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ABSTRACT: Developing specific chemical functionalities to deploy in biological environments for targeted enzyme inactivation 
lies at the heart of mechanism-based inhibitor (MBI) development, but also is central to other protein-tagging methods in modern 
chemical biology including activity-based protein profiling (ABPP) and proteolysis-targeting chimeras (PROTACS). We describe 
here a previously unknown class of potential PLP enzyme inactivators; namely, a family of quaternary, -(1’fluoro)vinyl amino 
acids, bearing the side chains of the cognate amino acids. These are obtained by the capture of suitably protected amino acid eno-
lates with , -difluorovinyl phenyl sulfone, a new 1’-fluorovinyl cation equivalent, and an electrophile that previously eluded syn-
thesis, capture and characterization.  A significant variety of biologically relevant AA-side chains are tolerated including those for 
alanine, valine, leucine, methionine, lysine, phenylalanine, tyrosine and tryptophan. Following addition/elimination, the resulting 
transoid -(1’-fluoro)- -(phenylsulfonyl)vinyl AA esters undergo smooth sulfone-stannane interchange to stereoselectively give 
the corresponding transoid -(1’fluoro)- -(tributylstannyl)vinyl AA esters. Protodestannylation and global deprotection then yields 
these sterically encumbered and densely functionalized, quaternary amino acids.  The -(1’fluoro)vinyl trigger, a potential allene-
generating functionality originally proposed by Abeles, is now available in a quaternary AA context for the first time. In an initial 
test of this new inhibitor class, -(1’-fluoro)vinyllysine is seen to act as a time dependent, irreversible inactivator of lysine decar-
boxylase from Hafnia alvei. The enantiomers of the inhibitor could be resolved and each is seen to give time dependent inactivation 
with this enzyme. Kitz-Wilson analysis reveals similar inactivation parameters for the two antipodes,  L- -(1’-fluoro)vinyllysine 
(Ki = 630 ± 20 M; t1/2 = 2.8 min) and D- -(1’-fluoro)vinyllysine (Ki = 470 ± 30 M; t1/2 = 3.6 min). The stage is now set for explo-
ration of the efficacy of this trigger in other PLP-enzyme active sites. 

INTRODUCTION 
Mechanism-based inhibitors (MBIs) offer advantages of spec-

ificity and functional irreversibility.1  Indeed, there continues to 
be great interest in “covalent drugs”2 or compounds that behave as 
functionally irreversible enzyme inactivators,3 as this confers 
advantages in terms of dosing (lower time of systemic exposure), 
and pharmacokinetics (covalent capture), as well as potentially 
lower susceptibility to resistance.4  Nearly one-third of all en-
zymes being targeted have an FDA-approved covalent drug;5 
while about 65% of enzyme-targeted drugs have a mechanistic 
design.6  The development of tailored functional groups for a 
specific mechanism or active site constellation is critical for single 
enzyme covalent inhibitor development, including PROTACS 
(proteolysis targeting chimeras)7 and CLIPTACS (click-formed-
PROTACS)8 approaches, as well as methods that target entire 
mechanistic classes, such as ABPP (activity-based protein profil-
ing).9  Appropriate ‘warheads’ are also key to developing qABP 
imaging reagents (quenched fluorescent activity-based probes)10 
among the most innovative small molecule agents being deployed 
in the fields of cancer diagnostics.11 

There is particular interest in developing inhibitors that bear 
fluorinated functionality,12 for mechanistic reasons (electronega-
tivity of fluorine, leaving group ability of fluoride)  and for ana-

lytical purposes, as 19F is a bio-orthogonal NMR nucleus13 and 
used as a  spectroscopic window into protein-ligand interactions.14  
Moreover, 18F-substitution may offer opportunities for PET-
imaging,15 and for enhancing metabolic stability.16 Unnatural, 
unsaturated/ -branched amino acids are also of interest as build-
ing blocks for modified non-ribosomal peptide synthesis17 and 
programmed unnatural amino acid mutagenesis at the ribosome.18 
Quaternary AAs also find application in driving the formation of 
useful secondary structure when strategically incorporated into -
19 and -peptides20 as well as hybrid / -peptides,21 or in promot-
ing interesting helical motifs such as the 310-helix22 and the 2.05-
helix.23 Elements of side chain unsaturation can serve as useful 
conformational constraints24 and contribute to overall peptide 
stability via stapling technology.25  

MBIs bearing tailored fluorinated functional groups designed 
to inactivate their target enzymes based upon mechanism have led 
to clinically useful therapeutics.  Examples include -
difluoromethylornithine (DFMO; trypanosomiasis/African sleep-
ing sickness)26 and 5-fluorouracil (cancer chemotherapy).27 That 
said, -(1’-fluoro)vinyl functionality in 
place of the -proton has not been possible heretofore. This 
would be required if one wished to deploy this trigger in the ac-
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tive sites of PLP-dependent amino acid decarboxylase (AADC) or 
retroaldolase enzymes, for example.  Described in this communi-
cation is the first method that allows access to quaternary -(1’-
fluoro)vinyl  amino acids (AAs), with wide side chain tolerance, 
as potential inactivators of a range of PLP-dependent enzymes. 

  The , -unsaturated trigger design is bio-inspired and de-
rives from the parent compound, -vinylglycine, a fungal natural 
product, and an inactivator of both PLP-dependent 
transaminases28 and of ACC synthase,29 a key enzyme in the bio-
synthesis of the plant ripening hormone, ethylene. The design of 
the ( -1’fluoro)vinyl trigger is due to Abeles, who envisioned that 
such a motif could lead to the formation of a reactive allene-type 
intermediate in a PLP enzyme active site (Figure 1).30  In fact, that 
pioneering work showed great promise for this trigger, with ( -
1’fluoro)vinylglycine serving as an efficient mechanism-based 
inhibitor for tryptophan synthase.  Despite this promise, previous 
reports for (1’-fluoro)vinyl  amino acids have been limited to the 
glycine scaffold,30-31 as chemistry has not been available to install 
the (1’-fluoro)vinyl  group in a quaternary setting. In this context, 
it is noteworthy that in recent years, there has been growing inter-
est in the use of fluorovinyl functionality to inhibit other enzymes, 
for example, by installing mono- and (bis-fluoro)vinyl moieties at 
the -position of various GABA analogues32 to generate com-
pounds with clinical promise for the inhibition of GABA transam-
inase (epilepsy and drug addiction)33 and ornithine aminotransfer-
ase (hepatocellular carcinoma).34 

There has been a longstanding effort in this research group 
and elsewhere to develop synthetic methods toward L-
vinylglycine,35 functionalized , -unsaturated AAs,36,37 as well as 

quaternary -vinyl AAs,38 as mechanism-based inhibitors for PLP 
enzymes.  Building on these achievements, we have been focusing 
on constructing quaternary, , -unsaturated AAs that retain the 
native -carboxyl and -amino groups and the cognate side chain, 
but additionally feature a position-specifically fluorinated vinylic 
trigger, also appended to the -carbon.  In the first such endeavor, 
we were able to establish a general approach to -(2’Z-
fluoro)vinyl AAs from the parent -vinyl AAs via a -carbon 
excision/fluoromethylenation sequence that avails itself of the 
McCarthy reagent (modified HWE reagent, Scheme 1A).  An 
initial test of this motif for PLP enzyme inactivation showed great 
promise and highlighted the value of incorporating fluorine into 
the inactivation trigger.39 This chemistry begins from quaternary, 

-vinyl AAs, and so, leverages the chemistry we have developed 
to access these unnatural AAs.  That said, the chemistry is not 
particularly convergent and is limited to accessing 2’-fluorinated 
vinylic triggers. Clearly, a fundamentally new approach would be 
needed to introduce fluorine into the 1’-position of the vinylic -
branch.  Only then would it be possible to evaluate the Abelesian 
inactivator design illustrated in Figure 1 in amino acid contexts 
beyond glycine. 

Herein we present a solution to this synthetic challenge.  A 
convergent approach is taken, disconnecting at the -carbon; 
resulting in a formal -(1’-fluoro)vinylation of AA-enolates 
(Scheme 1B).  Key features of the chemistry include (i) the syn-
thesis and characterization of a previously elusive (1'-fluoro)vinyl 
cation equivalent, (ii) its capture via AA-derived enolates across a 
range of biologically relevant side chains and a spectrum of pro-
tecting groups, and (iii) global deprotection to the free, quaternary 

-(1'-fluoro)vinyl AAs. Finally, in the first test of the new, qua-
ternary -(1’-fluoro)vinyl trigger in a PLP-enzyme active site; 
lysine decarboxylase (LDC) from Hafia alvei is seen to undergo 
time-dependent, irreversible inactivation with (±)- -(1’-
fluoro)vinyllysine.   

RESULTS AND DISCUSSION 
 
Development of a Reactive Fluorovinyl Cation Equivalent. 
Given the great interest in fluorinated alkene functionality in 
chemical biology, for example, as latent triggers for enzyme inac-
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tivation,30,32c,32d,39a as masked aldehyde32a or carboxylate32b equiv-
alents, or as peptide bond isosteres,40 there has been a significant 
effort in methodology development in this area.  Approaches to 
monofluorovinyl group installation most commonly are formal 
nucleophilic fluoromethylenations, whereby a EWG-CY(-)-F 
reagent is condensed with a carbonyl center.  Included in this 
category are modified Horner-Wadsworth-Emmons (HWE) con-
densations [Y = P(O)(OR)2],39,41 fluoro-Peterson olefinations [Y = 
SiR3],42  and a range of quite effective Julia-Kocienski couplings 
[Y = SO2Ar].43,44 Recently, in a particularly elegant  approach, 
Hoveyda, Schrock and coworkers have described the first viable 
cross-metathesis route for formal fluoromethylation.45  That said, 
by their very nature, all of these approaches are limited to the 
installation of 2’-fluorovinyl groups, and, as noted are rather line-
ar as the terminal fluorovinyl group is installed one carbon at a 

time.   
In terms of the (1’-fluoro)vinyl group, the best methods so far 

reported utilize transition metal-mediated cross-couplings with 
terminal ( -stannyl)fluoromethylene46 or dihalomethylene spe-
cies,47 including a C-H activation-based approach described re-
cently.41a  However, these cross-couplings are restricted to C(sp2)-
C(sp2)-couplings and work best for the installation of a (1’-
fluoro)styrenyl unit [a related photoredox catalysis entry has also 
been described48], rather than the (1’-fluoro)vinyl “trigger” target-
ed here for chemical biology applications.

According ly, we set out to develop a viable 
(1’-fluoro)vinyl cation equivalent that could be condensed di-

rectly with an amino acid-derived enolate to allow the construc-
tion of quaternary, -(1’-fluoro)vinyl for the first time. , -
Difluorovinyl phenyl sulfone was pursued as an attractive candi-
date (Figure 2). To be sure, there is keen interest in electrophilic, 
fluorinated , -unsaturated sulfones, particularly as dienophiles 
for [4 +2 ] cycloadditions49 and as reactive electrophiles in con-
jugate addition reactions.50,51 Indeed, a careful examination of the 
literature uncovers previous attempts to synthesize , -
difluorovinyl phenyl sulfone as a potential Diels-Alder dieno-
phile.  However, these accounts also reveal that despite consider-
able effort, this species has remained elusive. Early on, Feiring52 
had attempted to synthesize this compound, but observed that 
unwanted hydrofluorination of the fluorovinyl compound yielded 

, , -trifluoroethyl phenyl sulfone.  In later studies, Percy was 
able to synthesize chlorodifluoroethyl phenyl sulfone from chlo-
rodifluoroethanol53 using a modified protocol previously reported 
by Kotsuki.54  In this case, , -difluorovinyl phenyl sulfone was 
believed to form transiently, but decomposed under all conditions 
examined, with again the only isolable product being , , -
trifluoroethyl sulfone.  

