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Enzymes are biological catalysts that accelerate the rates of chemical reactions 

oftentimes by many orders of magnitude compared to the corresponding uncatalyzed 

reactions. The remarkable catalytic cability afforded by enzymes derives not only from 

the peptidyl residues constituting the active sites, but may also stem from the presence of 

redox active metal ions. Such metal ions can enhance or even be responsible for the 

catalytic ability by allowing enzymes to selectively bind their substrates and stabilize 

high energy chemical intermediates and transition states along the reaction coordiante. 

Furthermore, metal ions can also provide chemical functionalities and/or reactivities that 

are not possible with the twenty canonical amino acids alone. Therefore, metal ion-

containing enzymes add considerable diversity to the types of chemistry observed in 

biochemical systems. 

The work described herein focuses on mechanistic studies of two enzymes that use 

iron to catalyze their respective reactions. In the first part of this work, studies on the 

mechanism of action of (S)-2-hydroxylpropylphosphonate epoxidase (HppE) are 

described. HppE is a mono-nuclear, non-heme iron containing enzyme that is essential 



vii 

 

for the biosysthesis of fosfomycin. In biological systems, mono-nuclear, non-heme iron 

containing enzymes mediate C-H bond activation. The HppE catalyzed reaction 

described herein is unusual in that disparate though controlled reaction outcomes are 

obesreved depending on the regiochemistry and stereochemistry of the substate. In 

particular when (R)-(1-hydroxypropyl)phosphonate is employed as the substrate, an 

unprecedented oxidative carbon-phosphorous bond migration is observed to form (1-

oxopropan-2-yl)phosphonate. Investigation of the chemical mechanism of HppE using a 

combination of organic synthesis and biochemical techniques will be described. Based on 

a combination of organic synthesis, enzymological characterization and model studies, 

evidence is provided for a carbocation-triggered C-P bond migration following hydrogen 

atom abstraction and single electron transfer to the non-heme iron in the HppE active site.  

In the second part of this dissertation, the chemical mechanism of 1-hydroxy-2-

methyl-2-(E)-butenyl-4-diphosphate reductase (IspH) is considered. This enzyme plays a 

role in regulating the production of isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP) in the methylerythritol phosphate (MEP) pathway of isoprene 

biosyntesis. IspH is a [4Fe-4S] enzyme that catalyzes a reductive deoxygenation reaction 

requiring the addition of two electrons per substrate turnover. Although extensive efforts 

have been made to understand this transformation, the mechanism of this intriguing 

reaction remains elusive. Our current data  suggest that the intereaction between the 

substratee hydroxyl group and the iron-sulfur cluster is crucial for the IspH catalysis and 

IspH has borad substrate flexibility. Taken together, our studies of HppE and IspH help to 

illustrate the catalytic diversity of non-heme iron containing enzymes, and provide 

mechanistic insights into these atypical reactions. 
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Chapter 1: An Overview of Fosfomycin Formation  

1.1 Introduction  

Phosphinic and phosphonic acids, generally termed C-P containing compounds, 

compose a group of bioactive compounds with great therapeutic potential (1). The 

general structures of these molecules are similar to phosphates (O-P bond) and 

anhydride (O-C bond) esters, but contain a carbon-phosphorous bond in place of one 

or more oxygen-phosphorous bonds. Since the identification of the first phosphonates, 

2-aminoethane phosphonic acid, in 1959, more C-P compounds have been identified 

and many of them are biologically active and are used as antibiotics and herbicides 

(2-3). Additionly, a wide variety of phosphinate- and phosphonate-containing 

phosphonolipids and glycoproteins are also known with diverse bioactive properties. 

Some examples of naturally occurring phosphonates include fosfomycin (1) and 

plumbemycin A (2), both antibiotics; phosphinothricin (3), a herbicide; and 

fosmidomycin (4), an antimalarial compound (figure 1.1.1). 

 

Figure 1.1.1: Representative naturally occurring phosphonates and phosphinates. 
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1.2 Biosynthetic Pathway of Fosfomycin 

Fosfomycin, (1R,2S)-epoxypropylphosphonic acid, is a natural product found in 

Streptomyces fradiae, Streptomyces wedmorensis, Streptomyces viridochromogenes, 

Pseudomonas syringae and Pseudomonas viiridiflava (4-6). Fosfomycin (Monurol ® ) 

is an FDA-approved drug for the treatment of urinary tract infections, and in other 

countries it is also used for gastrointestinal infections. Fosfomycin is not only 

effective against both Gram-negative and Gram-positive bacterial infections but also 

against vancomycin resistant Staphylococcus infection (7-8). It has been suggested 

that fosfomycin blocks bacterial cell wall biosynthesis by covalent alkylation of the 

cysteine residue in the active site of 

UDP-N-acetyl-glucosamine-3-O-enolpyruvyltransferase (MurA), which is an essential 

enzyme in the biosynthesis of peptidoglycans (9-12). 

Combining genetic techniques with feeding experiments using isotopically 

labeled precursors, the biosynthesis of fosfomycin was first studied by the Seto 

laboratory (13). On the basis of these findings, a biosynthetic pathway was proposed 

as shown in Scheme 1.2.1 (13-14). All enzymes involved in the fosfomycin 

biosynthesis will be discussed in the following sections.   
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Scheme 1.2.1: Proposed pathway for fosfomycin biosynthesis. 

 

1.2.1 Phosphoenolpyruvate Mutase (Fom1) and Phosphoenolpyruvate  

Decarboxylase (Fom2) 

The first two enzymatic transformations (Fom1 and Fom2) are the same as in the 

formation of 2-aminoethylphosphonate (AEP). Thermodynamically, the reaction 

between phosphoenolpyruvate (PEP, 5) and phosphonopyruvate (PnPy, 6) favors PEP 

(5) by more than 500-fold (15). The equilibrium position of this reaction appears to be 

determined by the higher energy of the P-C bond as compared to the P-O bond. By 

following the reaction in the reverse reaction, several groups reported the successful 

isolation and determination of activity of phosphoenolpyruvate mutase in the late 

1980s (15-17). Due to the apparent retention of configuration between PEP and PnPy 

during the reaction, a mechanism involving a phosphonoenzyme intermediate was 

proposed (Scheme 1.2.2) (18-19). First, the attack of PEP by an active site nucleophile 

forms an intermediate with inversion of configuration. Subsequent attack of the 
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pyruvate enolate on this phosphonoenzyme intermediate, leads to the formation of 6, 

also with inversion of configuration. Thus, the net retention of configuration is likely 

a result of double inversion of configuration during the catalysis. However, attempts 

to trap either the phosphoenzyme intermediate or the enolate were unsuccessful. It 

was originally suggested that D58 serves as the nucleophile. But in the X-ray crystal 

structure, D58 is 6 Å  away from the sulfur atom from the inhibitor. Furthermore, 

although the activity of the D58N mutant is greatly reduced, it is still catalytically 

active. These results are inconsistent with the proposed mechanism which involves 

D58 as the nucleophile. The combined results obtained from the of structural and 

mutagenesis studies (20-21) prompted Dunaway-Mariano, Herzberg, and coworkers 

to propose an alternative mechanism as shown in Scheme 1.2.2. It is conceivable that 

PEP mutase catalyzed reaction goes through a dissociative pathway with a 

metaphosphate species as the intermediate, which is stabilized by active site residues. 

Meanwhile, the rotation about the C1-C2 bond of the pyruvate enolate enables C3 to 

attack the metaphosphate intermediate to afford the Pnpy product (6) (20-21).   

When PnPy is incubated with PEP mutase, the majority of PnPy is converted to 

PEP (15). This result suggests the rapid equilibrium in the PEP mutase catalyzed 

reaction. To drive the reaction forward, PnPy is decarboxylated to 

phosphonoacetaldehyde (PnAA, 7) by phosphonopyruvate decarboxylase (Fom2) 
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right after the PEP mutase reaction. Fom2 is a member of the –ketodecarboxylase 

family, utilizing thiamin pyrophosphate and a divalent metal ion for the catalysis. It is 

also a membrane-bound protein which is very difficult to purify and characterize 

(22-23). 

 

Scheme 1.2.2: (A) Schematic diagram of Fom1 and Fom2 function. (B) The proposed 

mechanism for Fom1, involving two successive nucleophilic attacks. Oxygen atoms 

are colored to show the stereochemistry along reaction coordinate. (C) Recently 

proposed mechanism for Fom1, involving a metaphosphate intermediate. 
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1.2.2 Phosphonoacetaldehyde Reductase (FomC) and 

2-Hydroxyethylphosphonate Methyltransferase (Fom3) 

The function of FomC is to reduce phsophnoacetaldehyde (PnAA, 7) to 

2-hydroxylethylphosphonate (HEP, 8) (Scheme 1.2.3). The function of FomC was 

recently confirmed through an in vitro assay (24). FomC belongs to the group III 

iron-dependent alcohol dehydrogenase family and uses NADPH as the reducing 

equivalent for catalysis. Sequence alignment of FomC with other members in this 

family reveals several conserved residues. Interestingly, among the conserved 

residues, FomC uses glutamine instead of histidine as the fourth ligand to bind to iron 

(25). At this point, the reason for such displacement remains unclear. 

According to the proposed biosynthetic pathway for fosfomycin, 

2-hydroxylethylphosphonate (HEP, 8) is converted to 2-hydroxylproylphosphonate 

(HPP, 9) by 2-hydroxylethylphosphonate methylthansferase (Fom3). It is worthy to 

point out that in the original proposed biosynthetic pathway, PnAA (7) is directly 

converted to HPP (9) as indicated by the dashed lines in the Scheme 1.2.3. In the 

revised pathway, HEP (8) is introduced as “an additional” intermediate. In the new 

scheme, the methyl group is added to the carbinol carbon (7 → 8 → 9) rather than 

added to the aldehyde moiety (7 → 9). Sequence analysis reveals that Fom3, the 

proposed enzyme in charge of this unusual transformation, has two conserved 
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domains. The N-terminal domain is identified as a B12 binding domain and the 

C-terminal domain shows characteristics of the radical-SAM (S-adenosyl methionine) 

proteins, having three conserved cysteine residues that function as ligands for an 

iron-sulfur cluster (26-27).  

 

Scheme 1.2.3: Proposed functions of FomC and Fom3. The dashed arrow shows the 

original proposed function of Fom3. 

  

Based on feeding experiments using stereospecifically deuterium-labeled HEP, a 

feasible mechanism for Fom3 has been proposed as shown in Scheme 1.2.4 (28-29). 

In Scheme 1.2.4, after substrate binding, electron transfer from the reduced [4Fe-4S] 

cluster to SAM leads to C-S bond cleavage to form a 5’-deoxyadenenosyl radical (11

→  12). This step has been suggested to be a common step shared by other 

radical-SAM dependent proteins (30-31). This radical species then abstracts a 

hydrogen atom from C2 of the HEP (8) at the pro-R position (12→13). Such 
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homolytic cleavage of a carbon-hydrogen bond proximal to a hydroxyl group by 

5’-deoxyadenenosyl radical is well documented in adenosylcobalamin-dependent 

enzymes (32). The resulting substrate radical can abstract the methyl group of the 

methylcobalamin (MeCbI) to generate HPP (9) and cobalamin (13→14). When 

(2,2-
2
H2)-HEP was fed to Streptomyses fradiae, 34% of the fosfomycin product 

isolated contained one deuterium. When feeding with either singly labeled compound, 

(S)-(2-
2
H)-HEP or (R)-(2-

2
H)-HEP, only (R)-(2-

2
H)-HEP resulted in 32% deuterium 

retention, whereas (S)-(2-
2
H)-HEP showed no deuterium labeling (28, 33). These 

results indicate that the hydrogen atom removal catalyzed by Fom3 is pro-S 

stereospecific. 
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Scheme 1.2.4: Proposed mechanism for Fom3 catalyzed methyl group transfer to HEP 

 

1.2.3 2-Hydroxylpropylphosphonate Epoxidase (HppE, Fom4) 

The last enzyme in the fosfomycin biosynthetic pathway catalyzes an unusual 

reaction lading to the conversion of (S)-HPP (9) to fosfomycin. This reaction is 

catalyzed by Fom4, which has been renamed (S)-HPP epoxidase (HppE). The 

mechanistic studies of HppE are the primary focus of this dissertation. The reaction 

catalyzed by HppE is apparently an epoxidation reaction; but, it differs from many 
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other epoxidation reactions in the biological systems.  

Most biosynthetic reactions toward oxirane formation require molecular oxygen 

as the source of the epoxide oxygen in the products. The best characterized group of 

enzymes in charge of oxirane formation is the P450 epoxidases, which use heme as 

the coenzyme to insert one oxygen atom from O2 into the olefin moiety of their 

substrates. In organic reactions, the triplet ground state of O2 needs to be converted to 

the more reactive singlet state first to react with the organic reactants. In biological 

systems, conversion of stable molecular oxygen to reactive oxygen species is usually 

facilitated by transition metal ions (Mn, Fe, or Cu) involved in electron transfer or by 

redox active cofactors (such as flavin or pterin) (34-35). Many natural products whose 

formation involve P450 epoxidases have been studied, such as epothilone (15), 

mycinamicin (16), FD-981(17), etc (Figure 1.2.1) (36-38).  
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Figure 1.2.1: Representative epoxide-containing natural products whose biosyntheses 

involve P450-type epoxidases. 

 

Shown in Scheme 1.2.5 is the typical reaction mechanism of P450 catalyzed 

epoxidation. Upon substrate binding, the iron center is transformed to a high spin state 

(S = 5/2, five –coordinate) from a low spin state (S = 3/2, five –coordinate) (18 → 

19). The iron is then reduced to the ferrous state by accepting one electron from an 

external reductase protein (19 → 20). Upon molecular oxygen binding, a ferric 

superoxo species is generated (20 → 21), which is then reduced by one electron 

coupled with proton transfer to form ferric hydroperoxide (Fe
III

-OOH) (22), also 

known as compound 0 (Cpd0). Protonation of compound 0 leads to O-O bond 

cleavage to generate an oxy-ferryl porphyrin cationic radical species (22 → 23), 

compound I (Cpd I), which is generally considered to be the reactive oxygen species. 
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The double bond is then oxidized by CpdI to an epoxide in a concerted (23 → 25) or 

stepwise (23 → 24 → 25) fashion via compound II (24 )(Cpd II) (39-40).  

Scheme 1.2.5: Catalytic cycle for P450 epoxidase. 

 

While molecular oxygen serves as the oxygen source for most natural product 

epoxidases, epoxidation in the biosynthesis of fosfomycin (1) follows a different 

mechanism. The epoxidation step in fosfomycin biosynthesis is performed by 

(S)-2-hydroxypropylphosphonate (HPP) epoxidase (HppE), a non-heme mononuclear 

iron containing enzyme that catalyzes the oxidation of (S)-HPP (9) to fosfomycin (1) 

(Scheme 1.2.6). The transformation requires Fe, O2, NADPH, and an electron carrier 

(either a general reductase or a redox active small molecule, such as flavin) for 

activity, but not -ketoglutarate (14, 41-42). However, the physiological reductase has 

not been identified thus far. Early studies demonstrated that the oxygen atom in the 
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epoixde ring of fosfomycin is derived from the C2 hydroxyl group of (S)-HPP, rather 

than from O2. In addition, the pro-R hydrogen atom at C1 is stereospecifically 

removed during turnover (41, 43-44) (Scheme 1.2.6). Therefore, the reaction 

catalyzed by HppE is effectively a dehydrogenation reaction converting a secondary 

alcohol substrate to form an epoxide product. Extensive mechanistic investigations 

using substrate analogues, mutagenesis experiments, and spectroscopic analysis have 

been carried out to study this unique non-heme mononuclear iron epoxidase (45-47).  

The X-ray crystal structure of HppE, solved anaerobically in the presence and 

absence of (S)-HPP (1), provided important insights into the mechanism of HppE. 

HppE is a member of the cupin superfamily with a jelly roll of –barrel domain. It 

uses a 2-His-1-carboxylate facial triad (formed by His138, His180, and Glu142 in 

Streptomyces wedmorensis HppE) to bind iron in the active site. Two substrate 

binding modes were observed in these structures, a monodentate coordination of 

(S)-HPP (1) via the phosphonate group, and a bidentate-type interaction involving 

coordination of the phosphonate and hydroxyl groups to the iron center, leaving the 

last coordination site for O2 binding. It is likely that the bidentate binding mode 

induces a conformational change converting HppE to a closed confirmation that may 

protect the reactive intermediate. Interestingly, when the molecular oxygen and 

(S)-HPP are bound to the iron center, the only accessible hydrogen atom is the the 
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pro-R hydrogen at C1, which is consistent with the pro-R stereospecificity of C1 

H-abstraction (48) (Figure 1.2.2).  

 

Fiure 1.2.2: The X-ray structure of HppE active site (pdb code: 1ZZ8). 

 

The proposed chemical mechanisms for the conversion of (S)-HPP (9) to 

fosfomycin (1) are shown in Scheme 1.2.6. After O2 binding to the substrate-enzyme 

complex, a single electron transfer from the iron center to O2 generates the ferric 

superoxide species (26 → 27). Hydrogen atom removal occurs stereospecifically at 

C1 by a reactive iron-oxygen species (27, 28 or 29), followed by oxraine formation 

and one electron transfer to the iron (27 → 30 → 31 → 1, 28 → 31 → 1, or 29 → 32 

→ 1) to complete the catalytic cycle. Clearly, two reducing equivalents are required to 

complete the catalytic cycle which are supplied by NADPH via an electron carrier in 

vitro or a NADPH-dependent reductase in vivo. The exact timing of introducing the 

two electrons for the overall reactions distinguishes the three proposed mechanisms in 
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which either a Fe(III)-superoxide (27), Fe(III)-hydrogenperoxide (28), or a 

Fe(IV)-oxo species (29)  is responsible for the abstraction of the hydrogen atom 

from C1 of (S)-HPP. In all pathways, the substrate radical at C1 is proposed to go 

through a rebound-like mechanism.  

 

Scheme 1.2.6: The overall reaction catalyzed by HppE and the proposed mechanisms 

for the HppE-catalyzed transformation. 
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HppE not only converts (S)-HPP (9) to fosfomycin (1), it also catalyzes the 

oxidation of (R)-HPP (33) to the corresponding ketone (34). Interestingly, when 

(R)-HPP (33) is used as the substrate, the hydrogen atom removal occurs at C2. 

Evidence for the regiospecificity of carbon-hydrogen bond cleavage during HppE 

turnover is obtained from studies using (R)-1,1-difluoro-HPP (35), which is also 

converted to the 2-keto product (36). It is thus proposed that this reaction occurs 

through hydrogen atom abstraction at C2 to form a ketyl radical species (37) which is 

then oxidized to the ketone product (Scheme 1.2.7) (45). 

 

Scheme 1.2.7: HppE-catalyzed (R)-HPP and (R)-1,1-difluoro-HPP (35) reaction. 

 

To further understand the HppE-catalyzed reaction mechanism, kinetic isotope 

effect (KIE) studies were also performed. Experiments using various deuterated (S)- 

and (R)-HPP compounds revealed a primary isotope effect on (S)-HPP turnover 
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(
D
Vmax = 1.5) and no isotope effect on (R)-HPP (

D
Vmax = 1.0). These results suggest 

that hydrogen atom abstraction is partially rate limiting for (S)-HPP turnover, but is 

unlikely for (R)-HPP. The difference between the reactions with (S)- and (R)-HPP 

may be attributed to the different bond strengths of the C1-H and C2-H bond, which 

are calculated to have bond dissociation energies of 96.5 and 89.0 kcal/mol, 

respectively (49). All proposed reactive oxygen species (27, 28, or 29) can potentially 

abstract a hydrogen atom from C1 of (S)-HPP or from C2 of (R)-HPP. Interestingly, 

the 
18

O KIE on kcat/Km(O2) for the reaction with (S)-HPP, was determined to be 1.0120. 

The magnitude is consistent with the involvement of a ferric peroxy ([Fe
III

-OOH]) 

species in the rate-determining step. Formation of the Fe
III

-OOH species may arise 

from hydrogen atom abstraction from the substrate by Fe
III

-OO•(27 → 30). Another 

possible path to generate the ferric peroxy intermediate involves rate-limiting proton 

coupled electron transfer to Fe
III

-OO•(27 → 28) and it is Fe
III

-OOH serving as the 

reactive species to cleave the C-H bond (28→31) (50).   

A similar reaction was also found in the biosynthetic pathway of the tropane 

alkaloid, scopolamine (40), isolated from Hyoscyamus niger. An epoxide ring 

formation reaction is believed to be catalyzed by hyoscyamine 6β-hydroxylase (H6H). 

H6H is a mononuclear non-heme iron-dependent oxidase. In contrast to HppE, it 

requires -ketoglutarate (-KG) for its activity (51-52). H6H catalyzes broad 
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reactions, including hydroxylation (3839), dehydrogenation (3940), and 

epoxidation (4140) reactions (Scheme 1.2.8) (53).  

Scheme 1.2.8: The reactions catalyzed by H6H. 

 

Due to the involvement of -ketoglutarate as a co-substrate, the H6H reaction 

mechanism is distinct from that of HppE. In general, the reactions catalyzed by 

Fe(II)/-KG-dependent enzymes can be divided into two stages: the first stage 

involves the reaction of -KG with O2 to generate a high valent iron-oxo species (42), 

which then oxidizes the substrate (RH) in the second half of the reaction (Scheme 

1.2.9) (54). Formation of the 6-hydroxylated product (39) is predicted to follow such 

a pathway. Likewise, the same iron-oxo species (42) is also expected to play a key 

role in the epoxidation reaction (39  43  40) (Scheme 1.2.10). Interestingly, H6H 

also has monooxygenase activity (41  40). To date, detailed biochemical and 

mechanistic studies on H6H are lacking. 
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Scheme 1.2.9: General reaction mechanism of Fe(II)/-KG-dependent enzymes. 

 

 

Scheme 1.2.10: Proposed mechanism for H6H-catalyzed epoxidation reaction. 

 

1.3 2-Hydroxylethylphosphonate Dioxygenase 

Phosphinothricin-containing peptides (PT-containing peptides) were first 

discovered in the 1970s. A particular example isolated from Streptomyces 

viridochromogenes is a tripeptide (PT-Ala-Ala) (designated phosphinothricin 

tripeptide, PTT, 45, Scheme 1.3.1) which has antibacterial activity (55). Structurally, 

PTT is analogous to glutamate, and thus, it can serve as a potent inhibitor of 

glutamate synthetase. Although, PTT has great antibacterial activity, it is rarely used 
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clinically because its activity can be counteracted by glutamine presents in the hosts. 

On the other hand, PTT is commonly used as an herbicide because glutamine 

synthetase is essential in pH homeostasis in plants (56). The biosynthetic pathway for 

PTT was largely elucidated in the 90s and the complete PTT gene cluster from 

Stereptomces viridochromogenes was recently identified and found to contain 24 

genes (57-58). Among enzymes encoded therein, one enzyme encoded by phpD 

shares structural similarity to HppE, but catalyzes a completely different reaction.  

 

Scheme 1.3.1: Proposed biosynthetic pathway of PTT. 

        

The 2-hydroxylethylphosphonate dioxygenase (HEPD) catalyzes the conversion 

of HEP (8) to hydroxylmethylphsophonate (44) involving an unprecedented excision 

of a methylene moiety (59). HEPD has a dimeric architecture consisting of an 

–helical domain linked to a –barrel fold, which is characteristic among members of 

cupin family. Although sequence analysis shows that HEPD and HppE have no 

homology, HEPD is structurally homologous to HppE. In the native form, HppE is a 
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tetramer, but HEPD is a dimer. However, the active sites of these two proteins are 

very similar. In HEPD, 2 His and 1 Glu are used as the facial triad to coordinate to the 

iron center. As described previously for HppE, the substrate also binds to HEPD in a 

bidentate fashion using its hydroxyl group and phosphonate moiety. Compared to the 

HppE-catalyzed reaction, which is an epoxidation reaction requiring two external 

electrons, the reaction catalyzed by HEPD is a one-carbon scission reaction which is 

molecular oxygen dependent, but does not require external reductants. Thus, all four 

electrons required for the reduction of O2 to H2O in this reaction comes from the 

substrate. Experiments using isotope labeled substrates demonstrated that the excised 

carbon is converted to formate and the hydrogen atoms on C1 of the substrate (HEP, 9) 

remain attached on the product (HMP, 44). Three possible mechanisms which could 

account for this unusual transformation are shown in Scheme 1.3.2 With substrate 

binding to the active site of HEPD, the O2 coordinates to the iron center and to form 

the Fe(III)-superoxide intermediate (46). This is followed by hydrogen atom 

abstraction from C2 of HEP to generate the second intermediate (46 →  47). 

Subsequent hydroxyl rebound yields Fe(IV)-oxo and the hemiacetal intermediate 

(hydroxylation, 47 →  48). The hemiacetal intermediate then undergoes retro 

Claisen-type caron-carbon bond cleavage (48 → 49) and the resulting negative 

charge on C1 attacks the ferryl-oxo intermediate resulting in HMP (44) formation (49
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→ 50 → 44). The second mechanism involves the formation of the intermediate 51 

(hydroperxylation), which undergoes Criegee-type rearrangement to generate the 

formate ester of HPP (51 → 52). Hydrolysis of this will afford both formate and 

HMP (52 → 53 → 44). The third mechanism begins with carbon-oxygen bond 

oxidation (47 → 54) followed by nucleophilic attack (54 → 55). The resulting 

intermediate (55) then undergoes O-O bond cleavage to generate an oxygen radical 

and then formation of formate and the corresponding C1 radical (55 → 56 → 57). 

The last step is hydroxylation of the resulting radical to form the final product, HMP 

(57 → 44) (59-62). Detailed mechanistic studies using spectroscopic techniques, 

substrate analogues, and calculation studies are being actively pursued by several 

laboratories. 
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Scheme 1.3.2: Current working models for HEPD catalysis. 

 

1.4 Thesis Statement 

       The focus of the first part of this dissertation is the mechanistic study of 

HppE. HppE catalyzes the last step of in the biosynthesis of fosfomycin, a natural 

product effective against both Gram positive and Gram negative bacteria. HppE is a 

member of the non-heme mononuclear iron enzymes which catalyze the 

dehydrogenation reaction of (S)-HPP (9) to generate fosfomycin (1). HppE also 

catalyzes the formation of (2-oxopropyl)phosphonate (34) using (R)-HPP (33) as the 



24 
 

substrate. The HppE catalysis is unique for three reasons. First of all, the epoxidation 

reaction catalyzed by HppE is different from those catalyzed by P450-type enzymes. 

Namely, in reactions catalyzed by P450 monooxygenases, the epoxide oxygen is 

derived from molecular oxygen. But in HppE, formation of the oxirane moiety is due 

to dehydrogenation of a secondary alcohol group of the substrate; thus the oxirane 

oxygen is derived from the hydroxyl group of the substrate. Second, the 

HppE-catalyzed reaction requires both an external reductant and an electron carrier 

protein to complete the reaction. Importantly, -KG or ascorbate which are commonly 

used as co-substrates by non-heme mononuclear iron containing enzymes are 

inhibitory toward HppE reaction. Third, studies of the substrate specificity of HppE 

revealed that the stereochemistry of the substrate governs the enzymatic fate. More 

importantly, previous results also indicate that non-natural substrates bond differently 

in the active site of HppE under the influence various non-covalent interactions. In 

Chapter 2, mechanistic studies of HppE-catalyzed reaction using 

1-hydroxylpropylphosphonate as substrate will be addressed. In Chapter 3, the 

mechanism of the HppE-catalyzed reaction will be evaluated using various substrate 

analogues along with substrate isotopomers. 
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Chapter 2: Discovery, Characterization and Mechanistic Implication 

of an Unusual Carbon – Phosphorous Bond Migration Catalyzed by 

(S)-2-Hydroxylpropylphosphonate Epoxidase (HppE) 

2.1 Introduction: 

Fosfomycin belongs to a growing family of natural products that contain a 

carbon-phosphorous bond (1). Among them, fosfomycin (1), 

2-aminoethylphosphonate (AEP, 2), and phosphinothricin tripeptide (PTT, 3) are all 

biosynthesized using phosphoenolpyruvate (PEP, 4). The C-P bond is constructed in 

an intramolecular rearrangement reaction of PEP to phosphonopyruvate (Pnpy, 5), 

catalyzed by PEP mutase. Chemically speaking, the reaction catalyzed by PEP mutase 

is the transformation of a phosphate to a phosphonate (Scheme 2.1.1). Such 

phosphorous migration reactions are rare in the biological systems (2-3).  

 

Scheme 2.1.1: C-P bond containing natural product biosynthesized from PEP.  

 

Previous studies of HppE from Streptomyces wedmorensis revealed that it is a 

mononuclear non-heme iron-dependent enzyme and requires FMN, NADH and 
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molecular oxygen for activity (4-5). Isotope labeling experiments demonstrate that no 

oxygen atoms from O2 is incorporated into fosfomycin; instead, the oxygen atom of 

the epoxide is derived from the hydroxyl group of the substrate. Therefore, the 

reaction catalyzed by HppE is effectively a dehydrogenation reaction rather than an 

oxygenation reaction (4-5). Recent spectroscopic and structural studies revealed that 

the substrate, (S)-2-hydroxylpropylphosphonate ((S)-2-HPP), binds to the 

mononuclear iron site in a bidentate mode, which forms a six-membered ring between 

the substrate and the iron center (Figure 2.1.1) (6-7). With such substrate-metal 

coordination in the active site, only one hydrogen atom (pro-R hydrogen) at C1 of the 

substrate is accessible to the reactive iron-oxygen intermediate. It is possible that the 

coordination of the phosphonate and hydroxyl groups of the substrate helps to activate 

the iron center toward molecular oxygen binding and facilities the formation of higher 

iron oxidation states for catalysis (6). Interestingly, HppE also catalyzes the oxidation 

of (R)-2-hydroxylpropylphosphonate ((R)-2-HPP) to form (2-oxopropyl)phosphonate 

(8). Inspired by these findings, we explored the substrate flexibility of HppE by 

examining the competence of both (S)-1-hydroxylpropylphosphonate (6) and 

(R)-1-hydroxylpropylphosphonate (7) as substrates. If the binding of 6 and 7 to HppE 

also adopts the bidentate mode, these substrates will form a five-membered ring 

instead of six-membered ring with the metal center (Figure 2.1.2), which may affect 
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the reactivity and selectivity of HppE.  

 

Figure 2.1.1: The X-ray structure of the active site of HppE (pdb code: 1ZZC). 

 

 

Figure 2.1.2: Six-membered v.s. five-membered ring binding modes of (S)-2-HPP and 

1-HPP to the iron center of HppE. 
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Upon incubation with HppE, (S)-1-hydroxylpropylphosphonate (6) is converted 

to propionylphosphonate (8). When (R)-1-hydroxylpropylphosphonate (7) is 

incubated with HppE, 1-oxopropan-2-ylphosphonate (9) was isolated as the sole 

product (Scheme 2.1.2). The structure of 9 was determined by NaBH4 reduction 

compound 9 to the more stable product, 1-(hydroxymethyl)ethylphosphonate (10). 

The structure of 10 was confirmed by comparison to a chemically synthesized 

standard.  

Formation of 8 from 6 is an oxidation reaction of a secondary alcohol to a ketone, 

similar to the conversion of (R)-2-HPP to (2-oxopropyl)phosphonate.  However, the 

oxidation of 7 to 9 is unique in that it involves an unusual phosphorous group 

migration. Different from the oxidation of unactivated aliphatic carbon chains by 

P450s and dinuclear iron enzymes, in which carbon skeleton rearrangement products 

are usually minor species within a mixture of products (9-10), compound 9 is the sole 

product of the HppE-catalyzed oxidation ofwhen 7 is used as the substrate (Scheme 

2.1.2). 

 

Scheme 2.1.2: HppE-catalyzed reactions using substrate analogues 6 and 7. 
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To further characterize the phosphorous group migration reaction, 

(R)-[1-
13

C]-1-hydroxypropylphosphonate ([1-
13

C]-7) was synthesized and incubated 

with HppE (11). 
13

C NMR analysis shows that the phosphonate moiety is directly 

linked to 
13

C1 in the substrate ([1-
13

C]-7), as suggested by a large C-P coupling 

constant of 150.0 Hz. As expected, this coupling constant is greatly reduced to 2.7 Hz 

in the product (11). This result provides strong evidence for a 1,2-shift of the 

phosphorous group from C1 to C2 during catalytic turnover (Scheme 2.1.3). To our 

knowledge, such an enzyme-catalyzed phosphorous migration between two carbon 

atoms (C-P-C) is unprecedented. However, such a migration reaction has been 

observed in chemical reactions using Lewis acids under harsh conditions (12-13) 

(Scheme 2.1.4). The key mechanistic question is whether the phosphonate migration 

during conversion of 7 to 9 is a radical- or cation-induced event. To probe these two 

mechanistic possibilities, model studies with compounds 12 and 13 were carried out 

(11). As shown in Scheme 2.1.4, when 12 was treated with silver triflate to generate a 

carbocation intermediate (14), the migration product 15 was formed. In contrast, when 

the alkyl radical (16) was generated by UV exposure of compound 13, formation of 

17 was observed (11). These findings clearly demonstrate that formation of a 

carbocation intermediate is a prerequisite for the phosphonate migration to occur in 

the model systems. 
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Studies aimed at elucidating the mechanism of the unprecedented 

HppE-catalyzed carbon-phosphorous bond migration reaction using synthetic 

analogues and biophysical methods are the focus of this chapter. 

 

Scheme 2.1.3: HppE-catalyzed oxidation of 
13

C-labled R-1-HPP (11).  

 

Scheme 2.1.4: Model studies of the phosphonate migration reaction. 
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2.2 Experimental Procedures 

2.2.1 General procedures 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Pittsburgh, PA) and were used without purification unless specifically 

mentioned. Analytical thin layer chromatography (TLC) was carried out on pre-coated 

TLC aluminum plate (silica gel, grade 60, F254, 0.25 mm layer thickness) acquired 

from EMD chemicals (Madison, WI). Flash column chromatography was performed 

using silica gel (230-400 mesh, grade 60) obtained from Sorbent Technologies 

(Atlanta, GA). Mass analysis was conducted at the mass spectrometry and proteomics 

facility of the Department of Chemistry and Biochemistry, the University of Texas at 

Austin. Nuclear magnetic resonance (NMR) spectra were recorded using Varian 400, 

500 or 600 MHz spectrometer at the nuclear magnetic resonance facility of the 

Department of Chemistry and Biochemistry, the University of Texas at Austin. 

Enzymes, PCR primers, pCRBlunt vector, molecular weight marker, and E. coli 

BL21 star (DE3) are products of New England Biolabs (Beverly, MA) or Invitrogen 

(Carlbad, CA). Luria-Bertani (LB) media was acquired from Difco (Detroit, MI). All 

reagents for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

were purchased from Bio-Rad (Hercules, CA). Amicon YM-10 filter was product of 

Millpore (Bilerica, MA). Protein concentrations were determined by the Bradford 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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assay using bovine serum albumin as the standard. The molecular mass and purity of 

enzyme solutions were estimated by using SDS-PAGE. 

 

2.2.2 Purification of HppE  

Recombinant HppE from Streptomyces wedmorensis was overproduced in E. coli 

BL21(DE3)/pPL1001. A 30 mL overnight culture of E. coli BL21(DE3)/pPL1001 

grown at 37 
o
C in LB medium supplemented with kanamycin (50µg/mL) was used to 

inoculate 6L of the same medium at 37 
o
C. When the O.D. 600 reached 0.4, the 

temperature of incubator was lowered to 18 
o
C and IPTG was introduced to the 

medium with a final concentration 0.05 M to induce gene expression. After incubation 

for 14 hr at the same temperature, cells were harvested by centrifugation (4000 x g, 10 

min) at 4 
o
C, washed with Tris•HCl buffer (20 mM, pH 7.5), and subjected to another 

round of centrifugation (4000 x g, 10 min). Typically, ~ 5 g of wet cells per liter can 

be obtained using this protocole.  

Thawed cells were suspended in 4 equivalents of lysis buffer (20 mM Tris•HCl, 

pH 7.5, 0.1 mM DTT, 1.0 mM EDTA). The resuspended cells were sonicated using 6 

x 40 sec ultrasonic bursts, with a 90 sec cooling interval between each burst cycle. 

Cellular debris was removed by centrifugation (18,000 x g, 20 min) and the 

supernatant was fractionated by ammonium sulfate precipitation. The 35-65 % 
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ammonium sulfate precipitate was collected, resuspended in the Tris•HCl buffer (20 

mM, pH 7.5), and dialyzed against the same buffer (1.0 L x 4). The dialysate was then 

loaded onto a DEAE-Sepharose CL-6B column (2.5 x 30 cm) which was equilibrated 

with Tris•HCl buffer (20 mM, pH 7.5). The column was washed with 50 mL of 

elution buffer (20 mM Tris•HCl, pH 7.5, 0.18 M NaCl). The elution was continued 

with a linear gradient of NaCl from 0.18 to 0.30 M in 20 mM Tris•HCl, pH 7.5 (~2.0 

L). The flow rate was 4 mL/min and the eluate was collected in 15 mL fractions. 

Fractions containing HppE, as determined by SDS-PAGE, were pooled and 

concentrated using an Amicon YM-10 membrane. The resulting protein solution was 

subjected to dialysis against 20 mM Tris•HCl, pH 7.5 buffer (1.0 L x 3) and stored at 

-80 
o
C until use. 

 

2.2.3 HPLC activity assay 

Enzyme assays were carried out in triplicate in 100 µL of 50 mM Tris•HCl, pH 

7.5 buffer. The apo-HppE was reconstituted using ferrous ammonium sulfate. The 

reaction was initiated by adding reconstituted HppE and FMN to a mixture of 

substrate and NADH. The final concentrations were as followed: 50 µM HppE, 50 

µM Fe
2+

, 1.5 mM FMN, 5.0 mM substrate and 10.0 mM NADH. The reaction was 

quenched by addition of 100 µL 2.0 M acetic acid and the resulting reaction mixture 
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was subjected to ultracentrifugation (13,200 rpm x 40 min) to precipitate the protein. 

The samples (77 µL each) were analyzed with a HPLC system equipped with a 

Dionex CarboPac PA-1 (4 x 250 mm) column. The elution system was composed of 

pure water (solvent A) and 500 mM NH4OAc (solvent B) using the following gradient: 

5% B for 3 min, 5 % to 100% B over 45 min, 100% B for 10 min, 100% to 5% B over 

2 min. The flow rate was 1.0 mL/min. A Corona charged aerosol detector (CAD) 

(ESA, Inc., Chelmsford, MA) was used as the detection system which is capable of 

detecting nonvolatile compounds. The amount of substrate consumption/product 

formation was determined by peak integration. The peak areas of the 

substrate/product signals were correlated to concentrations using a calibration curve. 

The amount of substrate consumed was normalized by dividing with the concentration 

of HppE, and then plotted versus time to determine kobs. Based on the assumption that 

reaction is conducted under substrate saturating conditions, kobs should be equal to kcat.  

 

2.2.4 NMR activity assay 

The HppE catalyzed reactions would also be monitored by in-situ NMR using a 

Varian 600 MHz NMR spectrometer. Each assay mixture contained 0.25 mM HppE, 

0.25 mM Fe
2+

, 7.5 mM FMN, 25.0 mM substrate, and 37.5 mM NADH in 700 µL of 

50 mM Tris•HCl, pH 7.5 buffer. The time course of the HppE-catalyzed reaction was 
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followed by 
1
HNMR spectroscopy. 

 

2.2.5 Synthesis of (S)-(1-hydroxypropyl)phosphonic acid (6) and 

(R)-(1-hydroxypropyl)phosphonic acid (7) 

 

(a) P(OEt)3 0.40 eq, neat, RT, 80%; (b) NaBH4 1.0 eq, MeOH, RT, 84%; (c) lipase 

AK/ vinylacetate, diisopropylether, RT, 45% for 21 and 45% for 22; (d) aqueous 

NaOH (1.0 M) 2.0 eq, water, 0 
o
C to RT, 90%; (e) TMSBr 5.0 eq, CH2Cl2, RT, 83% 

for 6 and 85% for 7. 

 

Diethyl propionylphosphonate (19) (14-15). Triethyl phosphite (16.6 g, 100 mmol) 

was slowly added to propionyl chloride (23.1 g, 250 mmol) at room temperature using 

additional funnel. After addition, the reaction was stirred for 24 hr. Excess propionyl 

chloride was removed in vacuo, and the crude product (80%) was used in the next 
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step without further purification. The 
1
H and 

31
P NMR spectra of 19 were consistent 

with those reported in the literature (16).  

Diethyl 1-hydroxypropylphosphonate (20). To a solution of 19 (1.94 g, 10 mmol) in 

30 mL of MeOH was added NaBH4 (380 mg, 10 mmol) at room temperature, and the 

solution was stirred for 2 hr. The reaction mixture was quenched by the addition of 

acetone (5.0 mL) and extracted using ethyl acetate (30 mL x 3) and water (20 mL). 

The combined organic layers were washed with brine (40 mL), dried over MgSO4, 

and concentrated under reduced pressure to afford 20 as a colorless oil (84%). 
1
H 

NMR (CDCl3) δ1.06 (t, J = 7.4 Hz, 3 H), 1.33 (t, J = 7.0 Hz, 6 H), 1.70 (m, 1 H), 1.81 

(m, 1 H), 3.40 (br, 1 H), 3.76 (m, 1 H), 4.16 (m, 4 H);
 31

P NMR (CDCl3) δ 26.3. 
13

C 

NMR (CDCl3) δ10.1 (d, J = 13.7 Hz), 16.1 (d, J = 1.5 Hz), 24.4 (d, J = 2.0 Hz), 62.0 

(d, J = 7.2 Hz),62.1 (d, J = 6.9 Hz), 68.7 (d, J = 160.0 Hz). 

