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Abstract

Agents that inhibit the enzyme geranylgeranyl diphosphate synthase (GGDPS) have anti-cancer
activity and our prior studies have investigated the structure-function relationship for a family
of isoprenoid triazole bisphosphonates as GGDPS inhibitors. To further explore this structure-
function relationship, a series of novel a-modified triazole phosphonates were prepared and
evaluated for activity as GGDPS inhibitors in enzyme and cell-based assays. These studies
revealed flexibility at the a position of the bisphosphonate derivatives with respect to being
able to accommodate a variety of substituents without significantly affecting potency compared
to the parent unsubstituted inhibitor. However, the monophosphonate derivatives lacked activity.
These studies further our understanding of the structure-function relationship of the triazole-
based GGDPS inhibitors and lay the foundation for future studies evaluating the impact of
a-modifications on /n vivo activity.
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1. Introduction

The enzyme geranylgeranyl diphosphate synthase (GGDPS) is responsible for the
production of the 20-carbon geranylgeranyl diphosphate which serves as the isoprenoid
donor in protein geranylgeranylation reactions as well as a substrate for other isoprenoid
biosynthetic pathway (IBP) enzymes.! The protein geranylgeranylation reactions are
mediated primarily by geranylgeranyl transferase (GGTase) 12-3 and 114, as well as the
more recently identified GGTase 111.> Some of the key protein substrates for these enzymes
include members of the Ras superfamily of small GTPases (e.g., the Rho proteins) which
mediate cancer cell migration and metastasis,® as well as the Rab GTPase family members,
which play essential roles in regulating intracellular trafficking processes.” We and others
have been interested in developing GGDPS inhibitors as novel anti-cancer agents by virtue
of their effects on disruption of protein geranylgeranylation.8=2 In particular, we have
focused on the anti-myeloma effects of GGDPS inhibitors, as our work has demonstrated
that disruption of Rab geranylgeranylation leads to impairment of intracellular monoclonal
protein trafficking. In turn, this disruption in protein homeostasis results in induction of the
unfolded protein response pathway and apoptosis.10-12

While our initial efforts focused on branched alkyl bisphosphonates,13-14 our more recent
efforts have focused on developing families of monoalkyl triazole bisphosphonates with
activity as GGDPS inhibitors.8 15-21 |n this latter family, the first to be identified was
inhibitor 1 (Figure 1) which is a mixture of olefin isomers and exerts cellular activity

at 0.5 pM in myeloma cells.1® 20 Subsequent structure-function work revealed that

olefin stereochemistry and alkyl chain length significantly impact potency in vitro. When
evaluating chain length, the homologue 2 was found to be the most potent analogue, with
an 1Csq of 45 nM against GGDPS and evidence of disruption of geranylgeranylation in
cellular assays at concentrations as low as 30 nM.16: 20 Our studies also revealed differences
in activity between £and Zisomers in these series and demonstrated synergistic activity
amongst the two isomers comprising homologue 2.8 15 18 Notably, modification of the
a-carbon had a further impact on activity with the a-methyl derivative (3) of compound 1
having a 5-fold increase in potency in cellular assays compared to the parent compound.20
In the case of the homologue 2, methylation at the a-position modestly affected cellular
potency, but abrogated the impact of olefin stereochemistry on activity, rendering the two
individual isomers to near equivalent potency.2° This was of particular significance, as from
a drug development perspective, it is advantageous to have a compound which is a single
isomer. An analogue of 1 that contained an ethyl substituent at the a-position (4) was found
to have a five-fold decrease in potency in cellular assays, thus establishing a preliminary
structure-function relationship with respect to the a-position and alkyl substituents.20
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Preclinical evaluation of several of our lead GGDPS inhibitors has revealed that these
agents have metabolic stability, systemic biodistribution, prolonged ty/, lives that allow
once- or twice-weekly dosing, and confirmed the on-target effects with respect to disruption
of protein geranylgeranylation.12 22 Furthermore, we have established that these GGDPS
inhibitors have /n vivo anti-tumor activity in mouse models of myeloma and pancreatic
adenocarcinoma.12 23-24 Of note, our studies have revealed that the olefin stereochemistry
as well as the a-carbon substituent have an impact on pharmacokinetic parameters,
biodistribution profiles and toxicity profiles.12 22

Given the promising drug-like characteristics of our lead inhibitors as well the structure-
function relationship identified in both the /n vitroand in vivo settings, we were interested
in preparing additional derivatives with modifications at the a.-position to gain further
insight into the factors that determine activity. As an initial step, we have prepared seven
novel analogues of compound 1 and evaluated their activity as potential GGDPS inhibitors.
Compound 1 was chosen as the parent compound in these studies due to ease of synthesis
with a more readily available azide as well as having previously established the relative
activities of the corresponding a-methyl (3) and a-ethyl (4) derivatives.

2. Chemical Synthesis

Preparation of a family of a-modified triazole bisphosphonates could be approached via
several different strategies, with two major variations based either on elaboration of an
intact triazole or construction of an acetylene bearing the intact bisphosphonate followed
by formation of the triazole. Generation of a bisphosphonic acid salt appropriate for
bioassay would be accomplished as the final transformation in either strategy by hydrolysis
of an appropriate bisphosphonate ester. One way to pursue the first option would be to
take advantage of the acidity of the a position inherent to a geminal bisphosphonate
tetraester. Introduction of the desired a substituent might be accomplished from the

parent bisphosphonate ester through formation of the bisphosphonate anion as long as the
substituent is amenable to a substitution reaction at the relatively hindered center. Several
isoprenoid triazole bisphosphonates have been reported in our previous studies,8 while
others could be prepared from a minimally substituted triazole. Alternatively, the triazole
could be formed via a click reaction between an allylic azide and an acetylene bearing

the complete bisphosphonate head group. This strategy would allow use of the relatively
reactive propargyl bromide to assemble the a substituted bisphosphonate component from
a substituted methylene bisphosphonate. Each route has inherent advantages. Related
compounds with the same alkyl group and varied a substituents might be obtained through
elaboration of the parent bisphosphonate. In contrast, variations in the alkyl tail with a
single head group might be more efficiently accomplished through initial formation of the
functionalized acetylene. Ultimately both strategies were explored to access different target
compounds.

The initial efforts to elaborate an intact triazole are shown in Scheme 1. The triazole studied
carried a mixed geranyl/neryl tail because it is readily available from geranyl (or neryl)
azide?®, After treatment of the parent bisphosphonate ester 5 with NaH, reaction with A
fluorobenzenesulfonimide (NFSI) allowed incorporation of an a-fluoro substituent in good
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yield.26-28 Hydrolysis of the phosphonate ester 6 was readily accomplished under standard
conditions?? through treatment with TMSBr followed by reaction with NaOH. Even through
the products were obtained as the expected mixture of olefin isomers in the isoprenoid chain,
for both the ester (6) and the corresponding salt (7) the presence of fluorine was readily
observed in the NMR spectra. Specifically, in the 3IP NMR spectra, P-F coupling of ~70 Hz
was observed in both cases.

Unfortunately, modification of bisphosphonate 5 through reaction with other electrophiles
was not as straightforward. For example, treatment of the anion derived from
bisphosphonate 5 with A-bromomethylphthalimide (8) gave varying amounts of the
alkylated product 9 but the major product was identified as the terminal olefin 10. Formation
of this olefin can be rationalized by nucleophilic attack at one of the phosphonates, followed
by cleavage of the P-C bond and elimination of the phthalimide anion. However, even
though this olefin was not targeted initially, it can be viewed as an a-modified product and
after standard hydrolysis of the phosphonate esters the salt 11 was subjected to bioassays.