We are pleased to report here that one can access and fully 
characterize the targeted electrophile in four steps from readily 
available diphenyl disulfide (1), as delineated in Figure 2.  Specif-
ically, treatment of 1 with sulfuryl chloride provides phenyl sul-
fenyl chloride (2), which upon exposure to vinylidene fluoride in 
the presence of aluminium trichloride cleanly affords -chloro-

, -difluorosulfide (3).   This species can be smoothly oxidized to 
-chloro- , -difluoroethyl phenyl sulfone (4) under the agency of 

Oxone™. At this point in the synthesis, viable conditions to af-
ford the , -difluorovinyl phenyl sulfone (5) were carefully ex-
plored. 

It was found that the conditions used in the key dehydrochlo-
rination of intermediate 4, as well as those involved in the purifi-
cation and isolation of 5 were critical to success here.  Use of a 
highly-hindered amine base; namely exceptionally brief exposure 
(15-20 s) of 4 to freshly distilled 2,2,6,6-tetramethylpiperidine, 
followed by an acid quench, and rapid extraction, led to reproduc-
ibly good yields of 5.  Analytically pure material could be ob-
tained by Kugelrohr distillation @ ≤ 0.1 torr vacuum.  As can be 
seen from Figure 2B and 2C, one obtains spectroscopically ho-
mogeneous reagent in this way, even on a gram scale (see Exper-
imental Section). 

 
AA-Enolate Capture with the New Fluorovinyl Cation Equiv-
alent. With the elusive electrophile in hand, we next turned our 
attention to the capture of 5 with amino acid-derived enolate nu-
cleophiles.  Dianions were examined initially.  Previous experi-
ence in our laboratory in unnatural, quaternary amino acid synthe-

Scheme 2. Double Add’n/Elimination with AA-Derived Dianions 
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sis had demonstrated the utility of N-benzoyl AA-ester derived 
dianions, particularly as they display excellent nucleophilicity 
toward building hindered, quaternary -centers through alkyla-
tion.  This includes the construction of racemic, quaternary, -
vinylic AAs, through alkylation of AA-amidate enolate dianions, 
bearing a range of side chains, with ethylene oxide, as a readily 
available, though only modestly reactive, vinyl cation 
equivalent.55  This also includes quaternizations in the converse 
order in which the vinyl group is installed first, and then quaterni-
zation is achieved by alkylation of an N-benzoyl vinylglycine-
derived amidate/ester enolate with a range of side chain electro-
philes in SN2-fashion.38c  Therefore, we initially attempted to 
quaternize the C -center with the dianionic enolate amidate gen-
erated from N-benzoyl-protected methyl alaninate with two 
equivalents of LDA.  When this strategy was employed here, it 
appears that the desired intermolecular AA-enolate addi-
tion/elimination reaction apparently did occur to efficiently cap-
ture difluoromethylene sulfone electrophile 5. However, under the 
conditions of the reaction, a second, intramolecular AA-amidate 
addition/elimination apparently follows suit, quite efficiently, 
presumably via a Baldwin-favored56 5-exo-trig-type transition 
state leading to adduct 6, isolated in 66% yield after just 30 min at 
-78 °C (Scheme 2).  

In light of this observation, and given that 5 is likely a consid-
erably better electrophile than ethylene oxide, it was decided to 
examine the behavior of less nucleophilic monoanionic enolates 
derived from N-benzylidene-AA esters. The requisite N-
benzylidene methyl esters were prepared from the corresponding 
free amino acids by methyl esterification (SOCl2/MeOH), fol-
lowed by incubation of the crude ester HCl-salt with benzalde-
hyde and NEt3 to afford 8a-j.  In case of the tryptophan, the ben-
zoyl protection for the indole nitrogen was examined (8g), while 
for the tyrosine phenol both MOM acetal (8h) and TBS ether 
protection were employed (8j). 

 
 
 
 
We were now set to examine the key C-C bond formation 

step.  Enolate formation for compounds 8a-j was achieved with 
lithiated 2,2,6,6-tetramethylpiperdine (LiTMP) at -78 °C.  Subse-
quent addition of (1’-fluoro)vinyl cation equivalent 5 at -78 °C, 
followed by allowing to warm to room temperature, resulted in 
smooth introduction of the (1’-fluoro)vinylsulfonyl functionality 

in 1-2 h time generally.  Pleasingly, we were able to achieve good 
yields of the targeted, quaternary amino acids bearing a -(1’-
fluoro)vinyl sulfone derivatives 9a-j, avoiding  the double addi-
tion/elimination product previously observed (see Schemes 3 and 
4; 10 examples: 60-91% yield). The condensation is 
stereoselective as exclusively the transoid (nominally Z) 
addition/elimination products are obtained, as inferred from the 
29-34 Hz vicinal JH-F coupling constants observed 9a-j.50b,57 This 
condensation proceeds efficiently across a diverse array of AA 
ester enolates including those bearing thioether (Met), silyl ether 
(Tyr), acetal (Tyr), imine (Lys), amide (Trp) functionality. 
Moreover, even though a quaternary AA-center is being formed, 
sterically encumbered AA ester enolates, such as those carrying 
either - (Val) or -alkyl branching (Leu), give some of the high-
est yields.  And finally, the free indole ring in Trp was also toler-
ated (f series) which proved quite useful here. 
 
 
Fluorovinyl Sulfone-Fluorovinyl Stannane Interchange.  

Treatment of the -(1’fluoro)vinyl phenyl sulfones with 
HSnBu3 and AIBN in refluxing benzene led to clean sulfone-
stannane interchange, providing products 10a-i in very good to 
excellent isolated yields (Scheme 5).  Only the transoid (formal-
ly quaternary , -( 1’-fluoro-
2’tributylstannyl) vinyl-AAs were observed as judged by the con-
sistent vicinal JH-F values observed (71-73 Hz)58 across all side 
chains. This i s notable because radical sulfide-

Scheme 3.  Single vs. Double Addition/Elimination  

Scheme 4. -(1’-Fluoro)vinylation of AA-Derived Enolates with 5 
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stannane interchange reactions are known to sometimes lead to 
scrambling of alkene geometry.58b,59  That said, for -
fluorovinylsulfones, both we39b and McCarthy60 have observed 
that radical vinyl sulfone/stannane proceeds with clean retention 
of configuration, with examples of both geometric isomers in 
McCarthy’s case, providing strong experimental evidence for a 
stereospecific transformation, at least in these cases.  In this re-
gard, it is important to note that classic studies showed that simple 
vinyl stannanes can be isomerized upon heating in the presence of 
trialkyltin radical.61  And more recently, Wnuk and coworkers 
similarly observed that exposure of -fluorovinylsulfones to ArS-
radical with heating also leads to equilibration of double bond 
geometry in generating the targeted -fluorovinyl sulfides.62  The 
authors propose radical alkene addition/elimination mechanisms 
for these substitution reactions, with free rotation in the interme-
diate radicals serving as the equilibration mechanism. Considering 
these observations, future experiments will be needed to establish 
whether the transformation is truly stereospecific.  It can be said 
that, for the interesting -fluorovinylsulfones under study here, 
the observed stannyldesulfonylation is at the very least highly 
stereoselective, producing exclusively the transoid -
fluorovinylstannanes, embedded as the -branch in this new class 
of sterically encumbered, functionally dense, quaternary, amino 
acids.   

 
Protodestannylation/Global Deprotection.  

Pleasingly, as can be seen from Scheme 6, we were able effi-
ciently to “unmask” the -(1’fluoro)vinyl appendage as well as 
globally deprotect to the free amino acids, in one step.  Namely, 
under acidic conditions (6 N HCl, ), protodestannylation was 
accompanied by imine cleavage and ester hydrolysis.  For the -
fluorovinyl stannanes 10a-i, assuming that the protostannylation 
transformation proceeds via initial alkene protonation, hypercon-

jugative -stannyl cation stabilization presumably overides the 
expected destabilizing contribution of the -fluoro substituent.  
The subsequent loss of a Bu3SnAr+ equivalent would then likely 
be promoted via chloride ion.   In the tryptophan case, owing to 
complication with N-benzoyl deprotection (g series), it was found 
to be advantageous  to move the free indole (f series) system for-
ward, ultimately providing homogeneous -
(1’fluoro)vinyltryptophan (11f).  In the case of the MOM-
protected  tyrosine derivative, side chain acetal deprotection was 
found to proceed efficiently in TFA/CH2Cl2 than in 6N HCl (aq).  
In this case, the quaternary AA-ester was ultimately cleaved under 
basic conditions (see entry 11h, Scheme 6 and the SI for details). 
The target -(1’fluoro)vinyl AAs were obtained as either the 
clean HCl salts following extraction of the organic byproducts, or 
if desired/needed for purification, as the charge-balanced zwitteri-
onic quaternary, -(1’fluoro)vinyl AAs, following  cation ex-
change chromatography (Dowex 50; NH4OH elution). 
 
Enzyme Inhibition Studies.  With the first members of this new 
class of potential PLP enzyme MBI  in hand, we set out to test for 
inactivation behavior in a model active site. Lysine decarboxylase 
(LDC) was chosen as, in our hands, this enzyme had proven to be 
a useful model system to in which to examine the behavior of  
mechanism-based inhibitor candidates.12b,39a  LDC was purified 
from the native bacterial source, Hafnia alvei, as this organism 

Scheme 6. Global Deprotection to Quaterary, -(1’-Fluoro)vinyl AAs 

a – In these cases, though the fluorovinyl AA-HCl salt was clean by NMR, we 
elected to generate the free, quaternary, -(1’-fluoro)vinyl AA via ion exchange 
chromatography [Dowex-50; 96% from 11a-HCl; (Ala);  94% from 11e-HCl 
(Met)].  b – In this case, Dowex 50 cation exchange chromatography also led to 
an improvement in purity (~15%, by NMR) of the fluorovinyl AA (76% from  
11f-HCl). c – In this case, MOM cleavage was performed with TFA in CH2Cl2, 
with accompanying protodestannylation and aldimine cleavage, followed by via 
base-catalyzed ester saponification. The crude product was acidified and purified 
via Dowex 50 cation exchange chromatography (66% yield of 11h). 

Scheme 5.  -Fluoro Sulfone-Stannane Interchange: Entry into 
Quaternary, Fluoro-Trialkylstannylvinyl AAs 
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naturally produces high titers of the enzyme.   Following sequen-
tial hydrophobic chromatography (Phenyl-Sepharose) and size 
exclusion chromatography (Sephacryl S300), homogeneous LDC 
was obtained, as evidenced by both specific activity and gel elec-
trophoresis (SDS-PAGE). 

Enzyme inhibition was initially assayed using a 14C-radiolabel 
assay, whereby 14C-CO2 generated from the decarboxylation of U-
14C-labeled L-lysine was captured by as an organic carbonate salt, 
via benzethonium hydroxide-soaked filter paper positioned above 
the assay solution as illustrated in Figure 3A.  Inhibitor candidate 
(±)-11i was incubated with H. alvei LDC and 2.5 mM L-lysine, 
across an inhibitor concentration range of 0.2-10 mM, for 30 min 
vs. a control in which no inhibitor was present. Following a TFA 
quenching and scintillation counting, percent inhibiton was calcu-
lated as (cpm-inhibitor run/cpm control incubation) x 100.  The 
data clearly evidenced time dependent inhibition H. alvei LDC 
(Note: The three-dimensional structure for H. alvei LDC has not 
yet been solved.  The LDC homology model depicted in Figure 3 
was generated using SWISS-MODEL from a total of 1279 tem-
plates. The top 5 models and their sequence identities are 
5fl2, 5fkx, 3q16 (all inducible LDC from E. coli; 88%), 5fkz 
(constitutive LDC-E. coli; 70%) and 2ycp (tyrosine-phenol lyase-
Citrobacter freundi; 11%). 