(R)-Diethyl 1-hydroxypropylphosphonate (21) and 

(S)-1-(Diethoxyphosphoryl)propyl acetate (22). Lipase AK (4.0 g) (purchased from 

Amano Enzyme Inc.) and vinyl acetate (50 mL) were added to a solution of 20 (3.92 g, 

20 mmol) in 50 mL diisopropyl ether. The reaction was stirred under room 

temperature and monitored by 
1
H and 

31
P NMR. Once the reaction reached roughly 50 

% conversion (~ 96 hr), the reaction mixture was filtered through celite pad. 

Concentration under reduced pressure gave an oily residue that was purified by flash 
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chromatography on silica gel with hexanes/ ethyl acetate/ triethyl amine (20:20:1) as 

the eluting solvent to give 21 (45%) and 22 (45%) as colorless oil. The enantiomeric 

excess (e.e.) of 22 was determined to be 89% (17-18) and its 
1
H NMR and 

31
P NMR 

spectra were identical to those of 20. Compound 21: 
1
H NMR (CDCl3) δ 0.8 (t, J = 

7.20 Hz, 3 H), 1.15 (t, J = 7.2 Hz, 3 H), 1.16 (t, J = 7.2 Hz, 3 H), 1.64 (m, 1 H), 1.77 

(m, 1 H), 1.95 (s, 3 H), 3.98 (m, 4 H), 5.00 (m, 1 H);
 31

P NMR (CDCl3) δ 20.6. 
13

C 

NMR (CDCl3) δ 9.8 (d, J = 12.3 Hz), 16.0 (d, J = 5.9 Hz), 16.8 (d, J = 5.6 Hz), 20.3, 

22.5, 62.1 (d, J = 6.8 Hz), 62.3 (d, J = 7.1 Hz), 68.8 (d, J = 166.8 Hz). 

(S)-Diethyl 1-hydroxypropylphosphonate (23). NaOH (1.0 M, 10.0 mL) was added 

to a solution of 21 (1.19 g, 5 mmol) in 10 mL of water at 0 
o
C. After 48 hr, the 

reaction was quenched by the addition of 10 mL of 1.0 M K2HPO4 and was 

partitioned between ethyl acetate (15 mL x 3) and water. The organic layers were 

collected, dried over MgSO4, and concentrated under reduced pressure to afford 23 as 

a colorless oil (90%); the 
1
H, 

31
P, and 

13
C NMR spectra of 23 were identical to those 

of 20. The enantiomeric excess (e.e.) of 6 was determined to be 88% (17-18). 

(S)-1-Hydroxypropylphosphonic acid (6). TMSBr (1.53 g, 10.0 mmol) was added to 

a solution of 23 (392 mg, 2.0 mmol) in CH2Cl2 (30 mL) at room temperature, and the 

solution was stirred overnight. Solvent was removed under reduced pressure. The 

residue was dissolved in CHCl3 (20 mL) and extracted with 30 mL of a 0.2 M 
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NH4OAc solution. The aqueous layer was collected and lyophilized to afford 6 as a 

white solid (83%).  
1
H NMR (D2O) δ 0.77 (t, J = 7.25 Hz, 3 H), 1.30 (m, 1 H), 1.55 

(m, 1 H) 3.38 (m, 1 H);
 31

P NMR (D2O) δ 19.6; 
13

C NMR (D2O) δ 10.6 (d, J = 13.1 

Hz), 25.0 (d, J = 1.8 Hz), 71.3 (dt, J =21.0, 151.9 Hz). 

(R)-1-Hydroxypropylphosphonic acid (7). Compound 7 was obtained from 22 in 

85% yield following the same procedure for the synthesis of 6. 
1
H, 

31
P and 

13
C NMR 

spectra of 7 were identical to those of compound 6.  
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2.2.6 Synthesis of (R)-1-hydroxypropyl-(S)-[2-
2
H1]-phosphonic acid (32) and 

(R)-1-hydroxypropyl-(R)-[2-
2
H1]-phosphonic acid (35) 

 

(a) NaNO2 3.0 eq, KBr 3.50 eq, aqueous HBr, 0 
o
C to RT, 60%; (b) LiB(Et)3D  2.08 

eq, THF, 0 
o
C ; (c) NaOH till pH 8, RT, 75% over two steps; (d) (COCl)2 1.2 eq, 

CH2Cl2, RT; (e) P(OEt)3 2.0 eq, CH2Cl2, 0 
o
C to RT ; (f) NaBH4 2.0 eq, CH2Cl2, 0 

o
C; 

70% over three steps; (g) lipase AK, vinyl acetate; diisopropylether, RT, 40% (h) 

TMSBr 5.0 eq, CH2Cl2, RT, 88%. 

 

(S)-2-Bromopropanoic acid (25) (19). (L)-alanine (4.45g, 50.0 mmol)  was added 

to a solution of KBr (20.90 g, 175.0 mmol) in HBr (48% solution, 50 mL) at room 

temperature. The reaction mixture was chilled to 0 
o
C, NaNO2 (8.30 g, 120.0 mmol) 

was added in portion and kept the reaction stirring at 0 
o
C for 2 hr. The reaction 
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mixture was extracted using diethyl ether (200 mL X 4) and the combined organic 

layers were dried over MgSO4 and concentrated in vacuo to afford 16 as a light 

yellow oil (60%). 
1
H NMR (CDCl3) δ 1.85 (d, J = 6.8z, 3 H), 4.40 (q, J = 6.8 Hz, 1 

H). 

Sodium (R)-[2-
2
H1] propionate (27) (19). To a solution of lithium 

triethyldeuterioborate (104 mL, 1 M) in THF (200 mL) was added 25 (7.89 g, 50.0 

mmol) at 0 
o
C. The reaction was refluxed for 5 hr, and water (30 mL) was added, 

followed by H2O2 (30 %)-NaOH (1.0 M) (1:1, roughly ~ 50 mL) and the mixture was 

stirred until no more bubble was generated. The resulting solution was acidified to pH 

2 with conc. H2SO4 and distilled under atmospheric pressure (145 
o
C) to afford crude 

26 as an aqueous solution. The solution was neutralized to pH 8 using NaOH (1.0 M) 

and lyophilized to afford 27 as a white solid (2 steps, 75 %). 
1
H NMR (CDCl3) δ 0.88 

(d, J = 7.6z, 3 H), 1.96-2.03 (m, 1 H). 

Diethyl (1-hydroxypropyl)-(R)-[2-
2
H1]-phosphonate (30). To a mixture of 27 (500 

mg, 5.15 mmol) and CH2Cl2 (20 mL) was added (COCl)2 (530 uL, 6.18 mmol) slowly 

at room temperature. After stirring for 4 hr, P(OEt)3 (1.80 mL, 10.30 mmol) was 

added to the reaction mixture at 0 
o
C and the reaction was stirred at room temperature 

for 1 hr. After chilling the reaction mixture to 0 
o
C, NaBH4 (380 mg, 10.30 mmol) was 

added and the reaction was stirred for 1 hr. The reaction was quenched using a dilute 
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H2SO4 solution and extracted with CHCl3 (20 mL x 3). The combined organic layers 

were concentrated and subjected to silica gel chromatography using hexanes : ethyl 

acetate = 1 : 1 with 5% Et3N as eluent to give 30 as a colorless oil (3 steps, 70%). 
1
H 

NMR (CDCl3) δ 1.06 (t, J = 7.2 Hz, 3 H), 1.33 (dt, J = 6.8, 1.6 Hz, 6 H), 1.64-1.71 

and 1.79-1.84 (m, 1 H), , 3.13 (br, 1 H), 3.73-3.78 (m, 1 H), 4.14-4.18 (m, 4 H);
 31

P 

NMR (CDCl3) δ 25.2. 

(R)-Diethyl 1-hydroxypropyl-(R)-[2-
2
H1]-phosphonate (31). Following the same 

procedure described for the synthesis of 22, 31 was prepared in 40% yield and 99% 

e.e using 30 as the starting material. 
1
H NMR (CDCl3) δ 1.06 (t, J = 7.2 Hz, 3 H), 

1.33 (t, J = 7.2 Hz, 6 H), 1.77-1.85 (m, 1 H), , 3.22 (br, 1 H), 3.74-3.78 (m, 1 H), 

4.12-4.20 (m, 4 H);
 31

P NMR (CDCl3) δ 25.2. 

(R)-1-Hydroxypropyl-(R)-[2-
2
H1]-phosphonic acid (32). Following the same 

procedure described for the synthesis of 6, 32 was prepared from 31 as a white 

powder in 88% yield. 
1
H NMR (D2O) δ 0.86 (t, J = 7.8 Hz, 3 H), 1.63 (m, 1 H), 3.40 

(m, 1 H);
 31

P NMR (D2O) δ 20.0; 
13

C NMR (D2O) δ 10.2 (d, J = 13.2 Hz), 24.4 (t, J = 

19.7 Hz), 71.4 (d, J = 154.4 Hz).  

(R)-Diethyl 1-hydroxypropyl-(S)-[2-
2
H1]-phosphonate (34). Compound 34 was 

prepared from the (D)-alanine, using the same procedure described above for 31. 
1
H 

NMR (CDCl3) δ1.06 (t, J = 7.2 Hz, 3 H), 1.33 (t, J = 7.2 Hz, 6 H), 1.63-1.73 (m, 1 
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H), , 3.20 (br, 1 H), 3.74-3.77 (m, 1 H), 4.12-4.20 (m, 4 H);
 31

P NMR (CDCl3) δ 25.2. 

(R)-1-Hydroxypropyl-(S)-[2-
2
H1]-phosphonic acid (35). Compound 35 was 

obtained from 34 according to the same procedure used in the preparation of 6. 
1
H 

NMR (D2O) δ0.82 (t, J = 7.2 Hz, 3 H), 1.31-1.37 (m, 1 H), 3.28 (m, 1 H);
 31

P NMR 

(D2O) δ 18.4; 
13

C NMR (D2O) δ10.5 (d, J = 12.9 Hz), 24.8 (t, J = 19.2 Hz), 72.1 (d, J 

= 150.0 Hz).  

 

2.2.7 Synthesis of 1-hydroxy-[1-
2
H]-propylphosphonic acid (37) and 

1-hydroxy-[2-
2
H2]-propylphosphonic acid (42) 

 

 

(a) NaBD4 1.0 eq, MeOH, RT, 84%; (b) TMSBr 5.0 eq, CH2Cl2, RT, 80%; (c) D2O 5.0 

eq, cat. pyridine, reflux, 40%; (d) H(O)P(OEt)2 1.0eq, cat. TMG, CH2Cl2, RT, 99%; (e) 

TMSBr 5.0 eq, CH2Cl2, RT, 80%. 

 

Diethyl 1-hydroxy-[1-
2
H]-propylphosphonate (36). NaBD4 (405 mg, 10 mmol) was 

added to a solution of 19 (1.94 g, 10.0 mmol) in 30 mL of MeOH at room temperature, 
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and the solution was stirred for 2 hr. The reaction was quenched by the slow addition 

of acetone (5.0 mL) and the reaction mixture was partitioned between ethyl acetate 

(30 mL x 3) and water (20 mL). The combined organic layers were washed with brine 

(40 mL), dried over MgSO4, and concentrated under reduced pressure to afford 36 as 

a colorless oil (1.69 g, 84 %). 
1
H NMR (CDCl3) δ 1.02 (t, J = 6.9 Hz, 6 H), 1.28 (t, J 

= 6.9 Hz, 6H), 1.66 (m, 1H), 1.76 (m, 1H), 4.12 (m, 4H), 4.14 (br, 1H);
 31

P NMR 

(CDCl3) δ 25.4. 
13

C NMR (CDCl3) δ 10.3 (d, J = 13.4 Hz), 16.4 (d, J = 2.0 Hz), 24.5 

(d, J = 1.6 Hz), 62.3 (d, J = 7.2 Hz),62.4 (d, J =7.1 Hz), 68.7 (dt, J = 159.2, 21.5 

Hz, ). 

1-Hydroxy-[1-
2
H]-propylphosphonic acid (37). TMSBr (153 mg, 1.0 mmol) was 

added to a solution of 36 (40 mg, 0.2 mmol) in CH2Cl2 (5 mL) at room temperature, 

and the solution was stirred overnight. Solvent was removed under reduced pressure. 

The residue was dissolved in CHCl3 (5 mL) and extracted with 5 mL of 0.05 M 

NH4OAc. The aqueous layer was collected and lyophilized to afford 37 as a white 

solid (28 mg, 80 %). 
1
H NMR (D2O) δ 0.77 (t, J = 7.25 Hz, 3 H), 1.30 (m, 1 H), 1.55 

(m, 1 H);
 31

P NMR (D2O) δ 19.6; 
13

C NMR (D2O) δ 10.6 (d, J = 13.1 Hz), 25.0 (d, J = 

1.8 Hz), 71.3 (dt, J =21.0, 151.9 Hz).  

Diethyl 1-hydroxy-[2-
2
H2]-propylphosphonate (40). A mixture of propionaldehyde 

(38) (11.6 g, 200.0 mmol), D2O (20.0 g, 1000.0 mmol) and pyridine (4.8 g, 62.0 mmol) 
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was refluxed for 24 hr. The isotopically enriched propionaldehyde (39) was distilled 

at 46-48
o
C and subjected to three further exchange with fresh D2O and pyridine (20). 

The fresh distilled [2-
2
H2]-propionaldehyde 39 (4.8 g, 80 mmol) was treated with 

diethyl phosphate (11.1 g, 80mmol) under catalytic tetramethylguanidine in 100 mL 

CH2Cl2 overnight at room temperature (21). Solvent was removed under reduced 

pressure to afford 40 as a colorless oil (quantitative yield). 
1
H NMR (CDCl3) δ 1.05 (s, 

3 H), 1.33 (dt, J = 1.2, 7.2 Hz, 6H), 2.99 (br, 1H ), 3.76 (d, J = 4.0 Hz, 1H ), 4.16 (m, 

4H);
 31

P NMR (CDCl3) δ 25.2. 

1-Hydroxy-[2-
2
H2]-propylphosphonic acid (41). TMSBr (630 mg, 4.75 mmol) was 

added to a solution of 40 (190 mg, 0.95 mmol) in CH2Cl2 (5 mL) at room temperature, 

and the resulting solution was stirred overnight. Solvent was removed under reduced 

pressure. The residue was dissolved in CHCl3 (5 mL) and extracted with 3 mL of 0.05 

M NH4OAc. The aqueous layer was collected and lyophilized to afford 41 as a white 

solid (133 mg, 80%). 
1
H NMR (D2O) δ 0.82 (s, 3 H), 3.39 (d, J = 7.0 Hz, 1H);

 31
P 

NMR (D2O) δ 21.4; 
13

C NMR (D2O) δ 10.2 (d, J = 13.4 Hz), 24.2 (m), 70.7 (d, J = 

155.6 Hz).  
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2.2.8 Synthesis of 1-hydroxy-2-oxopropylphosphonic acid (45) 

 

(a) H(O)P(OMe)2 1.0 eq, n-BuLi 1.0 eq, -78 
o
C, 80%; (b) TMSBr 5.0 eq, allylTMS 

8.0 eq, CH2Cl2, RT; (c) O3, MeOH, -78 
o
C, 50% over two steps. 

 

Dimethyl (1-hydroxy-2-methylallyl)phosphonate (43). n-BuLi (4.0 mL, 10.0 mmol, 

2.5 M in hexanes) was added to a solution of dimethylphosphite (1.10 g, 10.0 mmol) 

in THF (35 mL) at -78 
o
C and stirred for 10 min. Methacrolein (700 mg, 10.0 mmol) 

in 15 mL of THF was added slowly to the reaction at -78 
o
C and the reaction was kept 

under the same temperature for 30 min. The reaction mixture was quenched by adding 

2.0 M AcOH and partitioned between ethyl acetate (30 mL x 3) and water (20 mL). 

The combined organic layers were washed with brine (40 mL), dried over MgSO4, 

and purified by flash chromatography (ethyl acetate: CHCl3 = 9 : 1) to afford product 

in 80% yield. The 
1
H NMR spectrum of 43 is consistenet with that reported in the 

literature (22).  

(1-Hydroxy-2-oxopropyl)phosphonic acid (45). Allyltrimethylsilane (902 mg, 8.0 

mmol) and TMSBr (766 mg, 5.0 mmol) were added to a solution of 43 (182 mg, 1.0 

mmol) in CH2Cl2 (4 mL) at room temperature, and the solution was stirred overnight. 
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Solvent was removed under reduced pressure. The residue was dissolved in CHCl3 (10 

mL) and extracted with 15 mL of 0.2 M NaOH. The aqueous layer was collected and 

lyophilized and directly used for the next step. The crude product 44 (200 mg, 1.0 

mmol) from above was dissolved in 10 mL of MeOH. After cooling to -78 
o
C, ozone 

containing air was introduced to the reaction mixture until a faint blue color persisted. 

The reaction was quenched by adding PPh3 (20 mg, dissolved in 1 mL of CHCl3) and 

partitioned between 20 mL of H2O and 20 mL of CHCl3. The aqueous layer was 

collected and lyophilized to afford 45 as a very faint yellow solid (100 mg, 50%). The 

1
H and 

31
P NMR spectra of 45 are identical to thatose reported in the literature (22).  

 

2.2.9 Synthesis of (2-aminopropyl)phosphonic acid (48)  

 

(a) DEAD 1.20 eq, PPh3 1.20 eq, HN3 1.8 eq, CH2Cl2, -10 
o
C to RT; (b) PPh3 1.00 eq, 

benzene, RT; (c) H2O, 55 
o
C, 45% over three steps; (d) TMSBr 5.0 eq, CH2Cl2, RT, 

65%. 

 

Diethyl (2-aminopropyl)phosphonate (47). PPh3 (1.58 g, 6.0 mmol, in 10 mL of 

CH2Cl2) was added to a solution of DEAD (1.21 g, 6.0 mmol) in CH2Cl2 (5 mL) at 
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-10 
o
C. A solution of HN3 (5.0 mL, 1.80 N in CHCl3) was added dropwise to the 

reaction mixture. Compound 46 (982 mg, 5.0 mmol) was then added to the reaction 

and the resulting mixture was stirred overnight at room temperature. A white 

precipitate was filtered off and the precipitate was washed with hexanes. The 

combined filtrates were evaporated and dissolved in benzene (10 mL). To this solution 

was added PPh3 (1.31 g, 5.0 mmol). After stirring for 2 hr at room temperature, H2O 

was added to the reaction mixture, and the solution was heated to 55 
o
C and 

mentained at that temperature for 5 hr. The reaction mixture was cooled to room 

temperature and extracted with 5% aq. HCl (10 mL). The aqueous layer was 

neutralized to pH 10 and extracted with ethyl acetate (15 mL x 3). The organic extract 

was dried over MgSO4 and evaporated to give product 47 in 45% yield. 
1
H NMR 

(CDCl3) δ1.18 (dd, J = 6.4, 2.0 Hz, 3 H), 1.33 (t, J = 7.0 Hz, 3 H), 1.33 (t, J = 7.0 Hz, 

3 H), 1.56 (br, 2 H), 1.72-1.92 (m, 2 H), 3.35-3.42 (m, 1 H), 4.06-4.15 (m, 4 H);
 31

P 

NMR (CDCl3) δ 30.2; 
13

C NMR (CDCl3) δ 16.0 (d, J = 3.5 Hz), 25.0 (d, J = 16.0 Hz), 

35.7 (d, J = 137.2 Hz), 42.2, 61.0. 

(2-Aminopropyl)phosphonic acid (48). TMSBr (1.17 g, 7.67 mmol) was added to a 

solution of 47 (300 mg, 1.53 mmol) in CH2Cl2 (20 mL) at room temperature, and the 

solution was stirred overnight. Solvent was removed under reduced pressure. The 

residue was dissolved in CHCl3 (10 mL) and extracted with 10 ml of 0.5 M NH4OAc. 
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The aqueous layer was collected and lyophilized to afford 48 as a white solid (140 mg, 

65%). 
1
H NMR (D2O) δ 1.19 (dd, J = 1.2, 6.6 Hz, 3H), 1.48-1.62 (m, 2H), 3.34-3.39 

(m, 1H);
 31

P NMR (D2O) δ 16.9; 
13

C NMR (D2O) δ 19.8 (d, J = 12.0 Hz), 33.5 (d, J = 

125.0 Hz), 45.2 (d, J = 3.5 Hz). High resolution CIMS calcd for C3H11NO3P (M+1)
+
 

140.0477, found 140.0474.  

 

2.2.10 Synthesis of ((1R,2S)-2-amino-1-hydroxypropyl)phosphonic acid (52) and 

((1R,2R)-2-amino-1-hydroxypropyl)phosphonic acid (53) 

 

 

(a) TBDMSCl 2.30 eq, imidazole 4.40 eq, cat. DMAP, CH2Cl2, 40 
o
C, 60%; (b) Pd/C , 

H2, MeOH, 30 
o
C, 60 psi; (c) PPh3 1.0 eq, DEAD 1.0 eq, HN3 1.0 eq, toluene, 0 

o
C to 

45 
o
C; (d) Pd/C, H2, EtOH/ conc. HCl, 30 

o
C, 60 psi, 40% over three steps; (e) 

NH4OH (28%), H2O, 60 
o
C, 30%. 
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Dipropyl((1R,2R)-2-(Benzyloxy)-1-((tert-butyldimethylsilyl)oxy)propyl)phosphon

ate (50). Imidazole (960 mg, 14.08 mmol), DMAP (catalytic amount), and TBDMSCl 

(1.12 g, 7.38 mmol) was added to a solution of 49 (1.06 g, 3.21 mmol) in CH2Cl2 (30 

mL) at 40 
o
C for 48 hr. The reaction was concentrated and subjected to silica gel 

chromatography (CH2Cl2 : ethyl acetate = 10 : 1) to afford 50 as a light yellow liquid 

(60%). The 
1
H NMR spectrum of 50 is identical to that reported in the literature (23).  

((1R,2S)-2-Amino-1-hydroxypropyl)phosphonic acid (52). Compound 50 (445 mg, 

1.0 mmol) was dissolved in MeOH (20 mL) and hydrogenated using Pd/C (10% Pd, 

50 mg) in a Parr apparatus at 60 psi of H2 at 30 
o
C for 24 hr. The reaction was filtered 

through celite pad and the filtrate was concentrated in vacuo. To a solution of PPh3 

(261 mg, 1.0 mml) and the debenzylated product dissolved in toluene (5 mL) was 

added HN3 (1.10 mL, 1.10 mmol, 1.0 M), followed by DEAD (175 mg, 1.0 mmol) at 

0 
o
C. The reaction was warmed to 45 

o
C and kept stirring for 2 hr at 45 

o
C. The 

reaction was quenched with MeOH and the solvent was evaporated under reduced 

pressure. The residue was purified by flash silica gel chromatography (CH2Cl2 : ethyl 

acetate = 8 : 1) to furnish 51 which was used in the next step. A solution of 51 (250 

mg, 0.66 mmol) was dissolved in EtOH : conc. HCl (10 : 1 mL) and hydrogenated 

using Pd/C (10% Pd, 30 mg) in a Parr apparatus at 60 psi of H2 at 30 
o
C for 24 hr. The 

reaction was concentrated and subjected to ion exchange chromatography (Dowex 50 
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H
+
 form) using 1.0 M formic acid as the eluent. Fractions sensitive to ninhydrin were 

pooled and lyophilized to afford 52 (40%). 
1
H NMR (D2O) δ 1.21 (d, J = 7.2 Hz, 3H), 

3.46-3.54 (m, 1H), 3.71 (dd, J = 4.4, 11.6 Hz, 1H);
 31

P NMR (D2O) δ 14.8; 
13

C NMR 

(D2O) δ 13.2 (d, J = 3.2 Hz), 49.1 (d, J = 8.3 Hz), 68.4 (d, J = 153.3 Hz). 

((1R,2R)-2-Amino-1-hydroxypropyl)phosphonic acid (53). Fosfomycin (1.0 g, 5.5 

mmol) was dissolved in 30 mL of H2O, mixed with 30 mL of a 28% NH4OH solution, 

and heated to 60 
o
C for 72 hr. After cooling to room temperature, solvent was 

removed by evaporation, the oily residue was dissolved in a minimal amount of H2O, 

loaded on to a Dowex 50WX4 (H
+
 form) column, and washed with 200 mL of H2O. 

Compound 53 was eluted from the column with a mixture of 50 mL of H2O and 50 

mL of a 28% NH4OH solution. The eluate was collected and lyophilized to afford 53 

as a light yellow solid (300 mg, 30%). 
1
H NMR (D2O) δ 1.15 (d, J = 6.6 Hz, 3H), 

3.34-3.38 (m, 2H);
 31

P NMR (D2O) δ 14.6; 
13

C NMR (D2O) δ 15.7 (d, J = 9.3 Hz), 

48.8 (d, J = 1.2 Hz), 69.0 (d, J = 144.2 Hz).  
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2.2.11 Synthesis of (S)-(2-cyclopropyl-1-hydroxyethyl)phosphonic acid (62) and  

(R)-(2-cyclopropyl-1-hydroxyethyl)phosphonic acid (63) 

(a) aqueous NaOH, RT to reflux, 88%; (b) BH3 1.2 eq, THF, 0 
o
C to RT, 80%;(c) PCC 

1.30 eq, CH2Cl2, RT  (d) H(O)P(OEt)2 1.0 eq, cat. TMG, CH2Cl2, 32% over two 

steps; (e) Lipase AK, vinylacetate, diisopropylether, 59 (43%) and 60 (45%); (f) 

aqueous NaOH, 92%; (g) TMSBr 5.0 eq, allylTMS 8.0 eq, CH2Cl2, RT, 80%. 

 

2-Cyclopropylacetic acid (55). Compound 54 (405 mg, 5.0 mmol) was added to a 

solution of aqueous NaOH solution (10 M, 5.0 mL) at room temperature and the 

reaction was brought to gentle reflux for 20 hr. After cooling down to room 

temperature, the mixture was acidified to pH 0.5 by adding conc. HCl slowly. The 
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reaction mixture was extracted with CHCl3 (10 mL x 3) and the combined organic 

layer was dried over MgSO4. The solvent was removed under reduced pressure to 

afford 55 in 88% yield. 
1
H NMR (CHCl3) δ 0.16 (dd, J = 7.0, 7.0 Hz, 2H), 0.55 (dd, J 

= 7.0, 7.0 Hz, 2H), 0.98-1.08 (m, 1H), 2.24 (d, J = 9.6 Hz, 2H), 12.0 (broad s, 1H);
 

13
C NMR (CHCl3) δ 4.3, 6.5, 39.1, 180.2.   

2-Cyclopropylethanol (56). To a solution of 55 (200 mg, 2.0 mol) in THF (4.0 mL) 

was added BH3 (1.0 M in THF, 2.4 mL) at 0 
o
C. After 30 min, the ice-bath was 

removed and the reaction was warmed to room temperature and kept at the same 

temperature for 1 hr. The reaction was quenched by adding MeOH dropwise and then 

partitioned between ethyl acetate (5 mL x 3) and brine. The combined organic extracts 

were dried over MgSO4 and the solvent was removed under reduced pressure to give 

56 in 80% yield. 
1
H NMR (CHCl3) δ 0.04 (dd, J = 5.2, 5.2 Hz, 2H), 0.41 (dd, J = 5.2, 

5.2 Hz, 2H), 0.67-0.75 (m, 1H), 1.43 (dt, J = 6.8, 6.8 Hz, 2H), 3.85 (t, J = 6.8 Hz, 1H) 

(24). 

Diethyl (2-cyclopropyl-1-hydroxyethyl)phosphonate (58). PCC (2.25 g, 10.43 

mmol) was added to a solution of 56 (690 mg, 8.02 mml) in CH2Cl2 (30 mL) at room 

temperature. After reaction was completed, as indicated by TLC, the red reaction 

mixture was filtered through a short silica pad and washed with Et2O (20 mL x 2). 

The combined organic filtrates were subjected to distillation to remove Et2O. The 
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reaction mixture was then cooled to room temperature and diethylphosphite (8.4 

mmol, 1.16 g) was added to the reaction along with a catalytic amount of TMG. After 

completion after reaction, the solvent was removed under reduced pressure and the 

residue was subjected to flash silica gel chromatography using hexanes : ethyl acetate 

= 2 : 1 with 1% Et3N as the eluent. The desired fractions were pooled and the solvent 

was removed to afford 58 as a colorless oil (32%, over two steps). 
1
H NMR (CHCl3) δ 

-0.10-0.07 (m, 2H), 0.29-0.41 (m, 2H), 0.86-0.89 (m, 1H), 1.20 (t, J = 6.6 Hz, 6H), 

1.26-1.30 (m, 1H), 170-1.77 (m, 1H), 3.83-3.95 (m, 1H), 4.02-4.05 (m, 4H), 4.61 

(broad s, 1H);
 31

P NMR (CHCl3) δ 25.2; 
13

C NMR (CHCl3) δ 3.8, 4.7, 7.6 (d, J = 15.8 

Hz), 16.2 (d, J = 5.6 Hz), 36.4 (d, J = 1.5 Hz), 62.2 (d, J = 7.7 Hz), 62.3 (d, J = 7.7 

Hz), 67.9 (d, J = 159.2 Hz); High resolution CIMS calcd for C9H20O4P (M+1)
+
 

223.1099, found 223.1100.  

(S)-2-Cyclopropyl-1-(diethoxyphosphoryl)ethyl acetate (59) and (R)-diethyl 

(2-cyclopropyl-1-hydroxyethyl)phosphonate (60). Lipase AK (4.0 g) (purchased 

from Amano Enzyme Inc.) and vinyl acetate (100 mL) were added to a solution of 58 

(3.95 g, 18.0 mmol) in 100 mL diisopropyl ether. The reaction was stirred at room 

temperature and the progress of the reaction was monitored by 
1
H and 

31
P NMR. Once 

the reaction reached roughly 50 % conversion (~ 96 hr), the reaction mixture was 

filtered through a silica pad. Concentration under reduced pressure gave an oily 
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residue that was purified by flash chromatography on silica gel with hexanes : ethyl 

acetate = 2 : 1 with 1% Et3N as the eluting solvent to give 59 (43%) and 60 (45%) as 

colorless oil. The enantiomeric excess (e.e.) of 60 was determined to be 97 % (17-18) 

and its 
1
H and 

31
P NMR spectra are identical to those of 58. Compound 59: 

1
H NMR 

(CHCl3) δ 0.05-0.17 (m, 2H), 0.43-0.48 (m, 2H), 0.71-0.77 (m, 1H), 1.32 (dt, J = 6.4, 

6.4 Hz, 6H), 1.64-1.80 (m, 1H), 2.13 (s, 3H), 4.11-4.19 (m, 4H), 5.35-5.41 (m, 4H); 

31
P NMR (CHCl3) δ 20.8. 

(S)-Diethyl (2-cyclopropyl-1-hydroxyethyl)phosphonate (61). To a solution of 59 

(520 mg, 2.0 mmol) in water (10 mL) was added NaOH (1.0 M, 2.2 mL) at 0 
o
C. 

When the reaction was complete, the mixture was poured into 10 mL of 1.0 M 

K2HPO4 solution saturated with NaCl, and then exacted using ethyl acetate (10 mL x 

4). The organic layers were collected, dried over MgSO4, and concentrated under 

reduced pressure to afford 61 as a colorless oil (90 %). The 
1
H, 

31
P and 

13
C NMR 

spectra of 61 are identical to those of 58. The enantiomeric excess (ee) of 6 was 

determined to be 96% (17-18). 

(S)-(2-Cyclopropyl-1-hydroxyethyl)phosphonic acid (62). To a solution of 61 (666 

mg, 3.0 mmol) in CH2Cl2 (30 mL) was added allylTMS (2.75 g, 24.0 mmol) followed 

by TMSBr (2.29 g, 15.0 mmol) at room temperature. After stirring overnight, solvent 

was removed under reduced pressure. The residue was dissolved in CHCl3 (20 ml) 



61 
 

and extracted with 30 mL of a 0.2 M NH4OAc solution. The aqueous layer was 

collected and lyophilized to afford 62 as a white solid (80%). 
1
H NMR (D2O) δ 

-0.14-0.00 (m, 2H), 0.21-0.36 (m, 2H), 0.69-0.74 (m, 1H), 1.17-1.23 (m, 1H), 

1.49-1.55 (m, 1H), 3.54-3.57 (m, 1H);
 31

P NMR (D2O) δ 19.4; 
13

C NMR (D2O) δ 2.8, 

4.6, 7.9 (d, J = 15.9 Hz), 36.6, 70.0 (d, J = 153.5 Hz); High resolution ESIMS calcd 

for C10H21O8P2 (2M-1)
-
 331.0714, found 331.0717.  

(R)-(2-Cyclopropyl-1-hydroxyethyl)phosphonic acid (63). Compound 63 was 

obtained from 60 following the same procedure for the synthesis of 62 in 80% yield. 

The 
1
H, 

31
P and 

13
C NMR spectra of 63 are identical to those of compound 62.  
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2.2.12 Synthesis of (1-hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic 

acid (75) and (1-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic 

acid (78) 

(a) KBr 5.0 eq, NaNO2 2.5 eq, aqueous H2SO4, 0 
o
C, 90%; (b) BH3, THF, 0 

o
C, 90% ; 

(c) NaH 3.0 eq, TDDPSCl 1.1 eq, THF, 0 
o
C to RT, 75%; (d) n-BuLi 1.95 eq, 

trimethyl(2-(phenylsulfonyl)ethyl)silane 1.95 eq, -78 
o
C to RT, 70%, two isomers 1: 

2.5; (e) MsCl 5.0 eq, pyridine, 0 
o
C to RT, 70%, two isomers 1: 2.5; (f) t-BuLi 2.0 eq, 

THF, -78 
o
C to 0 

o
C, 60%; (g) TBAF 3.0 eq, THF, reflux, 50%; (h) PCC 1.30 eq, 

CH2Cl2, RT, 42% (i) H(O)P(OEt)2 1.3 eq, cat. TMG, CH2Cl2, RT, 80%; (j) TMSBr 5.0 

eq, allylTMS 8.0 eq, CH2Cl2, RT, 75%. 

 

(R)-2-Bromosuccinic acid (66). (L)-Aspartic acid (20.0 g, 150 mmol) was dissolved 
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in a sulfuric acid solution (0.3 M, 500 mL) with KBr (90.0 g, 750 mmol) at 0 
o
C. A 

solution of NaNO2 (25.0 g, 375 mmol) in water (80 mL) was slowly added to this 

solution. The reaction mixture was stirred at 0 
o
C for 5 hr, and then extracted with 

ethyl acetate (250 mL x 6). The combined organic layers were dried over MgSO4 and 

the solvent was removed in vacuo to afford 66 in 90% yield. 
1
H NMR (MeOD) δ 2.94 

(dd, J = 17.2, 6.3 Hz, 1H), 3.17 (dd, J = 17.2, 8.6 Hz, 1H), 4.55 (dd, J = 8.6, 6.3 Hz, 

1H) (25). 

(R)-2-Bromobutane-1,4-diol (67). To a solution of 66 (2.0 g, 10.0 mmol) in THF (20 

mL) was added BH3 (1.0 M in THF, 30.0 mL, 30.0 mmol) at 0 
o
C slowly. After 

addition, the ice bath was removed and the reaction was warmed to room temperature 

and kept stirring at the same temperature for 5 hr. The reaction was quenched with 

MeOH and the resulting trimethylborate was removed in vacuo. The residue was 

subjected to flash silica gel chromatography using acetone : CH2Cl2 = 1 : 1 as eluent 

to give 67 in 90% yield. 
1
H NMR (MeOD) δ 1.86-1.93 (m, 1H), 2.13-2.20 (m, 1H), 

3.67-3.80 (m, 4H), 4.16-4.21 (m, 1H), 4.87 (broad s, 2H) (25). 

(S)-tert-Butyl(2-(oxiran-2-yl)ethoxy)diphenylsilane (68). A solution of 68 (16.20 g, 

93 mmol in 100 mL THF) was slowly added to a solution of NaH (11.5 g, 288.3 mmol) 

in THF (300 mL) at 0 
o
C. After 50 min, a solution of TBDPSCl (28.13 g, 102.3 mmol 

in 100 mL THF) was added to the reaction mixture and the reaction was allowed to 
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warm to room temperature. After 4 hr, the reaction was quenched with an aqueous 

solution of saturated NaHCO3 (400 mL) and then extracted using Et2O (200 mL x 4). 

The combined organic extract were concerted under reduced pressure and subjected to 

flash silica gel chromatography using hexanes : Et2O = 9 : 1 as the eluent to give 68 

as a white needle (75%). 
1
H NMR (CDCl3) δ 1.06 (s, 9H), 1.75-1.80 (m, 1H), 

2.51-2.52 (m, 1H), 2.78-2.80 (m, 1H), 3.08-3.13 (m, 1H), 3.81-3.85 (m, 1H), 

7.39-7.43 (m, 6H), 7.66-7.68 (m, 4H) (25). 

(3S)-1-((tert-Butyldiphenylsilyl)oxy)-5-(phenylsulfonyl)-6-(trimethylsilyl)hexan-3

-ol (69). To a solution of trimethyl(2-(phenylsulfonyl)ethyl)silane (1.0 g, 4.1 mmol) in 

THF (10 mL) was added n-BuLi (2.5 M, 1.65 mL, 4.1 mol) at -78 
o
C. After 30 min, 

epoxide (68, 674 mg, 2.1 mmol) in THF (10 mL) was added to the mixture and the 

reaction was gradually warmed to room temperature. The reaction was quenched with 

water and extracted with ethyl acetate (10 mL x 3). The organic layers were pooled 

and concentrated. The crude product was purified by silica gel column 

chromatography using gradient hexanes : Et2O = from 9 : 1 to 2 : 1 to afford 69 as a 

mixture of two isomers. (3S,5S)-1-((tert-Butyldiphenylsilyl)oxy)-5- 

(phenylsulfonyl)-6-(trimethylsilyl)hexan-3-ol is the less polar product (20% yield). 
1
H 

NMR (CDCl3) δ 0.03 (s, 9H), 0.73 (dd, J = 12.2, 14.5 Hz, 1H), 1.05 (m, 1H), 

overlapping with 1.05 (s, 9H), 1.55-1.61 (m, 2H), 1.65 (ddd, J = 2.7, 10.6, 15.2 Hz, 
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1H), 1.93 (ddd, J = 2.7, 9.0, 15.2 Hz, 1H), 3.28 (d, J = 2.7 Hz, 1H, exchangeable H), 

3.53 (ddt, J = 6.9, 9.0, 2.0 Hz, 1H), 3.80 (dt, J = 2.7, 5.8 Hz, 2H), 4.12 (m, 1H), 

7.41-7.60 (m, 13H), 7.89-7.91 (m, 2H) (26). The more polar product, 

(3S,5R)-1-((tert-Butyldiphenylsilyl)oxy)-5-(phenylsulfonyl)-6-(trimethylsilyl)hexan-3

-ol, was obtained in 50% yield. 
1
H NMR (CDCl3) δ 0.04 (s, 9H), 0.80 (dd, J = 9.2, 

15.1 Hz, 1H), 1.03 (s, 9H), 1.22 (dd, J = 3.8, 15.2 Hz, 1H), 1.51-1.65 (m, 3H), 2.04 

(ddd, J = 4.8, 9.7, 14.5 Hz, 1H), 3.33-3.37 (m, 2H,), 3.83 (m, 2H), 4.01 (m, 1H), 4.12 

(m, 1H), 7.38-7.65 (m, 13H), 7.89-7.91 (m, 2H) (26). 

(3S)-1-((tert-Butyldiphenylsilyl)oxy)-5-(phenylsulfonyl)-6-(trimethylsilyl)hexan-3

-yl methanesulfonate (70). To a solution of 69 (343 mg, 0.60 mmol) in pyridine (3 

mL) was added MsCl (230 µL, 3.0 mml) at 0 
o
C. The reaction was stirred at room 

temperature for 12 hr. The reaction was quenched by pouring into ice-water and then 

extracted with ethyl acetate (5 mL x 3). The combined organic layers were 

concentrated and the residue was purified by silica gel column chromatography using 

a gradient of hexanes : Et2O from 4 : 1 to 2 : 1 to afford a mixture of two isomers. 

(3S,5S)-1-((tert-butyldiphenylsilyl)oxy)-5-(phenylsulfonyl)-6-(trimethylsilyl)hexan-3-

yl methanesulfonate is the less polar product (20%). 
1
H NMR (CDCl3) δ -0.05 (s, 9H), 

0.67 (dd, J = 11.8, 14.5 Hz, 1H), 0.90 (m, 1H), 1.06 (s, 9H), 1.83-2.01 (m, 3H), 2.34 

(ddd, J = 1.5, 10.3, 16.4 Hz, 1H), 3.01 (s, 3H),  3.58 (t, J = 10.0 Hz, 1H), 3.76 (t, J = 
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6.1 Hz, 2H), 5.39-5.46 (m, 1H), 7.39-7.70 (m, 13H), 7.91-7.96 (m, 2H) (26). The 

more polar produc, (3S,5S)-1- ((tert-butyldiphenylsilyl) 

oxy)-5-(phenylsulfonyl)-6-(trimethylsilyl)hexan-3-yl methanesulfonate, was also 

obtained (50%). 
1
H NMR (CDCl3) δ 0.07 (s, 9H), 0.72 (dd, J = 9.0, 14.8 Hz, 1H), 

1.07 (s, 9H), 1.15 (d, J = 4.5, 15.0 Hz, 1H), 1.70-1.80 (m, 2H), 1.89-1.98 (m, 1H),  

2.22-2.30 (m, 1H), 2.94 (s, 3H), 3.24-3.31 (m, 1H), 3.70-3.82 (m, 1H), 5.24-5.34 (m, 

1H), 7.39-7.68 (m, 13H), 7.90-7.94 (m, 2H) (26). 

tert-Butyldiphenyl(2-((1S)-2-(phenylsulfonyl)-2-((trimethylsilyl)methyl)cyclopro

pyl)ethoxy)silane (71). To a solution of 70 (155 mg, 0.24 mmol) in THF (5 mL) was 

added t-BuLi (1.7 M in pentane, 280 µL, 0.48 mmol) at -78 
o
C through an addition 

funnel. The reaction mixture was slowly warmed to 0 
o
C and was kept at that 

temperature unti the reaction was completed as determined by TLC It was quenched 

using an NH4Cl solution and extracted with ethyl acetate (5 mL x 3). The combined 

organic layers were concentrated and residue was purified using silica gel 

chromatography with hexanes : Et2O = 2 : 1 as the eluent to afford 71 (60%). 
1
H 

NMR (CDCl3) δ 0.05 (s, 9H), 0.51-0.54 (m, 1H), overlapping with 0.51 (d, J = 16.2 

Hz, 1H), 0.93 (d, J = 16.2 Hz, 1H), 1.04 (s, 9H), 1.40-1.50 (m, 2H), 1.76-1.86 (m, 2H), 

3.41-3.61 (m, 2H), 7.40-7.66 (m, 13H), 7.79-7.81 (m, 2H) (26). 