A more efficient synthesis of the a-aminomethylene compound 9 could be achieved by
formation of the triazole after assembly of the substituted bisphosphonate. For this sequence
(Scheme 2), a protected aminomethylene group was introduced through conjugate addition
of phthalimide (12) to the unsaturated bisphosphonate 13. The resulting product 14 could be
alkylated with propargyl bromide to give the intermediate acetylene 15 in good yield (80%).
After cycloaddition with geranyl azide, the resulting triazole 9 was treated with hydrazine
to generate the free amine 16. Final hydrolysis of the phosphonate esters under standard
conditions gave the desired salt 17 in modest yield but sufficient quantity to allow bioassay.

Other compounds that can be viewed as analogues to the triazole bisphosphonates were
achieved by elaboration of simpler triazoles. For example, the triazole alcohol 19 has been
reported as a single £-olefin isomer,30 although how that study avoided olefin isomerization
through an allylic azide rearrangement?® is not clear. In our hands, cycloaddition of geranyl
azide (18) with propargyl alcohol gave a mixture of the £and Zolefin isomers (19).
Reaction of the alcohol 19 with PBr3 followed by treatment with NaCN gave the nitrile

20, and basic hydrolysis gave the corresponding carboxylic acid 21. Alternatively, the
alcohol 19 undergoes smooth oxidation upon treatment with TEMPO to give the aldehyde
22. Geranyl azide (18) also undergoes smooth reaction with the C, acetylene 23 to give

the extended alcohol 24. This alcohol was converted to the corresponding iodide 25 upon
treatment with iodine and triphenylphosphine, and then to the monophosphonate 26 through
a classical Arbuzov reaction. Final hydrolysis of the phosphonate ethyl esters gave the
monophosphonate 27, which can be viewed as the monophosphonate analogue to the
bisphosphonate 1.

Both the triazole aldehyde 22 and the carboxylic acid 21 also could be employed to prepare
other analogues to the lead triazole bisphosphonates. The Knoevenagel condensation3! of
aldehyde 22 with tetraethyl methylenebisphosphonate gave the expected olefin 28 (Scheme
4). This olefin could be used directly to prepare the salt 29 for bioassay. Furthermore it
readily undergoes reaction with a sulfur ylide to give the cyclopropyl compound 30.32 The
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cyclopropyl ring in compound 30 survives the mild conditions needed for hydrolysis of the
phosphonate esters to give bisphosphonate 31.

Finally, the triazole carboxylic acid 21 was viewed as a potential intermediate leading to
an a-hydroxy bisphosphonate. Classically, preparation of a-hydroxy bisphosphonates has
required rather harsh conditions,33-34 but LeCouvey and coworkers3®-36 have developed a
mild synthesis of a-hydroxy bisphosphonates through use of tris(trimethylsilyl) phosphite
which avoids the known phosphonate-phosphate rearrangement.37

In our hands, this protocol worked smoothly with the known farnesoyl chloride (32)38-39 as
a model carboxylic acid, giving the a-hydroxy bisphosphonate salt 34 from the presumed
intermediate 33 in 34% yield over three steps. Unfortunately, attempts to apply the

same conditions to the carboxylic acid 21 appeared to afford the acid chloride 35 but
attempted conversion to the desired product 37 went unrewarded. In contrast, a method
recently reported by Egorov and coworkers that involved activation of the carboxylic

acid with catecholborane followed by reaction with tris(trimethylsilyl)phosphite gave the
bisphosphonate intermediate 36.40 Hydrolysis of the TMS esters of the bisphosphonate 36
afforded the desired a-hydroxy bisphosphonate 37 in modest overall yield but in sufficient
quantity to allow bioassays to proceed.

3. Biological Results

The seven novel triazole phosphonic acids were evaluated for activity as GGDPS

inhibitors in an /in vitro GGDPS enzyme assay as well as cellular assays in the human
RPMI-8226 myeloma cell line. The cellular assays included analysis of intracellular

light chain levels, which we have previously established as a biomarker for disruption

of Rab geranylgeranylation.19 In addition, effects on Rapla (a representative GGTase |
substrate) geranylgeranylation and H-Ras (a representative FTase substrate) farnesylation
were evaluated via immunoblot analysis. Of note, the antibody used for Rapla is selective
for unmodified Rap1la, thus under control conditions, no protein is detected, but under
conditions in which cells are incubated with agents that disrupt geranylgeranylation, protein
is detected. As a positive control, the HMG-CoA reductase inhibitor lovastatin was included
in the cellular assays as treatment with this agent results in disruption of both farnesylation
and geranylgeranylation as a consequence of depleting cells of both FPP and GGPP. Table 1
summarizes the results of these assays and includes as comparison, the previously reported
non-substituted geranyl/neryl triazole bisphosphonate (1)1° as well as the a-methyl (3) and
a-ethyl (4) derivatives2C,

These studies demonstrated that all of the novel bisphosphonates have similar potency as
GGDPS inhibitors in the GGDPS enzyme assay (1.4-3.0 uM range for I1Csp). The cellular
potency varied somewhat more based on the substituent (0.1-0.5 uM range for LEC). The
most potent of the derivatives was the a-hydroxy derivative 37 (LEC of 0.1 puM). As shown
in Figure 2A-B, the a-fluoro derivative 7 was less potent than the a-hydroxy derivative

37 as evidenced by the immunoblot analysis of unmodified Rapla and accumulation of
intracellular light chain. Comparison of the vinyl (29) vs cyclopropyl (31) derivatives
(Figure 2C-D), revealed that the vinyl derivative 29 was two-fold more potent in cellular
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assays than the cyclopropyl derivative 31. The aminomethylene compound 17 had very
similar potency in cellular assays (Figure 3A-B) as the cyclopropyl derivative. Finally, the
two novel monophosphonates (27 and 11) displayed no activity as GGDPS inhibitors in
either the enzyme assay or in the cellular assays at concentrations up to 100 uM (Figure 3
C-D). None of the novel tested compounds showed evidence of disruption of farnesylation
as evidenced by the H-Ras immunoblots (Figures 2-3).

Finally, the seven novel compounds were evaluated for their ability to induce cytotoxic
effects in myeloma cells. As shown in Figure 4, all of the a-modified bisphosphonates
(compounds 7, 37, 29, 31, 17) but neither of the monophosphonates (11, 27), induced
cytotoxicity as determined via MTT assays. Consistent with the relative potency in the
cellular assays which evaluated disruption of protein geranylgeranylation, the a-hydroxy
derivative 37 was the most potent compound in the MTT assays.

4. Discussion

We have prepared and assayed a series of novel isoprenoid triazole phosphonate derivatives
as potential GGDPS inhibitors with a specific focus on modification at the a-carbon
position. These studies demonstrate that there is flexibility at that position to accommodate
a variety of substituents without significantly impairing potency compared to the parent
unsubstituted compound. In particular we note that incorporation of a hydroxyl group

at the a.-carbon position (37) led to potency equivalent to the a-methyl derivative (3)

and approximately five-fold enhanced potency (in cellular assays) relative to the parent
unsubstituted compound 1. This is in contrast to an analogue in which the hydroxyl group
was incorporated at the w-position, which led to an approximately 20-fold decrease in
potency (relative to 1).21 However, this w-hydroxy derivative was of interest because of

its ability to be linked to hyaluronic acid and enhance drug delivery,2! thus future studies
will focus on determining whether the a-hydroxy derivative 37, as well as other potentially
linkable derivatives such as the a-aminomethylene compound 17, can be conjugated to
hyaluronic acid and alter not only uptake into myeloma cells but also /n vivo biodistribution
patterns.