To better characterize the nature of the inactivation, we set out 
to perform a Kitz-Wilson kinetic characterization.63 As these ini-
tial assays were conducted with racemic inhibitor, we first set out 
to resolve the individual antipodes of -(1’-fluoro)vinyllysine.  
Pleasingly, it was discovered that this quaternary, -fluorovinyl 
AA could be selectively benzoylated at the -amino group under 
Schotten-Baumen conditions.  Moreover, D- and L-N -benzoyl-

-(1’-fluoro)vinyllysine proved to be separable by chiral HPLC 
(Chirobiotic T column – teichoplanin-based chiral stationary 
phase – see SI for details).  The first eluting enantiomer was as-
signed the D-stereochemistry, and the latter as L-, based upon the 
specific rotations of the corresponding, free -(1’-
fluoro)vinyllysine antipodes by comparison with the rotations of a 
significant range of quaternary, -vinylic AAs (see SI for a com-
plete tabulation).  

Following separation and N -debenzoylation,. tThe individual 
enantiomers of -(1’-fluoro)vinyllysine were assayed for time 
dependent inhibition of H. alvei LDC utilizing a complementary 
time point assay specific for the cadaverine product as illustrated 
in Figure 3C and described in the Experimental Section and in the 
SI. The assay utilized is a modification of the original Lenhoff 
assay64 and involves base quenching at specific time points and 
covalent capture of the diamine product with  TNBS (2,4,6-
trinitrobenzene sulfonate).  The resultant Kitz-Wilson primary and 
secondary plots for each antipodal inhibitor candidate are present-
ed in Figure 3C.  Interestingly, each exhibits time dependent inac-
tivation of LDC; the L-antipode gives Ki = 620 ± 20 M; kinact = 
0.25 ± 0.03 min-1 (t1/2 ~2.8 min) whereas the D-antipode shows Ki 
= 470 ± 30 M; kinact = 0.19 ± 0.04 min-1 (t1/2 ~3.6 min).  

That both antipodes of this new MBI-class effectively inacti-
vate the LDC target enzyme here is reminiscent of the behavior of 
the antipodes of DFMO with ornithine decarboxylase.26c  As 
DFMO is utilized to treat African sleeping sickness,26d and in 
clinical trials as a chemotherapeutic,65 this property should not be 
regarded as limiting the potential utility of this inhibitor in chemi-
cal biology or biomedicine.  That said, it is somewhat surprising 
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Figure 3.   A-Schematic representation of the 14CO2-capture assay employed for 
LDC activity. LDC from Hafnia alvei was incubated with U-14C-labeled L-
lysine (2.5 mM conc; 7.14 nCi in 200 L total volume ) in an Eppendorf tube. 
Evolved 14CO2 was captured with base (benzethonium hydroxide) soaked filter 
paper... B-Schematic of the complementary UV-based Lenhoff assay that 
measures formation of cadaverine product with time (details in the SI). C-
Primary and secondary Kitz-Wilson plots for the time dependeant inactivation of 
H. alvei LDC by L- and D- -(1’-fluoro)vinyllysine. D-Results of dialysis exper-
iments. LDC (1.5 U) was first inactivated for 1 h with 10 mM (±)- -(1’-
fluoro)vinyllysine (98.9% inactivation).  Each cycle was run as a 1:250-fold 
dilution against 100 M PLP, 100 mM KPO4, pH 6.0.  A total of 9 cycles of 
dialysis (~1021-fold dilution) was run. The insert (lower right corner) shows an 
expansion of the cpm vs. time data for the inactivated enzyme samples as a 
function of dialysis cycle.   
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that both enantiomers inactivate LDC here given the quite differ-
ent behavior with the -(l’-fluoro)vinyl trigger,39a for example.  
Clearly, future investigations are warranted here to understand the 
mechanistic underpinnings of these different enantiospecifities of 
inhibition.     

Consistent with the postulated mechanisms for this new class 
of AADC inactivator (Figure 1), inhibition was seen to be essen-
tially irreversible.  This was established by extensive dialysis 
experiments. Specifically, LDC was initially incubated with 10 
mM (±)-11i for 1h leading to 98.9% inhibition relative to control. 
Each dialysis cycle was run as a 1:250 fold dilution, as described 
in detail in Figure 3. Each dialysis cycle was run for 3h and three 
dialysis cycles were performed per day.  This amounts to a 107-
fold dilution after Day 1 and a 1021-fold dilution after Day 3.  The 
data are plotted in Figure 3C and indicate that after Day 1, 98.2% 
inhibition was observed (0.7% reactivation), and after Day 3, 
96.9% inhibtion was observed (2% overall reactivation). 

Two additional important control experiments were conduct-
ed; namely, external nucleophile and substrate protection experi-
ments.  In the former experiment, LDC inactivation was run as 
described above with 4 mM 11i alone and in the presence of 2 
mM 3-mercaptopropanesulfonate.  After 1.5 h of incubation with 
inhibitor, no external nucleophile protection was observed (i.e. 
~99% inactivation in both assays).  These results suggest that 
reactive species formed from 11i in the LDC active site (includes 
the C - and C -centered electrophilic species illustrated in Figure 
1) cannot be intercepted by the external nucleophile in competi-
tion with active site nucleophiles.  Perhaps more importantly, this 
experiment suggests that the proposed electrophilic species are 
generated in the active site, and are not freely diffusible prior to 
inactivating the enzyme.  In the latter substrate protection exper-
experiment, significant substrate protection was observed with 2.5 
mM L-lysine reducing the effect of a 1 h preincubation with 2 
mM (±)- -(1’-fluoro)vinyllysine from 94% inactivation to 75% 
inactivation (see Experimental Section and SI), consistent with the 
title compound acting as an active site-directed mechanism-based 
inactivator. 

CONCLUSIONS 
This work describes a long sought-after method to synthesize, 

purify and store the elusive electrophile , -difluorovinyl phenyl 
sulfone (5). As noted, this will make this potent electrophile 
available to the synthetic community for study in Diels-Alder or 
related cycloaddition reactions, as well as for examination in con-
jugate/addition chemistry, in general.  Perhaps, most importantly, 
in our view, this electrophile serves as a useful (1’-fluoro)vinyl 
cation equivalent, condensing with enolates of N-benzylidene AA 
esters to provide entry to the interesting class of quaternary, -
(1’-fluoro)vinyl AAs, bearing native side chains, for the first time.  
This puts the chemical biology community in a position to exam-
ine the Abelesian -(1’fluoro)-vinyl trigger design (Figure 1) in 
AADC active sites broadly. 

The key point is that the chemistry communicated herein pro-
vides access to amino acids that bear the requisite -amino and -
carboxyl groups, but also the key cognate side chain, for delivery 
to the targeted enzyme active site, in additional to the masked ( -
(1’-fluoro)vinyl warhead. In the first test of this concept, LDC 
from Hafnia alvia is seen to be inactivated by both L and D- -
(1’fluoro)-vinyllysine.  The inactivation is functionally irreversi-
ble (extensive dialysis) and active site-directed (substrate protec-
tion observed). Moreover, external nucleophile protection is not 
observed consistent with the putative inactivation mechanism(s) 
(Figure 1). 

It is important to note that although the new -(1’-
fluoro)vinyl trigger is clearly sterically encumbering, the Ki val-
ues observed here 470-630 M, for the two antipodal LDC inacti-
vators are similar to the Km value (640 M) of L-lysine with the 
enzyme.  Moreover, it is well to note that perhaps the most clini-
cally important vinylic amino acid, -vinyl-GABA (Vigabatrin), a 
useful drug for epilepsy66 and a compound gaining interested for 
drug addiction as well,67 exhibits similar kinetic parameters for 
inactivation of its PLP-enzyme target, GABA transaminase (Ki = 
3 mM; t1/2 = 1.9 min).68  

 It should also be noted that the class of sterically encumbered 
(±)- -(1’fluoro)-vinyl AAs described here may be regarded as a 
potentially novel solution to both the AADC and the retro-
aldolase inactivation problem (while presumably remaining inert 
to PLP enzymes that labilize the C -H bond, including transami-
nases, racemases and - and -replacement/elimination enzymes).  
The former enzymes labilize the C -CO2

- bond and exist in both 
PLP- and pyruvamide-classes whereas the latter enzymes labilize 
the C -C (OH) bond and utilize exclusively PLP cofactors.  

In addition to the LDC model system examined herein, the 
PLP-dependent AADCs include glutamate DC69 (biosynthesis of 
the inhibitory neurotransmitter, GABA), aromatic AADC (biosyn-
thesis of both dopamine and serotonin), ornithine DC (rate-
limiting step  in the polyamine pathway, of interest both for both 
the development of anti-parasitic70 and anti-neoplastic65,71 agents), 
arginine DC72 (alternative pathway into polyamine biosynthesis, 
via agmatine) and histidine DC73 (histamine biosynthesis).  The 
pyruvamide-dependent AADCs include S-adenosylmethionine 
(SAM) DC74 from all three kingdoms of life (also central to the 
polyamine biosynthetic pathway), aspartate -DC75 (key step in 
coenzyme A biosynthesis, potential antibiotic target), phospha-
tidyl serine DC76 (phospholipid biosynthesis) as well as other 
variants of both histidine DC77 and arginine DC.78  In this context, 
the methodology/protection strategy reported here shows real 
promise for building potential new inhibitors for ODC (lysine 
chemistry here) and for aromatic AADC (tyrosine and tryptophan 
side chains established here vs. the DOPA and 5-
hydroxytryptophan side chains that presumably would target this 
active site). 

Moreover, the class of PLP-dependent  retroaldolases contin-
ues to grow, and should be targetable with this same MBI ap-
proach.  The classic member of this family is L-serine hy-
droxymethyl transferase (SHMT),79 involved in the one-carbon 
cycle associated with pyrimidine biosynthesis, a three-enzyme 
pathway in which the other two enzymes are targeted by the clini-
cal chemotherapeutics 5-fluorouracil (thymidylate synthase) and 
methotrexate (dihydrofolate reductase - DHFR).  More recently, 
PLP dependent aldolases for L-threonine,80 D-threonine,81 
phenylserine82 and -methylserine,83 with a number of these 
demonstrating considerable side chain tolerance.84 Thus, the 
chemistry presented here is expected to be enabling tool across a 
broad spectrum of chemical biological studies. 

Finally, it should be noted that the intermediate fluorovinyl-
sulfonyl AAs are also worthy of future examination.  Namely, 
recent investigations of peptides or amino acids bearing fluorinat-
ed , -unsaturated aryl sulfone functionality seek to build “de-
signer” covalent enzyme inhibitors in this manner.2a  It is ex-
pected that the chemistry reported herein, and the direct access to 
fluorovinyl-sulfonylated amino acids that it enables will be of 
great utility to the chemical biology and medicinal chemistry 
communities in these endeavors as well. 

EXPERIMENTAL SECTION 
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2-Chloro-2,2-difluoroethyl Phenyl Sulfide (3) 

To a cooled solution (-78 °C) of 
phenylsulfenyl chloride (2) (10.0 g, 69.2 
mmol) in methylene chloride (70 mL) was 
added AlCl3 (4.62 g, 34.6 mmol, 0.5 eq) and 

the solution was allowed to stir at -78 °C for 15 min.  Dry 1,1-
difluoroethylene was bubbled into the reaction vessel for 10-15 
min and the resulting mixture was stirred until a noticeable color 
change occurred (~ 30 min).  Typically, solution color evolved 
from an initial orange hue, to yellow, to finally a brown color.  
The reaction was quenched by addition of 10% HCl (aq).  Follow-
ing the addition of CH2Cl2 and extraction with several portions 
thereof, the combined organics were dried (MgSO4), filtered, and 
concentrated to give  3, which was carried forward directly to the 
next step without further purification.  