Diethyl (1-hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonate (74). 
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TBAF (1.0 M, 40 mL) was added to a solution of 71 (7.08 g, 12.9 mmol) in THF (100 

mL) at room temperature and then warmed up to gentle reflux. The reaction was 

followed by TLC. After completion, the solvent was removed and the crude product 

was purified by passing through a short silica gel column using hexanes : Et2O = 1 : 1 

as the eluent to afford 72 (50%). The 
1
H NMR spectrum of 72 is identical to that 

reported in the  literature (26). To a solution of 72 (600 mg, 6.12 mmol) in CH2Cl2 

(20 mL) was added PCC (1.72 g, 7.96 mmol) at room temperature. After the  

reaction was copmplete, the mixture was filtered through a short silica pad and wash 

with Et2O (20 mL x 2). The combined organic layers were subjected to distillation to 

remove Et2O to afford 73 in CH2Cl2 (42%). Diethylphosphite (3.4 mmol, 430 µL) 

with catalytic amount of TMG were added to a solution of 73 (2.6 mmol, in CH2Cl2). 

After the reactant was completely consumed, the solvent was removed under reduced 

pressure and the residue was subjected to flash silica gel chromatography using 

hexanes : ethyl acetate = 1 : 1 with 1% Et3N as the eluent. The solvent of the 

combined desired fractions was removed to afford 74 as a colorless oil (80%) which 

contained two diastereomers. 
1
H NMR (CHCl3) δ 0.75-0.89 (m, 1H), 1.23-1.28 (m, 

1H), 1.30 (dt, J = 2.5, 7.0 Hz, 6H), 1.55-1.62 (m, 1H), 1.67-1.70 (m, 1H), 1.89-1.96 

(m, 1H), 3.96-4.06 (m, 2H), 4.12-4.16 (m, 4H), 5.36 (broad s, 1H), 5.42-5.44 (m, 1H);
 

31
P NMR (CHCl3) δ 25.8, 25.9; 

13
C NMR (CHCl3) δ 9.2, 9.9, 12.4 (d, J = 16.1 Hz), 
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12.7 (d, J = 16.1 Hz), 16.4, 16.5, 35.0 (d, J = 2.1 Hz), 35.1 (d, J = 2.1 Hz), 62.5 (d, J 

= 7.1 Hz), 62.6 (d, J = 7.0 Hz),67.8 (d, J = 159.4 Hz), 68.3 (d, J = 159.1 Hz), 103.2, 

103.3, 135.5, 135.9. 

(1-Hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic acid (75). To a 

solution of 74 (54 mg, 0.23 mmol) in CH2Cl2 (5 mL) was added allylTMS (294 µL, 

1.84 mmol) followed by TMSBr (151 µL, 1.15 mmol) at room temperature, and the 

solution was stirred overnight. Solvent was removed under reduced pressure. The 

residue was dissolved in CHCl3 (5 mL) and extracted with a 0.2 M NH4OAc solution. 

The aqueous layer was collected and lyophilized to afford 75 as a white solid (75 %) 

which contained two diastereomers. 
1
H NMR (D2O) δ 0.71-0.81 (m, 1H), 1.15-1.26 

(m, 1H), 1.45-1.53 (m, 2H), 1.63-1.76 (m, 1H), 3.66-3.71 (m, 1H), 5.29 (broad s, 1H), 

5.37-5.42 (m, 1H);
 31

P NMR (D2O) δ 19.6, 19.7; 
13

C NMR (D2O) δ 8.2, 9.5, 12.5 (d, J 

= 16.1 Hz), 12.9 (d, J = 16.4 Hz), 35.0 (d, J = 3.2 Hz), 35.2 (d, J = 3.0 Hz), 69.0 (d, J 

= 155.1 Hz), 69.6 (d, J = 155.0 Hz), 102.9, 102.9, 136.6, 137.5.  

Diethyl (1-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonate (77). 

Compound 77 was obtained following the same procedure for the synthesis of 74 

using 76 as the starting material. The 
1
H NMR spectrum of 77 is identical to that of 

73.  

(1-Hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic acid (78). 
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Compound 77 was converted to 78 following the same procedure for the synthesis of 

75. The 
1
H NMR spectrum of 78 is identical to that of 75. 

2.2.13 Synthesis of (S)-(1-hydroxy-3-methoxypropyl)phosphonic acid (85) and  

(R)-(1-hydroxy-3-methoxypropyl)phosphonic acid (86) 

 

(a) PCC 1.3 eq, CH2Cl2, RT; (b) HP(O)(OEt)2 1.1 eq, cat. TMG, CH2Cl2, RT, 40%, 

over two steps; (c) lipase AK, vinylacetate, diisopropylether, 82 (40%) and 83 (43%); 

(d) aqueous NaOH, 90%; (e) TMSBr 5.0 eq, allylTMS 8.0 eq, CH2Cl2, RT, 85%. 

 

Diethyl (1-hydroxy-3-methoxypropyl)phosphonate (81). To a solution of 79 (450 

mg, 5.0 mmol) in CH2Cl2 was added PCC (1.40 g, 6.5 mmol) at room temperature for 

14 hr. The reaction was filtered through short silica pad. The combined filtrates were 

concentrated and the crude 80 was directly used in the next step (27). 
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Diethylphosphite (5.5 mmol, 700 µL) with catalytic amount of TMG was added to a 

solution of 80 in CH2Cl2 (10 mL). After completion, the solvent was removed under 

reduced pressure and the residue was subjected to flash silica gel chromatography 

using hexanes : ethyl acetate = 1 : 2 and then pure ethyl acetate with 1% Et3N as the 

eluents. The solvent of the collected fractions was removed to afford 81 as a colorless 

oil (40%, over two steps). 
1
H NMR (CHCl3) δ 1.29 (t, J = 7.2 Hz, 6H), 1.86-1.94 (m, 

1H), 1.98-2.04 (m, 1H), 3.30 (s, 3H), 3.49-3.55 (m, 1H), 3.62-3.67 (m, 1H), 4.01-4.06 

(m, 1H), 4.12 (dq, J = 1.2, 7.2 Hz, 4H); 
31

P NMR (CHCl3) δ 24.6; 
13

C NMR (CHCl3) 

δ 16.4, 16.4, 31.1, 58.6, 62.5 (d, J = 6.9 Hz), 65.6 (d, J = 164.2 Hz); 69.5 )d, J = 14.7 

Hz). 

(S)-1-(Diethoxyphosphoryl)-3-methoxypropyl acetate (82) and (R)-diethyl 

(1-hydroxy-3-methoxypropyl)phosphonate (83). Lipase AK (1.2 g) (purchased from 

Amano Enzyme Inc.) and vinyl acetate (30 mL) was added to a solution of 81 (1.0 g, 

4.42 mmol) in 30 mL diisopropyl ether. The reaction was stirred at room temperature 

and the progress of the reaction was monitored by 
1
H and 

31
P NMR. Once the reaction 

reached roughly 50% conversion (~ 72 hr), the mixture was filtered through a silica 

pad. Concentration under reduced pressure gave an oily residue that was purified by 

flash chromatography on silica gel, eluenting with hexanes : ethyl acetate = 1 : 1 and 

then ethyl acetate : MeOH = 20 : 1 with 1% Et3N to give 82 (40%) and 83 (43%) as a 
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colorless oil. The enantiomeric excess (e.e.) of 83 was determined to be 97% (17-18). 

The 
1
H NMR and 

31
P NMR spectra of 83 are the same as 81. Compound 82 : 

1
H NMR 

(CHCl3) δ 1.32 (dt, J = 0.4, 7.2 Hz, 3H), 1.33 (dt, J = 0.4, 7.2 Hz, 3H), 1.98-2.07 (m. 

1H), 2.12 (s, 3H), 2.13-2.20 (m, 1H), 3.30 (s, 3H), 3.36-3.40 (m, 1H), 3.43-3.48 (m, 

1H), 4.12-4.20 (m, 4H), 5.38-5.44 (m, 1H); 
31

P NMR (CHCl3) δ 20.7. 

(S)-Diethyl (1-hydroxy-3-methoxypropyl)phosphonate (84). NaOH (1.0 M, 1.79 

mL) was added to a solution of 82 (436 mg, 1.63 mmol) in water (10 mL) at 0 
o
C. 

When the reaction was complete as determined by TLC, the reaction mixture was 

poured into 10 mL of 1.0 M K2HPO4 solution saturated with NaCl, and then extracted 

using ethyl acetate (10 mL x 3). The organic layers were collected, dried over MgSO4, 

and concentrated under reduced pressure to afford 84 as a colorless oil (90%). The 
1
H, 

31
P and 

13
C NMR spectra of 84 are identical to those of 81. The enantiomeric excess 

(ee) of 84 was determined to be 95% (17-18). 

(S)-(1-Hydroxy-3-methoxypropyl)phosphonic acid (85). To a solution of 84 (263 

mg, 1.16 mmol) in CH2Cl2 (8 mL) was added allylTMS (1.48 mL, 9.28 mmol) 

followed by TMSBr (770 µL, 5.81 mmol) at room temperature. The solution was 

stirred overnight. Solvent was removed under reduced pressure at the end of the 

reaction. The residue was dissolved in CHCl3 (10 ml) and extracted with a 0.2 M 

NH4OAc solution. The aqueous layer was collected and lyophilized to afford 85 as a 
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white solid (85%). 
1
H NMR (D2O) δ 1.55-1.64 (m, 1H), 1.84-1.92 (m, 1H), 3.20 (s, 

3H), 3.43-3.48 (m, 3H);  
31

P NMR (D2O) δ 18.6; 
13

C NMR (D2O) δ 18.6, 31.9, 57.9, 

67.4 (d, J = 150.5 Hz), 70.1 (d, J = 14.0Hz). 

(R)-(1-Hydroxy-3-methoxypropyl)phosphonic acid (86). Compound 86 was 

synthesized from 83 following the same procedure for the synthesis of 85. The 
1
H, 

31
P, 

and 
13

C NMR spectra of 86 are identical to those of compound 85. 

 

2.2.14 Synthesis of (S)-(3-fluoro-1-hydroxypropyl)phosphonic acid (93) and 

(R)-(3-fluoro-1-hydroxypropyl)phosphonic acid (94) 

 

(a) Trichloroisocyanuric acid 0.37 eq, cat. TEMPO, NaHCO3 1.0 eq, CH2Cl2 / water, 

RT; (b) HP(O)(OEt)2 1.0 eq, n-BuLi 1.0 eq, THF, 45% over two steps; (c) lipase AK, 

vinylacetate, diisopropylether, 90 (43%) and 91 (44%); (d) aqueous NaOH 1.10 eq, 
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90%; (e) TMSBr 5.0 eq, allylTMS 8.0 eq, CH2Cl2, RT, 83%. 

 

Diethyl (3-fluoro-1-hydroxypropyl)phosphonate (89). To a solution of 87 (1.56 g, 

20.0 mmol), TEMPO (catalytic amount) and NaHCO3 (1.68 g, 20 mmol) was added 

trichloroisocyaunic acid (1.70 g, 7.3 mmol) in CH2Cl2 / water (30 mL / 1 mL) at room 

temperature. The reaction was kept stirring until the color changed from orange to 

pale yellow and then the mixture was decanted. The crude product 88 in CH2Cl2 was 

dried over MgSO4 and directly used in the next step (28). n-BuLi (2.5 M, 8.0 mL) was 

added to a solution of diethylphosphite (20.0 mmol, 2.58 mL) in THF (50 mL) at -78 

o
C. After 30 min, crude 88 (in CH2Cl2) was added to the reaction. After stirring at -78 

o
C for 30 min, the reaction mixture was quenched by adding brine (30 mL) and 

extracted with CH2Cl2 (20 mL x 5). The combined organic layers were concentrated 

and subjected to silica gel chromatography, eluting with hexanes : ethyl acetate = 1 : 1 

and then 1 : 2 with 1% Et3N. The solvent of the combined desired fractions was 

removed to afford 89 as a colorless oil (45%, over two steps). 
1
H NMR (CHCl3) δ 

1.34 (t, J = 7.2 Hz, 6H), 1.91-2.00 (m, 1H), 2.11-2.24 (m, 1H), 4.06-4.20 (m, 1H), 

4.51-4.80 (m. 2H); 
31

P NMR (CHCl3) δ 24.5; 
19

F NMR (CHCl3) δ – 222.1- -222.5 

(m). 

(S)-1-(Diethoxyphosphoryl)-3-fluoropropyl acetate (90) and (R)-diethyl 
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(3-fluoro-1-hydroxypropyl)phosphonate (91). Lipase AK (1.2 g) (purchased from 

Amano Enzyme Inc.) and vinyl acetate (30 mL) were added to a solution of 89 (1.0 g, 

4.43 mmol) in 30 mL diisopropyl ether. The reaction was stirred under room 

temperature and monitored by 
1
H and 

31
P NMR. Once the reaction reached roughly 50 

% conversion (~ 36 hr), the reaction mixture was filtered through a silica pad. 

Concentration under reduced pressure gave an oily residue that was purified by flash 

chromatography on silica gel with hexanes : ethyl acetate = 1 :1 with 1% Et3N as the 

eluting solvent to give 90 (43%) and 91 (44%) as colorless oil. The enantiomeric 

excess (e.e.) of 91 was determined to be 96% (17-18) and its 
1
H, 

31
P, and 

19
F NMR 

spectra are consistent with those of 89. Compound 90: 
1
H NMR (CHCl3) δ 1.28-1.33 

(m, 6H), 2.10 (s, 3H), overlapping with previous peak 2.10-2.30 (m, 2H), 4.11-4.17 

(m, 4H), 4.36-4.59 (m, 2H), 5.37-5.43 (m, 1H); 
31

P NMR (CHCl3) δ 19.9; 
19

F NMR 

(CHCl3) δ – 221.1- -221.5 (m). 

(S)-Diethyl (3-fluoro-1-hydroxypropyl)phosphonate (92). To a solution of 90 (400 

mg, 1.56 mmol) in water was added NaOH (1.0 M, 1.87 mL) at 0 
o
C. When the 

reaction was completed as determined by TLC, the reaction mixture was poured into 

10 mL of 1.0 M K2HPO4 solution, saturated with NaCl, and then exacted using ethyl 

acetate (10 mL x 5). The organic layers were collected, dried over MgSO4, and 

concentrated under reduced pressure to afford 92 as a colorless oil (90 %). The 
1
H, 

31
P, 
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and 
19

F NMR spectra of the product are identical to those of 89. The enantiomeric 

excess (ee) of 92 was determined to be 96% (17-18). 

(S)-(3-Fluoro-1-hydroxypropyl)phosphonic acid (93). To a solution of 92 (441 mg, 

2.06 mmol) in CH2Cl2 (20 mL) was added allylTMS (2.63 mL, 16.48 mmol) followed 

by TMSBr (1.36 mL, 10.30 mmol) at room temperature, and the reaction was stirred 

overnight. Solvent was then removed under reduced pressure. The residue was 

dissolved in CHCl3 (20 mL) and extracted with a 0.2 M NH4OAc solution. The 

aqueous layer was collected and lyophilized to afford 93 as a white solid (83 %). 
1
H 

NMR (D2O) δ 1.69-1.80 (m ,1H), 2.01-2.09 (m.1H), 3.65-3.38 (m, 1H); 4.48-4.50 (m, 

1H), 4.55-4.58 (m, 1H);  
31

P NMR (D2O) δ 18.9; 
19

F NMR (D2O) δ -219.8- -220.0 

(m); 
13

C NMR (D2O) δ 32.5 (dd, J = 2.4, 19.2 Hz), 65.2 (d, J = 155.3 Hz); 82.0 (dd, J 

= 14.4, 157.8 Hz).  

(R)-(3-Fluoro-1-hydroxypropyl)phosphonic acid (94). Compound 94 was obtained 

from 91 following the same procedure for the synthesis of 93 in 80% yield. 
1
H, 

31
P, 

and 
13

C NMR spectra of 94 are identical to those of compound 93.  
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2.2.15 Synthesis of (3,3,3-trifluoro-1-hydroxypropyl)phosphonic acid (98) 

 

(a) Trichloroisocyanuic acid 0.37 eq, cat. TEMPO, NaHCO3 1.0 eq, CH2Cl2 / water, 

RT; (b) HP(O)(OEt)2 1.0 eq, n-BuLi 1.0 eq, THF, 55% over two steps; (c) TMSBr 5.0 

eq, allylTMS 8.0 eq, CH2Cl2, RT, 85%. 

 

Diethyl (3,3,3-trifluoro-1-hydroxypropyl)phosphonate (97). To a solution of 95 

(2.28 g, 20.0 mmol), TEMPO (catalytic amount) and NaHCO3 (1.68 g, 20 mmol) was 

added trichloroisocyaunic acid (1.70 g, 7.3 mmol) in CH2Cl2 / water (30 mL / 1 mL) 

at room temperature. The reaction was stirred until the color changed from orange to 

pale yellow and then the solution was decanted (~ 1 hr). The crude product 96 in 

CH2Cl2 was dried over MgSO4 and directly used in the next step. n-BuLi (2.5 M, 8.0 

mL) was added to a solution of diethylphosphite (20.0 mmol, 2.58 mL) in THF (60 

mL) at -78 
o
C. After 30 min, crude 96 (in CH2Cl2) was added to the reaction mixture. 

After stirring at -78 
o
C for 30 min, the reaction was quenched by adding brine (30 mL) 

and extracted with ethyl acetate (20 mL x 4). The combined organic layer were 

evaporated and subjected to silica gel chromatography using hexanes : ethyl acetate = 



77 
 

1 : 1 with 1% Et3N as the eluent. The solvent was removed to afford 97 as a colorless 

oil (55% yield, over two steps).
1
H NMR (CHCl3) δ 1.31 (dt, J = 4.2, 7.2 Hz, 6H), 

2.46-2.54 (m, 2H), 4.13-4.21 (m, 5H), 5.09 (broad s, exchangeable, 1H); 
31

P NMR 

(CHCl3) δ 21.6 (q, J = 3.2 Hz); 
19

F NMR (CHCl3) δ – -64.11 (dt, J = 3.2, 10.7 Hz ); 

13
C NMR (CHCl3) δ 16.3 (d, J = 5.4 Hz), 16.3 (d, J = 5.4 Hz), 36.0 (dq, J = 3.8, 28.8 

Hz), 62.3 (dq, J = 168.8, 2.9 Hz), 63.1 (d, 7.2 Hz), 63.4 (d, 7.1 Hz), 126.1 (dg, , J = 

23.7, 276.0 Hz). 

(3,3,3-Trifluoro-1-hydroxypropyl)phosphonic acid (98). To a solution of 97 (106 

mg, 0.40 mmol) in CH2Cl2 (5 ml) was added allylTMS (510 μL, 3.20 mmol) followed 

by TMSBr (262 μL, 1.99 mmol) at room temperature, and the solution was stirred 

overnight. Solvent was removed under reduced pressure. The residue was dissolved in 

CHCl3 (5 mL) and extracted with a 0.2 M NH4OAc solution. The aqueous layer was 

collected and lyophilized to afford 98 as a white solid (85%) 
1
H NMR (D2O) δ 

2.30-2.39 (m ,1H), 2.44-2.51 (m.1H), 3.89 (dt, J = 1.2, 10.8 Hz , 1H); 
31

P NMR (D2O) 

δ 16.6; 
19

F NMR (D2O) δ –63.8 (dt, J = 2.8, 11.3 Hz); 
13

C NMR (D2O) δ 35.9 (dq, J = 

4.4, 27.3 Hz), 63.5 (d, J = 156.9 Hz); 126.8 (dq, J =.25.7, 275.4 Hz).  
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2.2.16 Synthesis of (S)-(1-hydroxyethyl)phosphonic acid (104) and 

(R)-(1-hydroxyethyl)phosphonic acid (105)  

(a) HP(O)(OEt)2 0.95 eq, cat. TMG, RT, CH2Cl2, 90%; (b) lipase AK, vinylacetate, 

diisopropylether, 90 (43%) and 91 (44%); (c) aqueous NaOH 1.10 eq, 90%; (d) 

TMSBr 5.0 eq, CH2Cl2, RT, 80%. 

 

Diethyl (1-hydroxyethyl)phosphonate (100). Diethylphosphite (27.0 mmol, 3.48 mL) 

with catalytic amount of TMG was added to a solution of 99 (1.69 mL, 30.0 mmol) in 

CH2Cl2 (30 mL) at room temperature. After the reaction was complete, the solvent 

and TMG were removed under reduced pressure to afford 100 as a colorless oil (90%). 

1
H NMR (CHCl3) δ 1.33 (dt, J = 2.0, 6.8 Hz, 6H), 1.43 (dd, J = 6.8, 17.6 Hz, 3H), 

3.08 (broad s, 1H, exchangeable), 4.00-4.06 (m, 1H), 4.13-4.22 (m, 4H); 
31

P NMR 

(CHCl3) δ 25.7. 

(S)-1-(diethoxyphosphoryl)ethyl acetate (101) and (R)-diethyl 
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(1-hydroxyethyl)phosphonate (102).  Lipase AK (3.5 g) (purchased from Amano 

Enzyme Inc.) and vinyl acetate (70 mL) were added to a solution of 100 (2.40 g, 13.2 

mmol) in 70 mL diisopropyl ether. The reaction was stirred at room temperature and 

monitored by 
1
H and 

31
P NMR. Once the reaction reached roughly 50% conversion (~ 

96 hr), the reaction mixture was filtered through a celite pad. Concentration under 

reduced pressure gave an oily residue that was purified by flash chromatography on 

silica gel with hexanes : ethyl acetate : triethyl amine (20:20:1) as the eluting solvent 

to give 101 (45%) and 102 (45%) as colorless oil. The enantiomeric excess (e.e.) of 

102 was determined to be 95% (17-18) and 
1
H and 

31
P NMR spectra are identical to 

those of 100. Compound 101 : 
1
H NMR (CHCl3) δ 1.33 (t, J = 7.2 Hz, 3H), 1.33 (t, J 

= 7.2 Hz, 3H), 1.45 (dd, J = 7.2, 16.4 Hz, 3H), 2.11 (s, 3H), 4.12-4.21 (m, 4H), 5.26 

(dq, J = 8.4, 7.2 Hz, 1H); 
31

P NMR (CHCl3) δ 21.5. 

(S)-Diethyl (1-hydroxyethyl)phosphonate (103). NaOH (1.0 M, 3.13 mL) was 

added to a solution of 102 (640 g, 2.85 mmol) in 15 mL of water at 0 
o
C. After 48 hr, 

the reaction mixture was quenched with 10 mL of 1.0 M K2HPO4 and partitioned 

between ethyl acetate (15 mL x 5) and water. The organic layers were collected, dried 

over MgSO4, and concentrated under reduced pressure to afford 103 as a colorless oil 

(90%). The 
1
H, 

31
P, and 

13
C NMR spectra of 103 are identical to those of 100. The 

enantiomeric excess (e.e.) of 103 was determined to be 95 % (17-18). 
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(S)-(1-Hydroxyethyl)phosphonic acid (104). TMSBr (1.15 g, 8.77 mmol) was added 

to a solution of 103 (320 mg, 1.75 mmol) in CH2Cl2 (20 mL) at room temperature, 

and the solution was stirred overnight. Solvent was removed under reduced pressure. 

The residue was dissolved in CHCl3 (20 mL) and extracted with a 0.2 M NH4OAc 

solution. The aqueous layer was collected and lyophilized to afford 104 as a white 

solid (80%). 
1
H NMR (D2O) δ 1.12 (dd, J = 7.2, 14.4 Hz, 3H), 3.53-3.58 (m, 1H); 

31
P 

NMR (D2O) δ 19.6; 
13

C NMR (D2O) δ 17.7, 66.3 (d, J = 150.2 Hz).  

(S)-(1-Hydroxyethyl)phosphonic acid (105). Compound 105 was obtained from 102 

following the same procedure for the synthesis of 104 in 82% yield. 
1
H, 

31
P, and 

13
C 

NMR spectra of 105 are identical to those of compound 104.  

 

2.2.17 Synthesis of diethyl (1-hydroxy-2-methylpropyl)phosphonate (108) 

 

(a) HP(O)(OEt)2 0.95 eq, cat. TMG, RT, CH2Cl2, 92%; (b) TMSBr 5.0 eq, CH2Cl2, RT, 

88%. 

 

Diethyl (1-hydroxy-2-methylpropyl)phosphonate (107). Compound 107 was 

obtained following the same procedure for the synthesis of 100 using 106 as the 
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starting material in 92% yield. 
1
H NMR (CHCl3) δ 1.05 (d, J = 6.8 Hz, 3H), 1.05 (d, J 

= 6.8 Hz, 3H), 1.32 (t, J = 6.8 Hz, 6H), 2.04-2.11 (m, 1H), 3.63 (dd, J = 6.0, 6.4 Hz, 

1H), 4.13-4.17 (m, 1H); 
31

P NMR (CHCl3) δ 25.1. 

(1-Hydroxy-2-methylpropyl)phosphonic acid (108). Following the same procedure 

for the synthesis of 104, compound 108 was synthesized using 107 as the starting 

material in 88% yield. 
1
H NMR (D2O) δ 0.83 (d, J = 6.6 Hz, 3H), 0.84 (d, J = 6.6 Hz, 

3H), 1.79-1.86 (m, 1H), 3.23 (dd, J = 6.0, 8.4 Hz, 1H) ; 
31

P NMR (D2O) δ 19.6; 
13

C 

NMR (D2O) δ 17.5 (d, J = 6.9 Hz), 20.0 (d, J = 8.6 Hz), 29.9 (d, J = 2.1 Hz),75.3 (d, J 

= 148.4 Hz). 
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2.2.18 Synthesis of (S)-(1-hydroxybutyl)phosphonic acid (114) and 

(R)-(1-hydroxybutyl)phosphonic acid (115) 

 

(a) HP(O)(OEt)2 0.95 eq, cat. TMG, RT, CH2Cl2, 90%; (b) lipase AK, vinylacetate, 

diisopropylether, 111 (48%) and 112 (47%); (c) aqueous NaOH 1.10 eq, 95%; (d) 

TMSBr 5.0 eq, CH2Cl2, RT, 85%. 

 

Diethyl (1-hydroxybutyl)phosphonate (110). Compound 110 was obtained 

following the same procedure for the synthesis of 100 using 109 as the starting 

material in 90% yield. 
1
H NMR (CHCl3) δ 0.94 (t, J = 6.8 Hz, 3H), 1.33 (t, J = 6.8 Hz, 

6H), 1.40-1.47 (m, 1H), 1.62-1.74 (m, 3H), 3.85-3.88 (m, 1H), 4.14-4.18 (m, 4H); 
31

P 

NMR (CHCl3) δ 25.4. 

(S)-1-(Diethoxyphosphoryl)butyl acetate (111) and (R)-Diethyl 

(1-hydroxybutyl)phosphonate (112). Following the kinetic resolution procedure for 

making compounds 101 and 102, compound 111 and 112 were obtained in 48 and 
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47% yields, respectively. The e.e. value for 112 is 96%. Compound 112 : 
1
H NMR 

(CHCl3) δ 0.92 (dt, J = 2.0, 7.2 Hz, 3H), 1.30-1.35 (m, 6H), 1.30-1.49 (m, 2H) 

overlapping with previous peak, 1.78-1.84 (m, 32), 2.12 (s, 3H), 4.11-4.19 (m, 4H), 

5.24-5.31 (m ,1H); 
31

P NMR (CHCl3) δ 21.1. 

(S)-Diethyl (1-hydroxybutyl)phosphonate (113). Compound 113 was obtained from 

111 following the same procedure for the synthesis of 103 with 95% yield. 
1
H, 

31
P, 

and 
13

C NMR spectra of 113 are identical to those of compound 110.  

(S)-(1-Hydroxybutyl)phosphonic acid (114). Following the same procedure for the 

synthesis of 104, compound 114 was synthesized using 113 as the starting material in 

85 % yield. 
1
H NMR (D2O) δ 0.79 (t, J = 7.2 Hz, 3H), 1.21-1.79 (m, 1H), 1.30-1.49 

(m, 2H), 1.54-1.58 (m, 1H), 3.54-3.58 (m, 1H); 
31

P NMR (D2O) δ 21.8; 
13

C NMR 

(D2O) δ 13.0, 18.7 (d, J = 13.2 Hz), 33.4, 68.4 (d, J = 156.2 Hz). 

(R)-(1-Hydroxybutyl)phosphonic acid (115). Compound 115 was synthesized from 

112 according to the same procedure for the synthesis of 104 in 84 % yield. 
1
H, 

31
P, 

and 
13

C NMR spectra of 115 are identical to those of compound 114.  
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2.3 Results and Discussion 

2.3.1 Overexpression, purification, and reconstitution of Streptomyces 

wedmorensis HppE   

An expression vector encoding HppE from Streptomyces wedmorensis, pPL1001, 

was used to transform the E. coli BL21(DE3). HppE production was induced by the 

addition of IPTG (0.05 mM) at 18 
o
C to minimize the formation of inclusion bodies. 

As shown in Figure 2.3.1, the desired protein was isolated in nearly homogeneous 

form after (NH4)2SO4 fractionation and DEAE-Sepharose ion exchange column 

chromatography.  As shown by SDS-PAGE, the monomer molecular mass of HppE 

is ~ 21 kDa, which is consistent with the predicted value of 21,336 Da calculated 

from the deduced amino acid sequence. The MALDI-TOF MS revealed that the 

protein mass of 21,125 Da.  

 

Figure 2.3.1: SDS-PAGE of as-purified HppE. 
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Purified HppE was reconstituted using ferrous iron, and its activity was assayed 

under aerobic condition in the presence of NADH, FMN, and (S)-HPP (5). The 

product, fosfomycin, was verified by comparing its 
1
H and 

31
P NMR spectra with 

those of a fosfomycin standard. Next, the activity of HppE with (S)-1-HPP (6) and 

(R)-1-HPP (7) was examined. If either iron, FMN, NADH or molecular oxygen was 

omitted from the reaction mixture, no product was discernible by HPLC or NMR. The 

results are consistent with a mechanism in which the reducing equivalents from 

NADH are transferred to the iron center (via the redox mediator), where the molecular 

oxygen binds and is activated to effect catalysis.  

 

2.3.2 Regiochemical analysis of HppE-catalyzed hydrogen atom abstraction from 

1-HPP 

As described in the introduction section, the isolation of the turnover product of 

HppE with (R)-1-HPP (7) was not successful; another chemical step was required to 

reduce 7 to a more stable product (10) (Scheme 2.3.1). Due to the non-stereo 

selectivity of the NaBH4 reduction and the basicity of the reduction conditions, which 

induces C1-proton exchange with solvent, determination of the regiochemistry of 

hydrogen atom abstraction during turnover is practically challenge. However, to 

elucidate the mechanism of this unusual HppE-catalyzed reaction, it is essential to 
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determine the position of hydrogen atom abstraction.  

 

Scheme 2.3.1: HppE catalyzed (R)-1-HPP (7) turnover. 

 

An in-situ NMR assay was developed to circumvent these problems. Specifically, 

reaction mixtures containing 0.25 mM reconstituted HppE, 7.5 mM FMN, 25 mM 

labeled HPP, and 37.5 mM NADH in 700 μL of 50 mM Tris buffer (pH 7.5) were 

prepared and analyzed using 
1
H NMR spectroscopy. The time course for the 

HppE-catalyzed conversion of racemic 37 to the corresponding products (116 and 117) 

is shown in Figure 2.3.2. A quartet at δ 2.60 (2H, q, J = 7.0 Hz) and a triplet at δ 0.79 

(3H, t, J = 7.0 Hz), which correspond to the methylene and methyl groups of 116 

respectively, appear over time. The splitting patterns and chemical shifts of these 

peaks are identical to those of an authentic standard of 116. The data are consistent 

with the retention of hydrogens at C2 and the removal of deuterium from C1 of the 

(S)-isomer of 1-HPP as depicted in Scheme 2.3.2, mechanism A. However, this result 

is also consistent with a mechanism wherein the hydrogen is removed from C2 to 

generate a carbocation intermediate (Scheme 2.3.2, mechanism B), followed by a 

1,2-hydride shift (route i) or deprotonation at C1 (route ii), and rapid exchange of the 



87 
 

C2 protons with solvent .  

Additionally, a doublet of quartets at δ 2.85 (1H, dq, J = 26.0, 6.5 Hz) and a 

doublet of doublets at δ 1.00 (3H, dd, J = 12.5, 6.5 Hz) associated with 117 also form 

over time. According to splitting patterns, coupling constants, and chemical shifts of 

these peaks, this product contains one hydrogen atom at the carbon derived from C2 

of the (R)-isomer of 1-HPP. Meanwhile, no accumulation of a peak around 9.5 ppm 

suggests retention of the deuterium atom at C1. Thus, the labeling pattern of 

formation of 117 is consistent with a mechanism in which hydrogen atom abstraction 

occurs at the C2 position, followed by carbon-phosphorous bond migration to 

generate the product (Scheme 2.3.2, mechanism C).  
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Figure 2.3.2: 
1
H NMR spectra obtained during the incubation of racemic 37 with 

HppE. 

 



89 
 

Scheme 2.3.2: Proposed mechanisms for HppE-catalyzed reactions with (S)- and 

(R)-1-HPP (6 and 7). 

 

To distinguish between mechanisms A and B when (S)-1-HPP (6) is used as 

substrate and to further verify mechanism C for the turnover of (R)-1-HPP (7), an 

NMR assay using 41 as the substrate was carried out. The NMR time course for this 

reaction is shown in Figure 2.3.3. The accumulation of a singlet peak at δ 0.77 is 

consistent with the formation of 118, which contains two deuterium atoms at C2 

adjacent to the C3 methyl group. Pathways involving hydrogen atom abstraction from 

C2 of (S)-1-HPP (6), followed by carbocation formation, hydrife shift/deprotonation, 

and rapid D-H exchange with solvent (mechanism B) cannot account for this outcome. 
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Thus, mechanisms B can be ruled out. A singlet at δ 9.52 (1H, s) is indicative for an 

aldehyde proton, and a doublet at δ 1.00 (3H, d, J = 15 Hz), coupled with the 

disappearance of the peak at δ 2.85, suggest that hydrogen atom abstraction occurs at 

C2 position of (R)-1-HPP (7), followed by carbon-phosphorous bond rearrangement 

to afford product 119. Also, these results are consistent with mechanism C (Figure 

2.3.3 and 2.3.4) and effectively rule out hydrogen atom abstraction from C1 in the 

HppE-catalyzed conversion of (R)-1-HPP (7) to 9.  

 

 

Figure 2.3.3: 
1
H NMR spectra obtained during the incubation of racemic 41 with 

HppE. 
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Figure 2.3.4: 
1
H NMR spectra obtained during the incubation of racemic 41 with 

HppE (the whole range). 

 

To gain further insight into the C-P bond migration reaction, (1R,2R)- and 

(1R,2S)-[2-
2
H]-1-hydroxypropylphosphonic acid (32 and 35) were also synthesized to 

determine the stereospecificity of the hydrogen atom abstraction step. A real-time 

NMR assay was used to monitor the turnover of 32 and 35 by HppE. The C3 methyl 

signal at  1.00 of product (9) derived from 32 is split into a doublet of quartets (J = 

14.4 (JC-P), 6.6 Hz (JC-C)) indicating the retention of a hydrogen atom in the product 

(Figure 2.3.5). In contrast, the fact that the C3 methyl signal at  1.00 of the product 

(119) derived from 35 appears as a doublet (JC-P = 14.4 Hz), clearly indicating the 
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retention of deuterium in the product (Figure 2.3.6). These results are consistent with 

a mechanism involving a stereospecific pro-R hydrogen atom abstraction from C2 of 

(R)-1-HPP (7). 

 

Figure 2.3.5: 
1
H NMR spectra obtained during the incubation of 

(1R,2R)-[2-
2
H]-1-hydroxypropylphosphonic acid (32) with HppE. 
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Figure 2.3.6: 
1
H NMR spectra obtained during the incubation of 

(1R,2S)-[2-
2
H]-1-hydroxypropylphosphonic acid (35) with HppE. 

 

    In short, in situ NMR analysis provides compelling evidence that the 

HppE-catalyzed conversions of (S)- and (R)-1-HPP (6 and 7) to their corresponding 

products (8 and 9) are initiated by hydrogen atom abstraction from C1 and the pro-R 

position of C2, respectively (Mechanisms A and C, Scheme 2.3.2).  
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2.3.3 Analysis of the carbon-phosphorous bond migration mechanism using 

amino group containing mechanistic probes 

In the model studies of the HppE-catalyzed conversion of (R)-1-HPP (7) to 9 

(Scheme 2.1.4), C1-P-C2 migration is dependent on the formation of an incipient 

carbocation at C2 of the substrate. The results of the proceeding section showed that 

the formation of 9 from 7 is very likely initiated by the abstraction of the pro-R 

hydrogen from C2 of the substrate by a reactive iron-oxygen species to form 120, as 

shown in Scheme 2.3.3. A carbocation intermediate 121 could then be formed via 

electron transfer to the iron center to trigger the C-P bond migration to produce 9 

(Scheme 2.3.3, route i). However, it is still possible that the enzyme utilizes an 

alternative route involving radical-induced C-P bond migration to generate the ketyl 

radical 122, which is subsequently oxidized to 9 by the iron center (Scheme 2.3.3, 

route ii). Thus, the key mechanistic question to be addressed is whether the C1-P-C2 

migration found during the conversion of 7 to 9 is a radical- or a cation-induced event.   

As mentioned above, model studies using compounds 12 and 13 clearly 

demonstrated that formation of a carbocation intermediate is a prerequisite for 

phosphonate migration (Scheme 2.1.4). In fact, the intermediacy of carbocationic 

species has been implicated in most biological 1,2-hydride and -alkyl shift reactions, 

such as those catalyzed by the various terpenoid cyclases, and the "NIH shift" 
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catalyzed by aromatic amino acid hydroxylases (29-31). 

 

 

Scheme 2.3.3: Possible mechanisms for HppE-catalyzed conversion of 7 to 9. 

 

To provide evidence to support the involvement of a cation intermediate in the 

HppE-catalyzed C-P bond rearrangement reaction, the cation probes (1R, 

2S)-1-hydroxyl-2-aminopropyl-phosphonic acid (52) and (1R, 

2S)-1-hydroxyl-2-aminopropyl-phosphonic acid (53) were synthesized, and their 

reactions with HppE were monitored by 
1
H NMR spectroscopy (Figure 2.3.7). If the 

reaction involves the formation of a carbocation intermediate at C2 (124), trapping of 

the incipient cation by the amino group to form the iminium intermediate (126), 

followed by hydrolysis to yield the 2-keto product 45 (Scheme 2.3.4, pathway i, b), 

may compete with C-P migration (124 →125, Scheme 2.3.4, pwathway i, A) when 52 

is used as the substrate. Alternatively, if the reaction goes through the radical 

rearrangement pathway (123 → 127, Scheme 2.3.4, pathway ii), one would expect the 

formation of the migration product (125). Consistent with the involvement of a cation 
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in the phosphonate migration reaction, NMR analysis showed the accumulation of the 

2-keto product 45 over time, which was confirmed by spiking with the authentic 

standard (Figure 2.3.7). Interestingly, formation and hydrolysis of the iminium 

intermediate (126) outcompetes C-P bond migration since no migration product was 

detected.  

 

Scheme 2.3.4: Proposed mechanisms for HppE catalysis using 52 as the substrate. 
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Figure 2.3.7: 
1
H NMR spectra obtained during the incubation of (1R, 

2S)-1-hydroxyl-2-aminopropyl-phosphonic acid (52) with HppE. (The singlet at  2.2 

ppm and a doublet at 3.91 ppm with JC-P = 14.4 Hz correspond to the product 45; peak 

at 2.42 and 3.00 ppm come from Ru(NH3)4Cl2; the peaks around 3.4-3.5 ppm 

represent the C1 and C2 protons of the starting material 52.) 

 

It is noteworthy that (1R, 2S)-1-hydroxyl-2-aminopropyl-phosphonic acid (53), 

which is the C2 diastereomer of 52, was also converted to compound 45 by HppE. At 

first glance, this seems inconsistent with the result that hydrogen atom abstraction 

occurs in a stereospecific manner. However, if in the active site, the substrate 

coordinates to the iron center in a fixed bidentate binding mode via the phosphonate 



98 
 

and C1 hydroxyl groups, rotation about the C1-C2 bond will likely occur to generate 

the most stable conformer. As shown in Scheme 2.3.5, the most stable conformers of 

52 and 53 both have two gauch interactions and position their C2 hydrogen atoms in 

identical position for abstraction by the reactive iron-oxygen species. 

 

Scheme 2.3.5: Schematic illustration of the different conformers of 52 and 53 in the 

active site of HppE. 

 

It should be noted that 2-aminopropylphosphonic (()-48, as a racemic mixture), 

which does not have a hydroxyl group at C1, was not processed by HppE. The lack of 

detectable activity for 48 may be due to the inability of the amino group to support   

bidentate substrate coordination to the iron center, which is required for molecular 

oxygen binding and activation in HppE (6). Taken together, these data support the 
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formation of a C2 carbocationic intermediate and are consistent with route i, (Scheme 

2.3.3) as the possible pathway for the HppE-catalyzed conversion of 7 to 9.  