Biological activity in the cell-based assays is dependent on several factors beyond binding to
the target enzyme, including membrane permeability if cell entry occurs by passive diffusion
or compatibility with an isoprenoid transporter if cell entry occurs via an active system.
When compared to the lead compounds 3 and 4, the new alkyl derivatives (the olefin 29

and the cyclopropyl compound 31) vary little with respect to calculated LogP values and
both show comparable activity. The fluoro compound 7 also shows comparable activity. The
two new compounds with greatest cLogP values, the monophosphonates 11 and 27, show
no activity up to 100 pM concentrations in the cell based assay, which suggests that further
studies on monophosphonates are unlikely to be rewarding. Finally, the a-aminomethylene
compound 17 and the a-hydroxy compound 37 have the smallest cLogP values and both
show good cellular activity. Whether this is due to enhanced cell uptake, or factors such

as increased acidity of the bisphosphonate or introduction of a group that allows tridentate
complexation3®: 41 within the active site, will have to be further studied.
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Our prior studies have demonstrated that both olefin stereochemistry and chain length

of the triazole bisphosphonate family of GGDPS inhibitors have significant effects on
potency.8 15-16,18-19 | gpecific, we have found that the homogeranyl/homoneryl length

is associated with the highest potency and that in most cases, the Z-isomers are more
potent than the corresponding £-isomers. As the synthetic sequence needed to prepare
homoneryl/homogerany! derivatives are considerably longer than those needed to prepare
the geranyl/neryl derivatives, and as the mixtures of isomers are more readily prepared than
the individual isomers, our efforts at preparing novel a -modified derivatives focused on
geranyl/neryl mixtures. Key next steps will be to pursue synthesis and biological evaluation
of the homoneryl/homogeranyl derivatives of the most active compounds in this series (e.g.,
37).

Legigan et al., recently reported a series of novel triazole bisphosphonates with alkyl or
phenyl substituents at the C-4 or C-5 positions and a hydroxyl group at the a-carbon.36 In
addition, a derivative which incorporated a propylene linker (instead of a methylene linker)
between the bisphosphonate and triazole ring was prepared.3¢ These studies demonstrated
significant reduction in potency (in MTT viability assays using solid tumor cell lines) for
the C-5 series as well as the propylene linkage. As the reported bioassays did not include
direct assessment of GGDPS inhibitory activity, it is not possible to draw any conclusions
regarding relative potency of this series to the novel GGDPS inhibitors reported here.
However, it may be of interest in the future to evaluate the impact of incorporating a
propylene linker (between the bisphosphonate and the triazole) and determining whether this
modification has an impact on the requirement to have a homoneryl length substituent at the
C-4 position.

5. Experimental Procedures and Methods

5.1. General Experimental Procedures.

Diethyl ether (Et,0) and tetrahydrofuran (THF) both were freshly distilled from sodium
and benzophenone. Acetonitrile, methylene chloride (CH,Cl,), pyridine, and triethylamine
(Et3N) were freshly distilled from calcium hydride prior to use. All other solvents and
reagents were purchased from commercial sources and used without further purification. All
reactions in non-aqueous medium were conducted in flame-dried glassware under a positive
pressure of argon or nitrogen. The NMR spectra were taken at 300, 400, or 500 MHz for
1H, and 75, 100, or 125 MHz for 13C, with internal standards of Si(CH3)4 (*H, & 0.00) or
CDCl3 (*H, 6 7.27; 13C, 6 77.2) for non-aqueous samples or D,O (H, & 4.80) for aqueous
samples. The 3P chemical shifts were obtained at 121 or 162 MHz and reported in ppm
relative to 85% H3PO,4 (external standard). High resolution mass spectra were provided by
the University of lowa Mass Spectrometry Facility. Silica gel (60 A, 0.040-0.063 mm) was
used for flash chromatography.

5.2 (1-(Diethoxy-phosphoryl)-2-[1-(3,7-dimethyl-octa-2,6-dienyl)-1H-[1,2,3]triazol-4-yl]-1-
fluoroethyl)-phosphonic acid diethyl ester (6).

To a suspension of NaH (80 mg, 60% dispersion in mineral oil) in THF (30 mL), a solution
of bisphosphonate 5 (750 mg, 1.5 mmol) in THF (10 mL) was added slowly at 0 °C. The
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reaction mixture was stirred for 30 minutes while maintaining the temperature below 5

°C. A solution of NV-fluorobenzenesulfonimide (570 mg, 1.8 mmol) in DMF (10 mL) was
prepared separately and added to the reaction mixture. The reaction was allowed to warm to
rt and stirred for 12 hours. The reaction mixture then was partitioned between EtOAc (50
mL) and H,O (40 mL). The organic layer was collected and the aqueous layer was extracted
with EtOAc (30 mL times 3). The organic extracts were combined, dried (Na,SQO;,), and
concentrated. The material obtained was subjected to silica columns (hexane: EtOH, 5:1)
which afforded the desired compound 6 (450 mg, 60%): For the major isomer 1H NMR (400
MHz, CDCl3) & 7.50 (s, 1H), 5.44 — 5.36 (m, 1H), 5.07-4.99 (m, 1H), 4.94 — 4.89 (m, 2H),
4.26 —4.11 (m, 8H), 3.65 (q, Jyp= 13 Hz, 2H), 2.19 — 2.06 (m, 4H), 1.74 (s 3H) 1.64 (s, 3H)
1.55 (s, 3H), 1.30 — 1.25 (td, J = 7.1, 2.9 Hz, 12H); 13C NMR (100 MHz, CDCl5) & 142.8,
132.1,123.4,123.1, 118.1, 117.2, 64.2 (m, 2C), 64.0 (m, 2C), 47.8, 39.4, 30.0, 29.7, 26.1,
25.6, 23.4,17.7, 16.4 — 16.3 (M, 4C); 31P NMR (162 MHz, CDCls) 13.1 ppm (d, Jbr = 74.0
Hz). HRMS (ES+, m/2) caled for (M+H)* CooHagFN3OgP5: 524.2455; found: 524.2462.

5.3 (2-[1-(3,7-Dimethyl-octa-2,6-dienyl)-1H-[1,2,3]triazol-4-yl]-1-fluoro-1-phosphono-ethyl)-
phosphonic acid (7).

A solution of the ester 6 (104 mg, 0.20 mmol) in CH,Cl, (3 mL) was cooled to 0 °C.
Collidine (0.27 mL, 2 mmol) then was added slowly to the solution followed by the addition
of TMSBr (0.32 mL, 2.4 mmol). The reaction was allowed to warm to rt gradually and
stirred under argon while the progress of the reaction was monitored periodically by 31p
NMR. After 12 hours, the solvent was removed under reduced pressure, and then 10 mL
of toluene was added to the residue and the volatiles were removed in vacuo (repeated
three times). A solution of 1N NaOH (2.2 mL) was added to the residue and it was stirred
for 20 minutes at rt. The reaction mixture was transferred to a conical flask, the salt was
precipitated by addition of anhydrous acetone and, after storage at 0 °C for 20 minutes, the
reaction was filtered. The solid precipitate was dissolved in water and the aqueous solution
was dried on a lyophilizer to afford the desired tetra-sodium salt 7 (50 mg, 55%). For the
major isomer: TH NMR (400 MHz, D,0) & 7.75 (2s, 1H), 5.44 — 5.34 (m, 1H), 5.03 - 5.01
(m, 1H), 4.90 — 4.86 (m, 2H), 3.41 (dt, Jyr= 26.1 Hz, Jyp=11.5 Hz, 2H), 2.14 - 1.67 (m,
4H), 1.62 — 1.45 (6s, 9H); 3P NMR (162 MHz, D,0) 12.2 ppm (d, Jp== 68.0 Hz). HRMS
(ES™, ml2) calcd for (M—H)™ C14H23FN30gP,: 410.1045; found: 410.1035.

