveag then removed under vacuum and

the resulting residue was purified by column chrtmgeaphy (15% EtOH in C}Ll,) to
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afford the desired product as a light yellow oil%2mg, 74%):'H NMR (CDCk) § 8.22
(s, 1H), 8.14 (dJ = 6.4 Hz, 1H), 7.29-7.16 (m, 2H), 4.93 (s, 1HR344.18 (m, 6H),
3.38-3.16 (m, 2H), 1.41-1.24 (m, 9¥3C NMR (CDCE) & 170.2 (d Jep= 3.7 Hz),
140.6, 137.8, 134.3, 128.7, 125.1, 77.3)@= 160.1 Hz), 64.2 (dlcp= 7.4 Hz), 64.1
(d, Jep= 7.3 Hz), 63.1, 36.7 (dcp= 2.3 Hz), 16.4 (dJcp= 6.3 Hz), 16.4 (dJcp= 5.9
Hz), 14.1;*'P NMR (CDC}) & 16.3; HRMS (ES nvz) calcd for (M+H) CpaH23NO/P:

348.1212; found: 348.1214.

_ | COOH

Y P(O)(OH)2
|

©0

183

3-(2-Carboxy-2-hydr oxy-2-phosphonoethyl)pyridine 1-oxide 183. TheN-
oxide 186 (160 mg, 0.460 mmol) was dissolved in concentrét€ti(1.60 mL) and the
solution was heated at reflux overnight. After cemtration under a stream of air, the
resulting residue was dissolved in a minimum amadimiot water followed by the
addition of acetone. This solution turned cloudg a white solid was formed. After
standing at -4 °C overnight, the resulting solicswsnlated by filtration and dissolved in
hot water. A white solid salt was formed upon real@f water with a lyophilizer (121
mg, 14%): *H NMR (D-O): & 8.39 (s, 1H), 8.36 (dl = 6.6 Hz, 1H), 7.85 (d] = 7.8 Hz,
1H), 7.65 (dd,) = 7.9 Hz, 6.7 Hz, 1H), 3.57 (dd= 14.0 Hz Jup = 4.3 Hz, 1H), 3.26 (dd,
J=13.7 HzJup = 7.4 Hz, 1H)fL3C NMR (D;O) 6 174.2, 139.7, 137.5, 136.5, 136.3,
126.7, 77.5 (dJcp= 149.5 Hz), 37.0°'P NMR (D,O) § 13.3; HRMS (ES m/Z) calcd for

(M-H)™ CgHgNO;P: 262.0117; found: 262.0112.
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3-(2-((Diethoxyphosphor yl)oxy)-3-ethoxy-3-oxopr opyl)pyridine 1-oxide 187.
A solution of theN-oxide 186 (13.8 mg, 0.0396 mmol) in EtOAc was washed with
saturated N#&CO; and the agueous layer was extracted with EtOAeettiimes. The
combined organic layer was dried and concentratedbtain the desired product as a
colorless oil (13.8 mg, 100%)H NMR (D,0) & 8.16—8.10 (m, 2H), 7.24-7.20 (m, 2H),
5.07—4.98 (m, 1H), 4.24 (d,= 7.0 Hz, 2H), 4.21-3.96 (m, 4H), 3.25-3.04 (m),2H
1.36-1.25 (m, 9H)**C NMR (D;0) & 168.8 (d Jcp = 3.7 Hz), 140.3, 138.2, 135.2, 127.3,
125.8, 74.6 (dJcp= 5.6 Hz), 64.7 (dJcp = 6.1 Hz), 64.5 (d)cp = 5.9 Hz), 62.3, 36.2 (d,

Jep = 6.0 Hz), 16.3 (dJcp = 1.7 Hz), 16.2 (dJcp = 2.4 Hz), 14.3*'P NMR (D,0) § -1.9.

_ ‘ COOH

O OP(O)(OH),
|

oo 188

3-(2-Carboxy-2-(phosphonooxy)ethyl)pyridine 1-oxide 188. This compound
was prepared according to the general procedusndor compounds3: *'P NMR

(D;0) § 0.35.