 

2.3.4  Probing carbon-phosphorous bond rearrangement with mechanistic 

probes 

The results obtained using the amino-containing substrate analogues (52 or 53), 

suggest that the phosphonate bond migration reaction proceeds through a carbocation 

intermediate as shown in Scheme 2.3.6. After formation of the C2 radical species (7 

→ 120), electron transfer to the iron center results in a secondary carbocation 

intermediate (120 → 121), which triggers migration of the phosphonate moiety (121

→ 9).  

 

Scheme 2.3.6: Proposed mechanism for HppE-catalyzed reaction with (R)-1-HPP (7).  

 

The relative stabilities of the primary, secondary, and tertiary radicals of ethane , 

propane, and tert-butane are 2.5 (1
o
 → 2

o
) and 2.1 (2

o
 → 3

o
) kcal/mol (Figure 2.3.8) 

(32). In contrast, the relative stabilities of the corresponding primary, secondary, and 

tertiary carbocation are 27 and 15 kcal/mol, respectively (Figure 2.3.8) (32).  
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Figure 2.3.8: Relative stabilities of 1
o
, 2

o
, and 3

o
 radicals and carbocations. 

 

Similar trends are expected for the relative stabilities of the radicals and cations 

derived from compounds 7, 105 and 108 (Figure 2.3.9). During the HppE-catalyzed 

conversion, a secondary radical species is generated followed by a secondary 

carbocation intermediate. Analogous to 7, incubation of substrate analogues 105 and 

108 with HppE are expected to form primary and tertiary radicals and carbocations 

intermediates, respectively (Figure 2.3.9).  
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Figure 2.3.9: Relative stabilities of the 1
o
, 2

o
, and 3

o
 radicals and carbocations of 7, 

105, and 108. 

The NMR time course of the HppE-catalyzed reaction with 7 is shown in 

(Figure 2.3.10). Similarly, when 108 (racemic mixture) was incubated with HppE, it 

was converted to 127 and 128 (Figure 2.3.11). However, when 105, which has the 

(R)-configuration at C1, was incubated with HppE, only a trace amount product (129) 

could be detected (Figure 2.3.12), (Table 2.3.1). To ensure that this result is not due to 

the inability of the substrate to bind, analogue 104, which has the (S)-configuration at 

C1, was tested and was found to be converted to ketone 130 (Scheme 2.3.7). Thus, the 
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very low turnover of 105 by HppE is unlikely to be due to the inability of the 

substrate to bind. Furthermore, when the natural substrate, (S)-2-HPP, was added to 

the reaction mixtures of HppE pre-incubated with 7, 105 or 108, fosfomycin 

production was greatly reduced only with reaction with 105 (Table 2.3.1). Thus, the 

data suggested that compound 105 is likely an inhibitor for HppE. Taken together, 

these results suggest that secondary and tertiary radicals and cations are readily 

formed durng turnover when 7 and 108 were used as the substrates. However, due to 

the large activation energy for the formation of the primary cation from the 

corresponding radical species, one or more inactive pathways compete with product 

formation when 105 was used in the incubation. 

 

 

Figure 2.3.10: 
1
H NMR spectra obtained during the incubation of 7 with HppE, 

followed by the addition of (S)-2-HPP. 
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Figure 2.3.11: 
1
H NMR spectra obtained during the incubation of 108 with HppE, 

followed by the addition of (S)-2-HPP. 

 

 

Figure 2.3.12: 
1
H NMR spectra obtained during the incubation of 105 with HppE, 

followed by the addition of (S)-2-HPP. 
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Table 2.3.1: Products yields for the HppE-catalyzed reactions with 7, 105, and 108, 

followed by reaction with (S)-2-HPP.  

(A)  The % conversion is with respect to the corresponding substrate (7, 105, or 108). 

(B)  The % conversion is with respect to (S)-2-HPP. 

 

 

Scheme 2.3.7: HppE-catalyzed turnover using 7, 104, 105 and 108 as substrates. 
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To further probe the involvement of radical and/or cation intermediates observed 

during the turnover with (R)-1-HPP, a series of substrate analogues (86, 94, 98, and 

115) were synthesized and tested for activity with HppE. When 86, 94, and 115 were 

incubated with HppE, the corresponding migration products were detected (Scheme 

2.3.8). Conversely, no product formation could be deteceted when 98 was used as the 

substrate. The HppE catalyzed migration reactions were monitored using 
1
H NMR 

and the extents of conversion at various time points were obtained by comparing the 

integration of the substrate and product peaks with that of an internal standard 

(DMSO- d6) (Table 2.3.2). These results clearly should that electron-withdrawing 

groups (EWGs) dramatically reduce the extent of formation of the migration products. 

Given that the turnover number of analogue 115, which contains a methyl group at C3, 

is nearly identical to that of 7, it is unlikely that the reduced turnover of the 

EWG-containing analogues is due to steric effects. In addition, the corresponding 

enantiomers of 86, 94, and 98, whose reactions with HppE are expected to proceed 

via hydrogen atom abstraction at C1, are all converted to the corresponding ketone 

products by HppE. Taken together, these data indicate that the reduced turnover 

numbers for the HppE-catalyzed reactions with 86, 94, and 98 are most likely due to 

electronic effects that influence the rate of formation of C2 centered cations and/or 

radicals intermediates. 
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Scheme 2.3.8: Summary of the HppE-catalyzed reactions using substrate analogues 

bearing electron donating/withdrawing substitutes at C3. 

 

 

Table 2.3.2: Rate of the HppE-catalyzed reactions using 7, 86, 94, 98, and 115 as 

substrate. 

 

For substrate analogue 98, which substitutes a trifluoromethyl group for the 

terminal methyl group of 7, the predicted carbocation intermediate is expected to be 

unstable and possibly inaccessible. In studies of prenyltransferase, whose reaction is 



107 
 

known to proceed through the formation of a carbocation intermediate, the reaction 

rate was decreased by 3 x 10
7
-fold when one of the methyl groups of the substrate is 

replaced with a trifluoromethyl group (131 → 132 or 133, Scheme 2.3.9); similar 

rate reduction was also observed in model studies involving the displacement and 

solvolysis of the corresponding methanesulfonate ester derivatives of 131 (33-34). If 

the migration reaction proceeds with the formation of a carbocation intermediate, one 

would expect that the conversion of 98 to products would be ~ 10
-8

 min
-1

, which 

would not be detectable under the reaction conditions used. Taken together, 

incubation with analogues 86, 94, and 98 provided additional evidence supporting the 

formation of a carbocationic species during the phosphonate migration reaction 

catalyzed by HppE. 

 

Scheme 2.3.9: The reaction catalyzed by prenyltransferase. 
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2.3.5 Probing the involvement of radical intermediates using radical clock 

subsbtrate analogues 

It is generally believed that after molecular oxygen binds to the metal center in 

non-heme iron-dependent enzymes, a reactive iron-oxygen species is formed which is 

responsible for homolytic cleavage of a C-H bond in the substrate (35-36). The 

resulting radical is used to trigger various transformations (such as hydroxylation, 

halogenation, or epoxidation) depending on the function of the enzymes. In the case 

of HppE, evidence for the involvement of catalytically competent radical 

intermediates is still lacking. Therefore, to gain further insight into the oxidation 

reaction mediated by HppE, cyclopropyl- and methylenecyclopropyl-containing 

substrate analogues were synthesized and tested fir activity with HppE. As depicted in 

Scheme 2.3.10 and Figure 2.3.13, substrate analogue 62, which has (S)-configuration 

at C1 was converted to the corresponding ketone product 134 as determined by NMR 

and M.S. When the (R)-isomer (63) was incubated with HppE, the migration product 

(135) was observed. Along with product formation, the time-dependent inactivation of 

HppE was also observed with 63 (Scheme 2.3.10, Figures 2.3.14 and 2.3.15). Even 

after extensive dialysis, HppE activity could not be recovered. Without the addition of 

FMN (electron mediator) or NADH (reductant), neither migration product formation 

nor HppE inactivation was observed. When the natural substrate (S)-2-HPP was added 
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to the pre-incubated reaction mixture of HppE and 63, no fosfomycin production was 

detected. In contrast, when (S)-2-HPP and 63 were added to the reaction at the same 

time, (S)-2-HPP is completely converted to fosfomycin product, after which migration 

product was detected. These findings indicate that both stereoisomers of the 

cyclopropyl-1-HPP analogues (62 and 63) are competent substrates for HppE and the 

inactivation is stereo-specific. The enzyme inactivation observed for 63 suggests that 

radical induced cyclopropane ring opening may be responsible. It is possible that 

radical intermediate 136, or its ring-opened product, react with nearby amino acid 

residue in the active site, thus resulting in the inactivation of HppE. Alternatively, 

HppE inactivation may be caused by the nucleophilic attack of an amino acid residue 

on the carbocation intermediate (137). To distinguish between these two pathways, the 

substrate analogue having a methylenecycloproyl substituent (78) was prepared, as 

depicted in Section 2.2.12.  
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Scheme 2.3.10: Products of the HppE-catalyzed reactions with substrate analogues 62 

and 63, and possible mechanisms accounting for HppE inactivation observed with 63. 

 

 

Figure 2.3.13: 
1
H NMR spectra obtained during the incubation of 62 with HppE. 
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Figure 2.3.14: 
1
H NMR spectra obtained during the incubation of 63 with HppE 

(whole range). 

 

 

Figure 2.3.15: 
1
H NMR spectra obtained during the incubation of 63 with HppE.  

 

In the application of cyclopropyl radical probes to detect the involvement of 

radical intermediates in enzymatic systems, the radical induced ring opening reaction 

must be fast enough to compete with the radical quenching process leading to the 
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conversion to the regular enzymatic product. The ring opening rate of the 

cyclopropylcarbinyl (CPC) radical (k = 1 x 10
8
 sec

-1
at 25 

o
C) (39-40) appears to be 

similar in magnitude to the intrinsic rate constant for the HppE-catalyzed breakdown 

of the radical intermediate. In order to verify the involvement of a radical intermediate 

in the inactivation of HppE, the methylenecyclopropyl-containing analogue (78) was 

synthesized and tested with HppE. Due to the increased ring strain and the formation 

of allylic radical after ring opening, the methylenecyclopropyl radical rearranges with 

a rate about 2-order of magnitude faster than that of the cyclopropylcarbinyl (CPC) 

radical (37). 

Preliminary data indicate that when racemic 78 was incubated with HppE, the 

ketone product (138), which should be derived form the (S)-isomer, was formed. 

Although, no migration product could be detected, HppE inactivation was observed 

(Scheme 2.3.11). When the natural substrate (S)-HPP was added along with analogue 

78, HppE activity could be preserved. Since the methylenecyclopropyl radical opens 

with a velocity ~ 2-order of magnitude faster than the cyclopropylcarbinyl (CPC) 

radical (37), with the facts that HppE activity was inactivated and no migration 

product could be observed, these data indirectly suggest that the activity inhibition by 

cyclopropyl and methylenecycloprooyl is the radical-related process and further 

indicates that the formation of a radical intermediate during HppE catalysis via 
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homolysis of a C-H bond in the substrate. 

Scheme 2.3.11: HppE catalyzed reaction using substrate analogue 78 (a racemic 

mixture). 

 

2.4 Mechanistic Implications and Conclusions 

In summary, these investigations provide considerable new insight into the 

mechanism of HppE catalysis. First, in situ NMR analysis provides strong evidence 

that the HppE catalyzed conversion of (S)- and (R)-1-HPP (6 and 7) to corresponding 

8 and 9 are initiated by hydrogen atom abstraction from C1 and C2, respectively 

(Scheme 2.3.2, mechanisms A and C). The fact that each enantiomer is converted to 

distinct products via hydrogen atom abstraction from different positions suggests that 

different C-H bonds are accessible to the reactive iron-oxygen species that are 

generated during the catalytic cycle. Second, studies using analogues (52 and 53) 

implicate a carbocation (122, in Scheme 2.3.3) as the key intermediate in the 

conversion of 7 to 9 by HppE. The homolytic C2-H bond cleavage is likely mediated 

by a [Fe
III

-OO˙] species (7 → 120, Scheme 2.3.3). The resulting C2 substrate radical 

120 must then undergo electron transfer to the iron core to generate a C2 carbocation 
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intermediate (121), which can be trapped by the amino groups of 52 or 53. Third, 

analogues  bearing EWGs at the terminal carbon (86, 94, and 98) and analogues that 

generate primary, secondary, and tertiary radical/cation species (7, 105, and 108) lend 

further support to the intermediacy of a carbocation species during the C-P 

rearrangement reaction. Fourth, using radical clock substrate analogues (63 and 78) 

provide indirect evidence for the involvement of a catalytically competent radical 

intermediate.  

In analogy with the phosphonate migration reaction catalyzed by HppE, it is 

possible that the reaction with the native substrate, (S)-HPP, may proceed with the 

involvement of a carbocation intermediate (139) en route to product formation 

(Scheme 2.4.1). It is possible that the need to avoid substrate radical hydroxylation 

through the hydroxyl rebound route provides the rationale for the generation of a 

carbocation intermediate. Last but not least, these studies provide compelling 

evidence for the involvement of both radical and cation intermediates in HppE 

catalysis representing an important discovery in the field of non-heme-iron oxygenase 

and oxidase enzymology.  

Scheme 2.4.1: Potential mechanism for fosfomycin formation. 
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Chapter 3: Investigation of the 2-(S)-Hydroxylpropylphosphonate 

Epoxidase (HppE) Mechanism using Isotopically Labeled Substrates 

and Radical Clock Probes 

3.1 Introduction  

Mononuclear non-heme iron-dependent enzymes comprise an important class of 

biocatalysts involved in many biological transformations of medical and 

pharmaceutical significance (1-3). HPP epoxidase (HppE) is a novel member of this 

enzyme class and is involved in the biosynthesis of the antibiotic fosfomycin (4-5). 

HppE performs the final transformation in the biosynthetic pathway, converting 

(S)-2-hydroxypropylphosphonic acid ((S)-2-HPP, 1) to 

(1R,2S)-epoxypropylphosphonic acid (fosfomycin, 2) (Scheme 3.1.1). Interestingly, 

when (R)-2-hydroxypropylphosphonic acid ((R)-2-HPP, 3) is treated with HppE, 

formation of 2-oxopropylphosphonic acid (4) was observed (Scheme 3.1.1) (6). These 

HppE-catalyzed oxidation reactions are unusual in that they are effectively a 

dehydrogenation of a secondary alcohol to form the corresponding epoxide or ketone.  

 

Scheme 3.1.1: The oxidation of 1 and 3 to the corresponding products, fosfomycin (2) 

and 4, by HppE. 
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The results of feeding experiments suggest that the formation of fosfomycin (2) 

is initiated by removal of the pro-(R) hydrogen atom from C1 of (S)-2-HPP (Scheme 

3.1.2) (7-9). Treating HppE with 1,1-difluoro-2-hydroxypropylphosphonic acid (5) 

leads to formation of the corresponding ketone 6 (Scheme 3.1.2) (6).
 
This suggests the 

formation of 4 proceeds via hydrogen atom abstraction from C2 of 3. Based on these 

results, mechanisms for the HppE-catalyzed conversions of (S)-2-HPP (1) and 

(R)-2-HPP (3) to their respective products have been proposed (Scheme 3.1.3).  

 

Scheme 3.1.2: Feeding experiment using deuterium-labeled 

2-hydroxyethylphosphonate and the oxidation of 5 to 6 by HppE. 
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Scheme 3.1.3: Proposed mechanisms for the oxidation of 1 and 3 by HppE. (A) 

Conversion of 1 to 2 is initiated by H-atom abstraction from C1. Conversion of 2 to 4 

can occur via H-atom abstraction from either C2 (B) or C1 (C).  

 

The key step in the formation of fosfomycin involves abstraction of a hydrogen 

atom from C1 of 1 by a reactive iron-oxygen species to form intermediate 7. 

Subsequent oxidation/cyclization, involving either rebound of the substrate hydroxyl 

group (7 → 2) or electron transfer to generate a carbocation intermediate (8), gives 

rise to the corresponding epoxide (Scheme 3.1.3, A). Conversely, the key step of 

2-oxopropylphosphonic acid (4) formation may involve the abstraction of the 

hydrogen atom from C2 of 3 by the reactive iron-oxygen species to form intermediate 
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9, followed by oxidation to generate 4, consistent with the observed conversion of 

difluoro-containing compound 5 to 6. However, it is possible that hydrogen 

abstraction from C1 of 3 is the preferred reaction route and the fluorinated analog 

diverts the reaction path towards abstraction from C2 by preventing removal of the C1 

hydrogen. This would account for the slower turnover rate of 5 (6). Following 

generation of radical 10, mechanisms involving proton-coupled electron transfer and 

tautomerization of the resulting enol 11 (Scheme 3.1.3, C, route (i)) or oxidation and 

C2-hydride shift (10 → 12, Scheme 3.1.3, C, route (ii)) can be envisioned for the 

conversion of 2 to 4.  

More recently, McLuskey et al found that recombinant HppE is active when 

reconstituted with either Fe
2+

 or Zn
2+

 (10). FMN is also required for HppE activity. 

Since Zn
2+

 is not redox active, their findings are inconsistent with the proposed 

mechanisms shown in Scheme 3.1.3. A different mechanism was proposed in which 

the divalent ion (Fe
2+

 or Zn
2+

) bound in the active site of HppE serves as a Lewis acid 

to activate the C2-OH group. Oxirane formation then proceeds by the nucleophilic 

attack of the C2-OH group on C1, which is coupled to the transfer of a hydride to 

FMN (1 → 13 → 2, Scheme 3.1.4) (10). In other words, HppE utilizes a nucleophilic 

displacement-hydride transfer mechanism for the formation of fosfomycin. The Liu 

group later re-examined the HppE mechanism and showed that Zn
2+

 cannot replace 
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Fe
2+

 in the reaction and NADH is indispensable for catalysis. Moreover, the proposed 

role for FMN as a hydride acceptor is inconsistent with the finding that FMN cannot 

bind to HppE in the presence of substrate. In addition, it was shown that various 

electron mediators could replace FMN in the HppE-catalyzed epoxidation reaction 

(11). In short, these results do not support the proposed nucleophilic 

displacement-hydride transfer mechanism but are more consistent with the previously 

proposed iron-dependent redox mechanism for HppE catalysis, which is expected for 

members of the mononuclear non-heme iron enzyme superfamily. 

 

Scheme 3.1.4: Proposed nucleophilic displacement-hydride transfer mechanism for 

HppE 

 

Given the mechanistic implications obtained from studies of the phosphonate 

group rearrangement reaction catalyzed by HppE, it is possible that the HppE reaction 

with the native substrate, (S)-HPP 1, may also proceed via the formation of a cation 

intermediate en route to product formation (2 in Scheme 3.1.5). Early studies of the 
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18
O KIE on kcat/Km(O2) for the reaction with (S)-2-HPP demonstrated the formation of 

an [Fe
III

-OOH] species (19) in the rate-determining step (12). The Fe
III

-OOH species 

could be generated through either hydrogen atom abstraction from the substrate (15 

→ 16), or via proton-coupled electron transfer (15 → 19). In the later case, the ferric 

peroxy intermediate is converted to an [Fe
IV

=O] species (20), which abstracts a 

hydrogen atom from the substrate (20 → 21).
 
Rebound mechanisms can be envisioned 

for the formation of the oxirane ring of fosfomycin (17 → 2 or 21 → 2). Alternatively, 

electron transfer from the initial substrate radical (17 or 21) to the iron center may 

occur to give a carbocation intermediate (18 or 22), which will generate fosfomycin 

via nucleophilic attack of the hydroxyl group (18 → 2 or 22 → 2).  
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Scheme 3.1.5: Proposed mechanisms account for HppE catalyzed fosfomycin 

formation. 

 

To distinguish these mechanistic possibilities for HPPE catalysis, 

isotopically-labeled substrates and radical clock probes were synthesized and their 

interactions with HppE were analyzed.  
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3.2 Experimental Procedures 

3.2.1 Synthesis of 2-hydroxy-[1-
2
H2]-propylphosphonic acid (26) and 

2-hydroxy-[2-
2
H]-propylphosphonic acid (28) 

 

(a) MeOD, few drops of D2O, RT, 1 hr, 98%; (b) NaBH4 1.0 eq, MeOH, RT, 2 hr, 85%; 

(c) TMSBr 5.0 eq, CH2Cl2, RT, 83%; (d) NaBD4 1.0 eq, MeOH, RT, 2 hr, 94%. 

 

Diethyl 2-oxo-[1-
2
H2]-propylphosphonate (24). A few drops of D2O were added to a 

solution of 23 (1.98 g, 10 mmol) in 5.0 mL of MeOD. The reaction was stirred at 

room temperature for 1 hr. After concentration, this procedure was repeated five times 

to afford 24 as a colorless oil (98%). 
1
H NMR (CDCl3) δ 1.33 (t, J = 7.1 Hz, 6 H), 

2.32 (s, 3 H), 4.14 (m, 4 H); 
31

P NMR (CDCl3) δ 20.8. 

Diethyl 2-hydroxy-[1-
2
H2]-propylphosphonate (25). NaBH4 (380 mg, 10 mmol) 

was added to a solution of 24 (2.0 g, 10 mmol) in 30 mL of MeOH at room 

temperature, and the solution was stirred for 2 hr. The reaction was quenched by 

adding acetone (5.0 mL) and partitioned between ethyl acetate (30 mL x 3) and water 

(20 mL). The combined organic layer was washed with brine (40 mL), dried over 
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MgSO4, and concentrated under reduced pressure to afford 25 as a colorless oil (85 

%). 
1
H NMR (CDCl3) δ 1.27 (dd, J = 6.2, 2.2 Hz, 3 H), 1.33 (dt, J =1.2, 7.0 Hz, 6H), 

4.12 (m, 5H);
 31

P NMR (CDCl3) δ 31.4. 

2-Hydroxy-[1-
2
H2]-propylphosphonic acid (26). TMSBr (4.15 g, 27.1 mmol) was 

added to a solution of 25 (1.07 g, 5.4 mmol) in CH2Cl2 (20 mL) at room temperature, 

and the solution was stirred overnight. Solvent was removed under reduced pressure. 

The residue was dissolved in CHCl3 (20 mL) and extracted with 30 mL of 0.05 M 

NH4OAc. The aqueous layer was collected and lyophilized to afford 26 as a white 

solid (83%). 
1
H NMR (D2O) δ 1.03 (dd, J = 6.0, 0.6 Hz, 3 H), 3.87 (dq, J =6.0, 6.0 Hz, 

1 H);
 31

P NMR (D2O) δ 20.1; 
13

C NMR (D2O) δ 23.3 (d, J = 9.8 Hz), 37.2 (dq, J = 

126.0, 19.3 Hz), 64.8; High resolution CIMS calc. for C3H8
2
H2O4P (M+1)

+
 143.0442, 

found 143.0437.  

Diethyl 2-hydroxy-[2-
2
H]-propylphosphonate (27). NaBD4 (460 mg, 11 mmol) was 

added to a solution of 23 (2.0 g, 11 mmol) in 30 mL of MeOH at room temperature, 

and the solution was stirred for 2 hr. The reaction was quenched by adding acetone 

(5.0 mL) and partitioned between ethyl acetate (30 mL x 3) and water (20 mL). The 

combined organic layer was washed with brine (40 mL), dried over MgSO4, and 

concentrated under reduced pressure to afford 27 as a colorless oil (94%). 
1
H NMR 

(CDCl3) δ 1.21 (d, J = 2.4 Hz, 3 H), 1.27 (dt, J =2.4, 7.2 Hz, 6H), 1.87 (d, J =17.4 Hz, 
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2 H ) 4.06 (m, 4H);
 31

P NMR (CDCl3) δ 31.2. 

2-Hydroxy-[2-
2
H]-propylphosphonate (28). TMSBr (1.46 g, 9.50 mmol) was added 

to a solution of 27 (382 mg, 1.90 mmol) in CH2Cl2 (10 mL) at room temperature, and 

the solution was stirred overnight. Solvent was removed under reduced pressure. The 

residue was dissolved in CHCl3 (10 mL) and extracted with 12 mL of 0.05 M 

NH4OAc. The aqueous layer was collected and lyophilized to afford 28 as a white 

solid (281 mg, 85%). 
1
H NMR (D2O) δ 1.06 (s, 3 H), 1.60 (dd, J =37.5, 15.0 Hz, 1 H) 

1.63 (dd, J =37.5, 15.0 Hz, 1 H);
 31

P NMR (D2O) δ 22.1; 
13

C NMR (D2O) δ 23.2 (d, J 

= 8.6 Hz), 37.6 (d, J = 128.1 Hz), 64.2 (t, J = 22.0 Hz); High resolution CIMS calc. 

for C3H9
2
H1O4P (M+1)

+
 142.0379, found 142.0377.  

 

3.2.2 Synthesis of (S)-2-hydroxy-[1-
2
H2,2-

2
H,3-

2
H3]-propylphosphonic acid (33) 

and 2-hydroxy-[2-
2
H,3-

2
H3]-propylphosphonic acid (38) 
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(a) D2O, few drops of D2O, Et3N, RT, 12 hr, 90%; (b) NaBD4 1.0 eq, MeOD, RT, 2 hr, 

80%; (c) vinyl acetate (excess), lipase CALB, benzene, RT, 45% for 31 and 45% for 

32; (d) TMSBr 5.0 eq, CH2Cl2, RT, 85%; (e) MeOH, few drops of H2O, RT, 1 hr; 98%; 

(f) NaBD4 1.0 eq, MeOH, RT, 2 hr, 88%. 

 

Diethyl 2-oxo-[1-
2
H2,3-

2
H3]-propylphosphonate (29). A few drops of Et3N were 

added to a solution of 23 (1.98 g, 10 mmol) in 10.0 mL of D2O. The reaction was 

stirred at room temperature for 12 hr. The reaction mixture was extracted with Et2O 

(20 mL x 3). After concentration, this procedure was repeated twice to afford 29 as a 

colorless oil (1.96 g, 90%). 
1
H NMR (CDCl3) δ 1.34 (t, J = 7.2 Hz, 3 H), 1.34 (t, J = 

7.2 Hz, 3 H), 2.32 (s, 3 H), 4.11-4.18 (m, 4 H). 

Diethyl 2-hydroxy-[1-
2
H2,2-

2
H,3-

2
H3]-propylphosphonate (30). NaBD4 (420 mg, 

10 mmol) was added to a solution of 29 (2.10 g, 10 mmol) in MeOD (30 mL) at room 
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temperature, and the solution was stirred for 2 hr. The reaction was quenched by 

adding acetone (5.0 mL) and partitioned between ethyl acetate (30 mL x 3) and water 

(20 mL). The combined organic layer was washed with brine (40 mL), dried over 

MgSO4, and concentrated under reduced pressure to afford 30 as a colorless oil (80%). 

1
H NMR (CDCl3) δ 1.30 (t, J = 7.2 Hz, 3H), 1.30 (t, J = 7.2 Hz, 3H), 3.53 (broad s, 

1H, exchangeable), 4.06-4.12 (m, 4H);
 31

P NMR (CDCl3) δ 30.1; 
13

C NMR (CDCl3) δ 

16.1 (d, J = 3.3 Hz), 16.2 (d, J = 3.3 Hz), 23.1 (m), 34.2 (dp, J = 136.4, 18.9 Hz), 61.5 

(d, J = 6.5 Hz), 61.6 (d, J = 6.5 Hz), 62.0 (dt, J = 4.1, 21.9 Hz). 

(R)-2-(Diethoxyphosphoryl)-[1-
2
H2,2-

2
H,3-

2
H3]-propyl acetate (31) and 

(S)-diethyl 2-hydroxy-[1-
2
H2,2-

2
H,3-

2
H3]-propylphosphonate (32) (13). Lipase 

CALB (2.50 g) (purchased from Sigma-Aldrich) and vinyl acetate (6.5 mL) were 

added to a solution of 30 (1.30 g, 6.4 mmol) in 40 mL benzene. The reaction was 

stirred at room temperature and the progress of the reaction was monitored by 
1
H and 

31
P NMR. Once the reaction reached roughly 50% conversion (~ 48 hr), the reaction 

mixture was filtered through a celite pad. Concentration under reduced pressure gave 

an oily residue that was purified by flash chromatography on silica gel with ethyl 

acetate : MeOH (10 : 1) as the eluting solvent to give 31 (45%) and 32 (45%) as a 

colorless oil. The enantiomeric excess (e.e.) of 32 was determined to be 95% (14-15) 

and the 
1
H and 

31
P NMR spectra are consistent with 30. Compound 31 has 

1
H NMR 
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(CDCl3) δ 1.29 (t, J = 6.6 Hz, 6H), 2.00 (s, 3H), 4.05-4.09 (m, 4H);
 31

P NMR (CDCl3) 

δ 26.4; 
13

C NMR (CDCl3) δ 16.3, 16.4, 20.0 (m), 21.0, 31.7 (dp, J = 138.8, 19.8 Hz), 

61.5(d, J = 4.2 Hz), 61.5 (d, J = 6.0 Hz), 65.4 (t, J = 23.0 Hz), 176.8. 

(S)-2-Hydroxy-[1-
2
H2,2-

2
H,3-

2
H3]-propylphosphonic acid (33). TMSBr (660 µL, 

5.0 mmol) was added to a solution of 32 (203 mg, 1.0 mmol) in CH2Cl2 (10 mL) at 

room temperature, and the solution was stirred overnight. Solvent was removed under 

reduced pressure. The residue was dissolved in CHCl3 (10 mL) and extracted with 5.0 

mL of 0.05 M NH4OAc. The aqueous layer was collected and lyophilized to afford 33 

as a white solid (80%). 
31

P NMR (D2O) δ 21.0; 
13

C NMR (D2O) δ 22.2 (m), 36.7 (dp, 

J = 128.0, 18.2 Hz), 63.8 (t, J = 22.0 Hz).  

Diethyl 2-oxo-[3-
2
H3]-propylphosphonate (34). A few drops of H2O were added to a 

solution of 29 (1.98 g, 10 mmol) in 10.0 mL of MeOH. The reaction was stirred at 

room temperature for 1 hr. After concentration, this procedure was repeated four times 

to afford 24 as a colorless oil (98%).
1
H NMR (CDCl3) δ 1.34 (t, J = 7.2 Hz, 3H), 1.34 

(t, J = 7.2 Hz, 3H), 3.08 (d, J = 23.2 Hz, 2H), 4.10-4.19 (m, 4 H). 

Diethyl 2-hydroxy-[2-
2
H,3-

2
H3]-propylphosphonate (35). NaBD4 (670 mg, 16 

mmol) was added to a solution of 34 (3.00 g, 15 mmol) in MeOH (80 mL) at room 

temperature, and the solution was stirred for 2 hr. The reaction was quenched by 

adding acetone (5.0 ml) and partitioned between ethyl acetate (30 ml x 3) and water 
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(20 mlL). The combined organic layer was washed with brine (40 mL), dried over 

MgSO4, and concentrated under reduced pressure to afford 35 as a colorless oil (88%). 

1
H NMR (CDCl3) δ 1.29 (t, J = 7.2 Hz, 3 H), 1.29 (t, J = 7.2 Hz, 3 H), 1.88 (d, J = 

18.0 Hz, 2H), 3.57 (s, 1H, exchangeable), 4.04-4.11 (m, 4 H);
 31

P NMR (CDCl3) δ 

30.0. 
13

C NMR (CDCl3) δ 16.1 (d, J = 3.3 Hz), 16.1 (d, J = 3.3 Hz), 23.2 (m), 35.0 (d, 

J = 166.7 Hz), 61.5 (d, J = 6.6 Hz), 61.5 (d, J = 6.36 Hz), 62.0 (dt, J = 3.9, 21.9 Hz). 

(R)-2-(Diethoxyphosphoryl)-[2-
2
H,3-

2
H3]-propyl acetate (36) and (S)-diethyl 

2-hydroxy-[2-
2
H,3-

2
H3]-propylphosphonate (37) (13). Lipase CALB (2.50 g) 

(purchased from Sigma-Aldrich) and vinyl acetate (6.5 mL) were added to a solution 

of 30 (1.30 g, 6.4 mmol) in 40 mL benzene. The reaction was stirred under room 

temperature and the progress of the reaction was monitored by 
1
H and 

31
P NMR. Once 

the reaction reached roughly 50 % conversion (~ 48 hr), the reaction mixture was 

filtered through a celite pad. Concentration under reduced pressure gave an oily 

residue that was purified by flash chromatography on silica gel with ethyl acetate/ 

MeOH (10:1) as the eluting solvent to give 36 (45%) and 37 (40%) as a colorless oil. 

The enantiomeric excess (e.e.) of 37 was determined to be 95% (14-15) and the 
1
H 

NMR and 
31

P NMR spectra are identical to those of 35. Compound 36: 
1
H NMR 

(CDCl3) δ 1.29 (t, J = 7.2 Hz, 6 H), 2.00 (s, 3H); 1.92-2.18 (m, 2H) overlap with 

previous peak, 4.05-4.08 (m, 4 H);
 31

P NMR (CDCl3) δ 26.4. 
13

C NMR (CDCl3) δ 
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16.2 (d, J = 6.2 Hz), 19.9 (m), 21.0, 32.3 (d, J = 139.2 Hz), 61.5 (d, J = 6.3 Hz), 61.6 

(d, J = 6.3 Hz), 65.5 (d, J = 22.8 Hz), 169.8. 

(S)-2-hydroxy-[2-
2
H,3-

2
H3]-propylphosphonic acid (38). TMSBr (660 µL, 5.0 

mmol) was added to a solution of 37 (203 mg, 1.0 mmol) in CH2Cl2 (10 mL) at room 

temperature, and the solution was stirred at the same temperature overnight. After 

solvent removal under reduced pressure, the residue was dissolved in CHCl3 (10 mL) 

and extracted with 5.0 mL of 0.05 M NH4OAc. The aqueous layer was collected and 

lyophilized to afford 38 as a white solid (85%). 
1
H NMR (D2O) δ 1.72 (dt, J = 53.4, 

15.0 Hz, 2H);
 31

P NMR (D2O) δ 21.5; 
13

C NMR (D2O) δ 22.3 (m), 37.3 (d, J = 130.8 

Hz), 63.8 (t, J = 21.0 Hz).  

 

3.2.3 Synthesis of (S)-(2-cyclopropyl-2-hydroxyethyl)phosphonic acid (46), 

(R)-(2-cyclopropyl-2-hydroxyethyl)phosphonic acid (48), and  

(2-cyclopropyl-2-oxoethyl)phosphonic acid (49) 
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(a) Br2 1.0 eq, MeOH, 0 
o
C to RT, 75%; (b) P(OEt)3 1.10 eq, 65 

0
C; (c) NaBH4 1.0 eq, 

MeOH, RT, 2 hr, 60%, two steps; (d) Ac2O excess, pyridine, RT, 14 hr, 90%; (e) 

esterase, KPi buffer, RT, 40% for 44 and 35% for 45; (f) allylTMS 8.0 eq, TMSBr 5.0 

eq, CH2Cl2, RT, 85%; (g) aqueous NaOH (1.0 M) 1.5 eq, 0 
o
C to RT, 96%. 

 

2-Bromo-1-cyclopropylethanone (40) (16). Br2 (1.02 mL, 20 mmol) was slowly 

added slowly to a solution of cyclopropyl methyl ketone (1.68 g, 20 mmol) in MeOH 

(10 mL) at 0 °C. After stirring for 1 hr, the reaction was quenched by adding water (5 

mL) and the mixture was stirred at room temperature overnight. The reaction mixture 

was then extracted with Et2O (20 mL x 3), and the organic layer was washed with 
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saturated NaHCO3, dried with MgSO4 and concentrated under reduced pressure to 

furnish the crude product as a yellow liquid (75%). 
1
H NMR (CDCl3) δ 1.02 (m, 2H), 

1.13 (m, 2H), 2.21 (m, 1H), 4.02 (s, 2H). 

Diethyl (2-cyclopropyl-2-hydroxyethyl)phosphonate (42). To 40 (7.47 g, 45.8 

mmol) in a round bottle flask was added P(OEt)3 (8.37 g, 50.4 mmol) at room 

temperature. After addition, the reaction was heated to 65 
o
C for 12 hr. The afforded 

crude 41 was directed used in the next step. To a solution of 41 (880 mg, 4.0 mmol) in 

MeOH (20 mL) was added NaBH4 (160 mg, 4.2 mmol) at room temperature. After 

stirring at the same temperature for 1 hr, the reaction was quenched by the slow 

addition of acetone to the mixture. The resulting reaction mixture was partitioned 

between ethyl acetate (10 mL x 4) and water (10 mL). The combined organic layer 

was washed with brine (20 mL), dried over MgSO4, and concentrated under reduced 

pressure to afford 42 as a colorless oil (60%, for two steps). 
1
H NMR (CDCl3) δ 0.23 

(m, 1H), 0.40-0.57 (m, 3H), 0.97-1.01 (m, 1H), 1.33 (t, J = 6.8 Hz, 6H), 2.10-2.16 (m, 

2H), 3.27-3.35 (m, 1H), 4.10-4.15 (m, 4H);
 31

P NMR (CDCl3) δ 30.1; 
13

C NMR 

(CDCl3) δ 1.9, 3.0, 16.0 (d, J = 5.6 Hz), 18.1 (d, J = 18.8 Hz), 33.3 (d, J = 137.0 Hz), 

61.4 (d, J = 6.5 Hz), 61.5 (d, J = 6.5 Hz), 70.5. 

1-Cyclopropyl-2-(diethoxyphosphoryl)ethyl acetate (43). To a solution of 42 (4.4 g, 

20.0 mmol) in pyridine (10 mL) was added Ac2O (10 mL) at room temperature. After 
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14 hr, the reaction was poured into ice-water and stirred for about 30 min. The 

reaction mixture was extracted with etheyl acetate (30 mL x 5). The combined organic 

phase was concentrated and subjected to column chromatography with hexanes : ethyl 

acetate = 1 : 1 with 5% Et3N as eluent to afford 43 as a colorless liquid in 90% yeild. 

1
H NMR (CDCl3) δ 0.31-0.36 (m, 1H), 0.45-0.61 (m, 3H), 1.12-1.18 (m, 1H), 1.32 (t, 

J = 7.2 Hz, 6H), 2.06 (s, 3H), 2.15-2.30 (m, 2H), 4.05-4.14 (m, 4H), 4.50-4.59 (m, 

1H);
 31

P NMR (CDCl3) δ 27.8; 
13

C NMR (CDCl3) δ 3.4, 3.8, 16.2 (d, J = 12.5 Hz), 

16.4 (d, J = 5.9 Hz), 31.5 (d, J = 140.5 Hz), 61.6 (d, J = 6.5 Hz), 61.7 (d, J = 6.5 Hz), 

73.0, 170.1; High resolution CIMS calc. for C11H22O5P (M+1)
+
 265.1205, found 265. 

1208.  

(R)-1-Cyclopropyl-2-(diethoxyphosphoryl)ethyl acetate (44) and (S)-diethyl 

(2-cyclopropyl-2-hydroxyethyl)phosphonate (45). To a aoluiton of 43 (1.0 g, 3.85 

mmol) in phosphate buffer (100 mL, 20 mM, pH 7.0) was added pig liver esterase 

(PLE, E.C. 3.1.1.1, purchased from Sigma-Aldrich) (200 mg) at room temperature. 

When the reaction reached around 50% conversion (~ 18 hr, as determined by 

1
H-NMR and TLC), NaCl was added to the reaction until saturation and the mixture 

was extracted with ethyl acetate (30 mL x 8). The combined organic layers were 

concentrated under reduced pressure and then subjected to flash chromatogaphy. 

Using hexanes : ethel acetate = 1 : 1 with 5% ETt3N as eluent to afford 44 and 45 in 
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40 and 35% yield, respectively. The 
1
H and 

31
PNMR spectra of 44 and 45 are identical 

to those of 43 and 42, respectively. The enantiomeric excess of 45 was determined to 

be 94 % (14-15). 

(S)-(2-cyclopropyl-2-hydroxyethyl)phosphonic acid (46). AllylTMS (2.5 mL, 16.0 

mmol) and TMSBr (1.3 mL, 10.0 mmol) were added to a solution of 45 (444 mg, 2.0 

mmol) in CH2Cl2 (20 mL) at room temperature. After 12 hr, the organic phase was 

removed under vaccum. The residue was dissolved in CHCl3 and extracted using an 

aqueous solution of NH4OAc (10 mL, 0.5 M). The aqueous layer was collected and 

lyophilized to afford 46 as a white solid (85%). 
1
H NMR (D2O) δ 0.02-0.08 (m, 2H), 

0.25-0.32 (m, 2H), 0.70-0.76 (m, 1H), 1,60-1.80 (m, 2H), 2.92-2.98 (m, 1H);
 31

P 

NMR (D2O) δ 22.5; 
13

C NMR (D2O) δ 0.00, 0.79, 15.6 (d, J =14.7 Hz), 33.3 (d, J = 

129.5 Hz), 70.9; High resolution CIMS calc. for C5H12O4P (M+1)
+
 167.0474, found 

167.0473.  

(R)-diethyl (2-cyclopropyl-2-hydroxyethyl)phosphonate (47). To a solution of 44 

(530 mg, 2.0 mmol) in water was added NaOH (3.0 mL, 1.0 M) at 0 
o
C. The reaction 

solution was brought up to room temperature and stirred for 14 hr. The reaction 

mixture was saturated with NaCl and extracted with ethyl acetate (10 mL x 5). The 

organic layer was dried over MgSO4 and the solvent was removed to afford 47 as a 

colorless oil in 85% yield. The enantiomeric excess of 47 is 96% (14-15). The [α]D
20 
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is +14.5 for 45 and -15.1 for 47 (CH2Cl2). 

(R)-(2-cyclopropyl-2-hydroxyethyl)phosphonic acid (48). Compound 48 was 

obtained from 47 in 80% yield by following the same procedure for the synthesis of 

46. 