2-Chloro-2,2-difluoroethyl Phenyl Sulfone (4) 

To a cooled solution (0 °C) containing 
crude residue 3 in MeOH/H2O (1:1, 500 
mL total volume) was added Oxone , 
(potassium monopersulfate tri-salt 

[2KHSO5-KHSO4-K2SO4 (nominal MW = 614.8), 127 g, 207 
mmol, 3.0 eq] and the suspension was stirred for an additional 15 
h at room temperature.  Subsequently, the reaction mixture was 
diluted with CHCl3 (300 mL), and the organics were extracted 
with H2O (3 x 150 mL), dried over MgSO4, filtered, and concen-
trated.  Purification by SiO2 column chromatography [4:1 hex-
ane:EtOAc] afforded homogeneous 4 (16.0 g, 96 %  over two 
steps).  1H NMR (400 MHz, CDCl3)  4.10 (t, J = 12.0 Hz, 2H), 
7.62-7.58 (m, 2H), 7.74-7.78 (m, 1H), 7.99-8.01 (m, 2H); 13C 
NMR (100 MHz, CDCl3) t, J = 27.0 Hz), 122.9 (t, J = 
292.0 Hz) 128.8, 129.7, 135.0, 138.9; 19F NMR (376 MHz, 
CDCl3)  -50.86 (t, J = 11.28 Hz, 2F)  HRMS (FAB, 3-NBA) m/z 
calcd for C8H8ClF2O2S [m+H]+ 240.9896, obsd 240.9906.   

2,2-Difluorovinyl Phenyl Sulfone (5) 

To a solution of 4 (1.0 g, 4.2 mmol) in meth-
ylene chloride (10.4 mL) was added freshly 
distilled 2,2,6,6-tetramethylpiperdine 
(2,2,6,6-TMP , 0.70 mL, 4.1 mmol, 1.0 eq) 
in one steady portion over 15-20 s.  Immedi-

ately following this addition, the reaction was quenched  by addi-
tion of 10% HCl (aqueous, 10 mL), followed by further stirring 
for an additional min.  Following extraction ( Et2O - 3 x 10 mL), 
the combined organics were washed with brine, dried (Na2SO4 ) 
and concentrated.  The resulting oil was purified via kugelrohr 
distillation (bp 115-120 °C, 0.05-0.10 torr) to afford 5 as a clear, 
colorless oil (0.85 g, 88%). 1H NMR (500 MHz, CDCl3) 

dd, J = 2.4, 22.4 Hz, 1H), 7.55-7.60 (m, 2H), 7.65-7.69 
(m, 1H), 7.93-7.95 (m, 2H); 13C NMR (125 MHz, CDCl3) 

dd, J = 23.8, 13.8 Hz), 127.5, 129.7, 134.3, 141.5 (d, J = 
2.5 Hz), 159.3 (t, J = 305 Hz); 19F NMR (376 MHz, CDCl3) -

dd, J = 11.4, 2.3 Hz, 1F), -63.17 (dd, J = 11.3, 18.8 Hz, 
1F) HRMS (FAB, 3-NBA) m/z calcd for C8H6F2O2S [m+Li] + 
211.0211, obsd 211.0212.   

 (±)-Methyl N-Benzylidine- -(1’Z-fluoro-2’-phenylsulfonyl) 
vinylmethioninate (9e) 

To a cooled (-78 C) 1.6 M solution of 
2,2,6,6-TMP (0.56 mL, 3.3 mmol, 1.1 eq) 

in THF (3.0 mL) was added 1.6 M nBuLi (2.70 mL, 3.3 mmol, 
1.1 eq) dropwise via syringe and the mixture was allowed to 
warm to 0 C and stirred (30 min) then recooled to -78 C. Then, 
a 1.6 M solution of N-benzylidine methionine methyl ester 8e 
(750 mg, 3.0 mmol, 1.0 eq), in THF (1.25 mL) was added via 
cannula.  The mixture was warmed to 0 C for 30 min before 
being cooled once again to -78 C.   A solution of freshly distilled 
2,2-diflurovinyl phenyl sulfone, 5 (780 mg, 3.3 mmol, 1.3 eq), in 
THF (1.10 mL; 2.4 M conc) was added, dropwise, via cannula at -
78 °C.  The resulting reaction mixture was stirred at -78 C for 
10-20 min and then warmed to 0 °C and monitored by TLC 
[80:20 Hex:EtOAc containing Et3N (3% v/v)] until complete (~ 
30 min). The reaction was quenched by addition of NaHCO3 (aq, 
sat’d) and the resultant crude reaction mixture was extracted with 
Et2O (3x).  The combined organics were washed with brine, dried 
over Na2SO4 and concentrated under reduced pressure. Purifica-
tion by SiO2 column chromatography [80:20 hexane:EtOAc con-
taining Et3N (3% v/v)]  afforded  9e (939 mg, 82%). 1H NMR 
(500 MHz, CDCl3) s, 3H), 2.16-2.22 (m, 1H), 2.26-2.43 
(m, 3H), 3.69 (s, 3H), 6.77 (d, J = 32.0 Hz, 1H), 7.44 (t, J = 7.5 
Hz, 2H), 7.50 (app t, J = 7.5, 7.0 Hz, 1H), 7.56 (t, J = 7.5 Hz, 2H), 
7.65 (t, J = 7.5 Hz, 1H), 7.73 (d, J = 7.6 Hz, 2H), 8.01 (d, J = 8.0 
Hz, 2H), 8.18 (s, 1H); 13C NMR (125 MHz, CDCl3) 

d, J = 28.8 Hz) 114.9 (d, J = 6.3 
Hz), 127.7, 129.06, 129.08, 129.3, 132.6, 133.9, 135.0, 142.0, 
163.0, 166.8 (d, J = 279.0 Hz), 168.5; 19F NMR (376 MHz, 
CDCl3)  -91.7 (d, J = 33.8 Hz, 1F) HRMS (ESI) m/z calcd for 
C21H22F NO4S2 [m+Na]+ 458.0872, obsd 458.0878. 

(±)-Methyl-N-Benzylidine- -(1’-fluoro-2’Z-tributylstannyl) 
vinylmethioninate (10e) 

To a 100 mM solution of 9e (570 mg, 1.3 
mmol, 1.0 eq) in toluene (14 mL) was added 
Bu3SnH (0.35 mL, 1.3 mmol, 1.1 eq) and 
AIBN (42 mg, 0.26 mmol, 0.2 eq).  The 
resulting solution was bubbled with argon 
for 10 min and then refluxed until TLC 

[80:20 Hex:EtOAc containing Et3N (3%v/v)] indicated consump-
tion of starting material.  The solution was concentrated under 
reduced pressure and further purified by SiO2 column chromatog-
raphy [100% hexane containing Et3N (3%v/v) to 92:8 hex-
ane:EtOAc containing Et3N (3% v/v)] to afford 10e (740 mg, 
96%). 1H NMR (400 MHz, CDCl3) t, J = 7.6 Hz, 9H), 
0.96-1.0 (m, 6H), 1.31 (sext, J = 7.2 Hz, 6H), 1.48-1.55 (m, 6H), 
2.09 (s, 3H), 2.27-2,40 (m, 2H), 2.53-2.70 (m, 2H), 3.77 (s, 3H), 
5.42 (d, J = 72.0 Hz, 1H), 7.40-7.46 (m, 3H), 7.79 (dd, J = 8.0, 
2.0 Hz, 2H), 8.25 (d, J = 2.0 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) 10.5, 13.9, 15.7, 27.4, 29.0, 29.3, 37.5, 52.9, 74.8, (d, J 
= 37.0 Hz), 102.0 (d, J = 44.0 Hz), 128.8, 128.9, 131.6, 136.1, 
161.7, 164.6 (d, J = 247.0 Hz), 171.0; 19F NMR (283 MHz, 
CDCl3) -82.6 (d, J = 73.3 Hz, 1F); HRMS (ESI) m/z calcd for 
C27H44FNO2SSn [m+Na]+ 608.1996, obsd 608.1968. 

 (±)- -(1’-Fluoro)vinylmethionine (11e) 

To 6 N HCl (10 mL) was added 10e (360 mg, 
0.68 mmol) and the solution was stirred at 80 
°C overnight.  Upon completion, the aqueous 
phase was extracted with CH2Cl2 (5 x 10 
mL) to remove impurities.  The aqueous 
layer was concentrated under vacuum while 

gently heating (~ 50° C) to give 11e (147 mg, 97%) as the HCl-
salt which was determined to be clean by 1H NMR.  The HCl-salt 
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can be neutralized by loading onto a DowexWx50 cation ex-
change column and eluting with 3N NH4OH, concentrating the 
principal fraction, in vacuo, to yield 11e (116 mg, 94% of product 
from HCl-salt). 1H NMR (400 MHz, D2O)  2.16 (s, 3H), 2.27-
2.35 (m, 1H), 2.38-2.46 (m, 1H), 2.51-2.58 (m, 1H), 2.63-2.70 (m, 
1H), 5.04 (dd, J = 72.8, 4.8 Hz, 1H), 5.13 (dd, J = 40.8, 4.8 Hz, 
1H)  13C NMR (100 MHz, D2O)  14.1, 27.2, 32.3 (d, J = 4.0 Hz), 
64.6 (d, J = 27.0 Hz), 95.4 (d, J = 18.0 Hz), 160.5 (d, J = 255.0 
Hz, 1C), 170.5; 19F NMR (376 MHz, D2O)  -108.2 (dd, J = 52.6, 
18.8 Hz, 1F)  HRMS (CI, isobutane) m/z calcd for C7H13FNO2S  
[m+H]+ 194.0646, obsd, 194.0657. 

Methyl (N,N’-Dibenzylidene)lysinate (8i)  

To a 0.5 M solution of L-lysine me-
thyl ester dihydrochloride, commer-
cially available on Sigma-Aldrich  
(1.0 g, 4.2 mmol, 1.0 eq) in CH2Cl2 
(20 mL) was added MgSO4 (1.5 g, 12 
mmol, 3.0 eq) and Et3N (1.2 mL, 8.4 

mmol, 2.0 eq).  The mixture was stirred for 15 minutes at room 
temperature.  Next, benzaldehyde (0.85 mL, 8.4 mmol, 2.0 eq) 
was added and the reaction was further stirred overnight whereby 
TLC [90:10 CH2Cl2:MeOH containing NH4OH (2% v/v); ninhy-
drin stain] indicated complete disappearance of starting material.  
The mixture was filtered and partitioned between NaHCO3 (aq)) 
and CH2Cl2 (3 x 50 mL).  The organics were dried over Na2SO4, 
filtered, and concentrated under reduced pressure.  Subsequent 
SiO2-column chromatography [90:10 hexane:EtOAc containing 
Et3N (10% v/v)] afforded  8i (1.2 g, 90%). 1H NMR (400 MHz, 
CDCl3) m, 2H), 1.74 (m, 2H), 2.02 (m, 2H), 3.57 (t, 2H), 
3.70 (s, 3H), 3.99 (t, 1H), 7.39 (t, 6H), 7.75 (d, 2H), 8.23 (d, 
2H) 13C NMR (100 MHz, CDCl3) 23.64, 30.51, 33.18, 52.18, 
61.32, 73.40, 128.09, 128.62, 128.65, 129.06, 129.78, 130.55, 
131.18, 135.72, 136.33, 161.06, 163.46, 172.68; RMS (ESI) 
m/z calcd for C21H24N2O2 [m+Na]+ 359.4242, obsd 359.4239.  

