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Abstract

Collagen is one of the most abundant human proteins. It essasrighthanded
superhelix called the triple helix. The triple helix consists of threenkaitdedoolyproline
type Il (PPII helice} that intertwine around a common axis. Each PPII helix has the
repeating peptide sequence (Ghaa Yaah with a high corgnt of (29-proline (Pro)in
the Xaa position (ca. 28%) andS4R)-hydroxyproline(Hyp) in the Yaa position (ca.
38%). Unique to the prolyl amide is tkase otis-trans isomerizatiorSince the triple
helix necessitates that all peptide bonds be in the trans conformsatiorerization is the
ratelimiting step in collagen folding. However, eliminating isomerization with a trans
locked alkene isostere destabilizes collaljlem peptides. Collagen is stabilized by
el ectronic interacti ons, -alkeaensedteyes malee usedy " * i n't
to recapture these electronic interactions and stabilize a coli&kggreptide.

An in-depth conformational analysis was conducted atMR/6-311+G(2d,p)
level of theory to determine the viability of conformationdtigked halealkene isosteres.
Fluoro-alkenes and chlorealkenes were modeled at both the GRro and ProPro (as a
Pra Hyp mimic) amide positions. Compared to the collagerstatystructure PDB ID:
1K6F, we found thdluoro-alkenes werecloser geometric matels toboth Glyi Pro and
Pra Pro than theorrespondinghloro-alkenes. The chlorealkenewaspredicted to have

stronger ny  * i n tloekedhrotecatkens wasalsdh analyzed am s



understand why it destabilized the triple helike found that these models hatherlocal
minima close to the desired PPII geometry, likely leading to enhanced backbone flexibility.
This deleterious flexibility was nagtredicted foreither fluorcalkene or chloralkene
models.

The conformationaliocked halealkene isostere FmoGlyi q [ZJCF=C}Pra
Hyp(‘Bu)i OH was designed and synthesized ag)dl(oro-alkene Gly Pro isostere. We
usedthe chiral catalystL-Thr, for asymmetric aldol @dition to cyclopentanonewhich
inadvertentlyenhanced the yield @fie wrongenantiomer, in contrast with aldol addition
to cyclohexanoneA Mg?*-promoted HorneWadsworthREmmons reaction afforded the
(2)-fluoro-alkene over theH)-fluoro-alkene in about a 2:1 ratio. The two diastereomers,
Fmod Glyi q [ZJCF=C}L-Pra Hyp(Bu)iOH and FmotGlyiq [ZJCF=C}D-Prdi
Hyp('Bu)i OH were separated Isppercritical CQchromatography

The collagerike peptides At(Glyi Pra Hyp)si Glyi q [ ZJCF=C}L-Pra Hypi
(Glyi Pra Hyp)ai Glyi GlyT Tyri NHz, Aci (Glyi Pra Hyp)si Glyi Q [ ZICF=C}D-Pradi
Hypi (Glyi Pra' Hyp)ai Glyi Glyi Tyri NHz, and the control peptide AGGlyi Pra Hyp)si
Glyi Glyi Tyri NH2 were synthesizedn solid-phaseresin The CD spectra of all three
peptides showetthe characteristicollagentriple-helix signature. Théolding stabilitywas
determined by thermal meltinflm). The peptide with thdluoro-alkene guestGlyi
d [ZJCF=C}L-Pra Hyp, was found to hava Tm value 0f422 °C. The Tm of the control
peptide was found tbe 8.0°C, a di ffer enceTni@8 Thusthd@-l i ty of
fluoro-alkene as a GIyPro isostere forms relatively stable triple helixThe peptide with
the Gly q [ZICF=C}D-Pra Hyp guest was shown to have adar relationship between

ellipticity and temperature, indicating that a stable triple helix did not foha.enhanced