(2-Cyclopropyl-2-oxoethyl)phosphonic acid (49). Following the same procedure for 

the synthesis of 46, compound 48 was obtained in 85% yield using 41 as the starting 

material. 
1
H NMR (D2O) δ 0.88-0.92 (m, 4H), 2.07-2.14 (m, 2H), 2.97 (d, J = 22.0 Hz, 

2H);
 31

P NMR (D2O) δ 13.3; 
13

C NMR (D2O) δ 12.5, 22.0, 46.3 (d, J = 112.7 Hz), 

211.8; High resolution CIMS calc. for C5H12O4P (M+1)
+
 165.03111, found 165.0311.  

 

3.2.4 Synthesis of 

((R)-2-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic acid (56), 

((S)-2-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic acid (58), 

((R)-2-hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic acid (60), and 

((S)-2-hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic acid (61)  
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(a-b) PDC 2.0 eq, CH2Cl2, RT; diethyl methylphosphonate 1.50 eq, n-BuLi 1.25 eq, 

THF; (c) TBDPSCl 1.25 eq, imididazole 1.25 eq, CH2Cl2, 40 
0
C, 75 % over two steps; 

(d) TBAF 2.75 eq, THF, RT, 10 hr, 93%; (e) allylTMS 8.0 eq, TMSBr 5.0 eq, CH2Cl2, 

RT, 85%. 

 

Diethyl (2-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonate (52). To a 

solution of diethyl methylphosphonate (456 mg, 3.0 mmol) in THF (15 mL) was 

added dropwise n-BuLi (1.0 mL, 2.5 M solution in hexanes, 2.5 mmol) at -78 
o
C. 

After stirring for 30 min, the lithium reagent was added to a solution of 51, which was 

generated following the literature procedure (17-18) from 50 (164 mg, 2.0 mmol) in 
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15 mL THF, dropwise. The resulting mixture was stirred at -78 
o
C for 45 min and 

quenched with 8 mL of saturated NH4Cl. The reaction was slowly warmed to room 

temperature, and the organic solvent was removed by reduced pressure distillation. 

The resulting aqueous layer was extracted with ethyl acetate (30 mL x 3). The 

combined organic extracts were washed with brine (50 mL x 2) and dried over 

Na2SO4. The solvent was removed and the resulting brown oil was used for the next 

reaction without further purification. 

Diethyl ((R)-2-((tert-butyldiphenylsilyl)oxy)-2-((S)-2-methylenecyclopropyl)ethyl) 

phosphonate (53) and diethyl ((S)-2-((tert-butyldiphenylsilyl)oxy) 

-2-((S)-2-methylenecyclopropyl)ethyl)phosphonate (54). To a solution of imidazole 

(170 mg, 2.5 mmol) and compound 52 obtained from the above procedure (440 mg) 

in CH2Cl2 (35 mL) was added dropwise a solution of TBDPSCl (2.25 mmol, in 15 mL 

of CH2Cl2) at room temperature. The resulting mixture was stirred at 40 
o
C for 16 hr. 

The mixture was filtered through celite and the filter cake was washed with CH2Cl2 

(30 mL x 2). The filtrate was concentrated in vacuo and the residue was purified by 

flash column chromatography (hexanes : ethyl acetate = 5 : 1 to 2 : 1) to give two 

compounds. The less polar (hexanes : ethyl acetate = 1 : 1, Rf = 0.33) product is (2R, 

3S)-53 (382 mg, 39% from 51). 
1
H NMR (CDCl3) δ 0.53-0.57 (m, 1H), 0.83 (tt, J = 

2.0, 9.2 Hz, 1H); 1.03 (s, 9H); 1.26 (dt, J = 0.8, 7.2 Hz, 6H); 1.77-1.80 (m, 1H), 
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2.06-2.18 (m, 2H); 3.78 (ddd, J = 5h.6, 13.6, 14.4 Hz, 1H), 3.98-4.06 (m, 4H), 5.25 (s, 

1H), 5.35 (s, 1H); 7.34-7.43 (m, 6H); 7.72-7.78 (m, 4H); 
31

P NMR (CDCl3) δ 28.01; 

13
C NMR (CDCl3) δ 9.3, 16.8 (d, J = 3.6 Hz), 16.9 (d, J = 3.6 Hz), 19.9, 23.2 (d, J = 

9.9 Hz), 27.2, 34.8 (d, J = 37.6 Hz), 61.8 (d, J = 6.7 Hz), 71.4 (d, J = 2.3 Hz), 104.6, 

127.9 (d, J = 20 Hz), 130.1 (d, J = 17 Hz), 133.5, 134.4 (d, J = 41.2 Hz), 136.4; High 

resolution ESIMS calc. for C52H74O8P2Si2Na (2M+Na)
+
 967.4295, found 967.4288.  

The more polar (hexanes : ethyl acetate = 1 : 1, Rf = 0.28) product is (2S, 3S)-54 (342 

mg, 35% from 51). 
1
H NMR (CDCl3) δ 1.03 (s, 9H), 1.08-1.16 (m, 2H), 1.20 (t, J = 

8.0 Hz, 6H), 1.79-1.86 (m, 1H), 1.92-2.13 (m, 2H), 3.86-4.03 (m, 5H), 5.16 (t, J = 0.9 

Hz, 1H), 5.28 (s, 1H), 7.34-7.39 (m, 6H), 7.69-7.72 (m, 4H); 
31

P NMR (CDCl3) δ 27.7; 

13
C NMR (CDCl3) δ 7.9, 16.8 (d, J = 4.5 Hz), 19.8, 22.6 (d, J = 5.2 Hz), 27.3, 34.7 (d, 

J = 13.5 Hz) 61.7 (d, J = 5.2 Hz), 70.5, 104.6, 128.0 (d, J = 7.5 Hz), 130.1 (d, J = 10 

Hz), 133.6, 134.2 (d, J = 17 Hz), 136.4 (d, J = 12.6 Hz).  

Diethyl ((R)-2-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonate (55). 

To a stirring solution of compound (2R, 3S)-53 (542 mg, 1.15 mmol) in THF (20 mL) 

was added TBAF (3 mL, 1M solution in THF, 3 mmol). After stirring for 10 hr, the 

organic solvent was removed and the residue was purified by silica gel flash column 

chromatography (MeOH : ethyl acetate = 1 : 5) to afford compound (2R, 3S)-55 in 

93% yield. 
1
H NMR (CDCl3) δ 1.06-1.11 (m, 1H), 1.30 (t, J = 6.3 Hz, 3H), 1.30 (t, J 
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= 6.3 Hz, 3H), 1.28-1.35 (m, 1H) overlapping  with previous peak, 1.65-1.70 (m, 

1H), 1.98-2.12 (m, 2H), 3.46-3.54 (m, 1H), 4.04-4.14 (m, 4H), 5.39-5.42 (m, 2H); 
31

P 

NMR (CDCl3) δ 29.7; 
13

C NMR (CDCl3) δ 9.0, 16.8 (d, J = 5.2 Hz), 22.8 (d, J = 19.4 

Hz), 33.3 (d, J = 37.7 Hz), 62.3 (d, J = 6.3 Hz), 62.4 (d, J = 6.3 Hz), 69.7 (d, J = 5.3 

Hz), 104.8, 132.5; High resolution ESIMS calc. for C10H19O4PNa (M+Na)
+
 257.0919, 

found 257.0910.  

Diethyl ((R)-2-hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonate (57). 

Compound (2S, 3S)-57 was obtained following an analogous procedure for the 

synthesis of 55 by using 54 as the starting material in 89 %. 
1
H NMR (CDCl3) δ 

0.97-1.01 (m, 1H), 1.31(t, J = 7.2, 6H), 1.23-1.32 (m, 1H) overlapping with previous 

peak, 1.68-1.74 (m, 1H) 1.94-2.13 (m, 2H), 3.63-3.71 (m, 1H), 4.05-4.15 (m, 4H), 

5.42 (s, 1H), 5.35 (s, 1H); 
31

P NMR (CDCl3) δ 29.8; 
13

C NMR (CDCl3) δ 7.4, 16.8 (d, 

J = 2.2 Hz), 16.9 (d, J = 2.2 Hz), 22.3 (d, J = 19.7 Hz), 33.2 (d, J = 137.7 Hz), 62.3, 

69.3 (d, J = 4.4 Hz), 104.9, 133.2 (d, J = 1.5 Hz).  

((R)-2-Hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic acid (56). A 

solution of compound (2R, 3S)-55 (159 mg, 0.68 mmol), TMSBr (420 mg, 2.75 mmol) 

and allylTMS (542 mg, 4.76 mmol) in CH2Cl2 (20 mL) was stirred for 12 hr. The 

solvent was removed by reduced pressure distillation and the residue was vigorously 

stirred with 5 mL of water for 10 min. The aqueous solution was neutralized with 
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NH4HCO3, washed with chloroform (3 mL x 3), and lyophilized to give (2R, 3S)-56 

as a white powder (106 mg, 88%). 
1
H NMR (D2O) δ 0.93 (broad s, 1H), 1.19 (t, J = 

8.9 Hz, 1H), 1.58 (d, J = 4.2 Hz, 1H), 1.75-1.82 (m, 2H), 3.33-3.37 (m, 1H), 5.31 (d, J 

= 1.2 Hz, 1H), 5.41 (dd, J = 0.85, 1.47 Hz, 1H); ; 
31

P NMR (242 MHz, CDCl3) δ 21.3; 

13
C NMR (CDCl3) δ 7.5, 22.1 (d, J = 13.2 Hz), 33.4 (d, J = 129 Hz), 70.5 (d, J = 3.6 

Hz), 104.2, 132.9; High resolution ESIMS calc. for C6H10O4P (M-H)
-
 177.0317, 

found 177.0322.  

((S)-2-Hydroxy-2-((S)-2-methylenecyclopropyl)ethyl)phosphonic acid (58). 

Compound (2S, 3S)-58 was obtained in 88% yield by following the same procedure 

for the synthesis of 56 by using 57 as the starting material. 
1
H NMR (D2O) δ 

0.86-0.89 (m, 1H), 1.16 (tt, J = 2.2, 9.3 Hz, 1H), 1.57 (tq, J = 1.8, 7.2 Hz, 1H), 1.65 

(dt, J = 9.1, 15.1 Hz, 1H), 1.81 (ddd, J = 4.1, 14.9, 17.4 Hz, 1H), 3.37 (dq, J = 3.9, 9.8 

Hz, 1H), 5.29 (s, 1H), 5.39 (s, 1H); 
31

P NMR (D2O) δ 20.5; 
13

C NMR (D2O) δ 6.9, 

21.6 (d, J = 15.6 Hz), 35.0 (d, J = 127.5 Hz); 70.9 (d, J = 2.5 Hz); 103.7, 134.0.  

((R)-2-Hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic acid (60) and 

((S)-2-hydroxy-2-((R)-2-methylenecyclopropyl)ethyl)phosphonic acid (61). 

Compounds 60 and 61 were synthesized following the same procedures described for 

the syntheses of 56 and 58 using 59 as the starting material.  
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3.3 Results and Discussion 

3.3.1 Regiochemistry of the hydrogen atom abstraction step in (S)-2-HPP (1) 

and (R)-2-HPP (3) by HppE 

To determine the stereospecificity of the dehydrogenation reactions catalyzed by 

HppE, isotopically-labeled substrates were synthesized and incubated with HppE. 

Reaction mixtures contained 0.25 mM HppE, 0.25 mM Fe
2+

, 7.5 mM FMN, 25.0 mM 

substrate, and 37.5 mM NADH in 700 µL of 50 mM Tris•HCl, pH 7.5 buffer. 
1
HNMR 

spectroscopy was utilized to follow the time course of HppE-catalyzed reactions. The 

NMR time course for the HppE-catalyzed conversion of racemic 28 to products is 

shown in Figure 3.3.1. A singlet at δ 1.30 (3H, s) and a doublet at δ 2.70 (1H, d, J = 

16.2 Hz) appear over time. The chemical shifts and splitting patterns of these peaks 

are consistent with those of fosfomycin containing a deuterium atom at C2 (62). 

Retention of deuterium at C2 and removal of one of the C1 hydrogen atoms is 

consistent with the mechanism in Scheme 3.3.1, pathway A. Additionally, a singlet at 

δ 2.10 (3H, s) and a doublet at δ 2.74 (2H, d, J = 20.4 Hz)) form over time (Figure 

3.3.1). The chemical shifts and splitting patterns are identical to that of authentic 4. 

These results is consistent with direct hydrogen atom abstraction from C2 of 3 

(Scheme 3.3.1, pathway B). However, mechanisms involving hydrogen abstraction 

from C1, followed by either enol formation and tautomerization (Scheme 3.3.1, 
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pathway C, route i) or hydride shift followed by rapid proton-deuteron exchange at C1 

(Scheme 3.3.1, pathway C, route ii) cannot be excluded. To rule out the later 

mechanistic possibility, authentic compound 3 was synthesized and proton-deuteron 

exchange in deuterated 20 mM Tris buffer (pD 7.3) was monitored using NMR 

spectroscopy. Under these conditions, no obvious proton-deuteron exchange could be 

observed over the course of 41 min (Figure 3.3.2). This observation indicated that 

rapid proton-deuteron exchange under the HppE reaction conditions is unlikely and 

thus argues against the mechanism of HppE catalysis involving a C2 hydride shift 

(Scheme 3.3.1, pathway C, route ii). 

 

Scheme 3.3.1: Proposed mechanisms for HppE-catalyzed conversion of 1 and 3 to the 

corresponding products 2 and 4. 
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Figure 3.3.1: 
1
H NMR spectra obtained during the incubation of racemic 28 with 

HppE. 

 

Figure 3.3.2: 
1
H NMR spectra of authentic 4 incubated in deuterated 20 mM Tris 

buffer (pD 7.3). 
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The 
1
H NMR time course of the HppE-catalyzed reaction with racemic 26 was 

also obtained (Figure 3.3.3). For this substrate, the peak corresponding to the methyl 

group of the fosfomycin product appeared as a doublet at δ 1.30 (3H, d, J = 5.4 Hz). 

The peak at δ 2.70 is absent; instead, a multiplet at δ 3.10 (1H) accumulated with time, 

consistent with the formation of fosfomycin containing a hydrogen atom at C2 and a 

deuterium at C1 (63). Again, the formation of product 63 is consistent with the 

proposed mechanism in Scheme 3.3.1, pathway A and is compatible with the results 

from the feeding experiments (7-9). A singlet at δ 2.10 (3H, s) corresponding to the 

methyl group protons of 64 also accumulated over time. However, the doublet at δ 

2.74 is absent, clearly demonstrating the retention of two deuterium atoms in the 

product 64. This result effectively rules out hydrogen atom abstraction from C1 in the 

HppE-catalyzed conversion of 3 to 4 (Scheme 3.3.1, pathway C). 
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Figure 3.3.3: 
1
H NMR spectra obtained during the incubation of racemic 26 with 

HppE. 

 

3.3.2 Probing the involvement of radical intermediates using radical clock 

substrate abalogues 

       As discussed in the Section 3.3.1, during the HppE-catalyzed conversion of 1 

to fosfomycin, the hydrogen atom abstraction occurs at C1. In contrast, in the reaction 

using 3 as the substrate, carbon-hydrogen bond cleavage occurs at C2. Regardless of 

whether hydrogen atom abstraction occurs at C1 or C2, it is generally accepted that 

the C-H bond is cleaved in a homolytic manner in the reactions catalyzed by 

mono-nuclear non-heme iron-dependent enzymes. Here, radical clock probes are used 
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to establish the chemical competence of radical intermediates in HppE catalysis. 

Substrate analogues bearing a cyclopropyl substituent at C2 (46 and 48) were first 

utilized to probe the reaction. The cyclopropylcarbinyl (CPC) radical has a 

ring-opening rate constant k = 1 x 10
8
 sec

-1
at 25 

o
C (19-20). When the (S)-isomer (46) 

was incubated with HppE, the corresponding epoxide (65) was generated, as 

confirmed with NMR and M.S. (Scheme 3.3.2 and Figure 3.3.4). Thus, the active site 

of HppE is flexible enough to accommodate a cyclopropyl group. Surprisingly, when 

the (R)-isomer (48) was reacted with HppE, only the ketone product (49) was 

observed which has identical 
1
HNMR spectrum as synthetic standard and no ring 

opened product was detected (Figure 3.3.5).  

 

Figure 3.3.4: 
1
H NMR spectra obtained during the incubation of 46 with HppE. 
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Figure 3.3.5: 
1
H NMR spectra obtained during the incubation of 48 with HppE. 

 

 

Scheme 3.3.2: Substrate analogues 46 and 48 react with HppE to from corresponding 

65 and 49. 

 

These data suggest that the oxidation of the cyclopropylcarbinyl radical derived 

from 48 to 49 is faster than the rate of radical-induced ring opening. In order to gain 

additional insight into the lifetime of the radical intermediate and if the ring-opened 

product radical will cause enzyme inactivation, Dr. Hui Huang and I synthesized 

methylenecyclopropyl-containing substrates analogues (56, 58, 60, and 61). 
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Compound 56 and 58, which have (2R,3S)- and (2S,3S)-configurations were 

synthesized first (Scheme 3.3.3). When 58 was reacted with HppE, the epoxide (66) 

was formed. When 56 was incubated with HppE, preliminary data suggest the 

formation of ketone 68. At first glance, the data appears to indicate that the life time 

of radical species (67) is shorter than the ring-opening rate of the 

methylenecyclopropylcarbinyl radical. This makes sense when one considers that the 

oxidation of the substrate radical to the corresponding ketone is actually just an 

electron transfer process from the coordinating alkoxide to the iron center, as shown 

in Scheme 3.3.1, pathway B. Another possibility that can account for the data is that 

the methylenecyclopropyl group and the C2 radical are not oriented properly to allow 

ring opening (67, Scheme 3.3.3). Specifically, in order for the ring to open, the 

methylenecyclopropyl ring and the singly occupied -orbital must adapt an 

anti-coplanar configuration, such as conformation 69 (Scheme 3.3.3). The active site 

of HppE may not allow the free rotation of 56, such that the desired conformation for 

the ring cleavage cannot be accessed. Namely, because of he methylenecyclopropyl 

group cannot free rotate, that the ring of 56 cannot open. Following this logic, it is 

possible that the C3 diastereomer of 56 may allow ring opening upon incubation with 

HppE. The resulting allylic radical may inactivate HppE. 
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Scheme 3.3.3: Outcomes when substrate analogues 58, 56 and 60 react with HppE 

and a possible explanation for the inactivation observing with substrate analogue 60. 

 

To distinguish between these two possibilities, the diastereomer 60 which 

bearing R–configuration at C3, was synthesized. Using an in situ NMR assay, it was 

clearly demonstrated that this analogue inactivates HppE activity. To further 

characterize this process, the inactivation kinetics and stochiometry were analyzed 

using an HPLC assay. As shown in Figure 3.3.6 and Figure 3.3.7, HppE is fully 



153 
 

inactivated by 60 within 90 seconds. Approximately 1.5 equivalents of 60 are required 

to achieve complete inactivation of HppE (Figure 3.3.8). The inactivation product of 

60 was not observed in the the HPLC trace and it is possible that it remains bound to 

the active site of HppE. It is likely that the inactivation of HppE by 60 is a radical 

related process. 

 

Figure 3.3.6: HPLC trace of inhibition assay using substrate analogue 60. 
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Figure 3.3.7: Kinetics of HppE inactivation by analogue 60. 

 

 

Figure 3.3.8: Stoichiometry of HppE inactivation by analogue 60. 



155 
 

3.4 Mechanistic Implications and Conclusions 

In summary, this study provides conclusive evidence demonstrating that the 

HppE-catalyzed conversions of 1 and 3 to the corresponding products 2 and 4 are 

initiated by hydrogen atom abstraction from C1 and C2, respectively (Scheme 3.3.1, 

pathway A and B). Our results solidify the proposed mechanisms based on feeding 

experiments and studies using a fluorinated substrate analog 5 (6-9). Our observations, 

combined with the fact that each enantiomer is stereospecifically converted to a single 

product, indicate that the position of the initial hydrogen atom abstraction is 

determined by the configuration of the substrate. These results suggest that the 

stereochemistry of the C2 hydroxyl group controls the fate of the enzymatic products 

by directing the relative orientations of the C-H bonds towards or away from the 

reactive iron-oxygen species in the active site of the enzyme-substrate complex. 

Different behaviors were obtained with the cyclopropylcarbinyl radical probes 

for the reactions with (R)-2-HPP and (R)-1-HPP (48 and 70, respectively). HppE 

inactivation was observed with the cyclopropyl analog of (R)-1-HPP; however, no 

evidence for enzyme inactivation was detected with the (R)-2-HPP cyclopropyl 

analog. These results suggest differences in the reactivity of the two compounds. In 

the phosphorous group rearrangement reaction, the resulting radical is oxidized to the 

corresponding carbocation (71 → 72, Scheme 3.4.1) prior to phosphonate migration. 
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In contrast, the radicals derived from (R)-2-HPP substrates (3, 5, 48, and 56) are 

rapidly oxidized to the corresponding ketone products via electron transfer from the 

coordinating oxygen to the iron center. In other words, our data imply that the radical 

generated have the (R)-1-HPP substrates have longer life-times than those derived 

from (R)-2-HPP (Scheme 3.4.1).  

 

Scheme 3.4.1: Different outcomes for HppE-catalyzed reactions using substrate 

analogues 48 and 70. 

 

In addition, the observation of HppE inactivation with only one of the 

diastereomers of methylenecyclopropyl-containing analogues has several mechanistic 

implications. First, combining with the ring-opening rates of cyclopropropylcarbinyl 

and methylenecyclopropylcarbinyl radicals reported in the literature (19-20), this 

result indicates that the life time of C2-radical derived from the (R)-2-HPP substrate is 

between 10
-9

 to 10
-11

sec
-1

. Second, this result further implies that two C2 radicals 
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generated from the (R)-2-HPP and (R)-1-HPP substrates have different lifetimes. 

Third, a step after the formation of the C2 radical (e.g. cation formation) is implicated 

in the phosphonate migration reaction. Fourth, the methylenecyclopropyl group of the 

substrate analogues cannot freely rotate in the active site of HppE.  

The studies described herein, which utilizes a variety of chemical and 

biochemical approaches, provide a detailed analysis of the mechanism and reactivity 

of HppE, which will improve our understanding of non-heme iron-containing 

enzymes.  
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Chapter 4: An Overview of the Methylerythritol Phosphate Pathway 

in Isoprenoid Biosynthesis 

4.1. Biosynthesis of Isoprene Units 

The terpenoids, also known as isoprenoids, is a major family of natural products 

that comprise large number of structurally diverse compounds (1). They are widely 

distributed in nature and play many biologically important roles including those of 

hormones (2), photosynthetic pigments (3), and molecules of signal transduction (4). 

A few of the more widely known examples of terpeniods (Figure 1.1) include taxol 

(1), β-carotene (2), cholesterol (3), abscisic acid (4), and coenzyme Q (5). Compared 

to organic syntheses of terpenoids, which usually use different starting materials and 

require multiple steps for each target compound, only two building blocks are utilized 

biologically to construct these structurally complex and diverse bioactive molecules. 

To date, only two biosynthetic pathways among all organisms are known for the 

synthesis of these isoprenoid building blocks in biological systems. 
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Figure 4.1.1: Representative terpeniods. 

 

The terpenoid building blocks are the two five-carbon starter units, isopentenyl 

pyrophosphate (IPP, 6) and dimethylallyl pyrophosphate (DMAPP, 7, see Scheme 

4.1.1).  Two pathways for the biosynthesis of IPP and DMAPP have been identified: 

the mevalonate pathway and the 1-deoxy-D-xylulose-5-phosphate (DXP) or 

methylerythritol phosphate (MEP) pathway. The mevalonate pathway for isopreniod 

biosynthesis was discovered in the 1950’s through a series of isotope labeling and 

biochemical studies (5-6). The mevalonate pathway begins with the Claisen 

condensation of two molecules of acetyl-CoA (8) catalyzed by acetyl-CoA 

acyltransferase (also known as thiolase) to form acetoacetyl-CoA (9). Subsequent 
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aldol condensation of 8 and 9 with elimination of CoASH catalyzed by 

3-hydroxy-3-methyl-glutaryl (HMG)-CoA synthase yields 

(3S)-3-hydroxy-3-methyl-glutaryl (HMG)-CoA (10). In the following step, reduction 

of HMG-CoA by two molecules of NADPH is catalyzed by HMG-CoA reductase to 

form the four-electron reduced product mevalonate (11). In humans, this is the first 

committed step in the mevalonate pathway (7), and HMG-CoA reductase represents 

the biological target for a group of clinically important pharmaceuticals known as 

statins, which include Lipitor®  and Mevacor® , that are used to lower the cholesterol 

level in the serum (8). The next two steps in the pathway involve the successive 

phosphorylation of mevalonate by mevalonate kinase (MK) and phosphomevalonate 

kinase (PMK) to generate mevalonate-5-diphosphate (13). Subsequent dehydration 

and decarboxylation by mevalonate diphosphate decarboxylase (9-10) affords 

isopentenyl pyrophosphate (IPP, 6). The final enzyme in the pathway is isopentenyl 

diphosphate:dimethylallyl diphosphate isomerase (IDI), which catalyzes the 

isomerization of isopentenyl diphosphate (6) to dimethylallyl diphosphate (7). Due to 

the requirement of both IPP and DMAPP for isopreniods biosynthesis, IDI’s activity 

is crucial for mevalonate pathway-dependent organisms.  
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Scheme 4.1.1: The mevalonate pathway for isoprenoid biosynthesis. 

 

    For Many years, it was believed that the mevalonate pathway is utilized by all 

organisms as the only biosynthetic route to the isoprenoid building blocks. However, 

a second pathway, independent of the mevalonate pathway, was recently discovered 

and is depicted in Scheme 4.1.2 (11-14). Since 2-C-methyl-D-erythritol-4-phosphate 

(MEP, 17) is the product of the first committed step in this pathway, it has been 

commonly referred as the MEP pathway. This pathway is also known as the DXP 

pathway because DXP is the substrate of the first committed step. The following 

sections will provide a detailed survey of the essential enzymes of the MEP pathway. 
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Scheme 4.1.2: The methylerythritol phosphate (MEP) pathway for isoprenoid 

biosynthesis. 

 

4.2. The Methylerythritol Phosphate (MEP) Pathway 

4.2.1. 1-Deoxy-D-Xylulose 5-Phosphate Synthase (DXS) 

The MEP pathway is formally initiated by the condensation of pyruvate (14) 

with glyceraldehyde-3-phosphate (G3P, 15) to form 1-deoxy-D-xylulose-5-phosphate 

(DXP, 16, Scheme 4.1.2) in a reaction catalyzed by 1-deoxy-D-xylulose 5-phosphate 

synthase (DXS) as depicted in Scheme 4.2.1.  
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Scheme 4.2.1: The 1-deoxy-D-xylulose 5-phosphate synthase (DXS) catalyzed 

reaction. 

 

The DXS catalyzed reaction is thiamine pyrophosphate (TPP)-dependent and the 

currently accepted reaction mechanism is shown in Scheme 4.2.2. The reaction is 

initiated with a nucleophilic attack of the ylide carbon of the thiazonium ring at the 

C-2 carbonyl carbon of pyruvate followed by decarboxylation to generate the 

intermediate 22. Compound 22 is effectively an thiazolium ring stabilized acyl anion 

equivalent, which could undergo the second nucleophilic addition to the carbonyl 

moiety of glyceraldehyde-3-phosphate (G3P, 15). Elimination of TPP from the 

resulting TPP adduct (23) yields 1-deoxy-D-xylulose-5-phosphate (DXP, 16) and TPP 

(7). DXP also serves as a precursor in thiamin and pyridoxal biosynthesis in E. coli 

(15-16). 
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Scheme 4.2.2: Proposed mechanism for DXS. 

 

4.2.2 1-Deoxy-D-xylulose-5-phosphate reductoisomerase (DXR) 

In the first committed step of isoprenoid biosynthesis in the MEP pathway, DXP 

(16) is converted by DXP-reductoisomerase (DXR) to 

2-C-methyl-D-erythritol-4-phosphate (MEP, 17) (17). As shown in Scheme 4.2.3, the 

rearrangement of DXP (16) to MEP (17) in this reaction is accpomanyed with an 

oxidation of the reduced nicotinamide adenine dinucleotide phosphate (NADPH) to 

the oxidized nicotinamide adenine dinucleotide phosphate (NADP
+
). Two possible 

mechanisms for the DXR reaction have been proposed, one involving an -keto 

rearrangement (route A in Scheme 4.2.3) and the other involving a retroaldol/aldol 

reaction (route B in Scheme 4.2.3). An -keto rearrangement mechanism has also 

been proposed in the case of ketol acid reductoisomerase, which catalyzes a key step 

in the biosynthesis of branched chain amino acids (18). In route A, the reaction likely 

proceeds with deprotonation of the  hydroxyl group concerted with 1,2-migration of 
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the C3–C4 bond to form 24. This is followed by the reduction of 24 using NADPH to 

produce MEP (17). In the alternative retroaldol/aldol mechanism (route (B)), the 

C3-C4 bond of the substrate is cleaved through a retroaldol reaction to generate a 

three-carbon (25) fragment and a two-carbon phosphate (26) fragment. Subsquent 

recombination via an aldol condensation to form a new C–C bond gives the aldehyde 

intermediate (24), which is then reduced by NADPH to yield the final product 17. A 

recent kinetic isotope effect study using regio- and stereo-specifically deuterated 

substrate isotopologues ([3-
2
H]DXP and [4-

2
H]DXP) showed normal 

secondary-deuterium isotope effects for both isotopologues during catalysis (19). 

These results strongly suggest that the reaction catalyzed by DXR proceeds via the 

reteoaldol/aldol mechanism rather than an -keto rearrangement. 

 
Scheme 4.2.3: Proposed mechanisms for 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase (DXR). 

 

4.2.3 IspD, IspE and IspF  

The cytidylation of MEP (17) catalyzed by IspD leads to 4-(cytidine 

5’-dephospho)-2-C-methyl-D-erythritol (18). The reaction may start with nucleophilic 
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attack by the phosphate of MEP at the -phosphate of the cytidine 5’-triphosphate 

(CTP) to generate the intermediate 27. Collapse of this pentacoordinate intermediate 

with elimination of pyrophosphate completes the reaction (Scheme 4.2.4) (20-21). 

ATP-dependent phosphorylation of 18 by IspE yields 2-phospho-4-(cytidine 

5’-dephospho)-2-C-methyl-D-erythritol (19) (Scheme 4.2.4). Analogous to IspD, 

similar mechanism involving nucleophilic attack of the hydroxyl group of 18 to ATP 

followed by formation of ADP and 19 can be envisioned for IspE-catalyzed reaction 

(22-24). The fifth enzyme, IspF, catalyzes the cyclization of 19 to form 

2-C-methyl-D-erythritol 2,4-cyclodiphosphate (20) as shown in Scheme 4.2.4. It has 

been suggested that a mechanism similar to that of IspD involving intramolecular 

nucleophilic attack by the C2 phosphate at the β phosphate group of CDP is operative 

in the IspF-catalyzed reaction to obtaingenerate the cyclic product 20 (25-26). 
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Scheme 4.2.4: The reactions catalyzed by IspD, IspE and IspF. 

 

4.2.4 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (IspG)  

One of the most mechanistically intriguing transformations in MEP pathway is 

the step catalyzed by 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase 

(IspG). This is a reductive ring-opening reaction in which 2-C-methyl-D-erythritol 

2,4-cyclodiphosphate (20) is converted to (E)-4-hydroxy-3-methylbut-2-enyl 
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diphosphate (HMBPP, 21) (Scheme 4.2.5). Gene sequence analysis, UV/vis and 

Mössbauer spectroscopy studies have shown that three cysteine residues are 

conserved among all IspG enzymes isolated from different species and function as 

ligands to coordinate a [4Fe-4S] cluster (27-28). Due to the presence of a conserved 

[4Fe-4S] cluster in IspG, several mechanisms involving radical chemistry have been 

proposed (29-32). Among them, a frequently cited mechanism is proposed by 

Rohdich et al. (31). This mechanism involves the C2-hydroxyl-assisted ring opening 

of 20 (Scheme 4.2.5, mechanism A) to generate an epoxide-containing intermediate, 

(2R,3R)-4-hydroxy-3-methyl-2,3-epoxybutanyl diphosphate (epoxy-HMBPP, 28). The 

intermediate 28 then undergoes a process of reductive dehydration to be converted to 

HMBPP (21). Another possible mechanism begins with the heterolytic cleavage of the 

C–O bond of 20 to form the tertiary carbocation intermediate 29. Presumably, 

sequential electron transfer from an unidentified reductase channeled to the substrate 

with the aid of the [4Fe-4S] cluster will generate the C3-cabanion intermediate 30. 

Dehydration of 30 would then yield HMBPP (21) as the product (32). Deoxygenation 

of epoxy-HMBPP (28) to form HMBPP (21) has been recently demonstrated (33-34). 

This result provides the first experimental evidence in support of mechanism A shown 

in Scheme 4.2.5. 
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Scheme 4.2.5: Proposed mechanisms of IspG-catalyzed reaction.  

 

4.2.5 1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (IspH) 

In the final step of the MEP pathway, the [4Fe-4S] cluster-containing enzyme 

IspH specifically catalyzes the two-electron reduction of HMBPP (21) to give a 

mixture of IPP (6) and DMAPP (7) as depicted in Scheme 4.2.6 (35-39). Therefore, 

organisms that rely on the MEP pathway for producing isoprenoids do not require an 

IDI, because both IPP and DMAPP are generated in the final step.  
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Through studies using UV/vis and EPR spectroscopy, IspH has been shown to 

contain a [4Fe-4S] cluster (40-41). Following reconstitution of the [4Fe-4S] cluster 

under anaerobic conditions, it has been demonstrated that the catalytic activity of 

IspH depends on an external reducing system such as dithionite, 

flavodoxin/flavodoxin reductase/NADPH or dithionite with redox dyes of different 

redox potentials. These results imply the reaction includes an electron transfer process 

involving a reduced [4Fe-4S]
+1

 state of the cluster (31, 41-43). Several different 

mechanisms have since been proposed for the IspH reaction as shown in Scheme 

4.2.6. 

One possible mechanism for the IspH-catalyzed reaction is proposed by 

Altincicek et al. (39). In this mechanism the [4Fe-4S] cluster acts as a Lewis acid to 

facilitate the elimination of the hydroxyl group of substrate 21, leading to an allylic 

cation intermediate 31 (44). A good precedence for the utilization of an iron-sulfur 

cluster to make a hydroxyl group a better leaving group is the reaction catalyzed by 

aconitase-catalyzed reaction. The allylic radical 32 is then generated from 31 via an 

electron transfer process facilitated by the iron-sulfur cluster. Further reduction 

followed by protonation at either C2 or C4 forms the corresponding IPP (6) or 

DMAPP (7) (Scheme 4.2.6, mechanism A) (44).  
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A second chemical mechanism for IspH which resembles the Birch reduction is 

suggested by Rohdich, et al (31). In this mechanism, one electron transfer from the 

[4Fe-4S]
+1

 cluster to the substrate 21 generates the radical anion intermediate 33. This 

is followed by hydroxyl group elimination to yield the allylic radical 32. A second 

electron transfer would afford an allylic anion intermediate, which upon protonation 

would produce either IPP or DMAPP depending on which position (C2 or C4) is 

protonated (Scheme 4.2.6, mechanism B.). 

A third model is proposed by Oldfield and co-workers (38). This mechanism 

involves the formation of an organometallic intermediate ( complex or 

2
-alkenyl/metallocycle) upon coordination of the substrate to the apical iron and 

reduction of the cluster (24→34→35).  Subsequent dehydration produces an 

1
-complex (36). A second reduction event leads to an 3

-allyl complex (36→37→38) 

that is protonated to form IPP or DMAPP (Scheme 4.2.6, mechanism C). 

The major difference between mechanisms A and B/C is the formation of a 

tertiary carbocation intermediate in mechanism A. The distinguishing feature of 

mechanisms B versus C is the function of the iron-sulfur cluster. In mechanism B, the 

iron-sulfur cluster is used as a coordination site and an electron transfer shuttle, while 

in mechanism C, the iron-sulfur cluster plays an important role to form a catalytic 
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organometallocycle. Such an organometallic mechanism of catalysis is quite rare in 

biological systems. 

    Although extensive efforts have been devoted to study this reductive 

deoxygenation transformation, the mechanism of this enzyme remains elusive. 

Investigation of the IspH-catalyzed reaction mechanism is one of the main focuses of 

this thesis. 

Scheme 4.2.6: Proposed mechanisms to account for IspH-catalyzed reaction. 
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4.2.6 Isopentenyl diphosphate:dimethylallyl diphosphate isomerase (IDI) 

Since both IPP and DMAPP can be generated in the final step of the MEP 

pathway as mentioned above, a diphosphate:dimethylallyl diphosphate isomerase (IDI) 

activity in principle is not necessary for the organisms that employ the MEP pathway 

to synthesize the isoprene building blocks (Scheme 4.1.2). However, depending on the 

species, IPP and DMAPP generated in the IspH catalyzed reaction is typically in a 

ratio close to 5:1 (36, 43). Therefore, IDI may still be needed to fine tune the 

IPP/DMAPP ratio in the biological systems. In fact, IDI has been found to exist in 

many organisms that are dependent on MEP pathway. In contrast, organisms that rely 

on the mevalonate pathway (Scheme 4.1.1) for the production of isoprene units 

absolutely require IDI activity in order to generate DMAPP.   

IDI enzymes can be grouped into two evolutionarily subfamilies designated 

as type I IDI (IDI-1) and type II IDI (IDI-2). Type I IDI enzymes require divalent 

metal ions for activity and employ general acid/base chemistry to catalyze the 

isomerization reaction (Scheme 4.2.7) (45-47). In contrast, type II IDI enzymes 

require both a divalent metal ion as well as a reduced flavin coenzyme for activity 

(Scheme 4.2.7) (48-51). The function of the flavin coenzyme in IDI-2 catalysis is 

poorly understood. A recent study that considered linear free energy relationships 

using chemoenzymatically prepared flavin analogues as coenzymes to reconstitute 
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IDI-2 revealed the participation of the flavin coenzyme in catalysis. It may serve a 

role as an acid/base catalyst in the IDI-2 catalyzed reaction (52).  

Scheme 4.2.7: General mechanisms of IDI-1 and IDI-2 catalyzed reaction. 

 

4.3 Thesis Statement 

1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (IspH) catalyzes an 

essential reaction in the final stage of isoprenoid biosynthesis in the MEP pathway. 

This reaction generates both IPP and DMAPP, which are required for terpenoid 

biosynthesis. Thus far, three mechanistically distinct mechanisms have been proposed 

regarding the role of the iron-sulfur cluster in IspH catalysis. The overall goal of my 

study of this enzyme is to understand the general mechanistic principles of IspH 
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catalysis, especially the function of the iron-sulfur cluster in this unusual reaction.  

Since IspH is not present in human cells, this research is expected to provide useful 

mechanistic insight for the development of IspH inhibitors that may eventually find 

clinical applications. 
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Chapter 5: Mechanistic Studies of 

1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (IspH) 

5.1 Introduction 

Isoprenoids, a class of natural compounds with more than 30,000 members (1), 

are all constructed from two 5-carbon starting materials: isopentenyl pyrophosphate 

(IPP, 1) and dimethylallyl pyrophosphate (DMAPP, 2). To date, two pathways for the 

biosynthesis of IPP (1) and DMAPP (2) have been discovered: the mevalonate 

pathway which was discovered in the 1950s using isotope labeling studies in liver 

tissue and yeast (2-3), and the non-mevalonate or methylerythritol phosphate (MEP) 

pathway which was discovered in the late 1990s (4-7).  Since the MEP pathway for 

isoprenoid biosynthesis is operative in most bacteria (8-9), but is absent in humans, 

the enzymes in this pathway are attractive targets for the development of 

antimicrobial drugs (10-12). 

As discussed in the previous chapter, one of the most mechanistically intriguing 

transformations in the MEP pathway is the reductive deoxygenation of HMBPP (3) to 

produce both IPP (1) and DMAPP (2, Scheme 5.1.1.). This reaction is catalyzed by a 

single enzyme, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase, IspH 

(13-17).  The focus of this chapter is the mechanistic characterization of this unusual 

enzyme. 
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Scheme 5.1.1: 1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (IspH) 

catalyzed reaction. 

 

5.1.1 IspH is an iron-sulfur containing enzyme and it requires reducing 

equivalents for activity 

Multiple amino acid sequence alignments of putative IspH enzymes from 

different organisms revealed the presence of three absolutely conserved cysteine 

residues (Figure 5.1.1). It was thus proposed that IspH is an iron-sulfur-containing 

protein (18).  On the basis of this assumption, Wolff et al purified and reconstituted 

the E. coli IspH in the presence of FeCl3, Na2S and DTT under anaerobic conditions.  

The activity of IspH reconstituted in this manner was then tested in the presence of 

suitable reducing systems (19) and was shown to be able to convert HMBPP (3) to 

IPP (1) and DMAPP (2) in a ratio of ~ 5: 1 (13, 20).  
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Figure 5.1.1: Amino acid sequence alignment of putative IspH proteins from selected 

plants, bacteria, and protists. Sequences are from (A) Synechocystis sp., (B) Adonis 

aestivalis, (C) Chlamydophila pneumoniae, (D) Escherichi coli, (E) Plasmodium 

falciparum, (F) Deinococcus radiodurans, (G) Bacillus subtilis, (H) Aquifex aeolicus, 

(I) Treponema pallidum, and (J) Thermotoga maritima. Conserved cysteine residues 

are marked with asterisks (adapted from ref. 18). 