(±)-Methyl N,N’-Dibenzylidine-4’-(tert-butyldimethylsilyloxy)-
-(1’-fluoro-2’Z-phenylsulfonyl)vinyllysinate (9i)  

To a cooled (-78 C) 1.6 M solution 
of 2,2,6,6-tetramethylpiperdine 
(0.56 mL, 3.3 mmol, 1.1 eq) in THF 
(3.0 mL) was added 1.2 M nBuLi 
(2.70 mL, 3.3 mmol, 1.1 eq) drop-
wise via syringe and the mixture 

was allowed to warm to 0 C and stirred (30 min) then recooled to 
-78 C. Then, a 1.2 M solution of 8i (1.0 g, 3.0 mmol, 1.0 eq) in 
THF (3.0 mL) was added via cannula.  The mixture was warmed 
to 0 C for 30 min before being cooled once again to -78 C.  By 
cannulation, a 2.4 M THF (1.10 mL) solution of freshly distilled 
2,2-difluorovinyl phenyl sulfone 5 (790 mg, 3.9 mmol, 1.3 eq) in 
THF (0.5 mL) was added.  The resulting reaction mixture was 
stirred at -78 C for 10-20 min, warmed to 0 °C and monitored by 
TLC [80:20 Hex:EtOAc containing Et3N (3% v/v)] until comple-
tion (~ 30 min). Quenching with NaHCO3 (aq) was followed by 
Et2O extraction,  and the combined organics were washed with 
brine, dried (Na2SO4) and concentrated. SiO2 flash chromatog-
raphy (70:30:10 hexane:EtOAc:Et3N) then gave 9i (1.34 g, 86%) 
following 1H NMR (700 MHz, CDCl3) 1.17 (m, 1H), 1.35 (m, 
1H), 1.60 (q, 2H),  2.11 (t, 2H), 3.48 (m, 2H), 3.66 (s, 3H), 6.80 
(d, J = 32.0 Hz, 1H), 7.40 (m, 6H), 7.46 (m, 1H), 7.51 (m, 2H), 
7.52 (m, 1H), 7.63 (d, 2H), 7.69 (s, 2H), 8.00 (d, 2H), 8.18 (d, 
2H); 13C NMR (176 MHz, CDCl3) 20.8, 30.9, 36.0, 53.4, 61.1, 

73.3 (d, J = 28.7 Hz) 114.5 (d, J = 6.6 Hz), 127.7, 128.2, 128.8, 
128.9, 129.0, 129.3, 130.7, 132.3, 133.7, 135.3, 136.4, 142.2, 
161.3, 162.6, 167.4 (d, J = 286.5 Hz), 169.0; 19F NMR (376 MHz, 
CDCl3)  -90.7 (d, J = 33.8 Hz, 1F) HRMS (ESI) m/z calcd for 
C29H29FN2O4S [M+Na]+ 543.6086, obsd 543.6079 

 (±)-Methyl N,N’-Dibenzylidine- -
(1’-fluoro-2’Z-tributylstann 

yl)vinyllysinate (10i)  
 To a 100 mM solution of 9i (510 mg, 
1.3 mmol, 1.0 eq) in benzene (9.2 mL, 
100 mM), was added Bu3SnH (0.35 

 (42 mg, 0.26 mmol, 0.2 eq) 
gave 10i (696 mg, 80%) following SiO2 column chromatography 
[100% hexane containing Et3N (10% v/v) to 92:8 hexane:EtOAc 
containing Et3N (10% v/v)]. 1H NMR (400 MHz, CDCl3)  0.88 
(m, 12H), 0.96 (m, 6H), 1.27 (m, 10H), 1.35 (m, 12H), 1.51(m, 
2H), 1.70 (m, 2H), 3.59 (t, 2H), 3.74 (s, 3H), 5.44 (d, 1H, J = 72.4 
Hz), 7.41 (m, 6H), 7.65 (t, 2H), 7.76 (t, 2H), 8.25 (d, 2H); 13C 
NMR (100 MHz, CDCl3) 10.42, 13.84, 21.58, 27.30, 29.17, 
31.18, 37.26, 52.63, 61.45, 75.21 (d, J = 36.2 Hz) 101.21 (d, J = 
43.8 Hz), 128.12, 128.66, 128.7, 129.1, 129.9, 130.5, 131.3, 
136.2, 136.4, 161.0, 161.2, 165.4 (d, J = 247.2 Hz), 171.5; 19F 
NMR (376 MHz, CDCl3)  -82.7 (d, J = 71.4 Hz, 1F); HRMS 
(FAB) m/z calcd for C35H51FN2O2Sn [M+Na]+ 692.5026, obsd 
692.5030. 
(±)- -(1’-Fluoro)vinyllysine (HCl) (11i) 

To 6N HCl (2 mL) was added 9i (0.51 
g, 0.75 mmol) and solution stirred at 
80° C overnight.  Upon completion the 
aqueous phase was extracted with 
CH2Cl2 to remove impurities.  The 
aqueous phase was washed with two 
more portions of CH2Cl2 and concen-

trated under vacuum while gently heating (~ 50° C) to afford 11i 
(114 mg, 58%) as the HCl-salt.  1H NMR (700 MHz, D2O) 1.37 
(m, 1H), 1.55 (m, 1H), 1.75 (m, 2H), 2.04 (m, 1H), 2.14 (m, 1H), 
3.026 (t, 2H), 4.99 (dd, J = 51.1, 4.9 Hz, 1H), 5.13 (dd, J = 18.9, 
4.9 Hz, 1H); 13C NMR (176 MHz, D2O)  20.2, 26.5, 32.0, 38.9, 
64.6 (d, J = 27.7 Hz), 95.5 (d, J =  17.7 Hz), 160.6 (d, J = 256.0 
Hz), 170.8; 19F NMR (376 MHz, D2O)  -108.2 (dd, J = 48.8, 
18.8 Hz, 1F)  HRMS (CI, methane) calcd for C8H16FN2O2 
[M+H]+ 191.1190, obsd, 191.1191. 

Purification of Lysine Decarboxylase from Hafia alvei. En-
zyme was purified from the native source by growing Hafnia 
alvei (12 L culture) on a medium of bactopeptone, yeast extract, 
D-glucose (all @ 10 g/L) containing MgSO4-heptahydrate (2 g/L) 
and L-lysine (6 g/L) at 37 °C and 250 rpm, harvesting in late log 
phase(~ 72 h). Centrifugation was performed at 5000 rpm produc-
ing 40 g of wet cells. Cells were frozen at -80 °C, and then thawed 
on ice just prior to breakage. Cells were resuspended in 1 mL/g of 
10 mM phosphate buffer at pH 7; phenylmethanesulfonyl fluoride 
(PMSF) was then added to give a final concentration of 2 mM. 
Cells were then sonicated on ice for five cycles @ 45 s each. Fol-
lowing centrifugation (10,000 rpm, 10 min), the supernatant was 
decanted, followed by protein precipitation with 60% ammonium 
sulfate and centrifugation (5000 rpm, 20 min). The ammonium 
sulfate precipitate was resuspended in of 100 mM phosphate buff-
er, pH 7 (@1 mL/g of solid), followed by purification by chroma-
tography on phenyl sepharose resin.  Following an initial wash 
with one column volume of 100 mM KPO4

 buffer, protein was 
eluted with a linear salt gradient (100 mM 10 mM KPO4

 buff-

N
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H
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er). Fractions were monitored at 280 nm and 420 nm to detect 
protein and LDC internal aldimine, respectively.  SDS PAGE 
revealed purified LDC along with truncated protein. Thus, final 
purification was conducted with an additional size exclusion step 
(Sephacryl S-300 column). size exclusion column. Fractions con-
taining LDC were concentrated via sequential ultrafiltration 
(Amicon cell, Ar pressure) and centrifugation-facilitated filtration 
(Centricon cell) to a total volume of 400 μL. Homogeneous LDC 
(98 U/mg) was obtained, utilizing the standard assay described 
below and a Lowry assay for protein. The specific activity and 
monomeric MW (82 kDa) were used to estimate LDC concentra-
tion.  
Inhibition Studies/Radioactive Assay.  LDC activity was deter-
mined utilizing a radioactivity-based assay whereby one measures 
14C-labeled CO2 released from  L-(U-14C)-lysine (Amersham or 
Perkin-Elmer).  The standard assay was run in 100 mM KPO4 
buffer, pH 6.0, 100 M PLP, 86 mU LDC, and 2.5 mM 14C-L-
lysine (92.5 nCi).  The  was achieved as follows:  First, the la-
beled L-Lys substrate solution (40 mM; 7.14 Ci/mL) was pre-
pared from 300 L (46.7 mM L-lysine) plus 2.5 Ci L-(U-14C)-
lysine (50 L of a 50 Ci/mL stock solution).  Then, for each time 
point, a separate 1.5 mL Eppendorf tube was prepared containing 
assay buffer (100 mM KPO4 buffer, pH 6.0, 172.5 L) to which 
were added sequentially (i) PLP stock solution (5 mM in buffer, 4 

L), (ii) labeled L-lysine (12.5 L of 40 mM; 7.14 Ci/mL) and 
(iii) LDC  (11 L of stock solution of 7.8 U/mL).  The top of the 
Eppendorf tube was overlaid with a sheet of filter paper soaked in 
benzethonium hydroxide solution (200 L, 1M solution in 
MeOH).  Time points were taken by quenching with an equal 
volume (200 L) of TCA to quench, followed by scintillation 
counting. LDC inhibition assays were run using (±)- -(1’-
fluoro)vinyllysine concentrations of 0.5, 1, 2, 4, and 10 mM. Ac-
tivity assays were run vs. control (uninhibited enzyme solution) as 
described (vide supra). 
 
Inhibition Studies/Modified Lenhoff UV Assay.   The assay 
performed is a modified version of the originally reported assay 
by Lenhoff and coworkers.64 For every activity measurement, a 
minimum of four time points was obtained. 10 L of LDC (0.006 
U) was added to each time point sample along with 280 L 5 mM 
potassium phosphate buffer pH 6.0. The reaction was initiated by 
the addition of 2.5 mM L-lysine (10 L of a 100 mM L-lysine 
stock solution). The reaction was quenched at various time points 
by the addition of 300 L 1.0 M K2CO3. Solutions were incubated 
at 37 °C for 7 min followed by the addition of 300 L of a 22 mM 
solution of 2,4,6-trinitrobenzenesulfonic acid (TNBS) followed by 
a second 7 min incubation at 37 °C. The reactions were then 
cooled to room temp and 600 L of toluene was added and the 
contents vortexed for 1 min. After complete separation of phases, 
the 200 L of the toluene layer was pipetted into a quartz cuvette 
(1 cm path length) and absorbance was measured at 340 nm via 
UV spectrophotometer.. 
 
LDC Ki and kinact Activity Experiments.   Time dependent inac-
tivation kinetic assays were conducted  utilizing the resolved indi-
vidual enantiomers,  L and D- -(1’-fluoro)vinyllysine at concen-
trations of 0.25, 0.5, 1, 1.25, and 2.5 mM. Activity assays were 
run vs. control (uninhibited enzyme solution) as described (vide 
supra). Each sample was run after the following incubation times; 
5, 10, 15, 20, and 30 minutes (see SI for the initial data, as well as 
primary and secondary Kitz-Wilson analysis). 
 
Substrate Protection Control. To test whether inhibition is ac-

tive site-directed, substrate protection experiments were per-
formed. Thus, inactivation levels were compared for 1 h preincu-
bation of 2 mM (±)- -(1’-fluoro)vinyllysine vs. 1 h preincubation 
of 2 mM (±)- -1’-fluoro)vinyllysine in the presence of 2.5 mM L-
lysine. Following pre-incubation, activity was measured in the 
standard radiochemical assay at 2.5 mM L-lysine concentration. 
The results show a 94% knockdown of activity (vs. control = no 
inhibitor) in the non-protected case vs. a 75% knock-down in the 
substrate-protected case, evidencing significant protection. 
 
External Nucleophile Control.  Enzyme inactivation experi-
ments were run with incubation in the presence of 4 mM inhibitor 
in the presence or absence of 2 mM 3-mercaptopropanesulfonate 
vs. control for 1 h.  No appreciable change in inactivation levels 
was seen (see SI for primary data). 
 
Dialysis.  Dialysis was performed on a sample of LDC (1.5 U) 
inactivated for 1 h with (±)-10 mM (±)- -(1’-fluoro)vinyllysine 
(>99.5% inactivation).  Each cycle was run as a 1:250-fold dilu-
tion (2 mL dialysis bag suspended in 500 mL buffer) against 100 

M PLP, 100 mM KPO4, pH 6.0.   Each cycle was performed for 
≥ 3 h @ 3 cycles per day.  Parallel dialysis runs were conducted 
for the control LDC sample with the only difference being the 
omission of inactivator.  Aliquots were taken at t = 0 (initial activ-
ity readings), 1 (3 cycles of dialysis, ~107-fold dilution) and 3 
days (9 cycles of dialysis, ~1021-fold dilution) from both the con-
trol and the inactivated LDC samples and activity was measured 
using the standard 14C-radioactive assay (vide supra). 