P(O)(OE):

=
@ | COOEt
N

ob 192
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3-(2-(Diethoxyphosphoryl)-3-ethoxy-3-oxopropyl)pyridine 1-oxide 192. Solid
mCPBA (0.21 g, 0.95 mmol) was added to a solutiomwarhpoundl191 (200 mg, 0.63
mmol) in CHCI, (3.0 mL) and the resulting solution was allowedstiv overnight at
room temperature. Once the reaction was complktedoon TLC analysis, the solvent
was removed under vacuum. The resulting residues \parified by column
chromatography (15% EtOH in GE&l,) to afford the desired product as a yellow oil in
71% vield (150 mg):*H NMR (CDCk) & 7.97—7.89 (m, 2H), 7.08-6.96 (m, 2H), 4.06—
3.89 (m, 6H), 3.12-2.88 (m, 3H), 1.16Jt 7 Hz, 3H), 1.15 (tJ= 6.6 Hz, 3H), 1.02 (t,
J=7.5 Hz, 3H);*C NMR (CDC}) 6 167.4 (dJcp= 5.0 Hz), 139.2, 137.9 (dcp= 15.5
Hz), 137.5, 126.4, 125.6, 63.0 (= 6.8 Hz), 62.9 (dJcp= 6.4 Hz), 61.6, 46.3 (dcp
= 129.7 Hz), 29.5 (dJcp= 3.8 Hz), 16.2 (dJcp= 1.4 Hz), 16.1 (dJcp= 2.3 Hz), 13.8;
3P NMR (CDCE) & 20.1 ppm; HRMS (ES m/2) calcd for (M+HY CisHosNOgP:

332.1263; found: 332.1269.

P(O)(ONa) ,
=
@ | COONa
\
©0 185

Sodium 3-(1-oxidopyridin-3-yl)-2-phosphonatopropanoate 185. The ethyl
esterl92 (100 mg, 3.02 mmol) was heated at reflux with e@miated HCI (1 mL)
overnight. Once the reaction was complete basehalysis of thé'P NMR spectrum of
the reaction mixture, the volatiles were removedaura stream of air. The resulting
residue was dissolved in a minimum amount of NaQ@RBf§ g, 9.06 mmol), acetone was
added and the cloudy solution was cooled in a &eexernight. The precipitate was

then isolated by filtration, the solid was dissal\e water, treated with charcoal and the
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charcoal was further removed by filtration. Thsuléing clear solution was dried on a
lyophilizer to afford the desire product as a wisitdid in 97% yield (90 mg)*H NMR
(D,0) 5 8.23 (s, 1H), 8.15 (dl = 6.2 Hz, 1H), 7.67 (d] = 7.9 Hz, 1H), 7.51 (dd] = 7.8,
6.7 Hz, 1H), 3.18-3.02 (m, 2H), 2.89-2.73 (m, 1%} NMR (D,0) 5 179.8, 142.9 (d,
Jep=17.1 Hz), 138.5, 136.5, 132.9, 126.7, 53.3)d= 112.4 Hz), 32.4 (dlcp= 3.1
Hz); 3P NMR (D;0) 6 15.1 ppm; HRMS (ESnVz) calcd for (M-H) CsHgNOgP:

246.0168; found: 246.0170.
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Figure A3. 300 MHZH NMR Spectrum of CompourfsB.
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Figure A4. 75 MHZ3C NMR Spectrum of Compourfs.
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Figure A5. 300 MHZH NMR Spectrum of Compourtb.
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Figure A6. 300 MHZH NMR Spectrum of Compourtb.
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Figure A7. 300 MHZH NMR Spectrum of CompourgiL.
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Figure A8. 75 MHZH NMR Spectrum of Compourfl.
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Figure A10. 125 MHZ3C NMR Spectrum of Compourtb.
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Figure A11. 300 MHZH NMR Spectrum of Compourg#l.
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Figure A12. 75 MHZ°C NMR Spectrum of Compourg.
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Figure A13. 300 MHZH NMR Spectrum of Compour@b.
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Figure A14. 75 MHZ3C NMR Spectrum of Compourgs.
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Figure A15. 300 MHZH NMR Spectrum of CompoungB.
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Figure A16. 100 MHZ*C NMR Spectrum of Compourgs.
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Figure A19. 500 MHZH NMR Spectrum of Compourg.
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Figure A20. 125 MHZ%C NMR Spectrum of Compour&.
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Figure A21. 500 MHZH NMR Spectrum of Compoun@.
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Figure A22. 125 MHZ3C NMR Spectrum of Compour&9.
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Figure A23. 500 MHZH NMR Spectrum of CompouriD.
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Figure A24. 125 MHZ*C NMR Spectrum of Compouri.
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Figure A25. 300 MHZH NMR Spectrum of Compoung®.
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Figure A26. 75 MHZ°C NMR Spectrum of Compour@®.
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Figure A27. 500 MHZH NMR Spectrum of Compoung8.
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Figure A28. 125 MHZ°C NMR Spectrum of Compourgs.
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Figure A29. 500 MHZH NMR Spectrum of Compourit2.
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Figure A30. 125 MHZ%C NMR Spectrum of Compouri®.
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Figure A31. 400 MHZH NMR Spectrum of CompouritB.
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Figure A32. 100 MHZH NMR Spectrum of CompouritB.
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Figure A33. 400 MHZH NMR Spectrum of Compouric.
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Figure A35. 500 MHZH NMR Spectrum of Compouric.
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Figure A36. 125 MHZ3C NMR Spectrum of Compourit.
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Figure A37. 300 MHZH NMR Spectrum of CompountD3.
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Figure A38. 75 MHZ3C NMR Spectrum of Compouri3.
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Figure A39. 300 MHZH NMR Spectrum of Compourntd4.