 

UV-visible absorption spectroscopy of purified and reconstituted IspH exhibits a 

major electronic transition at 410 nm, consistent with the presence of a [4Fe-4S]
2+

 

cluster (19). No obvious changes in the spectrum were observed upon exposure of the 
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enzyme to air for 30 min. After EDTA treatment and HPLC purification of the 

subsequentely reconstituted IspH, the reconstituted enzyme was found to contain 4.9 

and 4.0 enzyme equivalents of iron and sulfur, respectively, providing further 

experimental support for the presence of a [4Fe-4S] prosthetic group (19). The nature 

of the iron-sulfur cluster in IspH was also confimed by EPR spectroscopy.  The 

reconstituted IspH showed no EPR signal, an observation that is consistent with the 

presence of an oxidized [4Fe-4S]
2+

.  Upon reduction of the holoenzyme with sodium 

dithionite, an EPR signal with g values of 1.92 and 2.03, which is typical of a 

[4Fe-4S]
1+ 

cluster (S = 1/2), was obtained (19-20). Taken together, the requirement of 

IspH for an iron-sulfur cluster and for the presence of a reducing system during 

turnover strongly suggest that the IspH-catalyzed conversion of 3 to 1 and 2 involves 

redox chemistry. In addition, since [4Fe-4S] clusters are obligate 1e- 

donors/acceptors, the IspH-mediated conversion of HMBPP to IPP/DMAPP likely 

involves sequential 1e- transfers from the cluster to the substrate and invovlving 

radical substrate intermediates. To date, however, the exact role of the iron-sulfur 

cluster in IspH catalysis remains unclear. 
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5.1.2 The redox system of the IspH-catalyzed reaction 

In order to observe in vitro enzymatic activity, the reconstituted IspH needs to be 

coupled with a reduction system.  In eubacteria, flavodoxin/flavodoxin reductase 

system normally serves this role by harvesting reducing equivalnets from NADPH 

and transferring the liberated electrons to other enzymes in the cell (21). In other 

words, the reduced flavodoxin is used to provide electrons to the iron-sulfur cluster 

and it is recharged by flavodoxin reductase and NADPH. The E. coli flavodoxin I 

gene, fldA, is known to be essential for E. coli survival and was suggested to be 

involved in the reduction of iron-sulfur cluster in IspH (22). More recently, it was 

demonstrated that ferredoxin forms complexes with IspH from Plasmodium 

falciparum (23-24), indicating that ferredoxin indeed serves as the physiological 

electron transporter in IspH catalysis. In algae and plant chloroplasts, which also use 

the MEP pathway for isoprenoid biosynthesis, the physiological electron transporter 

for IpsH is not yet known. Different from bacterial systems, flavodoxin is not present 

in the plant plastids, and therefore it is speculated that the physiological electron 

shuttle systems intereacting with IspH in plants. IspH reduction can also be achieved 

by chemical means using either the photoreduction-induced semiquinone radical of 

5-deazafalvin (7, 20) or with sodium dithionite (13).  
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       The requirement of flavodoxin or the semiquinone radical for IspH activity in 

eubacterial systems suggests that the reduction of the iron-sulfur cluster is a radical 

related process. The effect of the redox potential of the electron mediator on IspH 

activity was systematically studied (25). A series of electron mediators with redox 

potentials ranging from -110 to -720 mV were used to transfer electrons from 

dithionite to the iron-sulfur cluster of IspH. When the redox potential of the electron 

mediator was higher than -250 mV, no obvious IspH activity could be detected.  In 

the redox potential range between -312 to -450 mV, the IspH activity increases as 

the redox potential is lowered. Further decreases in the redox potential of the 

electron mediator caused a reduction in IspH activity (Table 5.1.1). By tuning the 

redox potential of the electron mediator in this way, the in vitro IspH catalytic 

activity was increased by ~60-fold relative to the flavodoxin/flavodoxin 

reductase/NADPH system (25-26).  These results indicate that the redox potential 

of the electron shuttle system must be in a certain range for effective IspH catalysis.  
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Table 5.1.1: Catalytic activities of IspH using different redox mediators
a
 (adapted 

from ref. 23) 

entry mediator conversion (%) activity (min
-1

)
b
 E

0
 (mV vs NHE) 

1 1a  <1 n.d. -110 

2 1b <1 n.d. -130 

3 1c <1 n.d. -220 

4 1d <1 n.d. -250 

5 3a 20 133 -312 

6 2d ~5 33 -360 

7 3b 40 266 -442 

8 2a 50  333 -446 

9 3c 60 400 -450 

10 2b 41 273 -480 

11 2c 24 160 -495 

12 3d 10 67 -510 

13 3e ~5 23 -625 

14 3f 30  200 -649 

15 2e <1 n.d. -720 

16 flavodoxin/DADPH
c
  6.67  
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a.Reactions were performed in 100 mM Tris-HCl (pH 8.0) containing 1.0 mM 

HMBPP, 50 nM IspH, 5.0 mM DT, and 1.0 mM mediator at 37 °C for 30 min.  

b.Calculated from end-point conversion. 

c.Data from ref. 24. 

 

5.1.3 X-ray structure provides mechanistic insight into the IspH-catalyzed 

reaction  

X-ray crystal structures of IspH from both E. coli (14, 16) and Aquifex acolicus 

have been determined (27). Structures from both species suggest that IspH is 

monomeric, and contains three similar domains (D1-D3) that fold into a pattern 

resembling pseudo-C3 symmetry.  Each domain is comprised of four β-strands 

(S1-S4) which are arranged into a central parallel  sheet that is flanked by -helical 

regions (H1-H3) (Figure 5.1.2).  
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Figure 5.1.2: a. Crystal structure of E. coli IspH depicted as a ribbon diagram and 

showning the numbering of domains (D1-D3), helices (H1-H3), and strands (S1-S4) 

(pdb code: 3F7T). b. Schematic image of a single domain showing the connectivity 

and arrangement of secondary structural elements (adapted from ref. 14). 

 

The iron-sulfur cluster in the E. coli IspH is located in a central hydrophobic 

cavity (Figure 5.1.3), which is formed by residues from each domain (G14 and V15 

from D1, P97 and V99 from D2, and A199 from D3) as well as from residues (F302 

and P305) on the C-terminus of the protein. Conserved Cys residues in each domain 

(C12, C96, and C197) coordinate the three iron atoms of the [3Fe-4S] cluster that is 

observed in the unliganded E. coli structure (14). Similarly, only three Fe atoms are 

observed in the unliganded Aquifex aeolicus structure (27). Interestingly, in the 

a b 
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substrate bound structure of IspH from E. coli, the native [4Fe-4S] cluster was 

observed in the active site (16). Thus, it seems that substrate binding somehow 

stabilizes the catalytically relevant [4Fe-4s] cluster, or that the IspH [4Fe-4S] cluster 

is simply not stable under the crystallization conditions in the absence of substrate. 

 

Figure 5.1.3: [3Fe-4S] cluster in the active site of E. coli IspH (pdb code: 3F7T). 

Crystal structures of IspH from E. coli have also been solved in the presence of 

substrate (HMBPP), both products (IPP and DMAPP), and inorganic pyrophosphate 

(16). In these structures, the pyrophosphate moieties of the bound ligands occupy the 

same topological position in the central cavity. These polyanionic moieties are 

embedded in a polar environment comprised of the side chains of H41, H74, H124, 

T167, S225, S269, Q166, and N227. The pyrophosphate group is bound in a hairpin 

conformation and the aliphatic portion of the molecule is sandwiched between the 
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pyrophosphate moiety and the iron-sulfur cluster. A water molecule inside the central 

cavity (designated as W1 in Figure 5.1.4) forms hydrogen bonding to the –phosphate 

moiety of the pyrophosphate group, and to an oxygen atom of the E126 carboxylate, 

the N atom of the Q166 amide side chain, and the oxygen atom of the T168 hydroxyl 

group.  This tightly bound water molecule is present in the active sites of each of the 

IspH structures bound with HMPPP, IPP, DMAPP and inorganic phosphate (Figure 

5.1.4).  

 

  

Figure 5.1.4: Active site of IspH from E. coli with bound ligands (a) HMBPP (pdb 

a b 

c 
d 
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code: 3KEB), (b) IPP (pdb code: 3KEM), (c) DMAPP (pdb code: 3KEF), and (d) PPi 

(pdb code: 3KEL) (adapted from ref. 16). 

 

In the HMBPP bound X-ray structure, the oxygen atom of the substrate hydroxyl 

group is within hydrogen bonding distance to T167 (2.9 Å). The oxygen atoms of the 

substrate β-phosphate, W1, E126, T167, and the HMBPP hydroxyl group all appear to 

be connected through hydrogen bonding interactions (Figure 5.1.5). The iron-sulfur 

cluster in this crystal structure unambiguously clearly has the fourth iron atom, which 

is also directly coordinated to the hydroxyl group of HMBPP (2.0 Å). This apical iron 

is positioned within distances of 2.8 – 3.0 Å from C2, C3, and C4 of HMBPP as 

shown in Figure 5.1.6. These internuclear distances are less than the van der Waals 

distance (3.6 Å), but longer than allyl-organometallic bonds, which typically range 

from 2.1 – 2.2 Å (28). 
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Figure 5.1.5: Active site of E. coli IspH complexed with HMBPP (pdb code: 3KEB) 

and a schematic representation of the hydrogen bonding network between the 

HMBPP C1-OH group, T167, E126, W1, and the HMBPP β-phosphate. 

 

          

Figure 5.1.6: Internuclear distance between the apical iron atom and allylic carbons of 

HMBPP (pdb code: 3KEB).   

 

The distances between C2, C4 of the substrate and one of the oxygen atoms of 

–phosphate moiety of the pyrophosphate group are 3.5 and 3.4 Å, respectively 
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(Figure 5.1.7). The –phosphate moiety may be involved in protonation during the 

final stage of along IspH reaction. One of the oxygen atoms is within hydrogen 

bonding distance with water molecule, which is also in hydrogen bonding distance to 

E 126. It is possible that the ratio of IPP and DMAPP may reflect the different 

protonation level of these oxygen atoms in the active site of IspH.  

 

Figure5.1.7: Internculear distances between the oxygen atoms of the –phosphate 

moiety and C1 and C3 of HMBPP (pdb code: 3KEB). C2 and C4 are the sites of 

protonation in IspH-catalyzed reaction leading to DMAPP and IPP, respectively.   
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The available structural and biochemical data enables a chemical mechanism to 

be proposed for IspH (Scheme 5.1.2).  First, the x-ray structures confirm that the 

central cavity that harbors the [4Fe-4S] cluster is the active site. Substrate binding to 

the holoenzyme appears to form a Michaelis complex (4), with the hydroxyl group of 

HMBPP coordinated to the apical iron of the [4Fe-4S]
2+

 cluster. One electron transfer 

from the electron shuttle to the iron sulfur cluster reduces it to the +1 sate. One 

electron transfer from the [4Fe-4S]
+1

 cluster to one of the olefinic carbons of HMBPP 

(which are 2.9 – 3.0 Å from the apical Fe atom, Figure 5.1.6) may then trigger the 

carbon-oxygen bond cleavage to generate the allylic substrate radical intermediate (5). 

It is not yet known whether the electron transfer to HMBPP and the C4-OH 

elimination occur in a concerted or stepwise manner. Cleavage of the C4-OH bond 

may be facilitated by the coordination of the OH leaving group to the apical iron of 

the transiently oxidized [4Fe-4S]
2+

 cluster, which could serve as a Lewis acid during 

the elimination. Protonation of the hydroxyl group via the T167-E126 dyad could also 

assist the elimination step. Consistent with this catalytic role, replacement of E126 

with a Gln residue results in greater than 100-fold reduction of IspH activity (14). 

Heterolytic cleavage of the C4-OH bond is supported by the catalytic competence of 

the fluoro analogue (7), whose fluoride group is eliminated when incubated with 
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IspH. It is doubtful that the carbon-fluorine bond of 7 could be cleaved homolytically 

by IspH (26).   

In the final stages of the IspH-catalyzed reaction, the putative allylic radical 

intermediate needs to be reduced by one electron and then protonated. The transiently 

oxidized [4Fe-4S]
2+

 cluster could help to mediate electron transfer from an external 

reducing agent to the substrate radical, generating an allylic anion intermediate (6).  

Protonation of 6 at C2 or C4 would then yield the reaction products IPP and DMAPP, 

respectively. The proton source for product formation may be one of the hydroxyl 

groups of the –phosphate moiety, which are positioned 3.5 and 3.4 Å, respectively, 

from C2 and C4 of HMBPP (Figure 5.1.7). 
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Scheme 5.1.2: Proposed IspH reaction cycle.  

 

Different from the proposed mechanism shown above, formation of 

allyl-organomatallic complex intermediates during the IspH-catalyzed reaction has 

also been proposed (17). After initial binding of HMBPP (3) to the oxidized 

iron-sulfur cluster, the iron-sulfur cluster is reduced by an electron transfer from the 

external reduction system to form a  or 2–alkenyl complex (8 and 9). The hydroxyl 

group is then protonated by the T167-E126 dyad and eliminated, leading to the 

formation the 1–allyl intermediate (10). After the second electron transfer from the 
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external reduction system, the 3-complex (11) forms. The last step is the portonation 

to form both IPP (1) and DMAPP (2) (Scheme 5.1.3).   

Scheme 5.1.3: Alternative reaction pathway for IspH catalysis.   

 

 

 

 

 

 

 

 

 

 



202 
 

5.2 Experimental Procedures 

5.2.1 General Procedure 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Pittsburgh, PA) and were used without purification unless specifically 

mentioned. Analytical thin layer chromatography (TLC) was carried out on 

pre-coated TLC aluminum plates (silica gel, grade 60, F254, 0.25 mm layer thickness) 

acurired from EMD chemicals (Madison, WI). Flash column chromatography was 

carried out using silica gel (230-400 mesh, grade 60) obtained from Sorbent 

Technologies (Atlanta, GA). The mass analysis was conducted at the mass 

spectrometry and proteomics facility of the Department of Chemistry and 

Biochemistry, University of Texas at Austin.  Nuclear magnetic resonance (NMR) 

spectra were recorded using Varian 400, 500, or 600 MHz spectrometer at the nuclear 

magnetic resonance facility of the Department of Chemistry and Biochemistry, 

University of Texas at Austin. 

Enzymes, PCR primers, pCRBlunt vector, molecular weight marker, and E. 

coli BL21 star (DE3) are products of New England Biolabs (Beverly, MA) or 

Invitrogen (Carlbad, CA). Luria-Bertani (LB) media was purchased from Difco 

(Detroit, MI). All reagents for sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) were acuuired from Bio-Rad (Hercules, CA). Amicon 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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YM-10 filter was product of Millpore (Bilerica, MA). Protein concentrations were 

determined by the Bradford assay using bovine serum albumin as the standard. The 

molecular mass and enzyme purity were estimated by using SDS-PAGE. 

 

5.2.2 Synthesis of analogue (Z)-4,4,4-trifluoro-3-(hydroxymethyl)but-2-en-1-yl 

diphosphate (19) 

 

(a) BF3•Et2O 0.02 eq, BnOH 1.0 eq, 40 
o
C, 88%; (b) Dess-Martin periodinane 1.4 eq, 

CH2Cl2, RT, overnight, 70%; (c) ethyl 2-(bromotriphenylphosphoranyl)acetate 1.1 eq, 

Et3N 2.2 eq, Benzene, RT, overnight, 72%, E : Z = 1 : 3; (d) DIBAL 2.0 eq,  CH2Cl2, 

-78
 o

C, 75%; (e) CBr4 1.1 eq, PPh3 1.2 eq, CH2Cl2, 0
 o

C, 82%; (f) BCl3 2.0 eq, 

CH2Cl2, -78 
o
C, 70%; (g) [N(n-Bu) 4] 3P2O7H 1.4 eq, MeCN, RT, 2 hr, 52%. 
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3-(Benzyloxy)-1,1,1-trifluoropropan-2-ol (13). To a solution of benzyl alcohol (6.49 

g, 60 mmol) and BF3•Et2O (150 uL, 1.20 mmol) was added 12 (6.49 g, 60 mmol). 

After addition, the reaction mixture was stirred at 40 
o
C overnight. The reaction 

mixture was diluted with CH2Cl2 (250 mL) and washed with H2O (200 mL). The 

aqueous washes were discarded and the organic layer was evaporated to give the 

crude mixture, which was chromatographed on silica gel eluted with hexanes : ethyl 

acetate = 4 : 1 to afford 13 in 88% yield. The 
1
H NMR spectrum of 13 is consistent 

with that reported in the literature (29). 

3-(Benzyloxy)-1,1,1-trifluoropropan-2-one (14). To a solution of 13 (2.20 g, 10 

mmol) in CH2Cl2 (50 mL) was added Dess-Martin periodinane (5.93 g, 14 mmol) at 

room temperature and the resulting solution was stirred overnight. After solvent 

removal, the reaction mixture was subjected to silica gel chromatography and eluted 

with hexanes : ethyl acetate = 3 : 1 to afford a clear liquid 14 which exists as a 

mixture of both the ketone and the hydrate forms (70% yield). The 
1
H NMR spectrum 

of 14 is consistent with that reported in the literature (30). 

(Z)-Ethyl 3-((benzyloxy)methyl)-4,4,4-trifluorobut-2-enoate (15). The hydrate 

water of 14 was removed by azeotroping in the presence of benzene (200 mL) under 

refluxing condition to convert the hydrate product to its ketone form. The reaction 

mixture was cooled to room temperature, and then mixed with ethyl 
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2-(bromotriphenylphosphoranyl)acetate (18.9 g, 44 mmol) and Et3N (8.90 g, 88 

mmol).  The reaction was kept at room temperature overnight, quenched with water, 

and extracted with ethyl acetate (50 mL x 3). The combined organic layers were 

evaporated to give the crude mixture which was subjected to silica gel 

chromatography eluted with hexanes : ethyl acetate = 15 : 1 to afford 15 as a clear 

liquid  (Z/E = 3/1, 72% yield). The 
1
H NMR spectrum of 15 is consistent with that 

reported in the literature (30). 

(Z)-3-((Benzyloxy)methyl)-4,4,4-trifluorobut-2-en-1-ol (16) (30). To a solution of 

15 (1.37 g, 5.56 mmol) in THF (60 mL) was added DIBAL (1.0 M in hexanes, 11.0 

mL) at -78
 o

C. After 6 h, the reaction was quenched by the addition of saturated 

Rochelle salt solution (30 mL). After stirring overnight, the reaction mixture was 

extracted with ethyl acetate (30 mL x 3). The combined organic layers were 

evaporated to give the crude mixture which was subjected to silica gel 

chromatography eluted with hexanes : ethyl acetate = 1 : 1 to afford 16 as a clear 

liquid (75% yield). The 
1
H NMR spectrum of 16 is consistent with that reported in the 

literature (30). 

(Z)-(((4-Bromo-2-(trifluoromethyl)but-2-en-1-yl)oxy)methyl)benzene (17). To a 

solution of 16 (2.20 g, 8.39 mmol) in CH2Cl2 (50 mL) was added PPh3 (2.04 g, 10.10 

mmol) and CBr4 (3.08 g, 9.30 mmmol) at 0 
o
C. After 2 h, the reaction mixture was 



206 
 

evaporated and subjected to silica gel chromatography eluted with hexanes : ethyl 

acetate = 20 : 1 to afford 17 as a clear liquid (82% yield).
 1

H NMR (CDCl3) δ 4.09 

(dd, J = 8.3 and 1.4 Hz, 2H), 4.21 (s, 2 H), 4.57 (s, 2H), 6.60 (t, J = 8.3 Hz, 1H), 7.39 

(m, 5H); 
19

F NMR (CDCl3) δ -67.6; 
13

C NMR (CDCl3) δ 24.1, 62.0, 72.7, 123.1 (q, J 

= 272.0 Hz), 127.8, 128.0, 128.5, 129.6 (q, J = 29.0 Hz), 133.9 (q, J = 6.0 Hz). 

(Z)-4-Bromo-2-(trifluoromethyl)but-2-en-1-ol (18). To a solution of 17 (1.55 g, 5.0 

mmol) in CH2Cl2 (25 mL) was added BCl3 (1.0 M, 10 mL) at -78
 o
C. After 15 min, 

the reaction was quenched by adding MeOH (5 mL). The reaction mixure was then 

partitioned between CH2Cl2 (50 mL x 2) and aqueous NaHCO3 solution. The 

combined organic layers were evaporated to give the crude mixture which was 

subjected to silica gel chromatography eluted with hexanes : ethyl acetate = 4 : 1 to 

afford 18 as a clear liquid (70% yield). 
1
H NMR (CDCl3) δ 2.91 (br, 1H, 

exchangable), 4.10 (dd, J = 8.7 and 1.4 Hz, 2 H), 4.24 (s, 2H), 6.28 (tq, J = 8.7, 1.4 

Hz, 1H); 
19

F NMR (CDCl3) δ -60.4; 
13

C NMR (CDCl3) δ 24.4 (q, J = 2.3 Hz), 61.0 (q, 

J = 3.9 Hz), 123.1 (q, J = 275.9 Hz), 131.8 (q, J = 28.5 Hz), 132.5 (q, J = 3.3 Hz). 

(Z)-4,4,4-Trifluoro-3-(hydroxymethyl)but-2-en-1-yl diphosphate (19). To a 

solution of 18 (580 mg, 2.66 mmol) in MeCN (15 mL) was added  

[N(n-Bu)4]3P2O7H (3.37 g, 3.72 mmol) at room temperature. Specifically, the 

purification followed a literature protocol (31). The reaction mixture was concentrated 
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under reduced pressure, dissolved in ion exchange buffer (i-PrOH : 25 mM NH4CO3 

= 1:49) and loaded to a Dowex column 50W-X8 (ammonium form). Fractions of 2.0 

mL were collected. Fractions that contain 19 were pooled and further purified through 

a cellulose column. Elution with the buffer (i-PrOH : MeCN : 100 mM NH4CO3 = 4 : 

2 : 4) to afford 19 as a white solid. (52% yield). 
1
H NMR (D2O) δ4.02 (q, J = 1.2 Hz, 

2H), 4.53 (m, 2H), 6.13 (t, J = 5.7 Hz, 1H); 
19

F NMR (D2O) δ -60.5; 
13

C NMR (D2O) 

δ 60.6, 61.8, 123.5 (q, J = 272.6 Hz), 128.7 (q, J = 28.9 Hz), 137.3; 
31

P NMR (D2O) δ 

-9.4 (d, J = 21.0 Hz), -10.8 (d, J = 21.0 Hz),; High resolution ESIMS [M-H]
- 
calc. for 

C5H8F3O8P2
  

314.9645, found 314.9652.  

 

5.2.3 Synthesis of analogue 3-(trifluoromethyl)but-3-en-1-yl diphosphate (27) 

 

a) NaBH4 1.05 eq, Et2O, RT, 0 
o
C to RT, overnight; b) Lithium aluminum hydride 

1.05 eq, Et2O, 0 
o
C, 1 hr, 72% over two steps; c)TBDPSCl 1.10 eq, imidazole 2.0 eq, 
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DMAP cat., CH2Cl2, RT, 4 hr, 80%; d) Dess-Martin periodinane 1.8 eq, CH2Cl2,  

RT, overnight; e) PPh3CH3I 1.6 eq, n-BuLi 1.5 eq, benzene, 0 
o
C to RT, overnight, 

60% over two steps; f) TBAF 2.0 eq, THF, 0 
o
C, 2 hr, 67%; g) TsCl 2.0 eq, ptridine, 0 

o
C, overnight, 93%; h) [N(n-Bu)4]3P2O7H 1.4 eq, MeCN, RT, 2 hr, 35%. 

 

4-((t-Butyldiphenylsilyl)oxy)-1,1,1-trifluorobutan-2-ol (22). 4,4,4-Trifluorobutane- 

1,3-diol (21) was prepared as literature reported (32). To a solution of 21 (720 mg, 5.0 

mmol) and TBDPSCl (1.51 g, 5.5 mmol) in CH2Cl2 (25 mL) was added imidazole 

(680 mg, 10 mmol) and DMAP (catalytic amount) at room temperature and the 

resulting solution was stirred for 4 h. A solution of brine (10 mL) was added to the 

reaction, and the reaction was extracted with CH2Cl2 (20 mL x 4). The combined 

organic layers were evaporated to give the crude mixture, which was 

chromatographed on silica gel eluted with hexanes : ethyl acetate = 20 : 1 to afford 22 

as a clear liquid (80% yield). 
1
H NMR (CDCl3) δ 1.06 (s, 9H), 1.91 (m, 2H), 3.58 (br. 

s, 1H), 3.92 (m, 2H), 4.26 (m, 1H), 7.43 (m, 6H), 7.66 (m, 2H), 7.67 (m, 2H); 
19

F 

NMR (CDCl3) δ -79.9. 

t-Butyldiphenyl((3-(trifluoromethyl)but-3-en-1-yl)oxy)silane (24). To a solution of 

22 (3.82 g, 10.0 mmol) in CH2Cl2 (100 mL) was added Dess-Martin periodinane (7.63 

g, 18 mmol) at room temperature and the resulting solution was stirred overnight. 
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After solvent removal, the reaction mixture was subjected to silica gel 

chromatography and eluted with hexanes : ethyl acetate = 5 : 1 to afford a clear liquid 

23 which existed in both the ketone and hydrate forms. The hydrate water of 23 was 

removed by azeotroping with benzene as the co-solvent (100 mL) under refluxing 

condition to facilitate the conversion of the hydrate product to its ketone form. The 

corresponding Wittig reagent generated from 1.6 eq of PPh3CH3I and 1.5 eq of 

n-BuLi was then reacted with 23 at 0 
o
C. The reaction was allowed to proceed at the 

same temperature for 3 hr. The reaction mixture was quenched with water and 

extracted with ethyl acetate (50 mL x 3). The combined organic layers were 

evaporated to give the crude mixture which was chromatographed on silica gel eluted 

with hexanes : ethyl acetate = 20 : 1 to afford 24 as a clear liquid  (60% yield, over 

two steps). 
1
H NMR (CDCl3) δ 1.05 (s, 9H), 2.44 (t, J = 6.6 Hz, 2H), 3.81  (t, J = 6.6 

Hz, 2H), 5.40 (dd, 1H,  J = 2.5 and 1.3 Hz), 5.71 (m, 1H), 7.41 (m, 6H), 7.66 (m, 

4H); 
19

F NMR (CDCl3) δ -68.8. 

3-(Trifluoromethyl)but-3-en-1-ol (25). To a solution of 24 (1.82 g, 4.80 mmol) in 

THF (25 mL) was added TBAF (9.6 mL, 1.0 M in THF ) at 0 
o
C. The reaction was 

monitored by TLC. When the reaction was complete, the reaction mixture was 

concentrated and subjected to flash column chromatography on silica gel eluted with 

hexanes : ether = 1 : 1 to afford 25 as a colorless liquid (67% yield). 
1
H NMR 
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(CDCl3) δ 2.19 (broad s, 1H), 2.46 (t, J = 6.6 Hz, 2H), 3.77  (t, J = 6.6 Hz, 2H), 5.43 

(m, 1H), 5.75 (m, 1H); 
19

F NMR (CDCl3) δ -69.1. 

3-(Trifluoromethyl)but-3-en-1-yl 4-methylbenzenesulfonate (26). TsCl (310 mg, 

1.63 mmol) was added to a solution of 25 (114 mg, 0.81 mmol) in pyridine (5 mL) at 

0 
o
C.  The reaction was kept at 0 

o
C overnight. The reaction was quenched by 

pouring the reaction mixture into ice water, followed by extraction with ethyl acetate 

(5 mL x 4). The combined organic layers were evaporated to give the crude mixture 

which was chromatographed on silica gel eluted with hexanes : ethyl acetate = 9 : 1 to 

afford 31 (93% yield). 
1
H NMR (CDCl3) δ 2.44 (s, 3H), 2.55 (t, J = 6.6 Hz, 2H), 4.15  

(t, J = 6.6 Hz, 2H), 5.40 (m, 1H), 5.74 (m, 1H); 
19

F NMR (CDCl3) δ -69.2;
 13

C NMR 

(CDCl3) δ 21.5, 29.1, 67.0, 121.1 (q, J = 5.5 Hz), 123.1 (q, J = 272.0 Hz), 127.8, 

129.9, 132.6, 133.0 (q, J = 30.0 Hz), 145.1. 

3-(Trifluoromethyl)but-3-en-1-yl diphosphate (27). To a solution of 26 (172 mg, 

0.58 mmol) in MeCN ( 5 mL) was added  [N(n-Bu)4]3P2O7H (740 mg, 0.82 mmol) at 

room temperature. The purification procedure was carried out according to a literature 

protocol (31). Specifically, the reaction mixture was concentrated under reduced 

pressure, dissolved in a buffer solution (iPrOH : 25 mM NH4CO3 =1:49) and loaded 

on to a Dowex column 50W-X8 (ammonium form). Fractions of 5.0 mL were 

collected. Fractions that contain 27 were pooled, concentrated, and further purified 
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through a cellulose column which was prepared following the literature procedure 

(31). Elution with the buffer (iPrOH : MeCN : 100 mM NH4CO3 = 1: 7 : 2) afforded 

27 as a white solid. (35% yield). 
1
H NMR (D2O) δ 2.44 (t, J = 6.6 Hz, 2H), 3.96  

(dd, J = 6.6 and 6.6 Hz, 2H), 5.47 (dd, J = 2.6 and 1.4 Hz, 1H), 5.68 (d, J = 1.4 Hz, 

1H); 
19

F NMR (D2O) δ -68.4;
 13

C NMR (D2O) δ 29.7 (d, J = 7.6 Hz), 63.5 (d, J = 5.5 

Hz), 120.4 (q, J = 5.8 Hz), 123.7 (q, J = 273.2 Hz), 133.8 (q, J = 29.0 Hz),; 
31

P NMR 

(D2O) δ -7.3 (d, J = 21.3 Hz), -9.8 (d, J = 21.3 Hz). HRMS (ESI
-
)[M-H]

-
 calculated 

for C5H8F3O7P2
 
298.9697, found 298.9700. 

 

5.2.4 Synthesis of analogue (Z)-4,4,4-trifluoro-3-methylbut-2-en-1-yl diphosphate 

(32) 

 

a) Methyl 2-(dimethoxyphosphoryl)acetate 1.25 eq, NaH 1.2 eq, THF, 45%, Z/E > 

99:1 ; b) Lithium aluminum hydride 1.05 eq, Et2O, 0 
o
C, 30 min, 90%; c) TsCl 0.95 

eq, N(Me)3HCl 0.25 eq, (Et)3N 2.0 eq, benzen/pantene; d) [N(n-Bu)4]3P2O7H 1.4 eq, 

MeCN, RT, 2 hr, 35% over two steps. 
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(Z)-Methyl 4,4,4-trifluoro-3-methylbut-2-enoate (29). To a solution of methyl 

2-(diethoxyphosphoryl)acetate (9.6 mL, 62.5 mmol) in Et2O (250 mL) was added 

NaH (2.40 g , 60 mmol) at -10 
o
C. After 30 min, 28 (4.71 mL, 50 mmol) in Et2O (50 

mL) was added to the reaction mixture at -10 
o
C. After stiring for an additional 2 hr, 

the reaction was quenched with brine and partitioned between ethyl acetate (100 mL x 

3). The organic extracts were pooled, and concentrated. The crude mixture was 

chromatographed on silica gel eluted with hexanes : ethyl acetate = 8 : 1 to afford 29 

(45% yield). 
1
H NMR (CDCl3) δ 1.96 (d, J = 1.7 Hz, 3H), 3.74 (s, 3H), 6.05 (d, J = 

1.6 Hz, 1H); 
19

F NMR (CDCl3) δ -65.2. 

(Z)-4,4,4-Trifluoro-3-methylbut-2-en-1-ol (30).  To a solution of lithium aluminum 

hydride (40 mg, 1.05 mmol) in Et2O (5 mL) was added 29 (184 mg, 1.0 mmol) in 

Et2O (5 mL) at 0 
o
C slowly. After 30 min, the reaction was quenched with water/10% 

NaOH/water = 40 uL/40 uL/120 uL sequentially and stirred vigorously for about 1 h. 

After filtration, the filtrate was subjected to careful distillation at 38 
o
C under 

atmospheric pressure and to remove Et2O to afford 30 (90% yield). The 
1
H NMR 

spectrum is identical to that of literature reported (33).  

 (Z)-4,4,4-Trifluoro-3-methylbut-2-en-1-yl diphosphate (32) (33). To a solution of 

30 (140 mg, 1.0 mmol) in benzene/pentanes (2.0 mL/2.0 mL) was added TsCl (180 
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mg, 0.95 mmol), Me3N•HCl (24 mg, 0.25 mmol) and Et3N (278 uL, 2.0 mmol) at 0 

o
C. When the reaction was complete as indicated by TLC, the reaction mixture was 

quenched by adding 1 N H2SO4 at 0 
o
C and partition between ethyl acetate (5 mL x 2) 

and water (34). The combined organic extracts were collected. After concentration, 

the crude product (31) was dissolved in MeCN (10 mL) and [N(n-Bu)4]3P2O7H (1.31 

g, 1.4 mmol) at room temperature. The purification procedure was carried out 

according to a literature protocol (31). Specifically, the reaction mixture was 

concentrated under reduced pressure, dissolved in ion exchange buffer (iPrOH : 25 

mM NH4CO3 =1:49) and loaded to a Dowex column 50W-X8 (ammonium form). 

Fractions of 3.0 mL were collected. Fractions that contain 32 were pooled and further 

purified by cellulose column. Elution with the buffer (iPrOH : 100 mM NH4CO3 = 

7.5: 2.5) to afford 32 as a white solid (35% yield, over two steps). 
1
H NMR (D2O) δ 

1.75 (dq, J = 1.6 and 1.6 Hz, 3H) 4.53 (m, 2H), 6.19 (m, 1H); 
19

F NMR (D2O) δ 

-62.5; 
13

C NMR (D2O) δ 17.0 (q, J = 2.5 Hz), 62.0 (dq, J = 3.5 and 4.8 Hz), 123.9 (q, 

J = 274.5 Hz), 126.2 (q, J = 30.0 Hz), 133.1 (m); 
31

P NMR (D2O) δ -8.3 (d, J = 21.3 

Hz), -10.7 (d, J = 21.3 Hz). HRMS (ESI
-
)[M-H]

-
 calculated for C5H8O7F3P2 298.9697, 

found 298.9700. 
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5.2.5 Synthesis of analogue (Z)-4-fluoro-3-(hydroxymethyl)but-2-en-1-yl 

diphosphate (41) 

 

 

a) DHP 1.20 eq, CH2Cl2, 0 
o
C to RT, 2 hr, 85%; b) TBAF 1.1 eq, benzene, reflux, 24 

hr, 62%; c) (COCl)2 1.5 eq, DMSO 3.0 eq, Et3N 5.0 eq, CH2Cl2, -78 
o
C to 0 

o
C, 83%; 

d) PPH3CH2CO2EtBr 1.1 eq, Et3N 2.2 eq, benzene, RT, 14 hr, 70%, Z/E = 2/1; e) 

DIBAL 2.2 eq, CH2Cl2, -78 
o
C, 6 hr, 70%; f) CBr4 2.0 eq, PPh3 2.2 eq, CH2Cl2, 2.5 

hr, 70%; g)  AcOH / THF / H2O = 1 / 3 / 3, 50 
o
C, 1 hr, 65%; h) [N(n-Bu)4]3P2O7H 

1.4 eq, MeCN, RT, 60%. 
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2-(Oxiran-2-ylmethoxy)tetrahydro-2H-pyran (34) (35). To a solution of glycidol 

33 (6.6 mL, 100.0 mmol) and 3,4-dihydro-2H-pyran (11.0 mL, 120.0 mmol) in 

CH2Cl2 (300 mL) was added p-toluenesulfonic acid monohydrate (catalytic amount) 

at 0 
o
C. The reaction mixture was warmed to room temperature gradually over 2 hr, 

and quenched by brine (100 mL) and the reaction was extracted with CH2Cl2 (10 mL 

x 4). The combined organic layers were evaporated to give the crude mixture, which 

was chromatographed on silica gel eluted with hexanes : ethyl acetate = 10 : 1 to 

afford 34 as a clear liquid  (85% yield). 
1
H NMR (CDCl3) δ 1.15-1.85 (m, 6H), 

2.59-2.61 and 2.68-2.70 (each m, total 1H), 2.80-2.83 (m, 1H), 3.16-3.22 (m, 1H), 

3.37-3.421 and 3.93-3.97 (each m, total 1H), 3.49-3.54 (m, 1H), 3.67-3.75 (m, 1H), 

3.83-3.89 (m, 1H), 4.64-4.68 (m, 1H); 
13

C NMR (CDCl3) δ 18.5, 18.6, 24.7, 29.7, 

29.8, 43.5, 49.7, 50.0, 61.0, 61.2, 66.7, 67.8, 97.8, 98.0. 

1-Fluoro-3-((tetrahydro-2H-pyran-2-yl)oxy)propan-2-ol (35). To a solution of 

TBAF (33.0 mL, 1.0 M in THF) in benzene (100 mL) was heated to reflux for 24 hr 

to remove water by azeotroping with benzene. After that, 34 (4.75 g, 30.0 mmol) was 

introduced to the reaction and the resulting mixture was refluxed for 24 hr. Benzene 

was then removed in vacuo and residue was subjected to silica gel chromatography 

using hexanes : ethyl acetate = 2 : 1 to afford 35 as a very light ylellow liquid  (63% 

yield). 
1
H NMR (CDCl3) δ 1.41-1.76 (m, 6H), 3.41-3.48 (m, 1H), 3.52-3.72 (m, 3H), 



216 
 

3.76-3.82 (m, 1H), 3.86-3.95 (m, 1H), 4.25-4.34 (m, 1H), 4.37-4.44 (m, 1H), 

4.46-4.50 (m, 1H); 
19

F NMR (CDCl3) δ -231.1(dt, J = 47.4, 17.3 Hz), -232.1 (dt, J = 

47.4, 17.3 Hz); 
13

C NMR (CDCl3) δ 19.5, 19.6, 24.9, 30.3, 62.8 (d, J = 19.4 Hz), 68.4 

(d, J = 6.6 Hz), 68.8 (d, J = 11.4 Hz), 69.0 (d, J = 6.6 Hz), 69.0 (d, J = 42.0 Hz), 83.6 

(d, J = 168.8 Hz), 83.8 (d, J = 168.8 Hz), 99.7 (d, J = 21.0 Hz). 

1-Fluoro-3-((tetrahydro-2H-pyran-2-yl)oxy)propan-2-one (36). To a solution of 

DMSO (1.20 mL, 16.83 mmol) in CH2Cl2 (40 mL) was added (COCl)2 (735 uL, 8.42 

mmol) at -78 
o
C. After stirring for 20 min, a solution of 35 (1.00 g, 5.61 mmol) in 

CH2Cl2 (10 mL) was added to the reaction mixture dropwise. After stirring for 

another 30 min, Et3N (4.38 mL, 31.50 mol) was added to the reaction. The reaction 

was gradually wared to room temperature over 1 hr, and quenched with brine (20 

mL), extracted with CH2Cl2 (20 mL x 3), and concentrated in vacuo. The residue was 

purified by chromatography on silica gel using 20% ethyl acetate in hexanes to afford 

36 as a colorless liquid (83% yield). 
1
H NMR (CDCl3) δ 1.41-1.76 (m, 6H), 3.38-3.43 

(m, 1H), 3.69-3.74 (m, 1H), 4.30 (m, 2H), 4.50-4.52 (m, 1H), 4.90-5.13 (m, 2 H); 
19

F 

NMR (CDCl3) δ -236.3 (t, J = 47.4 Hz); 
13

C NMR (CDCl3) δ 19.0, 24.9, 29.9, 62.4, 

70.3, 84.2 (d, J = 180.4 Hz), 99.0. 203.3 (d, J = 16.4 Hz). 

(Z)-Ethyl 4-fluoro-3-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)but-2-enoate (37a). 

To a solution of 36 (3.52 g, 20.0 mmol) in benzene (100 mL) was added ethyl 
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2-(bromotriphenylphosphoranyl) acetate (9.44 g, 22.0 mmol) and Et3N (6.12 mL, 44.0 

mmol) at room temperature and the reaction was kept at the same temperature for 14 

hr. The reaction mixture was quenched with water and extracted with ethyl acetate (50 

mL x 3). The combined organic layers were evaporated to give the crude mixture 

which was subjected to silica gel chromatography eluted with hexanes : ethyl acetate 

= 20 : 1 to afford 37 as a clear liquid  (Z/E = 2/1, 70% yield). For the E-isomer (37a) 

1
H NMR (CDCl3) δ 1.21 (t, J = 7.0 Hz, 3H),1.46-1.82 (m, 6H), 3.42-3.48 (m, 1H), 

3.73-3.78 (m, 1H), 4.09 (q, J = 7.0 Hz, 2H), 4.12-4.16 (m, 1 H), 4.40-4.43 (m, 1H), 

4.61 (t, J = 3.43 Hz, 1H), 5.42-5.50 (m, 1H), 5.52-5.60 (m, 1H), 5.97-5.99 (m, 1H); 

19
F NMR (CDCl3) δ -228.2 (t, J = 48.1 Hz); 

13
C NMR (CDCl3) δ 14.0, 19.0, 25.1, 

30.2, 60.0, 61.8, 65.3 (d, J = 15.6 Hz), 81.0 (d, J = 193.8 Hz), 98.1, 115.1 (d, J = 5.9 

Hz), 153.7 (d, J = 21.0 Hz), 165.5 (d, J = 2.3 Hz). For the Z-isomer (37b), 
1
H NMR 

(CDCl3) δ 1.28 (t, J = 7.2 Hz, 3H),1.53-1.80 (m, 6H), 3.50-3.55 (m, 1H), 3.79-3.85 

(m, 1H), 4.17 (q, J = 7.2 Hz, 2H), 4.59 (t, J = 3.4 Hz, 1H), 4.74-4.87 (m, 2H), 

5.08-5.10 (m, 1H), 5.20-5.21 (m, 1H), 5.90-6.00 (m, 1H); 
19

F NMR (CDCl3) δ -225.0 

(t, J = 47.0 Hz). 