ASSOCIATED CONTENT 
Supporting Information.  Detailed experimental procedures; 
characterization of new compounds, including copies of NMR 
spectra; kinetic data and details of inhibitor characterization (160 
pages). This material is available free of charge via the Internet at 
http://pubs.acs.org. 

AUTHOR INFORMATION 
Corresponding Author 
*dberkowitz1@unl.edu 
‡These authors contributed equally 
§Jill M. Sturdivant was previously published under the name Jill 
M. McFadden36b,38b-d for research conducted in these laboratories. 
Notes The authors declare no competing financial interests. 

ACKNOWLEDGMENTS 
The authors thank the American Heart Association (Grant-In-Aid- 
16GRNT313400012) and the NSF (CHE-1500076) for support. 
These studies were facilitated by the IR/D (Individual Research 
and Development) program associated with DBB’s appointment 
at the National Science Foundation. The authors thank the NIH 
(SIG-1-510-RR-06307) and NSF (CHE-0091975, MRI-0079750) 
for NMR instrumentation support and the NIH (RR016544) for 
research facilities. 

 

 

 

 

REFERENCES 

Page 10 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 11 

Formatted: Position: Horizontal:  7.51",
Relative to: Page, Width: Exactly  0.17"

 
(1) (a) Chen, Y.-C.; Backus, K. M.; Merkulova, M.; Yang, C.; 

Brown, D.; Cravatt, B. F.; Zhang, C. J. Am. Chem. Soc. 2017, 139, 
639-642; (b) Seki, H.; Xue, S.; Pellett, S.; Silhar, P.; Johnson, E. A.; 
Janda, K. D. J. Am. Chem. Soc. 2016, 138, 5568-5575; (c) Malcom-
son, T.; Yelekci, K.; Borrello, M. T.; Ganesan, A.; Semina, E.; De 
Kimpe, N.; Mangelinckx, S.; Ramsay, R. R. FEBS J 2015, 282, 
3190-8; (d) Beahm, B. J.; Dehnert, K. W.; Derr, N. L.; Kuhn, J.; 
Eberhart, J. K.; Spillmann, D.; Amacher, S. L.; Bertozzi, C. R. An-
gew. Chem., Int. Ed. 2014, 53, 3347-3352; (e) Lange, S.; Rocha-
Ferreira, E.; Thei, L.; Mawjee, P.; Bennett, K.; Thompson, P. R.; 
Subramanian, V.; Nicholas, A. P.; Peebles, D.; Hristova, M.; Raiv-
ich, G. J. Neurochem. 2014, 130, 555-562; (f) Paul, B.; Das, D.; 
Ellington, B.; Marsh, E. N. G. J. Am. Chem. Soc. 2013, 135, 5234-
5237; (g) Fuhrmann, J.; Subramanian, V.; Thompson, P. R. ACS 
Chem. Biol. 2013, 8, 2024-2032; (h) Seeliger, J. C.; Holsclaw, C. 
M.; Schelle, M. W.; Botyanszki, Z.; Gilmore, S. A.; Tully, S. E.; 
Niederweis, M.; Cravatt, B. F.; Leary, J. A.; Bertozzi, C. R. J. Biol. 
Chem. 2012, 287, 7990-8000; (i) Huang, H.; Chang, W.-c.; Pai, P.-
J.; Romo, A.; Mansoorabadi, S. O.; Russell, D. H.; Liu, H.-w. J. 
Am. Chem. Soc. 2012, 134, 16171-16174; (j) Shi, C.; Geders, T. W.; 
Park, S. W.; Wilson, D. J.; Boshoff, H. I.; Abayomi, O.; Barry, C. 
E.; Schnappinger, D.; Finzel, B. C.; Aldrich, C. C. J. Am. Chem. 
Soc. 2011, 133, 18194-18201; (k) Culhane, J. C.; Wang, D.; Yen, P. 
M.; Cole, P. A. J. Am. Chem. Soc.  2010, 132, 3164. 

(2) (a) Schirmeister, T.; Kesselring, J.; Jung, S.; Schneider, T. H.; 
Weickert, A.; Becker, J.; Lee, W.; Bamberger, D.; Wich, P. R.; 
Distler, U.; Tenzer, S.; Johe, P.; Hellmich, U. A.; Engels, B. J. Am. 
Chem. Soc. 2016, 138, 8332-8335; (b) London, N.; Miller, R. M.; 
Krishnan, S.; Uchida, K.; Irwin, J. J.; Eidam, O.; Gibold, L.; Ci-
mermancic, P.; Bonnet, R.; Shoichet, B. K.; Taunton, J. Nat. Chem. 
Biol. 2014, 10, 1066-1072; (c) Noe, M. C.; Gilbert, A. M. Ann.Rep. 
Med. Chem. 2012, 47, 413-439; (d) Singh, J.; Petter, R. C.; Kluge, 
A. F. Curr. Opin. Chem. Biol. 2010, 14, 475-480; (e) Smith, A. J. 
T.; Zhang, X.; Leach, A. G.; Houk, K. N. J. Med. Chem. 2009, 52, 
225-233. 

(3) McCune, C. D.; Chan, S. J.; Beio, M. L.; Shen, W.; Chung, 
W. J.; Szczesniak, L. M.; Chai, C.; Koh, S. Q.; Wong, P. T. H.; 
Berkowitz, D. B. ACS Cent. Sci. 2016, 2, 242-252. 

(4) Bauer, R. A. Drug Discovery Today 2015, 20, 1061-1073. 
(5) Singh, J.; Petter, R. C.; Baillie, T. A.; Whitty, A. Nat. Rev. 

Drug Discovery 2011, 10, 307-317. 
(6) Robertson, J. G. Biochemistry 2005, 44, 5561-5571. 
(7) (a) Sakamoto, K. M.; Kim, K. B.; Kumagai, A.; Mercurio, F.; 

Crews, C. M.; Deshaies, R. J. Proc. Natl. Acad. Sci. U. S. A. 2001, 
98, 8554-8559; (b) Lai, A. C.; Crews, C. M. Nat. Rev. Drug Discov-
ery 2017, 16, 101-114. 

(8) Lebraud, H.; Wright, D. J.; Johnson, C. N.; Heightman, T. D. 
ACS Cent. Sci. 2016, 2, 927-934. 

(9) (a) Bak, D. W.; Pizzagalli, M. D.; Weerapana, E. ACS Chem. 
Biol. 2017, Ahead of Print12, 947-957; (b) Qian, Y.; Schuermann, 
M.; Janning, P.; Hedberg, C.; Waldmann, H. Angew. Chem., Int. Ed. 
2016, 55, 7766-7771; (c) Fuhrmann, J.; Subramanian, V.; Kojetin, 
D. J.; Thompson, P. R. Cell Chem. Biol. 2016, 23, 967-977; (d) 
Baggelaar, M. P.; Chameau, P. J.; Kantae, V.; Hummel, J.; Hsu, K. 
L.; Janssen, F.; van der Wel, T.; Soethoudt, M.; Deng, H.; den Dulk, 
H.; Allara, M.; Florea, B. I.; Di Marzo, V.; Wadman, W. J.; Kruse, 
C. G.; Overkleeft, H. S.; Hankemeier, T.; Werkman, T. R.; Cravatt, 
B. F.; van der Stelt, M. J. Am. Chem. Soc. 2015, 137, 8851-7; (e) 
Abo, M.; Weerapana, E. J. Am. Chem. Soc. 2015, 137, 7087-7090; 
(f) Shannon, D. A.; Banerjee, R.; Webster, E. R.; Bak, D. W.; 
Wang, C.; Weerapana, E. J. Am. Chem. Soc. 2014, 136, 3330-3333; 
(g) Chang, J. W.; Cognetta, A. B., 3rd; Niphakis, M. J.; Cravatt, B. 
F. ACS Chem. Biol. 2013, 8, 1590-9; (h) Zuhl, A. M.; Mohr, J. T.; 
Bachovchin, D. A.; Niessen, S.; Hsu, K. L.; Berlin, J. M.; Dochnahl, 
M.; Lopez-Alberca, M. P.; Fu, G. C.; Cravatt, B. F. J. Am. Chem. 
Soc. 2012, 134, 5068-71; (i) Tsuboi, K.; Bachovchin, D. A.; Speers, 

A. E.; Spicer, T. P.; Fernandez-Vega, V.; Hodder, P.; Rosen, H.; 
Cravatt, B. F. J. Am. Chem. Soc. 2011, 133, 16605-16. 

(10) Blum, G.; von Degenfeld, G.; Merchant, M. J.; Blau, H. M.; 
Bogyo, M. Nat. Chem. Biol.2007, 3, 668-677. 

(11) Segal, E.; Prestwood, T. R.; van der Linden, W. A.; Carmi, 
Y.; Bhattacharya, N.; Withana, N.; Verdoes, M.; Habtezion, A.; 
Engleman, E. G.; Bogyo, M. Chem. Biol. 2015, 22, 148-158. 

(12) (a) Tysoe, C.; Withers, S. G. Curr. Top. Med. Chem. 2014, 
14, 865-874; (b) Berkowitz, D. B.; Karukurichi, K. R.; de la Salud-
Bea, R.; Nelson, D. L.; McCune, C. D. J. Fluor. Chem. 2008, 129, 
731-742. 

(13) Veronesi, M.; Giacomina, F.; Romeo, E.; Castellani, B.; Ot-
tonello, G.; Lambruschini, C.; Garau, G.; Scarpelli, R.; Bandiera, 
T.; Piomelli, D.; Dalvit, C. Anal. Biochem. 2016, 495, 52-59. 

(14) (a) Arntson, K. E.; Pomerantz, W. C. J. Med. Chem. 2015; 
(b) Mishra, N. K.; Urick, A. K.; Ember, S. W.; Schonbrunn, E.; 
Pomerantz, W. C. ACS Chem. Biol. 2014, 9, 2755-60. 

(15) Zhu, L.; Ploessl, K.; Kung, H. F. Science 2013, 342, 429-
430. 

(16) (a) Miao, Z.; Zhu, L.; Dong, G.; Zhuang, C.; Wu, Y.; Wang, 
S.; Guo, Z.; Liu, Y.; Wu, S.; Zhu, S.; Fang, K.; Yao, J.; Li, J.; 
Sheng, C.; Zhang, W. J. Med. Chem. 2013, 56, 7902-7910; (b) Li, 
G.; van der Donk, W. A. Org. Lett. 2007, 9, 41-44. 

(17) Walsh, C. T.; O'Brien, R. V.; Khosla, C. Angew. Chem., Int. 
Ed. 2013, 52, 7098-7124. 

(18) Mendel, D.; Ellman, J.; Schultz, P. G. J. Am. Chem. Soc. 
1993, 115, 4359-60. 

(19) (a) Li, K.; Tan, G.; Huang, J.; Song, F.; You, J. Angew. 
Chem. Int. Ed. 2013, 52, 12942; (b) Chowdari, N. S.; Suri, J. T.; 
Barbas III, C. F. Org. Lett. 2004, 6, 2507-2510. 

(20) (a) Mazo, N.; García-Gonzaĺez, I.; Navo, C. D.; Corzana, F.; 
Jimeńez-Oseś, G.; Avenoza, A.; Busto, J. H.; Peregrina, J. M. Org. 
Lett. 2015, 17, 5804-5807; (b) Choi, S. H.; Guzei, I. A.; Spencer, L. 
C.; Gellman, S. H. J. Am. Chem. Soc. 2010, 132, 13879-13885. 

(21) Schmitt, M. A.; Choi, S. H.; Guzei, I. A.; Gellman, S. H. J. 
Am. Chem. Soc. 2005, 127, 13130-13131. 

(22) Nunez-Villanueva, D.; Infantes, L.; Garcia-Lopez, M. T.; 
Gonzalez-Muniz, R.; Martin-Martinez, M. J. Org. Chem. 2012, 77, 
9833-9. 

(23) Crisma, M.; Peggion, C.; Moretto, A.; Banerjee, R.; Supa-
kar, S.; Formaggio, F.; Toniolo, C. Biopolymers 2014, 102, 145-58. 