5.4 Compound 10.

To a stirred solution of bisphosphonate 5 (188 mg, 0.37 mmol) in THF (6 mL) at 0 °C were
added NaH (27 mg, 0.67 mmol) and 15-crown-5 (12 uL, 0.07 mmol). After 30 minutes,
N-(bromomethyl)phthalimide (152 mg, 0.63 mmol) was added. The reaction mixture was
allowed to warm to rt and stirred overnight. The reaction was quenched by addition of
NH,4CI (saturated) and extracted with ether (3 times). The combined organic layers were
dried (MgSQO,) and concentrated /n7 vacuo. Final purification by flash chromatography
(EtOAC to 10% EtOH in EtOAc) afforded two products, phosphonate 10 and bisphosphonate
9 (54% yield and 21%, respectively). For the major isomer of compound 10: 1H NMR (400
MHz, CDClI3) 6 7.37 (s, 1H), 6.13-6.07 (d, Jyp= 22.4 Hz, 1H), 5.81-5.69 (d, Jyp= 48.8 Hz,
1H), 5.39 (m, 1H), 5.04 (m, 1H), 4.91 (m, 2H), 4.05 (m, 4H), 3.66 (d, Jyp = 12.0 Hz, 2H),
2.20-2.08 (m, 4H), 1.76 (s, 3H), 1.66 (s, 3H), 1.66 (s, 3H), 1.26 (m, 6H); 13C NMR (100
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MHz, CDCl3) 6 144.3 (m), 143.5, 137.4, 132.5, 132.1 (m), 123.8, 122.0, 117.5, 63.5 (d, Jcp
=6.0H, 2C) 48.0, 39.5, 28.6 (d, Jocp=52.4 Hz), 26.8, 25.8, 23.5, 17.8, 16.3 (d, Jcp =6.0 Hz,
2C); 3P NMR (162 MHz, CDCl5) 18.2 ppm. HRMS (ESI) m/z calcd for C1gH33N303P [M
+ H]* 382.2254, found 382.2239.

5.5 Compound 11.

To a stirred solution of the phosphonate ester 10 (33 mg, 0.09 mmol) in CH,Cl, (0.6 mL)
at 0 °C, collidine (41 uL, 0.32 mmol) and TMSBr (47 uL, 0.36 mmol) were added dropwise
in succession. The reaction was stirred overnight while it warmed to rt, and the solvent

then was removed /n vacuo. The resulting residue was diluted with toluene (2 mL) and
concentrated /n vacuo to remove any excess TMSBr (3 times). The residue was dissolved

in CH,Cl, (1 mL) and washed with water (1 mL). The organic layer was concentrated /»
vacuo. It then was treated with 0.3N NaOH (0.5 mL) and allowed to stir for 30 minutes at
rt. After it was washed with CH,Cl, (1 mL), the aqueous layer was concentrated /n7 vacuo
to provide the desired salt 11 as a yellow solid with a 52% yield (8.2 mg). For the major
isomer: IH NMR (400 MHz, D,0) 6 7.68 (s, 1H), 5.48-5.36 (m, 3H), 5.01 (m, 1H), 4.86
(m, 2H), 3.51 (d, Jyp = 7.5 Hz, 2H), 2.13-2.09 (m, 4H), 1.79 (s, 3H), 1.69 (s, 3H), 1.52 (s,
3H); 13C NMR (100 MHz, D,0) 6 149.2 (m), 144.8, 134.7, 125.0, 124.9, 124.5, 120.4 (m),
118.0, 48.8, 39.4, 29.0 (d, Jop= 52.4 Hz), 26.3, 25.8, 17.9, 16.5; 31P NMR (162 MHz, D,0)
18.2 ppm. HRMS (ESI) m/z calcd for C15H23N303P [M — H]™ 324.1472, found 324.1481.

5.6 Compound 14.

Through minor modifications of a literature procedure,*2 the olefin 13 (1.3 mmol, 395 mg)
was dissolved in DMF (5 mL), phthalmide (12, 218 mg, 1.48 mmol) was added, and the
reaction was stirred at rt overnight. After water was added to the reaction mixture, it was
extracted with ether (7 times). The combined organic extracts were dried (Mg,SO4) and
filtered, and the filtrate was concentrated /n7 vacuo. The final product 14 was obtained in a
yield of 73% (424 mg) and used without further purification. Both the 1H and 13C NMR
spectra were identical to published data.*?

5.7 Compound 9.

To a stirred solution of bisphosphonate 14 (138 mg, 0.31 mmol) in THF (6 mL) at 0 °C were
added NaH (23 mg, 0.58 mmol) and 15-crown-5 (13 puL, 0.06 mmol). After the reaction was
stirred for 30 min, propargyl bromide (60 pL, 0.52 mmol) was added. The reaction mixture
was allowed to warm to rt and stirred for 3 hours. The reaction mixture then was quenched
by addition of NH,4CI (saturated) and extracted with ether (3 times). The combined organic
layers were dried (MgSO,) and concentrated /n vacuo. The final product 15 was obtained in
80% yield (120 mg) and used in the next reaction without further purification. dfw

To a stirred solution of acetylene 15 (120 mg, 0.25 mmol) and geranyl azide (67 mg, 3.7
mmol) in -BuOH/H,0 (4:1, 4 mL total volume), saturated CuSO,4 (0.01 mL) and sodium
ascorbate (15 mg, 0.08 mmol) were added in sequence. The resulting reaction mixture was
stirred overnight at rt, and then the solvent was removed /in vacuo. The resulting residue was
dissolved in brine and extracted with EtOAc (3 times). The combined organic extracts were
washed with 5% NH4OH, dried (Na,;SO,) and filtered, and the filtrate was concentrated /n
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vacuo. Final purification by flash column chromatography (EtOAc to 5% EtOH in EtOAC)
afforded triazole 9 (60 mg, 40%). For the major isomer: 1H NMR (500 MHz, CDCl5) &
7.89-7.85 (m, 3H), 7.74 (m, 2H), 5.42 (m, 1H), 5.11-5.02 (m, 1H), 4.93 (m, 2H), 4.40 (m,
2H), 4.16 (m, 4H), 3.99 (m, 2H), 3.84 (m, 2H), 3.72 (m, 2H), 2.20-2.06 (m, 4H), 1.79 (s,
3H), 1.66 (s, 3H), 1.58 (s, 3H), 1.23 (m, 6H), 1.07 (m, 6H); 13C NMR (126 MHz, CDCl5)

§ 168.1 (2C), 142.7, 142.1 (m), 134.1 (2C), 132.5 (2C), 131.9, 124.5, 123.5, 123.1 (2C),
117.35, 64.0 (d, Jop=7.6 Hz, 2C), 63.9 (d, Jop=7.3 Hz, 2C), 47.8, 47.7 (t, Jop=131.4 Hz),
39.4,37.4,32.1, 26.6, 26.2, 25.6, 17.7, 16.0 (d, Jcp=6.4 Hz, 2C), 15.9 (d, Jo/= 6.6 Hz, 2C);
31p NMR (202 MHz, CDCl3) 22.2 ppm. HRMS (ESI) iz calcd for C31H47N40gP5 [M +
H]* 665.2859, found 665.2864.

5.8 Compound 16.

To a stirred solution of bisphosphonate 9 (60 mg, 0.09 mmol) in MeOH (1 mL), hydrazine
hydrate (28 uL, 0.54 mmol) was added and the reaction was stirred overnight. The reaction
mixture was filtered, and the filtrate was concentrated /n vacuo. The residue was acidified to
pH 2 by addition of 1M HCI and then was extracted with CH,Cl, (3 times). The aqueous
layer was made basic to pH 12 by addition of 1M NaOH and then was extracted with
CH,CI2 (3 times). The organic layer was dried (Na;SQO,4) and filtered, and the filtrate was
concentrated /n vacuoto obtain the final product amine 16 (32 mg, 67% yield) which was
used in the next transformation without further purification. For the major isomer: 1H NMR
(400 MHz, CDCl3) 6 7.48 (s, 1H), 5.38 (m, 1H), 5.03 (m, 1H), 4.89 (m, 2H), 4.12 (m, 8H),
3.33 (dd, Jyp =16, 12 Hz, 2H), 3.23 (t, Jyp= 16 Hz, 2H), 2.11-2.04 (m, 4H), 1.76 (s, 3H),
1.66 (s, 3H), 1.57 (s, 3H), 1.27 (m, 12H); 13C NMR (100 MHz, CDCl3) 6 143.0, 142.5 (m),
132.3,123.6, 123.4, 117.2, 63.0 (m, 2C), 62.6 (m, 2C), 47.7, 43.0, 39.4, 26.2, 25.6, 25.3,
20.9, 17.7, 16.3 (m, 4C); 3P NMR (162 MHz, CDCls) 25.5 ppm. HRMS (ESI) m/z calcd
for Cy3Hg4N4OgP2 [M + H]+ 535.2809, found 535.2817.