(Z)-4-Fluoro-3-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)but-2-en-1-ol (38). To a 

solution of 37a (1.36 g, 5.52 mmol) in THF (50 mL) was added DIBAL (1.0 M in 

hexanes, 23.0 mL) at -78
 o
C. After stirring for 6 h, the reaction was quenched by the 
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addition of saturated Rochelle salt solution (40 mL). After stirring overnight, the 

reaction mixture was extracted with ethyl acetate (30 mL x 3). The combined organic 

layers were evaporated to give the crude mixture which was subjected to silica gel 

chromatography eluted with hexanes : ethyl acetate = 1 : 1 to afford a clear liquid 38 

(70% yield). 
1
H NMR (CDCl3) δ 1.51-1.87 (m, 6H), 3.50-3.55 (m, 1H), 3.83-3.89 (m, 

1H), 4.00 (d, J = 12.8 Hz, 1H), 4.28-4.31 (m, 3H), 4.64-4.66 (m, 1H), 5.02 (d, J = 

47.4 Hz, 2H), 5.95-6.00 (m, 1H); 
19

F NMR (CDCl3) δ -215.6 (dt, J = 2.6, 47.4 Hz). 

(Z)-2-((4-Bromo-2-(fluoromethyl)but-2-en-1-yl)oxy)tetrahydro-2H-pyran (39). 

To a solution of 38 (946 mg, 4.33 mmol) in CH2Cl2 (30 mL) was added PPh3 (1.93 g, 

9.53 mmol) and CBr4 (2.88 g, 8.66 mmmol) at 0 
o
C. After 2.5 h, the reaction mixture 

was evaporated and subjected to silica gel chromatography eluted with hexanes : ethyl 

acetate = 20 : 1 to afford 39 as a pale yellow liquid (70% yield).
 1

H NMR (CDCl3) 
 
δ 

1.52-1.89 (m, 6H), 3.50-3.54 (m, 1H), 3.81-3.88 (m, 1H), 4.02-4.07 (m, 3H), 4.31 (d, 

J = 13.2 Hz, 1H), 4.64 (t, J = 3.6 Hz, 1H), 5.04 (d, J = 47.4 Hz, 2H), 5.94-6.09 (m, 

1H); 
19

F NMR (CDCl3) δ -218.4 (t, J = 47.4 Hz). 

(Z)-4-Bromo-2-(fluoromethyl)but-2-en-1-ol (40). To a solution of 39 (500 mg, 1.87 

mmol) in THF/ H2O/ AcOH (10 mL/ 10 mL/ 2 mL) mixed solution was heated to 50 

o
C. The reaction was monitored by TLC. When the reaction was completed, the 

reaction was saturated with NaCl and extracted with Et2O (10 mL x 4). The combined 
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organic layers were concentrated in vacuo and purified by chromatography on silica 

gel using 33% ethyl acetate in hexanes to afford 40 as a volatile liquid (65% yield). 

1
H NMR (CDCl3) δ4.02 (dd, J = 9.0, 1.8 Hz, 2H), 4.22 (br, 2H), 5.05 (d, J = 47.4 Hz, 

2H), 6.00-6.05 (m, 1H); 
19

F NMR (CDCl3) δ -219.1 (t, J = 47.4 Hz); 
13

C NMR 

(CDCl3) δ 25.6, 63.9 (d, J = 3.6 Hz), 77.9 (d, J = 162.6 Hz), 126.5 (d, J = 7.4 Hz), 

138.9 (d, J = 13.7 Hz); HRMS (CI
+
)[M

+
] calculated for C5H8OFBr 181.9743, found 

181.9752. 

(Z)-4-Fluoro-3-(hydroxymethyl)but-2-en-1-yl diphosphate (41). To a solution of 

40 (180 mg, 0.99 mmol) in MeCN (10 mL) was added [N(n-Bu)4]3P2O7H (1.27 g, 

1.40 mmol) at room temperature for overnight. The purification procedure was carried 

out according to the literature protocol (36). Specifically, the reaction mixture was 

concentrated under reduced pressure, dissolved in a buffer solution (iPrOH : 25 mM 

NH4CO3 =1:49) and loaded on to a Dowex column 50W-X8 (ammonium form). 

Fractions of 5.0 mL were collected. Fractions that contain 41 were pooled, 

concentrated and further purified through a cellulose column which was prepared 

following the reported procedure (31). Elution with the buffer (iPrOH : 100 mM 

NH4CO3 = 6.5 : 3.5)  afforded 4 as a white solid. (60% yield). 
1
H NMR (D2O)δ 4.01 

(br , 2H), 4.40-4.44 (m, 2H), 4.94 (d, J = 46.8 Hz, 2H), 5.79-5.83 (m, 1H);
 19

F NMR 

(D2O) δ -215.5 (t, J = 46.8 Hz); 
31

P NMR (D2O) δ -8.64 (d, J = 21.0 Hz), -10.70 (d, J 
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= 21.0 Hz); 
13

C NMR (D2O) δ 61.5 (d, J = 5.1 Hz), 62.9 (d, J = 2.6 Hz), 79.2 (d, J = 

155.3 Hz), 128.15 (dd, J = 7.5, 7.5 Hz), 136.9 (d, J = 13.8 Hz); HRMS (ESI
-
)[M-1

-
] 

calculated for C5H10O8FP2
 
278.9837, found 278.9841. 

 

5.2.6 Synthesis of analogue (E)-4-fluoro-3-(hydroxymethyl)but-2-en-1-yl 

diphosphate (45) 

 

a) DIBAL 2.2 eq, CH2Cl2, -78 
o
C, 6 hr, 90%; b) CBr4 2.0 eq, PPh3 2.2 eq, CH2Cl2, 1.0 

hr, 70%; c) AcOH / THF / H2O = 1 / 3/ 3, 50 
o
C to 1 hr; d) [N(n-Bu)4]3P2O7H 1.4 eq, 

MeCN, RT, 30%, over two steps.  

 

(E)-4-Fluoro-3-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)but-2-en-1-ol (42). To a 

solution of 37b (1.82 g, 7.39 mmol) in THF (50 mL) was added DIBAL (1.0 M in 

hexanes, 29.6 mL) at -78
 o
C. After 6 hr, the reaction was quenched by the addition of 

saturated Rochelle salt solution (40 mL). After stirring overnight, the reaction mixture 

was extracted with ethyl acetate (30 mL x 3). Combined organic layers were 

evaporated to give the crude mixture which was subjected to silica gel 



221 
 

chromatography eluted with hexanes : ethyl acetate = 1 : 1 to afford a clear liquid 42 

(90% yield). 
1
H NMR (CDCl3) δ 1.50-1.78 (m, 6 H), 3.51-3.53 (m, 1H), 3.79-3.84 (m, 

1H), 4.17-4.30 (m, 4H), 4.61-4.65 (m, 1H), 4.85 (d, J = 47.4 Hz, 2H), 5.93-6.01 (m, 

1H); 
19

F NMR (CDCl3) δ -215.6 (dt, J = 47.4 Hz); 
13

C NMR (CDCl3) δ 19.0, 25.2, 

30.3, 58.0, 61.5 (d, J = 1.4 Hz), 62.0, 84.6 (d, J = 166.1 Hz), 97.4, 132.4 (d, J = 10.0 

Hz), 134.1 (d, J = 14.3 Hz). 

(E)-2-((4-Bromo-2-(fluoromethyl)but-2-en-1-yl)oxy)tetrahydro-2H-pyran (43). 

To a solution of 42 (1.58 g, 7.26 mmol) in CH2Cl2 (35 mL) was added PPh3 (3.23 g, 

16.0 mmol) and CBr4 (4.81 g, 14.5 mmmol) at 0 
o
C. After 1 hr, the reaction mixture 

was evaporated and subjected to silica gel chromatography eluted with hexanes : ethyl 

acetate = 10 : 1 to afford 43 as a pale yellow liquid (70% yield).
 1

H NMR (CDCl3) 
 

δ1.51-1.84 (m, 6H), 3.49-3.58 (m, 1H), 3.82-3.88 (m, 1H), 4.07-4.10 (m, 2H), 4.18 (d, 

J = 12.4 Hz, 1H), 4.33 (d, J = 12.4 Hz, 1H), 4.62 (t, J = 3.2 Hz, 1H), 4.91 (d, J = 47.2 

Hz, 2H), 6.00-6.05 (m, 1H); 
19

F NMR (CDCl3) δ -218.0 (dt, J = 2.3, 47.0 Hz); 
13

C 

NMR (CDCl3) δ 19.2, 25.3, 26.0, 30.3, 30.4, 60.8 (d, J = 2.2 Hz), 62.2, 83.9 (d, J = 

168.1 Hz), 97.8, 127.3 (d, J = 11.2 Hz), 136.6 (d, J = 13.9 Hz). 

(E)-4-Fluoro-3-(hydroxymethyl)but-2-en-1-yl diphosphate (45). To a solution of 

43 (484 mg, 1.871 mmol) in THF / H2O / AcOH (10 mL / 10 mL / 2 mL) mixed 

solution was heated to 50 
o
C. The reaction was monitored by TLC. When the reaction 
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was completed, the reaction was saturated with NaCl and extracted with Et2O (10 mL 

x 4).The combined organic layers was concentrated in vacuo and purified by 

chromatography on silica gel using 33% ethyl acetate in hexanes to afford 44 as a 

very volatile liquid which decomposes by time.  

To a solution of 44 (105 mg, 0.58 mmol) in MeCN (5 mL) was added  

[N(n-Bu)4]3P2O7H (546 mg, 0.61 mmol) at room temperature overnight. The reaction 

mixture was concentrated under reduced pressure, dissolved in a buffer solution 

(iPrOH : 25 mM NH4CO3 =1:49) and loaded on to a Dowex column 50W-X8 

(ammonium form). Fractions of 5.0 mL were collected. Fractions that contain 45 were 

pooled, concentrated and further purified through a cellulose column whish was 

prepared following the reported procedure (31). Elution with the buffer (iPrOH : 

MeCN : 100 mM NH4CO3 = 1.5 : 3.5 : 5.0) afforded 45 as a white solid which 

contains 10% of Z-isomer (30% yield, over two steps). 
1
H NMR (D2O) δ 4.13 (br , 

2H), 4.48-4.51 (m, 2H), 4.87 (d, J = 47.0 Hz, 2H), 5.85-5.88 (m, 1H);
 19

F NMR (D2O) 

δ -213.3 (t, J = 47.0 Hz); 
31

P NMR (D2O) δ -6.82 (d, J = 22.0 Hz), -10.54 (d, J = 22.0 

Hz); 
13

C NMR (D2O) δ 58.3 (d, J = 2.0 Hz), 61.2 (d, J = 5.3 Hz), 85.3 (d, J = 159.0 

Hz), 129.7 (dd, J = 11.2, 7.5 Hz), 136.6 (d, J = 13.7 Hz); HRMS (ESI
-
)[M-1

-
] 

calculated for C5H10O8FP2
 
 278.9837, found 278.9841. 
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5.2.7  Synthesis of analogue 3-(hydroxymethyl)but-3-en-1-yl diphosphate (57) 

 

a) DHP 1.2 eq, CH2Cl2, 0 
o
C, 2 hr, 95%; b) OsO4 cat., NMO 1.5 eq, acetone / KPi 

buffer (100 mM, pH 7.40) / THF = 2 / 2 / 1, RT, 3 hr, 90%; c) TBDPSCl 1.1eq, 

imidazole 2.0 eq, DMAP cat., CH2Cl2, RT, 12 hr, 83%; d) DMSO 3.0 eq, (COCl)2 1.5 

eq, Et3N 5.0 eq, CH2Cl2, -78 
o
C to RT, 1 hr, 85%; e) PPh3CH3I 2.0 eq, n-BuLi 1.9 eq, 

THF, 0 
o
C to RT, 2 hr, 80%; f) TBAF 2.0 eq, THF, 90%; g) Ac2O 4.0 eq, pyridine, 

RT, 14 hr, 91%; h) AcOH / H2O / THF= 3 / 3/ 1, RT to 50 
o
C, 5 hr, 80%; i) TsCl 2.0 

eq, pyridine, 0 
o
C, 12 hr, 90%; j) [N(n-Bu)4]3P2O7H 1.3 eq, MeCN, RT 5 hr, 40%; k) 

NaOH 2.5 eq, 0 
o
C to RT, 48 hr, 60%. 

 

2-(But-3-en-1-yloxy)tetrahydro-2H-pyran (47)(37). To a solution of 3-buten-1-ol 

(3.80 g, 50.0 mmol) in CH2Cl2 (150 mL) was added 3,4-dihydro-2H-pyran (5.47 mL, 
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60.0 mmol) and TsOH (catalytic amount) at 0 
o
C and the raction was stirring at 0 

o
C 

for 2 hr. Following the reaction by TLC, after the reaction reached completion, brine 

(100 mL) was poured into the reaction and the reaction was extracted with CH2Cl2 (50 

mL x 3). The combined organic layers were combined, dried over MgSO4 and 

evaporated to afford the crude product (95% yield) which was directly used in the 

next step. 

4-((Tetrahydro-2H-pyran-2-yl)oxy)butane-1,2-diol (48). To a solution of 2 (10.90 

g, 35.0 mmol) in acetone / KPi buffer (100 mM, pH 7.40) / THF (100 mL / 100 mL / 

50 mL) mixed solution was added N-methylmorpholine-N-Oxide (6.17 g, 52.5 mmol) 

and OsO4 (catalytic amount) at room temperature for 3hr. After the reaction was 

completed, 10 % Na2S2O3 (30 mL) was poured into the reaction mixture and stirred 

for 30 min to quench the reaction. After removal of acetone, the reaction was 

extracted with ethyl acetate (100 mL x 2) and the combined organic layers were 

evaporated to give the crude mixture, which was chromatographed on a short silica 

gel eluted with hexaanes : ethyl acetate = 3 : 1 to afford crude 48 as a light yellow 

liquid (90% yield) and used for the next step without further purification.  

1-((tert-Butyldiphenylsilyl)oxy)-4-((tetrahydro-2H-pyran-2-yl)oxy)butan-2-ol 

(49). To a solution of 48 (6.30 g, 33.2 mmol) and TBDPSCl (10.04 g, 36.5 mmol) in 

CH2Cl2 (100 mL) was added imidazole (4.53 g, 66.4 mmol) and DMAP (catalytic 
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amount) at room temperature for 12 hr. A solution of brine (50 mL) was added to the 

reaction, and the reaction was extracted with CH2Cl2 (40 mL x 4). The combined 

organic layers were evaporated to give the crude mixture which was subjected to 

silica gel chromatography eluted with hexanes : ethyl acetate = 2 : 1 to afford a clear 

liquid 49 (83% yield). 
1
H NMR (CDCl3) δ 1.07 (s, 9H), 1.49-1.78 (m, 8H), 2.87  

(1H, exchangable), 3.53 (m, 3H), 3.67 (m, 1 H), 3.88 (m, 3H), 4.56 (t,  J = 3.2 Hz, 

1H), 7.41 (m, 6H), 7.67 (m, 4H). 

1-((tert-Butyldiphenylsilyl)oxy)-4-((tetrahydro-2H-pyran-2-yl)oxy)butan-2-one 

(50). To a solution of DMSO (1.50 mL, 21.24 mmol) in CH2Cl2 (50 mL) was added 

(COCl)2 (930 uL, 10.63 mmol) at -78 
o
C. After being stirred for 20 min, a solution of 

49 (3.03g, 7.08 mmol) in CH2Cl2 (20 mL) was added to the reaction mixture 

dropwisely. After stirring for another 30 min, Et3N (4.90 mL, 35.4 mol) was added to 

the reaction. The reaction was gradually warmed to room temperature (~ 1 hr) and 

quenched with brine (20 mL), extracted with CH2Cl2 (20 mL x 3), and concentrated in 

vacuo. The residue was purified by chromatography on silica gel using 25% ethyl 

acetate in hexanes to afford 50 as a colorless liquid (85% yield). 
1
H NMR (CDCl3) δ 

1.10 (s, 9H), 1.47-1.76 (m, 6H), 2.79 (dd, J = 12.8, 6.8 Hz, 1H), 3.48 (m, 1H), 3.69 

(m, 1H), 3.82 (m, 1H), 4.00 (m, 1H), 4.23(s, 2H), 4.57 (t, J = 3.8 Hz, 1H), 7.41 (m, 
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6H), 7.67 (m, 4H);
 13

C NMR (CDCl3) δ 19.2, 19.4, 25.3, 26.7, 30.5, 38.9, 62.1, 62.2, 

70.0, 99.0, 127.8, 129.9, 132.6, 135.4, 208.0. 

tert-Butyl(2-methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butoxy)diphenylsilane 

(51). To a solution of 50 (1.35 g, 3.17 mmol) in THF (10 mL) was added the 

corresponding Wittig reagent generated by using 2.0 eq of PPh3CH3I and 1.9 eq 

n-BuLi in THF (20 mL) at 0 
o
C. The reaction mixture was warmed to room 

temperature over 2 hr. The reaction mixture was then quenched with water and 

extracted with ethyl acetate (10 mL x 3). The combined organic layers were 

evaporated to give the crude mixture which was chromatographed on silica gel eluted 

with hexanes : ethyl acetate = 20 : 1 to afford a liquid 651 (80% yield). 
1
H NMR 

(CDCl3)δ 1.10 (s, 9H), 1.47-1.80 (m, 6H), 2.35  (t, J = 6.8 Hz, 2H), 3.50 (m, 2H), 

3.85 (m, 2H), 4.18 (s, 2H), 4.57 (t, J = 3.4 Hz, 1H), 5.00 (s, 1H), 5.28 (s, 1H), 7.42 

(m, 6H), 7.72 (m, 4H);
 13

C NMR (CDCl3) δ 19.2, 19.4, 25.4, 26.8, 30.6, 33.1, 62.1, 

66.4, 66.6, 98.6, 110.0, 127.6, 129.6, 133.6, 135.4, 145.5. 

2-Methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butan-1-ol (52). To a solution of 

51 (1.75 g, 4.0 mmol) in THF (25 mL) was added TBAF (8.0 mL, 1.0 M in THF ) at 0 

o
C. Following the raction by TLC, when the reaction was completed, the mixture was 

concentrated and subjected to flash column chromatography on silica gel eluted with 

hexanes : ethyl acetate = 1 : 1 to afford 52 as a colorless liquid (90% yield). 1
H NMR 
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(CDCl3) δ 1.50-1.83 (m, 6H), 2.41 (t, J = 6.4 Hz, 2H), 2.50 (br, 1H, exchangable), 

3.52 (m, 2H), 3.89 (m, 2H), 4.10 (d, J = 5.6Hz, 2H), 4.62 (t, J = 3.2 Hz, 1H), 4.94 (s, 

1H), 5.10 (s, 1H). 

2-Methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butyl acetate (53). To a solution 

of 52 (773 mg, 4.15 mmol) in pyridine (5.0 mL) was added Ac2O (1.56 mL, 16.6 

mmol) dropwise at room temperature. After stirring 14 hr at room temperature, the 

reaction mixture was poured into the ice-water bath and stirred vigorously for 30 min 

and extracted with Et2O (15 mL x 5). The combined organic layer was concentrated in 

vacuo and purified by chromatography on silica gel using 25% ethyl acetate in 

hexanes to afford 53 as a colorless liquid (91% yield). 
1
H NMR (CDCl3) δ 1.48-1.84 

(m, 6H), 2.10 (s, 3H), 2.37 (t, J = 6.8 Hz, 2H), 3.51 (m, 2H), 3.86 (m, 2H), 4.56 (s, 

2H), 4.59 (t, J = 2.8 Hz, 1H), 5.00 (d, J = 1.2 Hz, 1H ), 5.01 (d, J = 1.2 Hz, 1H). 

4-Hydroxy-2-methylenebutyl acetate (54). A solution of 53 (840 mg, 3.68 mmol) in 

THF / H2O/ AcOH (9mL / 9mL / 3 mL) was heated to 50 
o
C and monitored reaction 

by TLC. When the reaction was completed, the reaction was saturated with NaCl and 

extracted with Et2O (10 mL x 5). The combined organic layers were concentrated in 

vacuo and purified by a short chromatography column  on silica gel using 50% ethyl 

acetate in hexanes to afford 54 as a colorless liquid (80% yield). The crude product 

was used in the next step. 
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2-Methylene-4-(tosyloxy)butyl acetate (55). TsCl (1.03 g, 5.41 mmol) was added to 

a solution of 54 (390 mg, 0.812.70 mmol) in pyridine (5 mL) at 0 
o
C. After stirring at 

0 
o
C for 12 hr, the reaction was quenched by pouring it into ice water, followed by 

extraction with ethyl acetate (5 mL x 4). The combined organic layers were 

evaporated to give the crude mixture which was chromatographed on silica gel eluted 

with hexanes : ethyl acetate = 2 : 1 to afford 55 as a colorless liquid (93% yield). 
1
H 

NMR (CDCl3) δ 2.05 (s, 3H), 2.43 (t, J = 6.8 Hz, 2H), 2.45 (s, 3H), 4.14 (t, J = 6.8 

Hz, 2H), 4.44 (s, 2H), 4.97 (d, J = 0.8 Hz, 1H), 5.12 (d, J = 0.8 Hz, 1H), 7.35 (d, J = 

8.4 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H). 

3-(Acetoxymethyl)but-3-en-1-yl diphosphate (56). To a solution of 55 (433 mg, 

1.45 mmol) in MeCN (10 mL) was added [N(n-Bu)4]3P2O7H (1.70 g, 1.89 mmol). 

After striiing at room temperatureand stirring for 5 hr, the reaction was subjected to 

purification. The purification procedure was carried out according to the literature 

protocol (31). Specifically, the reaction mixture was concentrated under reduced 

pressure, dissolved in a buffer solution (iPrOH : 25 mM NH4CO3 =1:49) and loaded 

on to a Dowex column 50W-X8 (ammonium form). Fractions of 5.0 mL were 

collected. Fractions that contain 56 were pooled, concentrated and further purified 

through a cellulose column whish was prepared following the reported procedure 

(31).  Elution with the buffer (iPrOH : MeCN : 100 mM NH4CO3 = 4 : 3 : 3)  
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afforded 56 as a white solid (40% yield). 
1
H NMR (D2O) δ 1.97 (s, 3H), 2.28 (t, J = 

6.8 Hz, 2H), 3.90 (dt, J = 6.8, 6.8 Hz, 2H), 4.45 (s, 2H), 4.98 (d, J = 1.2 Hz, 1H), 5.00 

(d, J = 1.2 Hz, 1H); 
31

P NMR (D2O) δ -7.27 (d, J = 21.8 Hz), -10.75 (d, J = 21.8 

Hz). 

3-(Hydroxymethyl)but-3-en-1-yl diphosphate (57). To a solution of 56 (55 mg, 

0.18 mmol) in H2O (10 mL) was added NaOH (1.0 mM, 360 uL) slowly at 0 
o
C. After 

stirring at room temperature for 48 hr, the reaction was concentrated and subjected to 

the cellulose column which was prepared following the reported procedure  (31). 

Elution with the buffer (iPrOH : MeCN : 100 mM NH4CO3 = 3 : 4 : 3) afforded 57 as 

a white solid (60% yield). 
1
H NMR (D2O) δ 2.31 (t, J = 7.2 Hz, 2H), 3.95 (dt, J = 

7.2, 7.2 Hz, 2H), 3.98 (s, 2H), 4.93 (d, J = 1.2 Hz, 1H), 5.00 (d, J = 1.2 Hz, 1H); 
31

P 

NMR (D2O) δ -5.77 (d, J = 20.8 Hz), -9.53 (d, J = 20.8 Hz); 
13

C NMR (D2O) δ 

33.2 (d, J = 7.4 Hz), 64.4, 64.6 (d, J = 5.9 Hz), 111.7, 145.0. HRMS (ESI
-
)[M-1

-
] 

calculated for C5H12O8P2
 
260.9929, found 260.9920. 
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5.2.8  Synthesis of analogue 3-(hydroxymethyl)but-3-[
13

C]-en-1-yl diphosphate 

(64) 

 

a) PPh3
13

CH3I 2.0 eq, n-BuLi 1.9 eq, THF, 0 
o
C to RT, 2 hr, 82%; b) TBAF 2.0 eq, 

THF; c) Ac2O 4.0 eq, pyridine, RT, 14 hr, 75%, over two steps; d) AcOH / H2O/ THF 

= 3/ 3 / 1, RT to 50 
o
C, 5 hr; e) TsCl 2.0 eq, pyridine, 0 

o
C, 12 hr, 60%, over two 

steps; f) [N(n-Bu)4]3P2O7H 1.30 eq, MeCN, RT 5 hr, 40%; g) NaOH 2.50eq, 0
o
C to 

RT, 48 hr, 50%. 

 

tert-Butyl(2-[
13

C]-methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butoxy)diphenyls

ilane (58). Compound 50 was subjected to the procedure used for the synthesis of 51 

to give 58 (82% yield). 
1
H NMR (CDCl3)δ 1.07 (s, 9H), 1.45-1.80 (m, 6H), 2.31 (dt, 

J = 6.4, 6.4 Hz, 2H), 3.46 (m, 2H), 3.80 (m, 2H), 4.14 (d, J = 4.8 Hz, 2H), 4.54 (t, J = 
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3.6 Hz, 1H), 4.89 (d, J = 117.2 Hz, 1H), 5.28 (d, J = 117.2 Hz, 1H), 7.40 (m, 6H), 

7.68 (m, 4H). 

2-[
13

C]-Methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butyl acetate (60). 

Compound 58 was subjected to the procedure used for the synthesis of 52 to give 59. 

After obtaining 59, acetylation was carried out following the procedure for the 

synthesis of 53 to afford 60 (75%, over two steps). 
1
H NMR (CDCl3) δ 1.50-1.85 (m, 

6H), 2.09 (s, 3H), 2.37 (dt, J = 6.0, 6.0 Hz, 2H), 3.50 (m, 2H), 3.86 (m, 2H), 4.56 (d, J 

= 4.8 Hz, 2H), 4.60 (t, J = 3.8 Hz, 1H), 5.01 (d, J = 157.2 Hz, 1H), 5.10 (d, J = 157.2 

Hz, 1H). 

2-[
13

C]-Methylene-4-(tosyloxy)butyl acetate (62). Following the procedure for 

synthesizing 54, deperotection product 61 was obtained, and then compound 61 was 

subjected to the procedure used for the synthesis of 55 to give 62 (60% yield, over 

two steps). 
1
H NMR (CDCl3) δ 2.04 (s, 3H), 2.41 (dt, J = 6.4, 6.4 Hz, 2H), 2.44 (s, 

3H), 4.13 (t, J = 6.8 Hz, 2H), 4.43 (d, J = 4.8 Hz, 2H), 4.96 (dd, J = 158.0, 0.8 Hz, 

1H), 5.11 (dd, J = 158.0, 0.8 Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.77 (d, J = 8.0 Hz, 

2H). 

3-(Acetoxymethyl)but-3-[
13

C]-en-1-yl diphosphate (63). Compound 63 was 

synthesized following the procedure used for the synthesis of 56 using 62 as the 

starting material (40% yield). 
1
H NMR (D2O) δ 1.94 (s, 3H), 2.25 (dt, J = 6.0, 6.0 
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Hz, 2H), 3.88 (dt, J = 6.8, 6.8 Hz, 2H), 4.42 (d, J = 4.4 Hz, 2H), 4.96 (d, J = 158.0 

Hz, 1H), 4.97 (d, J = 158.0 Hz, 1H); 
31

P NMR (D2O) δ -6.76 (d, J = 21.8 Hz), -10.73 

(d, J = 21.8 Hz). 

3-(Hydroxymethyl)but-3-[
13

C]-en-1-yl diphosphate (64). Compound 63 was 

subjected to the procedure used for the synthesis of 57 to give 64 (50% yield). 
1
H 

NMR (D2O) δ 2.29 (dt, J = 6.6, 6.6 Hz, 2H), 3.92 (dt, J = 6.6, 6.6 Hz, 2H), 3.96 (d, J 

= 4.8 Hz, 2H), 4.91 (dd, J = 157.2, 1.2 Hz, 1H), 4.98 (dd, J = 157.2, 1.2 Hz, 1H); 
31

P 

NMR (D2O) δ -7.69 (d, J = 20.1 Hz), -10.62 (d, J = 20.1 Hz); 
13

C NMR (D2O) δ 

33.2 (d, J = 7.4 Hz), 64.4, 111.6, 145.0(d, J = 70.1 Hz). HRMS (ESI
-
)[M-1

-
] 

calculated for C4
13

CH12O8P2
 
262.0007, found 262.0005. 

 

5.2.9  Synthesis of analogue 3-(hydroxymethyl)but-3-[
2
H2]-en-1-yl diphosphate 

(71) 
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a) PPh3C
2
H3I 2.0 eq, n-BuLi 1.9 eq, THF, 0 

o
C to RT, 2 hr, 80%; b) TBAF 2.0 eq, 

THF; c) Ac2O 4.0 eq, pyridine, RT, 14 hr, 70%, over two steps; d) AcOH / H2O/ THF 

= 3/ 3/ 1, RT to 50 
o
C, 5 hr; e) TsCl 2.0 eq, pyridine, 0 

o
C, 12 hr, 56%, over two steps; 

f) [N(n-Bu)4]3P2O7H 1.30 eq, MeCN, RT, 5 hr, 35%; g) NaOH 2.5 eq, 0
o
C to RT, 48 

hr, 55%. 

tert-Butyl(2-[
2
H2]-methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butoxy)diphenyl

silane (65). Compound 50 was subjected to the procedure used for the synthesis of 51 

to give 65 (80% yield). 
1
H NMR (CDCl3) δ 1.06 (s, 9H), 1.45-1.80 (m, 6H), 2.31 (t, 

J = 6.8 Hz, 2H), 3.45 (m, 2H), 3.82 (m, 2H), 4.14 (s, 2H), 4.54 (t,  J = 3.6 Hz, 1H), 

7.40 (m, 6H), 7.68 (m, 4H). 

2-[
2
H2]-Methylene-4-((tetrahydro-2H-pyran-2-yl)oxy)butyl acetate (67). 

Compound 65 was subjected to the procedure used for the synthesis of 52 to give 

crude 66. Compound 66 was converted to 67 following to the procedure for the 

synthesis of 53 to give 67 (70% yield, two steps). 
1
H NMR (CDCl3) δ 1.50-1.86 (m, 

6H), 2.10 (s, 3H), 2.37 (t, J = 6.4 Hz, 2H), 3.50 (m, 2H), 3.86 (m, 2H), 4.56 (s, 2H), 

4.60 (t, 1H, J = 3.6 Hz). 

2-[
2
H2]-Methylene-4-(tosyloxy)butyl acetate (69). Following the procedure for 

synthesizing 54, deperotection product 68 was obtained in the crude form and then it 

was subjected to the procedure used for the synthesis of 55 to give 69 (56% yield, two 
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steps). 
1
H NMR (CDCl3) δ 2.03 (s, 3H), 2.40 (t, J = 6.8 Hz, 2H), 2.43 (s, 3H), 4.13 

(t, J = 6.8 Hz, 2H), 4.43 (s, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H). 

3-(Acetoxymethyl)but-3-[
2
H2]-en-1-yl diphosphate (70). Compound 70 was 

synthesized following the procedure used for the synthesis of 56 to afoord 70 (35% 

yield) by using 69 as the starting materail. 
1
H NMR (D2O) δ 1.94 (s, 3H), 2.25 (t, J = 

6.4 Hz, 2H), 3.87 (dt, J = 6.4, 6.4 Hz, 2H), 4.42 (s, 2H); 
31

P NMR (D2O) δ -8.15 (d, 

J = 21.4 Hz), -10.83 (d, J = 21.4 Hz). 

3-(Hydroxymethyl)but-3-[
2
H2]-en-1-yl diphosphate (71). Compound 70 was 

subjected to the procedure used for the synthesis of 57 to give 71 (55% yield). 
1
H 

NMR (D2O) δ 2.28 (t, J = 6.6 Hz, 2H), 3.91 (dt, J = 6.6, 6.6 Hz, 2H), 3.95 (s, 2H); 

31
P NMR (D2O) δ -7.31 (d, J = 21.4 Hz), -10.53 (d, J = 21.4 Hz); 

13
C NMR (D2O) 

δ 33.1 (d, J = 7.5 Hz), 64.3, 64.3, 111.6 (p, J = 23.4 Hz ), 145.0. 
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5.2.10  Synthesis of analogue 3-(fluoromethyl)but-3-en-1-yl diphosphate (80) 

 

a) MCPBA 1.75 eq, CH2Cl2, RT, 2 hr, 95%; b) TBAF, 1.2 eq, benzene, reflux 48 hr, 

60%; c) Dowex cat., MeOH, RT, 3hr, 99%; d) TBDMSCl 1.0 eq, Imidazole 2.1 eq, 

DMAP cat., CH2Cl2, RT, 12 hr, 70%; e)DMSO 3.0 eq, (COCl)2 1.5 eq, Et3N 5.0 eq, 

CH2Cl2, -78 
o
C to 0 

o
C, 1 hr, 87%; f) PPh3CH3I 3.0 eq, n-BuLi 2.9 eq, THF, 0 

o
C to 

RT, 2 hr, 95%; g) TBAF 2.0 eq, THF; h) TsCl 2.0 eq, pyridine, 0 
o
C, 12 hr, 60%, over 

two steps; i) [N(n-Bu)4]3P2O7H 1.3 eq, MeCN, RT, 12 hr, 40%. 

 

2-(2-(Oxiran-2-yl)ethoxy)tetrahydro-2H-pyran (72) (38). To a solution of 47 

(12.6g, 80.4 mmol) in CH2Cl2 (200 mL) was added NaHCO3 (7.4 g, 88.4 mmol) and 

m-CPBA (22.2 g, 128.6 mmol) at room temperature. Following the reaction by TLC, 

when reaction reached completion, the reaction mixture was portioned between 

CH2Cl2 (200 x4 mL) and water. To the combined organic layer was added saturated 
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Na2S2O3 aqueous solution (200 mL) to quench excess m-CPBA. After extraction, the 

organic alyer was washed using 1N NaOH aqueous solution (200 mL), brine and then 

dried over MgSO4 and evaporated to afford the crude product (90% yield) which was 

directly used in the next step. 

1-Fluoro-4-((tetrahydro-2H-pyran-2-yl)oxy)butan-2-ol (73). The hydrate water of 

TBAF (31.50 g, 100.0 mmol) was removed by azeotroping benzene (300 mL) under 

refluxing condition. After the reaction mixture was cooled to room temperature, 72 

was added to it and brought the reaction back to reflux ans stirring for another 48 hr. 

Following the reaction with TLC, after the reaction was completed, the solvent was 

removed and the reaction mixture was subjected to the flash column chromatography 

eluted with hexanes : ethyl acetate = 3 : 1 to 1 : 1 to afford 73 as a light yellow liquid 

(65% yield). 
1
H NMR (CDCl3) δ 1.53-1.82 (m, 8H), 2.98-3.10 (br s,exchangable, 1H), 

3.51-3.68 (m, 2H), 3.82-4.02 (m, 2H), 4.06-4.14 (m, 1H), 4.28-4.38 (m, 1H), 

4.40-4.50 (m, 1H), 4.57-4.61 (m, 1H); 
19

F NMR (CDCl3) δ -227.96 (dt, J = 18.0, 47.4 

Hz); -228.35 (dt, J = 18.0, 47.4 Hz). 

4-Fluorobutane-1,3-diol (74). To a solution of 73 (192 mg, 1.00 mol) in MeOH (5.0 

mL) was added Dowex-50x-8, H
+
 form resin (catalytic amount) at room temperature. 

The reaction was followed by TLC, after reaction was completed, it was filtrated to 

remove the resin, and MeOH was evaporated under reduced pressure condition to 
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afford 74 (99% yield). 
1
H NMR (CDCl3) δ1.71-1.76 (m, 2H), 2.29 (br s,exchangable, 

1H), 3.84-3.92 (m, 2H), 4.11-4.18 (m, 1H), 4.26-5.00 (m, 2H); 
19

F NMR (CDCl3) δ 

-227.96 (dt, J = 18.0, 47.4 Hz); -227.97 (dt, J = 17.7, 47.4 Hz). 

4-((tert-Butyldimethylsilyl)oxy)-1-fluorobutan-2-ol (75) (39). To a solution of 74 

(424 mg, 3.93 mmol) and TBDMSCl (591 mg, 3.93 mmol) in CH2Cl2 (30 mL) was 

added imidazole (563 mg, 8.25 mmol) and DMAP (catalytic amount) at room 

temperature and the reaction as stirred at for 12 hr. A solution of brine (20 mL) was 

added to the reaction, and the reaction was extracted with CH2Cl2 (10 mL x 4). The 

combined organic layers were evaporated to give the crude mixture which was 

subjected to silica gel chromatography eluted with hexanes : ethyl acetate = 4 : 1 to 

afford a clear liquid 75 (70% yield). 
1
H NMR (CDCl3) δ 1.71-1.76 (m, 2H), 3.32 (d, J 

= 2.8 Hz, exchangable, 1H), 3.81-3.94 (m, 2H), 4.05-4.14 (m, 1H), 4.27-4.35 (m, 1H), 

4.39-4.70 (m, 1H); 
19

F NMR (CDCl3) δ -227.96 (dt, J = 18.0, 47.4 Hz); -228.33 (dt, J 

= 18.1, 47.4 Hz). 

4-((tert-butyldimethylsilyl)oxy)-1-fluorobutan-2-one (76) (39). To a solution of 

DMSO (90 uL, 1.01 mmol) in CH2Cl2 (10 mL) was added (COCl)2 (140 uL, 2.01 

mmol) at -78
o
C. After being stirred for 20 min, a solution of 75 (150 mg, 0.67 mmol) 

in CH2Cl2 (5 mL) was added to the reaction mixture dropwisely. After stirringfor 

another 30 min, Et3N (470 uL, 3.35 mol) was added to the reaction. The reaction was 
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gradually warmed to 0 
o
C over 1 hr, quenched with brine (5 mL), extracted with 

CH2Cl2 (5 mL x 3), and concentrated in vacuo. The residue was purified by flash 

chromatography on silica gel using 20% ethyl acetate in hexanes to afford 76 as a 

colorless liquid (87% yield). 
1
H NMR (CDCl3) δ 0.05 (s, 6H), 0.87 (s, 9H), 2.66-2.70 

(m, 1H), 3.92 (dt, J = 1.6, 6.0 Hz, 2H), 4.85 (d, J = 47.6 Hz, 2H); 
19

F NMR (CDCl3) δ 

-227.13 (t, J = 47.6 Hz). 

tert-butyl((3-(fluoromethyl)but-3-en-1-yl)oxy)dimethylsilane (77) (39). To the 

corresponding Wittig reagent generated using 3.0 eq of PPh3CH3I and 2.9 eq n-BuLi 

in THF (10 mL) was added a solution of 76 (537 mg, 2.44 mmol) in THF (15 mL) at 

0 
o
C. The reaction was allowed to warm up to room temperature over 3 hr. The 

reaction was followed using TLC, after completion, the reaction mixture was 

quenched with brine and extracted with ethyl acetate (10 mL x 3). The combined 

organic layers were evaporated to give the crude mixture which was chromatographed 

on silica gel eluted with hexanes : ethyl acetate = 6 : 1 to afford a liquid 77 (95% 

yield). 
1
H NMR (CDCl3) δ 0.05 (s, 6H), 0.87 (s, 9H), 2.31 (t, J = 6.4 Hz, 2H), 3.73 (t, 

J = 6.4 Hz, 2H), 4.81 (d, J = 47.2 Hz, 2H), 5.01 (s, 1H), 5.14 (s, 1H); 
19

F NMR 

(CDCl3) δ -215.29 (t, J = 47.2 Hz). 

3-(Fluoromethyl)but-3-en-1-ol (78) (39). To a solution of 77 (510 mg, 2.33 mmol) 

in THF (10 mL) was added TBAF (4.67 mL, 1.0 M in THF ) at 0 
o
C. The reaction 
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was monitored by TLC. When the reaction was completed, the mixture was 

concentrated and subjected to flash column chromatography on silica gel eluted with 

pentane : diethyl ether = 1 : 2. Organic solvent was removed under distillation to 

afford 78 as a colorless liquid which is volatile. 
1
H NMR (CDCl3) δ 2.39 (t, J = 6.0 

Hz, 2H), 3.78 (t, J = 6.0 Hz, 2H), 4.83 (d, J = 47.2 Hz, 2H), 5.10 (m, 1H), 5.22-5.23 

(m, 1H); 
19

F NMR (CDCl3) δ -214.67 (dt, J = 3.4, 47.2 Hz). 

3-(Fluoromethyl)but-3-en-1-yl 4-methylbenzenesulfonate (79). TsCl (900 mg, 4.70 

mmol) was added to a solution of 78 (240 mg, 2.30 mmol) in pyridine (10 mL) at 0 

o
C.  The reaction was stirring at 0 

o
C for 12 hr. The reaction was then quenched by 

pouring the reaction mixture into ice water, followed by extraction with ethyl acetate 

(5 mL x 4). The combined organic layers were washed using saturated CuSO4 solution 

and then brine to remove excess of pyridine. The organic mixture was then evaporated 

to give the crude mixture which was chromatographed on silica gel eluted with 

hexanes : ethyl acetate = 2 : 1 to afford 79 as a colorless liquid (60% yield, over two 

steps). 
1
H NMR (CDCl3) δ 2.44 (s, 3H), 2.46 (t, J = 6.0 Hz, 2H), 4.15 (t, J = 6.8 Hz, 

2H), 4.72 (d, J = 47.2 Hz, 2H), 5.01 (s, 1H), 5.16-5.17 (m, 1H), 7.34 (d, J = 8.0 Hz, 

2H), 7.78 (d, J = 8.0 Hz, 2H); 
19

F NMR (CDCl3) δ -215.28 (dt, J = 3.4, 47.2 Hz); 
13

C 

NMR (CDCl3) δ 21.6, 31.8, 68.2, 84.6 (d, J = 165.9 Hz), 116.3 (d, J = 10.0 Hz), 

127.8, 129.8, 132.8, 139.3 (d, J = 15.1 Hz), 144.9. 
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3-(Fluoromethyl)but-3-en-1-yl diphosphate (80). To a solution of 79 (308 mg, 1.19 

mmol) in MeCN (10 mL) was added [N(n-Bu)4]3P2O7H (1.30 g, 1.43 mmol) at room 

temperature, stirred at room temperature for 5 hr, and then subjected to purification. 