(24) Zhang, J.; Mulumba, M.; Ong, H.; Lubell, W. D. Angew. 
Chem., Int. Ed. 2017, 56, 6284-6288. 

(25) (a) Hilinski, G. J.; Kim, Y.-W.; Hong, J.; Kutchukian, P. S.; 
Crenshaw, C. M.; Berkovitch, S. S.; Chang, A.; Ham, S.; Verdine, 
G. L. J. Am. Chem. Soc. 2014, 136, 12314-12322; (b) Chang, Y. S.; 
Graves, B.; Guerlavais, V.; Tovar, C.; Packman, K.; To, K.-H.; 
Olson, K. A.; Kesavan, K.; Gangurde, P.; Mukherjee, A.; Baker, T.; 
Darlak, K.; Elkin, C.; Filipovic, Z.; Qureshi, F. Z.; Cai, H.; Berry, 
P.; Feyfant, E.; Shi, X. E.; Horstick, J.; Annis, D. A.; Manning, A. 
M.; Fotouhi, N.; Nash, H.; Vassilev, L. T.; Sawyer, T. K. Proc. 
Natl. Acad. Sci. U. S. A. 2013, 110, E3445-E3454; (c) Kim, Y.-W.; 
Grossmann, T. N.; Verdine, G. L. Nat. Protocols 2011, 6, 761-771. 

(26) (a) Alexiou, G. A.; Tsamis, K. I.; Vartholomatos, E.; Peponi, 
E.; Tzima, E.; Tasiou, I.; Lykoudis, E.; Tsekeris, P.; Kyritsis, A. P. J 
Neurooncol. 2015, 123, 217-24; (b) Wu, Y.; Steinbergs, N.; Mur-
ray-Stewart, T.; Marton, L. J.; Casero, R. A. Biochem. J. 2012, 442, 
693-701; (c) Qu, N.; Ignatenko, N. A.; Yamauchi, P.; Stringer, D. 
E.; Levenson, C.; Shannon, P.; Perrin, S.; Gerner, E. W. Biochem. J. 
2003, 375, 465-470; (d) Burchmore, R. J.; Ogbunude, P. O.; 
Enanga, B.; Barrett, M. P. Curr. Pharm. Design 2002, 8, 257-267; 
(e) Grishin, N. V.; Osterman, A. L.; Brooks, H. B.; Phillips, M. A.; 
Goldsmith, E. J. Biochemistry 1999, 38, 15174-15184; (f) Poulin, 
R.; Lu, L.; Ackermann, B.; Bey, P.; Pegg, A. J. Biol. Chem.1992, 
267, 150-158. 

(27) (a) Chibaudel, B.; Maindrault-Goebel, F.; Bachet, J. B.; 
Louvet, C.; Khalil, A.; Dupuis, O.; Hammel, P.; Garcia, M. L.; 

Formatted: Font: Italic

Page 11 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

12 

Bennamoun, M.; Brusquant, D.; Tournigand, C.; Andre, T.; Arbaud, 
C.; Larsen, A. K.; Wang, Y. W.; Yeh, C. G.; Bonnetain, F.; de 
Gramont, A. Cancer Med. 2016, 5, 676-83; (b) Kong, L.; Wang, X.; 
Zhang, K.; Yuan, W.; Yang, Q.; Fan, J.; Wang, P.; Liu, Q. PLoS 
One 2015, 10, e0137888; (c) Granata, V.; Fusco, R.; Catalano, O.; 
Filice, S.; Amato, D. M.; Nasti, G.; Avallone, A.; Izzo, F.; Petrillo, 
A. PLoS One 2015, 10, e0142876. 

(28) Soper, T. S.; Manning, J. M.; Marcotte, P.; Walsh, C. T. J. 
Biol. Chem.  1977, 252, 1571-1575. 

(29) (a) Capitani, G.; Tschopp, M.; Eliot, A. C.; Kirsch, J. F.; 
Grütter, M. G. FEBS Lett. 2005, 579, 2458-2462; (b) Feng, L.; 
Kirsch, J. F. Biochemistry 2000, 39, 2436-2444. 

(30) Xu, Y.; Abeles, R. H. Biochemistry 1993, 32, 806-811. 
(31) Thornberry, N. A.; Bull, H. G.; Taub, D.; Wilson, K. E.; 

Gimenqz-Gallego, G.; Rosegay, A.; Soderman, D. D.; Patchett, A. 
A. J. Biol. Chem. 1991, 266, 21657-21665. 

(32) (a) Lee, H.; Le, H. V.; Wu, R.; Doud, E.; Sanishvili, R.; Kel-
lie, J. F.; Compton, P. D.; Pachaiyappan, B.; Liu, D.; Kelleher, N. 
L.; Silverman, R. B. ACS Chem. Biol. 2015, 10, 2087-2098; (b) Lee, 
H.; Doud, E. H.; Wu, R.; Sanishvili, R.; Juncosa, J. I.; Liu, D.; 
Kelleher, N. L.; Silverman, R. B. J. Am. Chem. Soc. 2015, 137, 
2628-2640; (c) Silverman, R. B.; Bichler, K. A.; Leon, A. J. J. Am. 
Chem. Soc. 1996, 118, 1253-61; (d) Silverman, R. B.; Bichler, K. 
A.; Leon, A. J. J. Am. Chem. Soc.  1996, 118, 1241-1252. 

(33) (a) Silverman, R. B. J. Med. Chem. 2012, 55, 567-575; (b) 
Pan, Y.; Gerasimov, M. R.; Kvist, T.; Wellendorph, P.; Madsen, K. 
K.; Pera, E.; Lee, H.; Schousboe, A.; Chebib, M.; Brauner-Osborne, 
H.; Craft, C. M.; Brodie, J. D.; Schiffer, W. K.; Dewey, S. L.; Mil-
ler, S. R.; Silverman, R. B. J. Med. Chem. 2012, 55, 357-366. 

(34) (a) Zigmond, E.; Ya'acov, A. B.; Lee, H.; Lichtenstein, Y.; 
Shalev, Z.; Smith, Y.; Zolotarov, L.; Ziv, E.; Kalman, R.; Le, H. V.; 
Lu, H.; Silverman, R. B.; Ilan, Y. ACS Med. Chem. Lett. 2015, 6, 
840-844; (b) Lee, H.; Juncosa, J. I.; Silverman, R. B. Med. Res.Rev. 
2015, 35, 286-305. 

(35) (a) Berkowitz, D. B.; Maiti, G. Org. Lett. 2004, 6, 2661-
2664; (b) Berkowitz, D. B.; Smith, M. K. Synthesis 1996, 1, 39-41. 

(36) (a) Lee, X.; Azevedo, M. D.; Armstrong, D. J.; Banowetz, 
G. M.; Reimmann, C. Env. Microbiol. Rep.2013, 5, 83-89; (b) 
Berkowitz, D. B.; Charette, B. D.; Karukurichi, K. R.; McFadden, J. 
M. Tetrahedron Asymmetry 2006, 17, 869-882. 

(37) McCune, C. D.; Beio, M. L.; Friest, J. A.; Ginotra, S.; 
Berkowitz, D. B. Tetrahedron Lett. 2015. 

(38) (a) Berkowitz, D. B.; Wu, B.; Li, H. Org. Lett. 2006, 8, 971-
974; (b) Berkowitz, D. B.; Chisowa, E.; McFadden, J. M. Tetrahe-
dron 2001, 57, 6329-6343; (c) Berkowitz, D. B.; McFadden, J. M.; 
Sloss, M. K. J. Org. Chem. 2000, 65, 2907-2918; (d) Berkowitz, D. 
B.; McFadden, J. M.; Chisowa, E.; Semerad, C. L. J. Am. Chem. 
Soc. 2000, 122, 11031-11032. 

(39) (a) Karukurichi, K. R.; de la Salud-Bea, R.; Jahng, W. J.; 
Berkowitz, D. B. J. Am. Chem. Soc 2007, 129, 258-259; (b) Berko-
witz, D. B.; de la Salud-Bea, R.; Jahng, W.-J. Org. Lett. 2004, 6, 
1821-1824. 

(40) (a) Nadon, J.-F.; Rochon, K.; Grastilleur, S.; Langlois, G.; 
Dao, T. T. H.; Blais, V.; Guerin, B.; Gendron, L.; Dory, Y. L. ACS 
Chem. Neurosci. 2017, 8, 40-49; (b) Karad, S. N.; Pal, M.; Crowley, 
R. S.; Prisinzano, T. E.; Altman, R. A. ChemMedChem 2017, 12, 
571-576; (c) Villiers, E.; Couve-Bonnaire, S.; Cahard, D.; 
Pannecoucke, X. Tetrahedron 2015, 71, 7054-7062; (d) Larnaud, F.; 
Pfund, E.; Linclau, B.; Lequeux, T. Tetrahedron 2014, 70, 5632-
5639; (e) Jakobsche, C. E.; Choudhary, A.; Miller, S. J.; Raines, R. 
T. J. Am. Chem. Soc. 2010, 132, 6651-6653; (f) Dutheuil, G.; Cou-
ve-Bonnaire, S.; Pannecoucke, X. Angew. Chem., Int. Ed. 2007, 46, 
1290-1292. 

(41) (a) Kong, L.; Zhou, X.; Li, X. Org. Lett. 2016, 18, 6320-
6323; (b) Jin, Y. Z.; Yasuda, N.; Inanaga, J. Green Chem. 2002, 4, 
498-500; (c) Zapata, A. J.; Gu, Y.; Hammond, G. B. J. Org. Chem. 
2000, 65, 227-234; (d) McCarthy, J. R.; Huber, E. W.; Le, T.-B.; 
Laskovics, F. M.; Matthews, D. P. Tetrahedron 1996, 52, 45-58; (e) 

Xu, Z. Q.; DesMarteau, D. D. J. Chem. Soc., Perkin Trans. 1 1992, 
313-15. 

(42) (a) Asakura, N.; Usuki, Y.; Iio, H. J. Fluor. Chem. 2003, 
124, 81-88; (b) Lin, J.; Welch, J. T. Tetrahedron Lett. 1998, 39, 
9613-9616. 

(43) (a) Kumar, R.; Singh, G.; Todaro, L. J.; Yang, L.; Zajc, B. 
Org. Biomol. Chem. 2015, 13, 1536-1549; (b) Ghosh, A. K.; 
Banerjee, S.; Sinha, S.; Kang, S. B.; Zajc, B. J. Org. Chem. 2009, 
74, 3689-3697; (c) Calata, C.; Pfund, E.; Lequeux, T. J. Org. Chem. 
2009, 74, 9399-9405; (d) Ghosh, A. K.; Zajc, B. Org. Lett. 2006, 8, 
1553-1556. 

(44) Jacobsen, C. B.; Nielsen, M.; Worgull, D.; Zweifel, T.; 
Fisker, E.; Jorgensen, K. A. J. Am. Chem. Soc. 2011, 133, 7398-
404. 

(45) Koh, M. J.; Nguyen, T. T.; Zhang, H.; Schrock, R. R.; Hov-
eyda, A. H. Nature 2016, 531, 459-465. 

(46) Chen, C.; Wilcoxen, K.; Zhu, Y.-F.; Kim, K.-i.; McCarthy, 
J. R. J. Org. Chem. 1999, 64, 3476-3482. 

(47) Xu, J.; Burton, D. J. J. Org. Chem. 2006, 71, 3743-3747. 
(48) Xie, J.; Yu, J.; Rudolph, M.; Rominger, F.; Hashmi, A. S. K. 

Angew. Chem., Int. Ed. 2016, 55, 9416-9421. 
(49) (a) Fringuelli, F.; Piermatti, O.; Pizzo, F.; Vaccaro, L. Sci.  

Synth. 2010, 47b, 561-736; (b) De Tollenaere, C.; Ghosez, L. Bull. 
Soc. Chim. Belges 1997, 106, 677-683; (c) Yamada, S.; Hondo, K.; 
Konno, T.; Ishihara, T. RSC Adv. 2016, 6, 28458-28469; (d) Shas-
tin, A. V.; Nenajdenko, V. G.; Muzalevskiy, V. M.; Balenkova, E. 
S.; Fröhlich, R.; Haufe, G. Tetrahedron 2008, 64, 9725-9732. 