5.9 Compound 17.

According to the procedure described for compound 11 the bisphosphonate ester 16 (30 mg,
0.06 mmol) in CH,Cl, (0.6 mL) was treated with collidine (56 uL, 0.42 mmol) and TMSBr
(97%, 61 pL, 0.50 mmol). After the reaction was stirred overnight, standard work-up and
treatment with NaOH provided the desired salt 17 as a yellow solid (7 mg, 23%). For the
major isomer: 1H NMR (400 MHz, D,0) & 7.85 (s, 1H), 5.48-5.38 (m, 1H), 5.07 (m, 1H),
4.88 (m, 2H), 3.16 (t, Jyp = 13.1 Hz, 2H), 2.98 (dd, Jyp=20.0, 13.5 Hz), 2.17-1.98 (m,
4H), 1.71 (s, 3H), 1.57 (s, 3H), 1.50 (s, 3H); 13C NMR (100 MHz, D,0) 6 146.0, 144.3,
134.7,126.9, 124.9, 118.2, 48.9, 44.3, 39.5, 28.5, 26.4, 25.8, 22.9, 17.9, 16.5; 31P NMR
(162 MHz, D,0) 22.7 ppm. HRMS (ESI) m/zcalcd for C15H»7N406P2 [M — H]™ 421.1400,
found 421.1418.

5.10 Compound 19.

To a stirred solution of propargyl alcohol (0.13 mL, 2.22 mmol) and geranyl azide (18,

597 mg, 3.3 mmol) in #BuOH/H,0 (1:1, 20 mL total volume), saturated CuSQO4 (0.01

mL) and sodium ascorbate (132 mg, 0.66 mmol) were added in sequence. The resulting
reaction mixture was stirred overnight at rt, and then the solvent was removed /n vacuo. The
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resulting residue was dissolved in brine and extracted with EtOAc (3 times). The combined
organic extracts were washed with 5% NH4OH, dried (Na,SO,) and filtered, and the filtrate
was concentrated /n7 vacuo. Final purification by column chromatography (1:1 hexane/ ethyl
acetate to ethyl acetate) afforded triazole 19 (478 mg, 92%). The 1H NMR spectra shows a
2:1 mixture of £and Zolefin isomers. For the major isomer: 1H NMR (400 MHz, CDCl5)
8 7.48 (s, 1H), 5.40 (m, 1H), 5.10 (m, 1H), 4.92 (m, 2H), 4.75 (s, 2H), 3.30 (br s, 1H),
2.10-2.00 (m, 4H), 1.75 (s, 3H), 1.66 (s, 3H), 1.57 (s, 3H);13C NMR (100 MHz, CDCls) &
143.5,132.2, 123.4,123.1, 121.1, 117.8, 56.3, 47.9, 39.4, 26.1, 25.7, 23.5, 17.7.30

5.11 [1-(3,7-Dimethyl-octa-2,6-dienyl)-1H-[1,2,3]triazol-4-yl]-acetonitrile (20).

The alcohol 19 (1.6 g, 6.8 mmol) was dissolved in ether and the solution was cooled to 0
°C. After PBr3 (0.2 mL, 2.0 mmol) was added dropwise, the reaction was left to stir at 0

°C for 2 hr. Then the reaction mixture was poured into a separatory funnel filled with ice,
and was extracted with ether (2 times). The combined ether layers were dried (MgSQO,) and
filtered through basic alumina, and then the filtrate was concentrated /n vacuo. To a stirred
mixture of the resulting bromide in DMF (25 mL), sodium cyanide (300 mg, 6.1 mmol) was
added, and the mixture was heated to 40 °C and allowed to stir overnight. The reaction then
was diluted with ether, washed with water (3 times), and then brine. The organic layer was
dried (MgSQ,) and filtered, and the filtrate was concentrated /7 vacuo. The resulting oil was
purified by column chromatography (hexane to 2:1 hexane/ethyl acetate) to yield the nitrile
20 (880 mg, 84%) as a colorless oil. The 1H NMR spectrum showed a 2:1 mixture of Zand
Eolefin isomers. For the major isomer: 1H NMR (400 MHz, CDCl3) & 7.54 (s, 1H), 5.40 (t,
J=7.0 Hz, 1H), 5.04 (m, 1H), 4.95 (m, 2H), 3.85 (s, 2H), 2.19-2.10 (m, 4H), 1.77 (s, 3H),
1.67 (s, 3H), 1.58 (s, 3H);13C NMR (100 MHz, CDCl5) & 144.1, 137.3, 132.3, 123.3, 121.4,
117.2,116.5, 48.2, 39.4, 26.1, 25.7, 23.4, 17.7, 15.5. HRMS (ESI) m/zcalcd for C14Ho1Ng
[M + H]* 245.1766, found 245.1761.

5.12 [1-(3,7-Dimethyl-octa-2,6-dienyl)-1H-[1,2,3]triazol-4-yl]-acetic acid (21).

To a stirred solution of the nitrile 20 in ethanol (5 mL), 3 N NaOH (2 mL) was added and
the solution was heated at reflux for two days. The reaction was diluted with water (10 mL)
and extracted with ether (2 times). The aqueous layer was acidified to pH 2 by addition of
concentrated HCI and then was extracted with ether (3 times). The combined ether layers
were dried (MgSQO,) and filtered, and the filtrate was concentrated /n vacuo to obtain acid 21
(96 mg, 73%). The IH NMR spectrum shows a 2:1 mixture of £and Zolefin isomers. For
the major isomer: *H NMR (400 MHz, MeOD) & 7.80 (s, 1H), 5.50-5.46 (m,1H), 5.16-5.07
(m, 1H), 5.00 (m, 2H), 3.75 (s, 2H), 2.27-2.12 (m, 4H), 1.82 (s, 3H), 1.66 (s, 3H), 1.60

(s, 3H);13C NMR (100 MHz, MeOD) 6 173.5, 144.2, 132.8, 124.8, 124.6, 124.3, 118.7,
40.5, 32.0, 27.2, 25.9, 23.5, 17.8, 16.4. HRMS (ESI) m/z calcd for C14H200oN3 [M + H]*
264.1707, found 264.1698.

5.13 1-[3,7-Dimethylocta-2,6-dien-1-yl]-1H-1,2,3-triazole-4-carbaldehyde (22).

In a procedure modified from the literature,3 triazole 19 (3.13 g, 13.3 mmol), acetonitrile
(140 mL), and pH 7 buffer (6.5 mL) were stirred at 0 °C. Subsequently, (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (210 mg, 1.33 mmol) and (diacetoxyiodo)benzene (5.14 g,
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16 mmol) were added. After the reaction was stirred for 1 hour, the acetonitrile was removed
under reduced pressure, and the resulting residue was diluted with ethyl acetate and water.
The layers were separated, and the aqueous layer was extracted three times with ethyl
acetate. The combined organic layers were dried (Na;SO,) and filtered, and the filtrate

was concentrated under reduced pressure. The remaining residue was purified via flash
chromatography to afford the title compound (22) as a yellow oil (2.62 g, 84% yield). For
the major isomer: 1H NMR (400 MHz, CDCl5) & 10.13 (s, 1H), 8.07 (s), 5.45 (t, J=7.12
Hz, 1H), 5.03 (m, 3H), 2.14 (m, 4H), 1.80 (s), 1.69 (s, 3H), 1.60 (s, 3H); 13C (75.5 MHz,
CDCl3) 6 185.0, 147.6, 145.0, 132.3, 124.4, 123.1, 115.7, 48.0, 39.2, 26.0, 25.5, 23.3, 17.6.
HRMS (ESI) m/zcaled for C13H19gN3ONa [M + Na]* 256.1426, found 256.1418.