The purification procedure was carried out according to the literature protocol (31). 

Specifically, the reaction mixture was concentrated under reduced pressure, dissolved 

in a buffer solution (iPrOH : 25 mM NH4CO3 =1:49) and loaded on to a Dowex 

column 50W-X8 (ammonium form). Fractions of 5.0 mL were collected. Fractions 

that contain 80 were pooled, concentrated and further purified through a cellulose 

column whish was prepared following the reported procedure (31).  Elution with the 

buffer (iPrOH : MeCN : 100 mM NH4CO3 = 3.5 : 3.5 : 3)  afforded 80 as a white 

solid. (40% yield). 
1
H NMR (D2O) δ 2.34 (d, J = 6.6 Hz, 2H), 3.94 (dd, J = 6.6, 6.6. 

Hz, 2H), 4.80 (d, J = 46.8 Hz, 1H), 5.06 (s, 1H),5.10-5.11 (m, 1H); 
31

P NMR (D2O) 

δ -7.18 (d, J = 21.4 Hz), -10.64 (d, J = 21.4 Hz); 
19

F NMR (D2O) δ -213.3 (dt, J = 

4.0, 46.8 Hz); 
13

C NMR (D2O) δ32.7 (dd, J = 2.4, 7.7 Hz) , 64.0 (d, J = 5.6 Hz), 86.1 

(d, J = 159.2 Hz), 114.9 (d, J = 11.0 Hz), 141.4 (d, J = 13.7 Hz). 
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5.2.11 Synthesis of analogue 4-hydroxy-3-(hydroxymethyl)but-2-en-1-yl 

diphosphate (92) and 4-hydroxy-3-(hydroxymethyl)but-2-en-1-yl monophosphate 

(91) 

 

a) TBDMSCl 4.0 eq, CH2Cl2, RT, 2 hr, 85%; b) NaH 1.05 eq, 

triethylphosphonoacetate 1.1 eq, THF, 0 
o
C to RT, 12 hr, 94%; c) DIBAL 2.42 eq, -10 

o
C, 2 hr, 92%; d) DHP 1.2 eq, TsOH cat., CH2Cl2, 0 

o
C,2 hr, 85%; e) TBAF 3.0 eq, 

THF, 0 
o
C, 3 hr, 89%; f) Ac2O (excess), pyridine, 0 

o
C, 12 hr, 75%; g) AcOH / H2O/ 

THF = 3 / 3/ 1, RT to 50 
o
C, 5 hr, 73%; h) CBr4 2.0 eq, PPh3 2.2 eq, CH2Cl2, 0 

o
C, 30 

min, 93%; i) [N(n-Bu)4]3P2O7H 1.0 eq, MeCN, RT, 12 hr, 45%; j) NaOH 5.0 eq, 0 
o
C 

to RT, 48 hr, 40% for 12 and 15% for 13. 

 

Bis-(t-butyldimethylsiloxyl)acetone (82). To a solution of 81 (4.50 g, 50.0 mmol) 

and TBDMSCl (30.1 g, 200.0 mmol) in CH2Cl2 (100 mL) was added imidazole (13.4 
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g, 200.0 mmol) and DMAP (catalytic amount) at room temperature for 12 hr. A 

solution of brine (200 mL) was added to the reaction, and the reaction was extracted 

with CH2Cl2 (100 mL x 4). The combined organic layers were evaporated to give the 

crude mixture which was subjected to silica gel chromatography eluted with hexanes : 

ethyl acetate = 15 : 1 to afford a clear liquid 82 (85% yield) which has identical 
1
H 

NMR spectrum as reported in the literature (40-41).  

Ethyl 4-((tert-butyldimethylsilyl)oxy)-3-(((tert-butyldimethylsilyl)oxy)methyl)- 

but-2-enoate (83). To a suspension of NaH (1.85g, 46.2 mmol, 60% in mineral oil) in 

THF (300 mL) was added triethylphosphonoacetate (9.60 mL, 48.4 mmol) at 0 
o
C and 

gradually wared up to room temperature over 2 hr. Chill the reaction back to 0 
o
C and 

3 (13.95 g, 44.0 mmol) was added to it through addition funnel. After stirring for 12 

hr at room temperature, the reaction was quenched with brine (100 mL) and extracted 

with ethyl acetate (200 mL x 3). The organic layer was washed with water and brine, 

and concentrated. Purification of the residue by silica gel chromatography (hexanes : 

ethyl acetate = 15 : 1) to afford 83 (94%). The 
1
H NMR spectrum of 83 is identical to 

literature reported values (40-41).  

4-((tert-Butyldimethylsilyl)oxy)-3-(((tert-butyldimethylsilyl)oxy)methyl)but-2-en-

1-ol (84). To a cooled (-10 
o
C), stirring solution of 83 (16.1 g, 41.4 mmol) in benzene 

(200 mL) was added DIBAL (100 mL, 100 mmol, 1M in hexane). After stirring at -10 
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o
C for 2 hr, the reaction was quenched by adding MeOH slowly to the reaction 

mixture. The resulting mixture was partitioned between 10% Rochelle salt aqueous 

solution (200 mL) and ethyl acetate (200 mL). The mixture was stirring vigorously 

until two phases were separated. The organic layer was separated, washed with brine 

and concentrated. The residue was purified using silica gel flash chromatography 

(hexanes : ethyl acetate = 1 : 1 ) to give 84 (92%) which has identical 
1
H NMR 

spectrum as reported (40).  

2-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethylidene)-1,3-di(tert-butyldimethylsilyl)- 

oxy)propnae (85). To a solution of 84 (13.8 g, 40.0 mmol) in CH2Cl2 (160 mL) was 

added 3,4-dihydro-2H-pyran (4.38 mL, 48.0 mmol) and TsOH (catalytic amount) at 

0
o
C and the reaction was stirred at 0

o
C. After stirring for another 2 hr at 0

o
C, brine 

(100 mL) was poured into the reaction and the reaction was extracted with CH2Cl2 (60 

mL x 3). The combined organic layers were combined, dried over MgSO4 and 

evaporated to afford the crude product which was subjected to flash column 

chromatography eluting using hexanes : ethyl acetate = 8 : 1 to afford 85 (85%). 
1
H 

NMR (CDCl3) δ 0.06 (s, 6H), 0.07 (s, 6H), 0.89 (s, 9H), 0.91 (s, 9H), 1.50-1.86 (m, 

6H), 3.47-3.53 (m, 1H), 3.84-3.90 (m, 1H), 4.11-4.32 (m, 6H), 4.62 (t, J = 2.8 Hz, 

1H), 5.70 (t, J = 6.0 Hz, 1H); 
13

C NMR (CDCl3) δ -5.4, -5.4, 18.3, 18.4, 19.5, 25.5, 

25.7, 25.9, 26.0, 30.6, 58.9, 62.2, 62.7, 64.3, 97.7, 122.0, 141.3. 
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2-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethylidene)propane-1,3-diol (86). To a 

solution of 85 (4.30 g, 10.0 mmol) in THF (30 mL) was added TBAF (30.0 mL, 1.0 

M in THF) at 0 
o
C. When the reaction was complete (~ 3 hr), the reaction mixture was 

concentrated and subjected to flash column chromatography on silica gel eluted with 

ethyl acetate to afford 86 as a colorless liquid (89% yield). 
1
H NMR (CDCl3) δ 

1.51-1.81 (m, 6H), 3.51-3.56 (m, 1H), 3.82-3.88 (m, 1H), 4.12-4.32 (m, 6H), 4.68 (t, J 

= 2.8 Hz, 1H), 5.74 (t, J = 7.2 Hz, 1H); 
13

C NMR (CDCl3) δ 19.2, 25.3, 30.4, 59.1, 

62.2, 62.4, 68.3, 97.5, 124.8, 142.4. 

2-(2-((Tetrahydro-2H-pyran-2-yl)oxy)ethylidene)propane-1,3-diyl diacetate (87). 

To a solution of 86 (1.81 g, 8.94 mmol) in pyridine (10.0 mL) was added Ac2O (2.00 

mL) dropwise at 0 
o
C. After stirring at 0 

o
C for 12 hr, the reaction was poured into the 

ice-water bath and stirred vigorously for 30 min and extracted with ethyl acetate (20 

mL x 3). The combined organic layers was concentrated in vacuo and purified by 

chromatography on silica gel using 25% ethyl acetate in hexanes : ethyl acetate = 4 :1 

to afford 87 as a colorless liquid (75% yield). 
1
H NMR (CDCl3) δ 1.51-1.81 (m, 6H), 

3.51-3.56 (m, 1H), 2.04 (s, 3H), 2.06 (s, 3H), 3.47-3.53 (m, 1H), 3.81-3.87 (m, 1H), 

4.12-4.17 (m, 1H), 4.32-4.37 (m, 1H), 4.59 (s, 2H), 4.61 (t, J = 3.2 Hz, 1H), 4.66 (s, 

2H), 5.91 (t, J = 6.8 Hz, 1H); 
13

C NMR (CDCl3) δ 19.2, 20.8, 20.9, 25.3, 30.4, 59.7, 

62.2, 62.6, 65.7, 98.1, 131.1, 131.9, 170.5, 170.6. 
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2-(2-Hydroxyethylidene)propane-1,3-diyl diacetate (88). A solution of 87 (1.50 g, 

5.21 mmol) in THF/ H2O / AcOH (9mL / 9mL/ 3 mL) was heated to 50 
o
C. The 

reaction was monitored by TLC. When the reaction was completed, it was saturated 

with NaCl and extracted with ethyl acetate (15 mL x 3).The combined organic layers 

were concentrated in vacuo and purified by chromatography on silica gel using 50% 

ethyl acetate in hexanes to afford 88 as a colorless liquid (73% yield). 
1
H NMR 

(CDCl3) δ 2.03 (s, 3H), 2.04 (s, 3H), 4.25 (d, J = 6.8 Hz, 2H), 4.55 (s, 2H), 4.66 (s, 

2H), 5.92 (t, J = 6.8 Hz, 1H); 
13

C NMR (CDCl3) δ 20.8, 58.1, 59.6, 65.6, 131.0, 

133.4, 170.6, 171.0. 

2-(2-Bromoethylidene)propane-1,3-diyl diacetate (89). To a solution of 88 (765 

mg, 3.78 mmol) in CH2Cl2 (30 mL) was added PPh3 (1.69 g, 8.32 mmol) and CBr4 

(2.51 g, 7.57 mmmol) at 0 
o
C. After the reaction was completed which was followed 

by TLC, the mixture was evaporated and subjected to silica gel chromatography 

eluted with hexanes : ethyl acetate = 4 : 1 to afford 89 as a cololess liquid (93% 

yield).
 1

H NMR (CDCl3) δ 2.06 (s, 3H), 2.07 (s, 3H), 4.05 (d, J = 8.4 Hz, 2H), 4.60 (s, 

2H), 4.68 (s, 2H), 6.01 (t, J = 8.4 Hz, 1H); 
13

C NMR (CDCl3) δ 20.7, 20.8, 25.6, 

58.7, 65.3, 129.2, 140.0, 170.4, 170.5. 

4-Acetoxy-3-(acetoxymethyl)but-2-en-1-yl diphosphate (90). To a solution of 89 

(931 mg, 3.51 mmol) in MeCN (15 mL) was added  [N(n-Bu)4]3P2O7H (3.17 g, 3.51 



246 
 

mmol) at room temperature. After stirring at room temperature for 12 hr, the mixture 

was subjected to purification. The purification procedure was carried out according to 

the literature protocol (31). Specifically, the reaction mixture was concentrated under 

reduced pressure, dissolved in a buffer solution (iPrOH : 25 mM NH4CO3 =1:49) and 

loaded on to a Dowex column 50W-X8 (ammonium form). Fractions of 8.0 mL were 

collected. Fractions that contain 90 were pooled, concentrated and further purified 

through a cellulose column. Elution with the buffer (iPrOH : MeCN : 100 mM 

NH4CO3 = 5 : 3 : 2)  afforded 90 as a white solid. (45% yield). 
11

H NMR (D2O) δ 

1.90 (s, 3H), 1.92 (s, 3H), 4.42 (dd, J = 6.6, 6.6 Hz, 2H), 4.47 (s, 2H), 4.55 (s, 2H), 

5.85 (t, J = 6.6 Hz, 1H); 
31

P NMR (D2O) δ -8.79 (d, J = 20.4 Hz), -10.65 (d, J = 20.4 

Hz); 
13

C NMR (D2O) δ 20.3, 20.4, 60.4, 61.5 (d, J = 5.1 Hz), 66.4, 131.4 (d, J = 8.0 

Hz), 131.6, 173.8, 173.8 . 

4-Hydroxy-3-(hydroxymethyl)but-2-en-1-yl diphosphate (91) and 

4-Hydroxy-3-(hydroxymethyl)but-2-en-1-yl diphosphate (92). To a solution of 90 

(252 mg, 0.61 mmol) in H2O (15 mL) was added NaOH (1.0 mM, 3.1 mL) slowly at 0 

o
C. After stirring at room temperature for 48 hr, the reaction was concentrated and 

subjected to the cellulose column which was prepared following the reported 

procedure (31). Elution with the buffer (iPrOH : MeCN : 100 mM NH4CO3 = 3 : 4 : 

3)  afforded less polar product 91 as a white solid (40%). 
1
H NMR (D2O) δ 3.97 (d, J 
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= 1.2 Hz, 2H), 4.01 (s, 2H), 4.23 (dd, J = 6.8, 6.8 Hz, 2H), 5.63 (t, J = 6.8 Hz, 1H); 

31
P NMR (D2O) δ 4.01; 

13
C NMR (D2O) δ 56.6, 59.8 (d, J = 6.5 Hz), 63.4, 126.9 

(d, J = 11.0 Hz), 139.3. The more polar product 92 is also obtained as a white solid 

(15%). 
1
H NMR (D2O) δ 4.02 (s, 2H), 4. 06 (s, 2H), 4.45 (dd, J = 7.0, 7.0 Hz, 2H), 

5.70 (t, J = 7.0 Hz, 1H); 
31

P NMR (D2O) δ -5.27 (d, J = 21.9 Hz), -9.17 (d, J = 21.9 

Hz); 
13

C NMR (D2O) δ 55.9, 61.6 (d, J = 5.3 Hz), 63.5, 125.6 (d, J = 7.6 Hz), 

139.340.7. 

 

5.2.12  Product characterization and steady-state kinetic studies of IspH using 

HMBPP Analogues.   

The product characterization and steady-state kinetic studies of HMBPP 

analogues were carried out by Dr. Youli Xiao at Boston University. The IspH 

enzymatic products were purified by high performance liquid chromatography 

(HPLC). HPLC purification was performed on a SHIMADZU CBM-20A system 

eqipped with a Waters Atlantis® Prep T3 column (10 x 250 mm) and eluted with 

solvent A: 50 mM ammonium bicarbonate, and solvent B: MeCN using the following 

protocol: 100% A, 1-15 min; 100% A-5% B, 15-20 min; 5% B-20% B, 20-30 min; 

20% B, 30-35 min; 20% B-100% A, 35-40 min; 100% A, 40-60 min. The flow rate 

was 3 mL/min. The isolated product was characterized by high resolution mass 
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spectrometry, 
1
H-NMR spectroscopy, and 

19
F-NMR spectroscopy. The kinetics assays 

were performed using an S.I. Photonics CCD-440 spectrophotometer. A typical assay 

contained a proper amount of IspH, 1.0 mM dithionite-reduced methyl viologen 

(MV), and various amounts of substrate or substrate analogues in 100 mM Tris-HCl, 

pH 8.0 at 37 °C. The reaction was monitored spectrophotometrically at 734 nm and 

the initial velocities, v, at each substrate/analogue concentration were estimated based 

on methyl viologen’s extinction coefficient ε734 = 2.665 mM
-1

cm
-1

. The data was 

fitted by SigmaPlot with equation: v = Vmax*S/(Km+S).   
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5.3 Results and Discussion 

5.3.1 Preparation of HMBPP analogues  

The purpose of synthesizing the various  

1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate (HMBPP) analogues was to 

introduce various functional groups at either C4 or C5, or at both C4 and C5 as probes 

to study the mechanism of IspH (Scheme 5.3.1). HMBPP contains a five-carbon 

skeleton having an olefin moiety between C2 and C3 with trans configuration and a 

pyrophosphate functional group at C1. Even though the double bond of HMBPP bears 

a trans configuration, it is not known whether the cis-isomer can be taken as a 

substrate by IspH. 

 

Scheme 5.3.1: Schematic diagram of the HMBPP analogue syntheses. 

 

To construct the olefin moiety, we employed a synthetic strategy by coupling a 

carbonyl group (either aldehyde or ketone) and a phosphorous ylide (or phsophorane) 

to make the C-C double bond. Utilizing this approach, one can get both trans- and 

cis-isomers in one reaction. In many cases, by tuning the steric and electronic 

properties of the substitutes on the phosphorous ylide, or by altering the reaction 
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temperature, the ratio of the cis- and trans-isomers can be controlled (42-44). In 

addition to stereo control, the raction conditions of this approach can tolerate various 

functional groups on both reactants, which can be manipulated in subsequent stages of 

the synthesis.  

For the attachment of the pyrophosphate moiety, two approached were 

considered (Scheme 5.3.2). In the first route (route A), the general concept is to use 

the hydroxyl group of the pyrophosphate to attack the other reactant, which carries a  

relatively good leaving group (such as chloride, bromide, mesylate, or tosylate) (8). 

This reaction, however, is extremely sensitive to water, and the pyrophosphate reagent 

is usually not very soluble in aprotic solvents.  In addition, the reactant containing 

the good leaving group is not stable in protic solvents.  To circumvent this problem, 

the pyrophosphate needs to have tetrabutyl ammonium as the counter ion, which 

increases the solubility of pyrophosphate in aprotic solvents (31).  The main 

drawback of this approach is that the separation of the tetrabutyl ammonium from the 

desired product usually requires several chromatography steps.  

In the second approach (route B), bis(triethyl)ammonium phosphate (TEAP) 

is the phosphorylation agent and trichloroacetonitrile is used as a condensation agent 

to phosphorylate the corresponding alcohol (45-46). Namely, one can directly couple 

the hydroxyl group with inorganic phosphate, bypassing the need for addition of a 
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leaving group on the reactant. However, the downside to this approach is that the 

phosphate groups must be added sequentially and the separation of mono-, di- and 

tri-phosphate is not always easy. 

 

Scheme 5.3.2: General approaches for pyrophosphorylation. 

 

In the synthesis of HMBPP analogues containing a trifluoromethyl moiety (CF3), 

compounds with build-in CF3group are chosen as the starting materials. For the 

synthsis of compound 19, benzylation of the epoxide (12) at the less hindered side, 

followed by oxidation and olefination were carried out to construct the main skeleton 

of 15 (Scheme 5.3.3). The boron trichloride (BCl3) condition ws employed to 

selectively remove the benzyl group without affecting the allylic bromide (30). The 

last step is pyrophosphorylation using tetrabutylammonium pyrophosphate as the 

phosphorylation reagent.  
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For the synthesis of 32, a different approach was taken (Scheme 5.3.3). Because 

bromination using the CBr4/PPh3 condition gave a very low yield of product due to 

the high volatility of the resulting bromides, sulfonylation of the alcohol was used 

instead. Among numerous tosylation methods, treatment with TsCl/Py 

(p-toluenesulfonyl/pyridine) is the most commonly used reaction conditions. 

However, in this case, tosylation of the alcohol reactant by this method led to a 

chlorination product instead of tosylated product. It is probablly due to the byproduct 

py•HCl generated in the reaction, which likely acted as a nucleophile to react with the 

originally formed tosylation product in the secondary reaction (34). Interestingly,  

the allylic sulfonates (tosyl and mesyl) are less commonly seen in the literature 

compared to the allylic halides (8). Owing to the high volatility of the chlorinated and 

brominated product and also due to the difficulty in making allylic tosylate using the 

TsCl/Py method, a different approach was adapted to introduce the tosylate moiety. 

Under TsCl/ Et3N/ catalytic Me3N•HCl reaction conditions, the undesired chlorination 

(from R-OTs to R-Cl) was significantly reduced because of the lowered 

nucleophilicity of the E3N•HCl byproduct (Scheme 5.3.3) (34). 
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Sheme 5.3.3: Synthesis of HMBPP analogues 19 and 32. 

 

For synthesis of mono-F containing HMBPP analogues 41 and 80 (Scheme 

5.3.4), the key step is the regio-selective fluorination of the oxirane ring. There exist 

many fluorinating agents (47) that cae be tested and the one which gives the desired 

region-selectivity would be selected for the fluorination reaction. However, this 

approach is time consuming and expensive. Thus, I employed a slightly different 

approach, whereby the regio-selective fluorination was achieved by altering the 

hydroxyl protecting group of 34 (Scheme 5.3.4). Due to the bulkiness of the 

tetrahydropyran (THP) group, the dominant site of TBAF mediated fluorination is at 

the less sterically hindered carbon of the epoxide (34). After bomination, THP is 

removed using mild acidic conditions (aqueous acetic acid) without affecting other 

functional moieties. Subsquent phosphorylation offered the final product.  In making 

the analogue 80, simiar approach was adapted to selevtively introduce fluoride on 72 
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to generate intermediate 73 (Scheme 5.3.4). 

 

Scheme 5.3.4: Syntheses of HMBPP analogues 41 and 80. 

 

The main problem in constructing the hydroxyl-containing HMBPP analogues 

(57 and 92, Scheme 5.3.5) is the selective tosylation or bomination of two or three 

hydroxyl groups of the reactants. One way to overcome this obstacle is to 

regiospecifically protect the specific OH group and then deprotect it at a later stage of 

the synthesis. After trial and error, I found that the pyrophposphate moiety is 

relatively stable under mild basic conditions (pH lower than 12) but is very labile in 

acidic environments (pH lower than 3). Based on this information, an acetate was 

chosen as the protecting group for hydroxyl moiety which could be removed under 

mild basic condition near the end of the synthesis. Forexample, in the preparation of 

compound 57, after the phosphorylation step, the acetate ester bond was successfully 

cleaved under aqueous NaOH solution (pH ~ 12) without affecting the pyrophosphate 
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moiety. In the synthesis of analogue 92, both the mono (91) and diphosphate (92) 

products were formed. In this case, the removal of the two acetate protecting groups 

required stronger basic conditions, which might also led to the cleaveage of the 

phosphoric ester bond. 

Scheme 5.3.5: Syntheses of HMBPP analogues 57, 91 and 92. 

 

In summary, the general synthetic approaches developed in these studies that are 

useful for making the proposed probes involve: (a) carbon-carbon double bond 

formation via coupling of the carbonyl group and the phosphorous ylide, (b) allylic 

bromination under CBr4/PPh3 condition or tosyltaion using TsCl / ET3N / catalytic 

Me3N•HCl condition to prime the leaving group, (c) regioselective fluorination by 

controlling the streic hinderance near the substitution site in the subtstrates, (d) THP 

group removal without affecting allylic bromide function group, (e) acetate ester bond 
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cleavage under basic condtion. By employing a combined strategy, HMBPP 

analogues with varied functional moieties at C4, C5 or both C4 and C5 and the 

terminal olefin are synthesized as shown in Figure 5.3.1. The biological activity test 

of these compounds and their mechanistic implications are discussed in the following 

sections.   

Figure 5.3.1: HMBPP analogues synthesized in this work.  
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5.3.2 In vitro Activity Assay 

5.3.2.1 
1
H-NMR and HRMS characterization of the products of the IspH 

catalyzed reaction using the HMBPP analogues 

The analogues shown in Figure 5.3.1 were tested as substrates for IspH using 

dithionite and methyl viologen (MV) as the in vitro reduction system (25). After the 

reaction was completed, the enzyme was removed and the reaction products were 

purified using HPLC.  Products were then characterized using 
1
H- and 

19
F-NMR 

spectroscopy and high-resolution mass spectrometry. 

As shown in Figure 5.3.2, the sole product of the reaction of 19 with IspH is 27, 

which was confirmed by comparison of the spectra with those recorded for the 

synthesized standard 27 (section 5.2.3). Interestingly, only the corresponding IPP 

product (27) was found, and no DMAPP like produt (32, Figure 5.3.2) containing a 

C2-C3 double bond was discernible. Under identical reaction conditions, HMBPP (3) 

was converted by IspH into both IPP (1) and DMAPP (2) in a 5 : 1 molar ratio (15). It 

should also be pointed out that when substrate analogue 32 was incubated with IspH, 

no observable turnover product could be detected. Thus, IspH is apparently unable to 

catalyze elimination of fluoride from the C5 position of 32.   
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Figure 5.3.2: NMR and HRMS data of the incubation product. 
1
H-NMR (500 MHz, 

D2O) δ 2.44 (t, J = 6.6 Hz, 2H), 3.96 (dd, J = 6.6 and 6.6 Hz, 2H), 5.47 (dd, J = 2.6 

and 1.4 Hz, 1H), 5.68 (d, J = 1.4 Hz, 1H);
 19

F-NMR δ -68.4. HRMS (ESI
-
)[M-H]

-
 

calcd for C5H8F3O7P2
 
 298.9697, found 298.9700. 

 

When analogues 41, 57 and 80 (Figure 5.3.3) were each incubated separately 

with IspH, only a single product, IPP (1), was observed (see Figure 5.3.3. for the 

1
H-NMR spectrum of the turnover product of compound 41, 57, and 80, respectively). 

At this stage, it is not clear why incubation of substratre analogue 41 with IspH 

produced only one product. More interestingly, conversion of 41 to IPP (1) is a 

four-electron reduction, strongly suggesting that two successive rounds of IspH 

ppm (f1)
0.01.02.03.04.05.06.07.0

ppm (f1)
-200-150-100-50
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catalysis took place with this compound. If substrate analogue 41 binds similarily to 

HMBPP (1) in the active site, the C4-OH mayshould be coordinated to the iron-sulfur 

cluster. It is thus reasonable to assume that deoxygenation at C4 occurs first to form 

either 80 or 93 (Scheme 5.3.6). Subsequent elimination of fluoride followed by 2e- 

reduction yields IPP (1). This hypothesis is consistent with the observation that the 

two proposed intermediates resulting from deoxygenation of 41 (compounds 80 and 

93) can in fact be taken as substrates by IspH and converted to IPP (1) (scheme 5.3.6). 

 

Figure 5.3.3: NMR and HRMS data of the incubation product of 41 with IspH. 

1
H-NMR, (500 MHz, D2O) δ 1.65 (s, 3H), 2.26 (t, J = 6.0 Hz, 2H), 3.93 (q, J = 6.5 

Hz, 2H), 4.72 (d, J = 10.0 Hz, 2H); ESI-MS: [M-H]
-
 calcd for C5H11O7P2 244.9985, 

found 244.9916. 

ppm (f1)
0.01.02.03.04.05.06.07.0
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Scheme 5.3.6: Proposed pathway for 4e- reduction of analogue 41 by IspH. 

 

Incubation of compound 57 with IspH resulted in a single product, IPP. Even 

though the raction clearly involves hydroxyl group elimination to generate an allylic 

anion intermediate, regiochemistry of the protonation to form the final product 

remains unsolved (Scheme 5.3.7). To investigate whether protonation occurs at C4 or 

C5, I synthesized the [5-
13

C]-enriched analogue of 57, compound 64 (Scheme 5.3.7), 

and incubated it with IspH (5 μM) at room temperature for 1 hr. Following removal of 

the enzyme by filtration, 
13

C-NMR spectroscopy clearly indicated the presence of a 

single species (Figure 5.3.4. A). The chemical shift of this species (~111.4 ppm) can 

be assigned to the resonance of the terminal vinyl carbon of the 
13

C-labeled IPP 

product, suggesting that the hydride equivalent is delivered by IspH to the same 

carbon atom (C-4) that carries the labile OH group in the starting material. Similarly, 

the reaction was also carried out with 1.0 μM IspH for 1 hr, conditions that led to 

roughly ~60% turnover. Under these reaction conditions, two distinct peaks could be 

observed by 
13

C-NMR spectroscopy (Figure 5.3.4. B). These peaks correspond to the 
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terminal vinyl carbon of the reactant 64 (δ = 111.6 ppm) and the terminal vinyl 

carbon of the product 2 (δ = 111.4 ppm).  

  
                    

 
   

 
   

 

Figure 5.3.4: 
13

C-NMR spectroscopy analysis of the incubation of 64 with IspH. (A) 

reactions was run to completion; (B) reaction was run to ~60% conversion. 

 

 

Scheme 5.3.7: IspH catalyzed reaction using 54 and its [5-
13

C]-enriched analogue of 

64 as the substrate. 

 

5.3.2.2 Steady-state kinetics 

Kinetic assays were conducted using 1.0 mM dithionite and reduced methyl 

viologen (MV) as the reducing system with variable amounts of substrate analogues 
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in 100 mM Tris-HCl, pH 8.0 at 37 °C. The reaction was followed by the absorbance 

change associated with oxidation of methyl viologen, which has an extinction 

coefficient of ε734 = 2.665 mM
-1

cm
-1

. The experimental data were fitted using linear 

regression to the Michaelis-Menten equation: v = Vmax*S/(Km+S). The kinetic data 

were collected by Dr. Youli Xiao at Boston University. The dependence of the fitted 

parameter values on the concentration of various substrate analogues is shown in 

Table 5.3.1 and in Figure 5.3.5. 
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Figure 5.3.5: Steady-state kinetics of the IspH-catalyzed reactions with various 

HMBPP analogues.   

       

Substrate kcat (min
-1

) Km (M) kcat/Km  (M
-1

 ∙min
-1

) 

3  604 ± 17 19.7 ± 2.4 30.6 

94 27.7 ± 2.2 104 ± 31 0.27 

93 8.4 ± 1.9 489 ± 170 0.017 

41 394 ± 10 156 ± 14 2.52 

80 108.2 ± 2.6 452 ± 38 0.24 
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19 91.6 ± 2.2 447 ± 32 0.21 

57 484 ± 1.5 694 ± 79 0.698 

32 No detectable activity  

 

Table 5.3.1: Fitted kinetic parameter values of the IspH-catalyzed reaction with each 

substrate analogue. The data for compound 3 is adapted from ref. 25 and compounds 

93 and 94 were prepared from Dr. Youli Xiao frm Boston University. 

        

As listed in Table 5.3.1, 94 is converted into 1 and 2 by IspH with a Km that is 

increased 5.3-fold greater and a kcat that is lowered by 21.8-fold in those of  HBMPP 

(3). Thus, substitution of the C4-OH group with a fluorine atom clearly affects the 

overall steady state catalysis, suggesting that the IspH-mediated chemistry step(s) 

leading to the elimination of the C4-OH/F group may be partially rate limiting under 

our assay conditions. Several features of 94 may be responsible for these altered 

kinetic parameters. First, replacement of the C4-OH moiety with a fluorine atom 

could weaken the interaction between the substrate and the iron-sulfur cluster, perhaps 

contributing to the elevated Km of 94. Second, the fluorine replacement may also 
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affect the hydrogen bonding network that normally exists between the C4-OH group 

of HMBPP with T167 and E126 (Figure 5.5). Third, the strong electron withdrawing 

ability of the fluorine may alter the electronic properties of the olefin, which may 

adversely affect electron transfer to the substrate to initiate the C4 elimination step in 

the catalytic cycle. 

The analogue 93 has a fluorine atom at C5 instead of C4 (Table 5.3.1). 

Compared to HMBPP (3), the Km for 93 increases by 25-fold and kcat decreases by 

72-fold with a total reduction in kcat/Km of 1783-fold. A comparison of the kinetic 

parameters between 94 and 93 (which differ only in the stereochemistry of the double 

bond) indicates that the Km for 93 is 4.7-fold greater and the kcat is 3.3-fold less than 

those of 94. Thus, having the monofluoro methyl group in the substrate with an (E) 

configuration clearly affects the catalytic proficiency during turnover. Based on the 

available crystal structures, a likely explanation for the lowered activity of 93 is that, 

in addition to being unable to efficiently coordinate of 93 to the iron-sulfur cluster, the 

fluorine atom in 93 can neither maintain the hydrogen bonding network between the 

substrate and T167 and E126 of IspH. Thus, we speculate the decreased activity of 93 

(relative to 94) is primarilly due to suboptimal positioning of the 93 relative to the 

iron-sulfur cluster, which likely adversely perturbs the energetics of the chemical 

steps leading to fluoride elimination. 
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As discussed in the previous section, analogue 41 is converted via a net 4e- 

reduction to IPP (1), with both the C4-OH and C5-F groups eliminated during 

IspH-mediated turnover (Table 5.3.1). The timing of OH and F elimination are 

unknown and, as such, the reaction may involve one of several putative intermediates 

(80, 93, 57 or 3, Table 5.3.2 and Scheme 5.3.8). Since both 80 and 93 can be 

converted to IPP, they could represent catalytically competent intermediates in the 4e- 

reduction of 41 if the C4-OH is eliminated first.  Alternatively, if fluoride 

elimination preceds C4-OH elimination, the intermediate would likely be either the 

natural substrate (3) or compound 57. 

Kinetic studies of compounds 3, 80, 93, and 57 provide some insights into order 

of C4 and C5 elimination events in the turnover of compound 41 (Table 5.3.1). The 

fact that catalytic efficiency of IspH is 10.5-fold better when 80 is used as the 

substrate instead of 93, suggests that 80 is a more likely intermediate if C4-OH 

elimination preceds C5-F elimination. Also, the low kcat of 93 (8.4 min
-1

) suggests that 

kcat,net for the two step, 4e- reduction of 41 would be lower than the observed value of 

394 min
-1

 if 93 were the intermediate, because conversion of 93 to IPP would be 

significantly rate-limiting. If C5-F elimination occurs first, the most likely 

intermediate is 57. If the intermediate in this putative pathway is HMBPP (3), one 

would expect to detect some DMAPP as a product in the reaction of 41 with IspH, 
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because 3 is known to be converted to both IPP and DMAPP in a 5:1 ratio (13, 20). 

However, incubation of 41 with IspH yielded only IPP, suggesting that 3 is not 

generated in situ in this reaction. To provide additional insight in the chemical 

mechanism of 41 turnover, further experiments to trap the intermediate using rapid 

quenching techniques and single turnover conditions are in progess. 

 

Scheme 5.3.8: Possible chemical mechanisms for turnover of 41.   

 

To further probe the effects of electron withdrawing substituents on IspH 

catalysis, compound 19 with a CF3 at C5 position was synthesized and tested as a 

substrate for IspH. Compared to HMBPP (3), the kcat/Km for 19 is reduced 150-fold, 

but the kcat is decreased by only 6.6-fold (Table 5.3.1). Thus, the trifluoromethyl 

group of 19 does not appear to significantly affect catalysis once IspH binding sites 

are saturated with 19. This observation is consistent with the hypothesis that the 

C4-OH group plays the dominant role in determining whether HMBPP analogues are 

efficient substrates for IspH.  Interestingly, the strongly electron withdrawing 

C5-CF3 group does not seem to greatly affect the kinetics of C4-OH elimination.  
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5.4 Mechanistic Implications and Conclusion 

The production of IPP (1) and DMAPP (2) at a specific 5:1 ratio during the IspH 

catalyzed reaction may be explained by the specific binding of the substrate HMBPP 

(3) is the active site of IspH (15). As shown in Figure 5.4.1, HMBPP binds to the 

IspH active site in a bent conformation. The C4-OH group is coordinated to the apical 

iron of the iron-sulfur cluster and the carbon skeleton is anchored between the 

[4Fe-4S] cluster and the pyrophosphate moiety. On the basis of this geometry, it has 

been posposed that the terminal β-phosphate of the substrate may serve as the proton 

donor in the protonation of the putative anion intermediate (6 → 1 and 2 or 11 → 1 

and 2, in Scheme 5.4.1).  Specically, considering that OB and OC are 3.4 and 3.5 Å, 

respectively, from C4 and C2 of HMBPP (3), they are likely involved in the 

protonation at either C2 or C4 to generate IPP (1) or DMAPP (2) (Figure 5.4.1). 

Since, the negative charge is delocalized through C2, C3 and C4 in the putative anion 

intermediate (15-16), the β-phosphate mediated protonation at C2 would somehow be 

favored in the active site in order to produce predominantly IPP as the magor reaction 

product. The ratio of IPP and DMAPP produced during turnover of 3 may reflect the 

extent of protonation of OB and OC in the IspH active site. The OB atom is H-bonded 

to a tightly bound water molecule which is, in turn, H-bonded to the carboxylate side 

chain of E126. This chain of interactions with OB may help keeping OB in a 
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deprotonated state, favoring OC protonation in the β-phosphate group. Hence, C2 

protonation of the anioinc intermediate to produce IPP is the major IspH turnover 

product. 

 

Figure 5.4.1: The active site of IspH with HMBPP (3) bound to the iron-sulfur cluster. 
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Scheme 5.4.1: Proposed Mechanisms for IspH catalyzed reaction. 

 

Support for this proposal involving the β-phosphate of the substrate as the proton 

donoe was obtained from our product analysis and kinetic studies of compound 57 

and its [5-
13

C]-enriched isotopomer, compound 64. In the proposed turnover cycle of 

57 (Scheme 5.4.2), the negative charge of the anion intermediate (generated by 

elimination of the C4-OH group and subsequent 1e- reduction) is expected to be 
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delocalized through C3, C4 and C5. Assuming that the binding mode of 57 to IspH is 

similar to that of HMBPP, the OB atom of the β-phosphate of 57 would be the most 

likely candidate as the proton donor due to its close proximity ti C4 and C5. 

Protonation at either site would yield IPP as the reaction product, consistent with what 

was observed in our product analysis of 57 (Figure 5.3.3). Since OB is closer to C4 

(3.4 Å) than C5 (4.6 Å), and protonation is anticipated to occur predominantly at C4. 

To test this hypothesis, we synthesized isotopomer 64, which is enriched with 
13

C at 

the C5 position. Protonation at C4 of the proposed allylic anion intermediate of 64 

(resonance contributor 98 in Scheme 5.4.2) would give 100 as the product. In 

contrast, if C5 protonation of resonance contributor 99 occurs, then 101 would be the 

product.  The vinyl and methyl 5-
13

C signals of products 100 and 101, can be clearly 

distinguished by 
13

C-NMR. When 64 was incubated with IspH and the reaction 

products were analyzed by 
13

C-NMR (Figure 5.3.4), only compound 100 was 

detected, providing strong evidence for a chemical mechanism of 57 turnover 

involving protonation at C4. No signal corresponding to the [4-
13

C]-methyl group (at 

~ 25 ppm) of compound 101 could be detected.   

The results with compound 64 also offer additional insight into the mechanism of 

IspH catalysis. If the reaction proceeds through a metallocycle intermediate (17), 

coordination of the olefin moiety of 57/64 to the iron-sulfur cluster would be a 
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prerequisite for catalysis (97, Scheme 5.4.2). In this scenario, 64 may bind to IspH in 

the conformation shown as 97 in scheme 5.4.2. Following C4-OH elimination and 1e- 

trasnfer to the substrate, the C5 atom of the anion intermediate 99 would be optimally 

positioned to receive the proton to afford 101 as the product. The fact that no 101 was 

detected in this exeriement suggests that mechanism B in Scheme 5.4.1 can be ruled 

out. 

Scheme 5.4.2: Two possible binding modes of 64 in the active site of IspH, and the 

anticipated outcomes of the protoanation step.  

 

As shown in Scheme 5.4.1, there exists the third model for IspH catalysis 

proposed by Altincicek et al (13). In this pathway, the reaction starts with elimination 

of the hydroxyl group using the [4Fe-4S]
2+

 cluster as a Lewis acid, leading to a 

stabilized allylic cation intermediate 95. Following the reduction of this species to 



273 
 

allylic anion (6), protonation at C2 or C4 forms the IPP (1) or DMAPP (2) products. 

The major difference between this pathway and the others (Scheme 5.4.1) is the 

formation of a carbocation intermediate. Incubation of IspH with several cationic 

substrate analogues shows little inhibition against IspH, disfavoring this pathway (48). 

In this study, the kcat for the 5-CF3 containing compund 19 was found to be decreased 

from the reaction with 3 by only a factor of 6.6, sldo disfavoring the involvement of 

an allylic cation intermediate in IspH-catalyzed reaction. For comparison, similar CF3 

substitution in the isoprene substrates for prenyltransferase-catalyzed reaction (which 

involve allylic cation intermediates) typically results in  > 10
7
-fold reduction in kcat 

(33, 49). 

Taken together, the results of these studies provide insights into the mode of 

substrate binding and mechanism of IspH. First, the conversion of compound 41 to 

IPP demonstrates that sequential 2e- reduction reactions are feasible if the substrate 

contains more than one leaving groups. Second, as revealed by the kinetic studies 

with monofluoro analogues 93 and 94, the coordination of the C4-hydroxyl group to 

the unique apical iron site of the iron-sulfur cluster and the involvement of a proper 

hydrogen bonding network among the C4-OH group, the pyrophosphate group of the 

substrate and the active site residues are important for IspH catalysis. Third, based on 

the relatively minor influence of the electron-withdrawing substituents on kcat, a 
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mechanism involving cationic intermediates/transition states in unlikely – clearly 

distinguishing the IspH-catalyzed reaction from most other reactions in isoprenoid 

biosynthesis. Fourth, IspH has a relaxed substrate flexibility, implicating its synthetic 

utility in producing isoprene derivatives (such as 57). Fifth, in conjunction with the 

available X-ray crystal structures, the 
13

C-NMR results with compound 64 support a 

role for the terminal β-phosphate of the substrate in the protonation step of the IspH 

reaction. These results further indicate that the interaction between the olefin moiety 

of the substrate and the unique iron site is not crucial for IspH catalysis. The precise 

effect of such an interaction has been controversial. Whether the interaction involves 

metallocycle intermediates such as 9 and 11 in Scheme 5.4.1 as proposed by Oldfield 

and coworkers (17) needs further investigation. The results presented here have set 

the stage for further experimentation to understand this interesting reductive 

deoxygenation transformation. 
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A.1. Spectral data for chapter 2 
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