(50) (a) Zhu, Q.; Lu, Y. Angew. Chem. Int. Ed. 2010, 49, 7753-6; 
(b) Yamada, S.; Shimoji, K.; Takahashi, T.; Konno, T.; Ishihara, T. 
Chem. Asian J. 2010, 5, 1846-1853. 

(51) (a) Shibue, T.; Fukuda, Y. J. Org. Chem. 2014, 79, 7226-
7231; (b) Wnuk, S. F.; Garcia, P. I., Jr.; Wang, Z. Org. Lett. 2004, 
6, 2047-2049; (c) Okano, T.; Chokai, M.; Hiraishi, M.; Yoshizawa, 
M.; Kusukawa, T.; Fujita, M. Tetrahedron 2004, 60, 4031-4035. 

(52) Feiring, A. E. J. Org. Chem. 1980, 45, 1958-1961. 
(53) Crowley, P. J.; Percy, J. M.; Stansfield, K. Tetrahedron Lett. 

1996, 37, 8233-8236. 
(54) Kotwki, H.; Matsumoto, K.; Nishizawa, H. Tetrahedron 

Lett. 1991, 32, 4155-4158. 
(55) Pedersen, M. L.; Berkowitz, D. B. J. Org. Chem. 1993, 58, 

6966-75. 
(56) (a) Baldwin, J. E.; Thomas, R. C.; Kruse, L. I.; Silberman, 

L. J. Org. Chem. 1977, 42, 3846-52; (b) Baldwin, J. E. J. Chem. 
Soc., Chem. Commun. 1976, 734-6. 

(57) Xiang, J.; Jiang, W.; Gong, J.; Fuchs, P. L. J. Am. Chem. 
Soc. 1997, 119, 4123-4129. 

(58) (a) Shiosaki, M.; Unno, M.; Hanamoto, T. J. Org. Chem. 
2010, 75, 8326-8329; (b) Andres, D. F.; Laurent, E. G.; Marquet, B. 
S. J. Fluor. Chem. 1998, 92, 63-67. 

(59) Kumamoto, H.; Fukano, M.; Nakano, T.; Iwagami, K.; 
Takeyama, C.; Kohgo, S.; Imoto, S.; Amano, M.; Kuwata-Higashi, 
N.; Aoki, M.; Abe, H.; Mitsuya, H.; Fukuhara, K.; Haraguchi, K. J. 
Org. Chem. 2016, 81, 2827-2836. 

(60) McCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber, 
E. W.; Bey, P.; Lippert, B. J.; Snyder, R. D.; Sunkara, P. S. J. Am. 
Chem. Soc. 1991, 113, 7439-40. 

(61) Leusink, A. J.; Budding, H. A.; Drenth, W. J. Organomet. 
Chem. 1968, 11, 541-7. 

(62) Sacasa, P. R.; Zayas, J.; Wnuk, S. F. Tetrahedron Lett. 2009, 
50, 5424-5427. 

(63) Kitz, R.; Wilson, I. B. J. Biol. Chem. 1962, 237, 3245-49. 
(64) Phan, A. P. H.; Ngo, T. T.; Lenhoff, H. M. Anal. Biochem. 

1982, 120, 193-7. 
(65) Sholler, G. L. S.; Gerner, E. W.; Bergendahl, G.; MacAr-

thur, R. B.; Vander Werff, A.; Ashikaga, T.; Bond, J. P.; Ferguson, 
W.; Roberts, W.; Wada, R. K.; Eslin, D.; Kraveka, J. M.; Kaplan, J.; 
Mitchell, D.; Parikh, N. S.; Neville, K.; Sender, L.; Higgins, T.; 

Page 12 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

13 

Kawakita, M.; Hiramatsu, K.; Moriya, S.; Bachmann, A. S. PLoS 
One 2015, 10, e0127246/1-e0127246/20. 

(66) (a) Fueta, Y.; Kunugita, N.; Schwarz, W. Neurosci. 2005, 
132, 335-345; (b) Mills, P. B.; Surtees, R. A.; Champion, M. P.; 
Beesley, C. E.; Dalton, N.; Scambler, P. J.; Heales, S. J.; Briddon, 
A.; Scheimberg, I.; Hoffmann, G. F. Human Mol. Gen. 2005, 14, 
1077-1086. 

(67) Brodie, J. D.; Figueroa, E.; Dewey, S. L. Synapse 2003, 50, 
261-265. 

(68) Pan, Y.; Qiu, J.; Silverman, R. B. J. Med. Chem. 2003, 46, 
5292-5293. 

(69) (a) Chou, C.-C.; Modi, J. P.; Wang, C.-Y.; Hsu, P.-C.; Lee, 
Y.-H.; Huang, K.-F.; Wang, A. H. J.; Nan, C.; Huang, X.; Prentice, 
H.; Wei, J.; Wu, J.-Y. Mol. Neurobiol. 2017, 54, 866-873; (b) Kass, 
I.; Hoke, D. E.; Costa, M. G. S.; Reboul, C. F.; Porebski, B. T.; 
Cowieson, N. P.; Leh, H.; Pennacchietti, E.; McCoey, J.; Kleifeld, 
O.; Voltattorni, C. B.; Langley, D.; Roome, B.; MacKay, I. R.; 
Christ, D.; Perahia, D.; Buckle, M.; Paiardini, A.; De Biase, D.; 
Buckle, A. M. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, E2524-
E2529; (c) Kimura, R.; Kasamatsu, A.; Koyama, T.; Fukumoto, C.; 
Kouzu, Y.; Higo, M.; Endo-Sakamoto, Y.; Ogawara, K.; Shiiba, M.; 
Tanzawa, H.; Uzawa, K. BMC Cancer 2013, 13, 555/1-555/11., 11 
pp. 

(70) Preeti; Tapas, S.; Kumar, P.; Madhubala, R.; Tomar, S. 
PLoS One 2013, 8, e53397. 

(71) (a) Kim, D. J.; Roh, E.; Lee, M.-H.; Oi, N.; Lim, D. Y.; 
Kim, M. O.; Cho, Y.-Y.; Pugliese, A.; Shim, J.-H.; Chen, H.; Cho, 
E. J.; Kim, J.-E.; Kang, S. C.; Paul, S.; Kang, H. E.; Jung, J. W.; 
Lee, S.-Y.; Kim, S.-H.; Reddy, K.; Yeom, Y. I.; Bode, A. M.; Dong, 
Z. Cancer Research 2016, 76, 1146-1157; (b) Choi, Y.; Oh, S. T.; 
Won, M.-A.; Choi, K. M.; Ko, M. J.; Seo, D.; Jeon, T.-W.; Baik, I. 
H.; Ye, S.-K.; Park, K. U.; Park, I.-C.; Jang, B.-C.; Seo, J.-Y.; Lee, 
Y.-H. Biochem. Biophys. Res. Commun. 2016, 478, 1674-1681. 

(72) Wang, S.; Lv, Q.; Yang, Y.; Guo, L.-H.; Wan, B.; Ren, X.; 
Zhang, H. Biochem. Pharm. 2016, 118, 109-120. 

(73) Wu, F.; Yu, J.; Gehring, H. FASEB J. 2008, 22, 890-897. 
(74) (a) McCloskey, D. E.; Bale, S.; Secrist, J. A.; Tiwari, A.; 

Moss, T. H.; Valiyaveettil, J.; Brooks, W. H.; Guida, W. C.; Pegg, 
A. E.; Ealick, S. E. J. Med. Chem. 2009, 52, 1388-1407; (b) Clyne, 
T.; Kinch, L. N.; Phillips, M. A. Biochemistry 2002, 41, 13207-
13216. 

(75) (a) Nozaki, S.; Webb, M. E.; Niki, H. MicrobiologyOpen 
2012, 1, 298-310; (b) Schmitzberger, F.; Kilkenny, M. L.; Lobley, 
C. M. C.; Webb, M. E.; Vinkovic, M.; Matak-Vinkovic, D.; Witty, 
M.; Chirgadze, D. Y.; Smith, A. G.; Abell, C.; Blundell, T. L. 
EMBO J. 2003, 22, 6193-6204. 

(76) Choi, J.-Y.; Augagneur, Y.; Ben Mamoun, C.; Voelker, D. 
R. J. Biol. Chem. 2012, 287, 222-232. 

(77) Trip, H.; Mulder, N. L.; Rattray, F. P.; Lolkema, J. S. Mol. 
Microbiol. 2011, 79, 861-871. 

(78) Tolbert, W. D.; Graham, D. E.; White, R. H.; Ealick, S. E. 
Structure  2003, 11, 285-294. 

(79) (a) Witschel, M. C.; Rottmann, M.; Schwab, A.; Leartsakul-
panich, U.; Chitnumsub, P.; Seet, M.; Tonazzi, S.; Schwertz, G.; 
Stelzer, F.; Mietzner, T.; McNamara, C.; Thater, F.; Freymond, C.; 
Jaruwat, A.; Pinthong, C.; Riangrungroj, P.; Oufir, M.; Hamburger, 
M.; Maeser, P.; Sanz-Alonso, L. M.; Charman, S.; Wittlin, S.; 
Yuthavong, Y.; Chaiyen, P.; Diederich, F. J. Med. Chem. 2015, 58, 
3117-3130; (b) Pinthong, C.; Maenpuen, S.; Amornwatcharapong, 
W.; Yuthavong, Y.; Leartsakulpanich, U.; Chaiyen, P. FEBS J. 
2014, 281, 2570-2583. 

(80) Fesko, K. Appl. Microbiol. Biotechnol. 2016, 100, 2579-
2590. 

(81) (a) Hirato, Y.; Tokuhisa, M.; Tanigawa, M.; Ashida, H.; 
Tanaka, H.; Nishimura, K. Phytochemistry 2017, 135, 18-23; (b) 
Uhl, M. K.; Oberdorfer, G.; Steinkellner, G.; Riegler-Berket, L.; 
Mink, D.; van Assema, F.; Schuermann, M.; Gruber, K. PLoS One 
2015, 10, e0124056/1-e0124056/15. 

(82) Misono, H.; Maeda, H.; Tuda, K.; Ueshima, S.; Miyazaki, 
N.; Nagata, S. Appl. Environ. Microbiol. 2005, 71, 4602-4609. 

(83) (a) Nozaki, H.; Kuroda, S.; Watanabe, K.; Yokozeki, K. Bi-
osci. Biotechnol. Biochem. 2008, 72, 2580-2588; (b) Nozaki, H.; 
Kuroda, S.; Watanabe, K.; Yokozeki, K. Appl. Environ. Microbiol. 
2008, 74, 7596-7599. 

(84) Fesko, K.; Uhl, M.; Steinreiber, J.; Gruber, K.; Griengl, H. 
Angew. Chem., Int. Ed. 2010, 49, 121-124. 

 
 

Page 13 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 1  

 

224x292mm (600 x 600 DPI)  

 

 

Page 14 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 2  

 

217x330mm (600 x 600 DPI)  

 

 

Page 15 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 1  

 

109x82mm (600 x 600 DPI)  

 

 

Page 16 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 2  

 

64x39mm (600 x 600 DPI)  

 

 

Page 17 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 3  

 

96x94mm (600 x 600 DPI)  

 

 

Page 18 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 4  

 

197x300mm (600 x 600 DPI)  

 

 

Page 19 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 5  

 

158x192mm (600 x 600 DPI)  

 

 

Page 20 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Scheme 6  

 

159x195mm (600 x 600 DPI)  

 

 

Page 21 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 3A  

 

92x46mm (600 x 600 DPI)  

 

 

Page 22 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 3B  

 

104x58mm (600 x 600 DPI)  

 

 

Page 23 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 3C  

 

176x166mm (600 x 600 DPI)  

 

 

Page 24 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 3D  

 

96x52mm (600 x 600 DPI)  

 

 

Page 25 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

TOC graphic  

 

74x45mm (600 x 600 DPI)  

 

 

Page 26 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