5.14 Compound 24.

To a stirred solution of 3-butyn-1-ol (23, 0.14 mL, 1.86 mmol) and geranyl azide (500 mg,
2.79 mmol) in +BuOH/H,0 (1:1, 20 mL total volume), saturated CuSQO,4 (0.05 mL) and
sodium ascorbate (110 mg, 0.56 mmol) were added in sequence. The resulting reaction
mixture was stirred overnight at rt, and then the solvent was removed /n vacuo. The resulting
residue was dissolved in brine and extracted with EtOAc (3 times). The combined organic
extracts were washed with 5% NH4OH, dried (Na;SOy), and filtered, and the filtrate was
concentrated /n7 vacuo. Final purification by column chromatography (1:1 hexane/ethyl
acetate to ethyl acetate) afforded triazole 24 (317 mg, 68%). The *H NMR spectra shows a
2:1 mixture of £and Zolefin isomers. For the major isomer: 1H NMR (400 MHz, CDCls3) &
7.32 (s, 1H), 5.42 (t, J= 8.0 Hz, 1H), 5.06 (m, 1H), 4.93 (m, 2H), 3.95 (m, 2H), 2.95 (t, J=
6.8 Hz, 2H), 2.64 (br s, 1H), 2.20-2.11 (m, 4H), 1.80 (s, 3H), 1.68 (s, 3H), 1.59 (s, 3H);13C
NMR (100 MHz, CDCls3) & 143.0, 132.1, 123.9, 123.2, 117.9, 117.1, 66.3, 47.9, 39.4, 28.9,
26.1, 25.7, 17.6,16.4. HRMS (ESI) m/z calcd for C14H4N30 [M + H]* 250.1914, found
250.1918.

5.15 Compound 25.

A solution of PPh3 (1.6 g, 6.02 mmol) and I, (1.5 g, 6.02 mmol) in CH,Cl, (40 mL) was
stirred for 10 minutes at rt. Imidazole (0.68 g, 10.3 mmol) was added and the solution

was stirred for another 10 minutes. The alcohol 24 (1.0 g, 4.0 mmol) in 5 mL of CH,Cl,
was added and the solution was stirred overnight. The reaction was diluted by addition of
saturated sodium bisulfite and then was extracted with CH,Cl, (2 times). The organic layers
were combined, dried (NaxSOy), and filtered, and the filtrate was concentrated /in vacuo.
Final purification by column chromatography (2:1 hexane/ ethyl acetate) afforded the iodide
25 (880 mg, 63%). For the major isomer: 1H NMR (400 MHz, CDCl3) 6 7.37 (s, 1H), 5.43
(m, 1H), 5.06 (m, 1H), 4.94 (m, 2H), 3.43 (m, 2H), 3.29 (m, 2H), 2.20-2.11 (m, 4H), 1.78
(s, 3H), 1.68 (s, 3H), 1.60 (s, 3H);13C NMR (100 MHz, CDCl5) 6 146.3, 143.3, 132.2,
123.5, 120.6, 117.1, 47.9, 39.5, 30.5, 26.2, 25.8, 17.8, 16.6, 4.19. HRMS (ESI) m/z calcd for
C14H23N3l [M + H]* 360.0931, found 360.0922.

5.16 Compound 26.

A solution of iodide 25 and triethyl phosphite in anhydrous toluene was heated at reflux
for 7 days. After the solvent was removed /n vacuo, purification by column chromatography
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(ethyl acetate to 3% EtOH in ethyl acetate) gave phosphonate 26 (315 mg, 40%). For the
major isomer: 1H NMR (500 MHz, CDCl3) 6 7.45 (s, 1H), 5.44 (m, 1H), 5.08 (m, 1H), 4.94
(m, 2H), 4.11 (m, 4H), 3.02 (m, 2H), 2.25-2.09 (m, 6H), 1.81 (s, 3H), 1.70 (s, 3H), 1.61

(s, 3H), 1.32 (m, 6H); 13C NMR (126 MHz, CDCl3) 6 146.1, 142.4, 131.5, 123.1, 120.1,
116.9, 61.1 (d, Jep = 26.0 Hz, 2C), 47.3, 38.9, 31.5, 25.2, 25.3, 18.5, 17.2, 15.8 (m, 2C); 31p
NMR (202 MHz, CDCl3) 29.9 ppm. HRMS (ESI) miz caled for C1gH3oN3O3P [M + H]*
370.2254, found 370.2250.

5.17 Compound 27.

According to the procedure described for compound 11 the phosphonate ester 26 (50 mg,
0.135 mmol) in CH,Cl, (0.6 mL) was treated with collidine (36 pL, 0.27 mmol) and TMSBr
(97%, 39 pL, 0.30 mmol). After the reaction was stirred overnight standard work-up and
treatment with NaOH provided the desired salt 27 as a white solid(34 mg, 70%). For the
major isomer: TH NMR (500 MHz, D,0) & 7.77 (s, 1H), 5.46 (m, 1H), 5.13 (m, 1H), 4.99
(m, 2H), 2.91 (m, 2H), 2.28-2.14 (m, 4H), 1.84 (s, 3H), 1.77 (m, 2H), 1.74 (s, 3H). 1.62 (s,
3H); 13C NMR (126 MHz, D,0) 6 149.9, 144.2, 134.0, 123.8, 122.2, 117.2, 47.8, 38.5, 28.9,
25.4,24.9, 20.6, 16.9, 15.6; 31P NMR (202 MHz, D,0) 21.3 ppm. HRMS (ESI) m/z calcd
for C14H23N303P [M — H]™ 312.1472, found 312.1480.

5.18 Diethyl [1-(diethoxyphosphoryl)-2-[1-[(2E)-3,7-dimethylocta-2,6-dien-1-yl]-1H-1,2,3-
triazol-4-yllethyl]phosphonate (28).

To a Schlenk flask at 0 °C was added carbon tetrachloride (0.25 mL) and titanium
tetrachloride (0.22 mL, 2 mmol). When THF (2 mL) was added dropwise as the mixture
was stirred carefully, a yellow precipitate formed. Aldehyde 22 (233 mg, 1 mmol) then was
added dropwise, followed by tetraethyl methylenebisphosphonate (288 mg, 1 mmol). After
N-methylmorpholine (0.161 mL) in THF (0.3 mL) was added dropwise over the course of

1 h, the reaction mixture was stirred and allowed to warm to rt overnight. The reaction

was quenched carefully by addition of aqueous saturated sodium bicarbonate solution and
the THF was removed under reduced pressure. The resulting residue was diluted with ethyl
acetate and water. The layers were separated, and the aqueous layer was extracted five times
with ethyl acetate. The combined organic layers were dried (NapSOy4) and filtered, and then
volatile materials were removed under reduced pressure. The resulting residue was purified
via flash chromatography to afford the title compound as a yellow oil (28, 500 mg, 1 mmol,
>99% yield). For the major isomer: 1H NMR (300 MHz, CDCl3) & 8.82 (s, 1H), 8.33 (dd,
J=47.4,29.2 Hz, 1H), 5.39 (t, J= 7.1 Hz, 1H), 5.02 (m, 1H), 4.95 (m, 2H), 4.10 (m, 8H),
2.10 (m, 4H), 1.75 (s, 3H), 1.63 (s, 3H), 1.54 (s, 3H), 1.32 (t, /= 7.1 Hz, 6H), 1.25 (t, J=
7.1 Hz, 6H); 13C (75.5 MHz, CDCl3) 6 149.6, 143.7, 142.4 (dd, Jpc = 25.0, 10.2 Hz), 132.2,
127.7,123.4, 117.6 (t, Jpc = 169.4 Hz), 116.7, 62.8 (m, 4), 48.2, 39.5, 26.3, 25.7, 17.7, 16.7,
16.4 — 16.2 (m, 4C); 31P (121.5 MHz, CDCls3) 16.2 (d, /= 47.3 Hz, 1P), 12.4 (d, /= 47.4
Hz, 1P). HRMS (ESI) miz calcd for CyoHagN3OgP, [M + H]* 504.2392, found 504.2393.
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5.19 Disodium [1-[bis(sodiooxy)phosphoryl]-2-[1-[3,7-dimethylocta-2,6-dien-1-
yl]-1H-1,2,3-triazol-4-yl]ethenyl]phosphonate (29).