165

(EtO),(O)P.

)
(E10),(O)P N=N ‘O

104

T T
150 100 50 P

Figure A40. 75 MHZ3C NMR Spectrum of Compouri4.
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Figure A41. 300 MHZH NMR Spectrum of Compourgp.
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Figure A42. 75 MHZ3C NMR Spectrum of Compourg®.
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Figure A43. 300 MHZH NMR Spectrum of CompourtD2.
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Figure A44. 300 MHZH NMR Spectrum of Compour®b.
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Figure A45. 300 MHZH NMR Spectrum of CompountD?.
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Figure A46. 125 MHZ3C NMR Spectrum of Compourid?7.
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Figure A47. 300 MHZH NMR Spectrum of CompountD8.
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Figure A48. 125 MHZ3C NMR Spectrum of Compouri®8.



174

W\N P =
/

(NaO)2(0)P N=N
90

'.“‘JJU . m‘ . L”U‘“T“ﬁ*'

Figure A49. 300 MHZH NMR Spectrum of CompourD.
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Figure A50. 400 MHZH NMR Spectrum of CompourntDé.
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Figure A51. 500 MHZH NMR Spectrum of Compourey.
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Figure A52. 400 MHZH NMR Spectrum of CompountB4.
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Figure A53. 75 MHZ3C NMR Spectrum of Compourit4.
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Figure A54. 500 MHZH NMR Spectrum of CompountB5.
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Figure A55. 125 MHZ3C NMR Spectrum of Compourit85.
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Figure A56. 500 MHZH NMR Spectrum of CompountB6.
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Figure A57. 125 MHZ3C NMR Spectrum of Compouri86.
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Figure A58. 500 MHZH NMR Spectrum of Compounts0.
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Figure A59. 125 MHZ3C NMR Spectrum of Compourib0.
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Figure A60. 300 MHZH NMR Spectrum of Compounto.
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Figure A61. 75 MHZ3C NMR Spectrum of CompouridiO.
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Figure A63. 100 MHZ3C NMR Spectrum of Compouridil.
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Figure A64. 500 MHZH NMR Spectrum of Compount2.
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Figure A65. 125 MHZ3C NMR Spectrum of Compourid2.
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Figure A66. 500 MHZH NMR Spectrum of Compount#7.
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Figure A68. 500 MHZH NMR Spectrum of Compount8.
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Figure A69. 125 MHZ3C NMR Spectrum of Compouris.
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Figure A70. 500 MHZH NMR Spectrum of Compount#9.
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Figure A71. 125 MHZ3C NMR Spectrum of Compouri9.
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Figure A73. 75 MHZ*C NMR Spectrum of Compourit66.
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Figure A74. 300 MHZH NMR Spectrum of Compountb7.
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Figure A75. 75 MHZ3C NMR Spectrum of Compouri67.
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Figure A78. 75 MHZ3C NMR Spectrum of Compouri¥8.
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Figure A79. 300 MHZH NMR Spectrum of Compournt¥9.
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Figure A80. 75 MHZ3C NMR Spectrum of CompouriV9.
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Figure A82. 75 MHZ3C NMR Spectrum of Compouri1.
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Figure A83. 300 MHZH NMR Spectrum of Compournti2.
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Figure A84. 75 MHZ*C NMR Spectrum of Compouri2.
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Figure A86. 75 MHZ3C NMR Spectrum of Compouri0.



212

OH
N P(O)(OEY),
COOEt
N
M

181

Figure A87. 300 MHZH NMR Spectrum of Compournts1.
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Figure A88. 300 MHZH NMR Spectrum of CompountB6.
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Figure A91. 75 MHZ3C NMR Spectrum of CompouriB3.
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Figure A92. 300 MHZH NMR Spectrum of CompountB7.
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Figure A93. 300 MHZH NMR Spectrum of Compountb2.
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Figure A94. 75 MHZ3C NMR Spectrum of Compouri2.
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Figure A96. 75 MHZ3C NMR Spectrum of Compouris.
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