According to the procedure described for compound 7 bisphosphonate 36 (340 mg, 0.67
mmol, 1 eq), collidine (0.62 mL, 4.7 mmol, 7 eq), and TMSBr (0.71 mL, 5.36 mmol, 8
equivalents) in CH,Cl, (7 mL) were allowed to react overnight. After a parallel work-up,
final dissolution in water followed by lyophilization afforded compound 29 as a white solid
(292 mg, 84%): For the major isomer 1H NMR (400 MHz, D,0) 6 8.78 (s, 1H), 7.48 (dd, J
=40.3, 26.3 Hz, 1H), 5.49 (m, 1H), 5.14 (m, 1H), 5.00 (m, 2H), 2.27 — 2.06 (m, 4H), 1.77
(s, 3H), 1.63 (s, 3H), 1.56 (s, 1H); 13C (100.6 MHz, D,0) & 144.8 (m), 143.6, 140.9 (t, Jop
=137.6 Hz), 133.6, 131.7, 126.7, 123.8, 117.0, 48.1, 38.6, 25.5, 24.8, 17.0, 15.7; 31P (162
MHz, D,0) 15.8 (d, J=42.9 Hz, 1P), 9.9 (d, /= 43.0 Hz, 1P). HRMS (ESI) mlz calcd for
C14H22N306P2 [M — H]™ 390.0984, found 390.0986.

5.20 Diethyl [1-(diethoxyphosphoryl)-2-(1-[(2E)-3,7-dimethylocta-2,6-dien-1-yl]-1H-1,2,3-
triazol-4-yl)cyclopropyl]phosphonate (30).

To a suspension of sodium hydride (24 mg, 0.6 mmol) in anhydrous DMSO (0.3 mL)

was added trimethylsulfoxonium bromide (132 mg, 0.6 mmol). The reaction was stirred
for 1 hour, after which the vinyl bisphosphonate 28 (252 mg, 0.5 mmol) was added. The
reaction was stirred for 4 hours and then quenched and diluted with brine. The aqueous
layer was extracted seven times with ethyl acetate. The combined organic fractions were
dried (NaySOy,) and filtered, and the filtrate was concentrated under reduced pressure. The
resulting residue was purified by flash chromatography to afford compound 30 (192 mg,
74% yield). For the major isomer: 1H NMR (400 MHz, CDCl3) 6 7.49 (s, 1H), 5.38 (t, J=
6.7 Hz, 1H), 5.05 (m, 1H), 4.91 (m, 1H), 4.26 (m, 2H), 4.19 (p, /= 7.3 Hz, 2H), 4.05 (m,
2H), 3.73 (m, 2H), 3.26 (m, 1H), 2.22 — 1.97 (m, 5H), 1.85 (m, 1H), 1.76 (s, 3H), 1.67 (s,
3H), 1.58 (s, 3H), 1.37 (q, /= 7.4 Hz, 6H), 1.28 (t, /= 7.1 Hz, 3H), 1.08 (t, /= 7.1 Hz, 3H);
13C (100.6 MHz, CDCls) 6 142.7, 142.6, 132.6, 123.4, 122.6, 118.1, 117.3, 63.1 (d, Jpc =
6.6 Hz), 62.8 (d, Jpc = 6.6 Hz), 62.5 (d, Joc= 6.6 Hz), 62.2 (d, Jpc = 6.6), 47.9, 39.4, 26.1,
25.7,23.4,20.5 (dd, Jpc=4.4,2.2), 19.1 (dd, Jpc=177.2, 167.6 Hz), 17.7, 16.5 - 16.0 (m
5C); 31P (162 MHz, CDCl3) 23.1 (d, J= 24.0 Hz, 1P), 21.1 (d, /= 24.0 Hz, 1P). HRMS
(ESI) miz calcd for Co3H4oN306P2 [M + H]+ 518.2549, found 518.2550.

5.21 Disodium (1-[bis(sodiooxy)phosphoryl]-2-(1-[3,7-dimethylocta-2,6-dien-1-
yl]-1H-1,2,3-triazol-4-yl)cyclopropyl)phosphonate (31).

Following the general procedure for the preparation of compound 7, the title compound 31
was obtained from bisphosphonate 30 (65 mg, 0.13 mmol) as a white solid (30 mg, 0.061
mmol, 49%). For the major isomer: 1H NMR (400 MHz, D,0) 6 7.74 (s, 1H), 5.42 (t, J=
8.0 Hz, 7.2 Hz, 1H), 5.05 (m, 1H), 4.84 (m, 2H), 2.40 (m, 1H), 2.15 - 2.04 (m, 4H), 1.69
(s, 3H), 1.56 (s, 3H), 1.48 (s, 3H), 1.38 (m, 2H); 13C (100.6 MHz, D,0) 6 146.9 (m), 143.8,
133.7,124.3,123.9, 117.2, 47.8, 38.5, 25.4, 24.8, 22.4, 16.9, 16.7 (m, 2C), 15.6; 31P (162
MHz, D,0) 18.6 (br d, J= 27.0 Hz, 1P), 16.4 (d, /= 27.3, 1P). HRMS (ESI) m/z calcd for
C15H26N306P2 [M — H]™ 488.2087, found 488.2086.
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5.22 [(2E,6E)-1-Hydroxy-3,7,11-trimethyl-1-phosphono-dodeca-2,6,10-trienyl]phosphonic
acid tetrasodium salt (34).

To a flame dried and argon purged round bottom flask containing the acid chloride 32 (210
mg, 820 umol) was added dropwise tris(trimethylsilyl)phosphite (550 pL, 1.60 mmol) and
the reaction was allowed to stir at rt for 40 min. To the reaction was added anhydrous MeOH
(5.0 mL) and the reaction was allowed to stir at rt for 12 h. To the reaction mixture was
added 1 N NaOH (2.0 mL) and the reaction was allowed to stir for 80 min. After the solution
was concentrated on a rotary evaporator, it was placed under high vacuum for 12 h. The
resulting solid was dissolved in a minimum amount of water and the salt was precipitated

by addition of 1:1 /propyl alcohol:CH3CN (50 mL). The solid was collected by filtration to
afford bisphosphonate 34 as a white solid (132 mg, 34% over 3 steps). For the major isomer:
1H NMR (500 MHz, D,0) 6 5.50 — 5.47 (m, 1H), 5.25 — 5.20 (m, 1H), 5.16 — 5.12 (m, 1H),
2.17 (s, 6H), 2.15 - 1.96 (m, 6H), 1.88 — 1.84 (m, 2H), 1.64 — 1.62 (m, 3H), 1.58 — 1.55

(m, 3H); 13C NMR (101 MHz, D,0) 6 139.2, 135.3, 134.6, 128.6, 123.4, 120.1, 79.1 (t, J
=129 Hz), 48.6, 42.4,39.1, 31.8, 27.5, 24.1, 22.9, 22.7, 19.1, 17.0; 3P NMR (162 MHz,
D,0) 18.0 ppm. HRMS (TOF ESI™) m/z calcd for C15H270,P, (M - H)™ 381.1237, found
381.1227.

5.23 [2-[3,7-Dimethylocta-2,6-dienyl]triazol-4-yl]-1-hydroxy-1-phosphono-
ethyl]phosphonic acid tetrasodium salt (37).
The title compound was prepared by extension of a literature procedure.*? To a flame dried
and argon purged round bottom flask containing carboxylic acid 21 (237 mg, 900 umol) was
added catecholborane (1.0 M in THF, 2.79 mL, 2.79 mmol) and the reaction was allowed
to stir at rt for 2 h. To the reaction was added dropwise tris(trimethylsilyl)phosphite (1.23
mL, 3.69 mmol) and the reaction was allowed to stir an additional 2 h. After the reaction
was concentrated on high vacuum overnight, anhydrous MeOH (1 mL) was added and
the reaction was allowed to stir for 5 min. The MeOH was removed under high vacuum
and Et,O was added to the residue until a precipitate formed. The solid was filtered and
washed with Et,0 (1 mL). To the solid was added 1 N NaOH (5 mL) and the mixture was
allowed to stir for 30 h at rt. The reaction was concentrated on a rotary evaporator to afford
bisphosphonate 37 (65 mg, 15%). For the major isomer: *H NMR (500 MHz, D,0) & 7.77
(s, 1H), 6.77 (br d, 1H, disappears upon shaking with D,0), 5.46 — 5.33 (m, 1H), 5.03 (t, J
= 7.2 Hz, 1H), 4.89 — 4.85 (m, 2H), 3.32 — 3.23 (m, 2H), 2.17 - 1.98 (m, 4H), 1.70 — 1.66
(m, 3H), 1.55 (s, 3H), 1.51 —1.45 (m, 3H); 13C NMR (126 MHz, D,0) & 143.9, 143.0 (m),
133.9, 125.1, 123.7, 117.2, 73.2 (t, J= 134.9 Hz), 47.8, 38.6, 30.3, 25.6, 24.9, 16.9, 15.6; 31p
NMR (202 MHz, D,0) 17.1 ppm. HRMS (TOF ESI™) m/z calcd for C14H24N307P2 (M -
H)~ 408.1090, found 408.1083.

5.24. GGDPS enzyme assay.

Recombinant GGDPS was kindly provided by Dr. Edward Snell (Hauptman-Woodward
Medical Research Institute). Enzyme assays were performed as previously described.16
Compounds were tested in duplicate at multiple concentrations and three independent
experiments were performed.

Bioorg Med Chem. Author manuscript; available in PMC 2022 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fairweather et al. Page 16

5.24 Immunoblot analysis.

RPMI-8226 cells (obtained from ATCC) were incubated with test compounds for 48

hrs. Whole cell lysate was obtained using RIPA buffer (0.15 M NaCl, 1% sodium
deoxycholate, 0.1% SDS, 1% Triton (v/v) X-100, 0.05 M Tris HCI) containing protease and
phosphatase inhibitors. Protein content was determined using the bicinchoninic acid (BCA)
method (Pierce Chemical). Equivalent amounts of cell lysate were resolved by SDS-PAGE,
transferred to polyvinylidene difluoride membrane, probed with the appropriate primary
antibodies (anti-H-Ras (610001, BD Transduction Laboratories), anti-Rapla (sc-373968,
Santa Cruz Biotechnology), anti-B-tubulin (T-5201, Sigma)), and detected using HRP-linked
secondary antibodies and Clarity ECL (for tubulin) or Millipore Immobilon ECL (for Ras
and Rapla) western blotting reagents per manufacturer’s protocols.

5.26. Lambda light chain ELISA.

Lysates generated for the immunoblot studies were utilized for intracellular lambda light
chain quantification as determined by ELISA (Bethyl Laboratories).

5.27. MTT assay.

Cells were seeded (2.5 x 104 cells/100 pL per well) in 96-well flat-bottom plates

and incubated with drugs for 48 hours. The MTT assay was performed as previously
described.** The absorbance for control cells treated with solvent only was defined as an
MTT activity of 100%.

5.28. Statistical Analysis.

Two-tailed #testing was used to calculate statistical significance. An a of 0.05 was set as the
level of significance. Concentration response curves were analyzed via CompuSyn software
(ComboSyn, Inc.,) to determine the I1Csq values for the GGDPS enzyme assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Known triazole bisphosphonates that inhibit GGDPS.

Bioorg Med Chem. Author manuscript; available in PMC 2022 August 15.

Page 20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fairweather et al.

A

Intracellular light chain (% control)

C
~ ~
~NDo KN omow
s3s~3s53s
c Sin 33 3 3
63 NW SO AN,
OJooo-oooo Unmodified
H-Ras | S mas S Snanaas s e —
Modified
uRapla - ——
B-tubulin -
D
400 —+ %
350 + * g
, o
300 + s g
* c
250 + 2
S
200 + * £
20
150 + * * F
o
100 + 3
3
50 + g
€
. <

—
g b
= <

LNNTO
LINNSZO
LINN SO
LNNT
LEWN SO0
LEWNTO
LEWNSZO
LEWNN SO

H-Ras

uRapla

-tubulin

350
300
250
200
150
100

50

0O
o
-

Page 21
(4] -
ala,a%q
= a = -
SS=20N=5=m
Sin 3331y 33
5§32 NmMSA4nNNnS
O 0000 -HOO0OO0O -
- . -t e
— - — S —
G —
*
*
x X *

AOT

6CINNTO
6 NN SZ0
6C NN S0
6CANNT
TEWNNTO
TEINNSZ0
TEWN SO

Figure 2. Cellular activity of compounds 7, 37, 29 and 31 are consistent with GGDPS inhibition.
RPMI-8226 cells were incubated for 48 hours in the presence or absence of lovastatin (10

UM, Lov) or varying concentrations of compounds 7, 37, 29 or 31. A and C) Immunoblot
analysis of H-Ras, unmodified Rapla (URapla; antibody detects only unmodified protein)
and B-tubulin (as a loading control) was performed. The gels are representative of

three independent studies. B and D) Intracellular lambda light chain concentrations were
determined via ELISA. Data are expressed as percentage of control (mean + SD, n=3). The
* denotes p<0.05 per #test and compares treated cells to untreated control cells.
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monophosphonates 27 and 11 show no activity.
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RPMI-8226 cells were incubated for 48 hours in the presence or absence of lovastatin (10
UM, Lov) or varying concentrations of compounds 17, 27 or 11. A and C) Immunoblot

analysis of H-Ras, unmodified Rapla (URapla; antibody detects only unmodified protein)
and p-tubulin (as a loading control) was performed. The gels are representative of
three independent studies. B and D) Intracellular lambda light chain concentrations were
determined via ELISA. Data are expressed as percentage of control (mean + SD, n=3). The
* denotes p<0.05 per t#test and compares treated cells to untreated control cells.
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Figure 4. The a-modified bisphosphonates, but not the monophosphonates, induce cytotoxicity in

myeloma cells.

RPMI-8226 cells were incubated for 48 hours in the presence of the novel triazoles and
MTT assays were performed. Data are expressed as percentage of control (mean * standard

deviation, n=4).
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Synthesis of new triazole bisphosphonates via an a-anion.
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Scheme 2.
Late stage introduction of the triazole.
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Scheme 3.

Elaboration of intact triazoles.
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Scheme 4.
Access to bisphosphonates via a triazole aldehyde.
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Scheme 5.
Synthesis of a-hydroxy bisphosphonates from carboxylic acids.
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Summary of the bioassay results.

Compound | GGDPS ICsq (UM) Cellular LEC (HM)l
115 2206 0.5

320 1.3+0.3 0.1

420 59+13 25

7 3.0+09 0.25

11 >100 pyM No activity up to 100 uM
17 20+05 0.5

27 >100 pyM No activity up to 100 uM
29 27+16 0.25

31 16+0.7 0.5

37 1405 0.1

Cellular LEC (lowest effective concentration) is defined as the lowest concentration for which an unmodified Rapla band is visible in the
immunoblot and a statistically significant increase in intracellular lambda light chain is observed in the ELISA.
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