stability of the Z)-fluoro-alkene compared to th&)talkene Gly Pro isostereTm = 28.3
AC) may be due to a stabil i zNMRdesheMingof i nt er a
the !°F nucleus in the collagdike peptide.
In biological systems, isomerization of the prolyl amide is catalyzed by enzymes
called PPlases. The PPlase Pinlcsmally catalyzes isomerization of the pBEro
sequence from the enformation to the transonformation. Pinl plays a crucial role in
the G2YM transition of the dagsérdnsisomneyizatior , I mpl vy
The dipeptides HSeii  [ZJCH=C]-Pra OH, Hi Seii  [EfCH=C}-Pra OH and native
Hi Seii Pra’ OH were synthesizely literature methodsandactivatedfor aminoacylation
of tRNACYA for in vitro transcriptiontranslation Aminoacylationby chemical methods
requiredthe synthesis ofr pdCpA dinucleotide. Formation of the dipeptidenucleotide
complex wasiot completed becaugeotection of the Ser side chaias problematicOn
the other hand, conversion of tkigeptide into the3,5-dinitrobenzyl ester conjugate
allowed for enzymatic amirazylation using the dFx flexizyman RNA enzymeThe
native dipeptidevassuccessfully coupled to tRNA” andis ready for incorporation into
a full-length Bora protein byn vitro transcriptiontranslation Both cis and trandocked

alkene mimics haveden converted to their respective-8jBitrobenzyl ester conjugates
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General AudienceAbstract

The proline amide (Xddro) in peptides and proteins is unique in that it allows for
cis-transisomerization. The tripkaelix region of human collagen consists mostly of the
repeating sequence (GRra Hyp)n. Xad Pro amidebond isomerization is rafemiting
for triple-helix formation. We eliminated isomerization at one position in a coltigen
peptide with a locked alkene mimic of GRro to attempt to stablize the trighelix. Our
computational results predicted that a fluatkene GlyPro isosteravould be a close
geometric match for the native amide. Experimental results showed that a ctikagen
peptide with a fluorealkene GIy Pro isostere has an unfolding temperature that is 6.9 °C
lower than the native control peptid@ NMR data of the dtagenlike peptide shows a
surprising deshielding of the fluorine nucleus, suggesting its participation in a stabilizing
nY * electronic interaction, similar to the

Isomerization also playskay role in proper cell division. We followed established
methods to synthesize the cend trandocked alkene mimics of Bd&eii Pra OH and
converted them into the 3dinitrobenzyl ester conjugates. The-8jhitrobenzyl ester is
recognized by the dinibbenzyl flexizyme (dFx) for enzymatic aminoacylation of tRNA.
Once the alkene isosteres are aminoacylated, they will be incorporated intéeadthl
cell cycle regulatory protein called Bora to determine whethetisher trans-Pro state is

necessaryor healthy human mitosis, and which results in cancerous human mitosis.



ACKNOWLEDGEMENTS

| would first like to thank my advisor, Dr. Felicia Etzkofor hersupport, guidanceand
for fostering a scientific environment in which | coslacceed. Many doctorates have been earned
through her mentorshipand | amproud to be amongthem. | would also like to express my
gratitude to all faculty members who have served on my committee, Dr. Webster Santos, Dr. Emily
Mevers, Dr. Paul Carlier, and Dr. Paul Deck,
like to thank Dr. Enily Mevers for graciously stepping up and filliagzacant rolevhen another
member had to step dow8he also helped tremendously in pushing my final project towards the
finish line,for which | am extremelygrateful.

| 6d al so | i ke ntaodfdrrheacolleagwes$ dnd fnepds who haveenot only
provided research advice over the last five years, but who also made life more enjoyable in
Blacksburg. Special thanks to (in no particular order): Johnathan Bowen, Daniel Foster, Karla
Piedl, Connor #etkowski Justin Grams, and RussElitzemeier

Finally, my family has my deepest gratitude. The only thing more difficult than earning a
doctoral degreés being the family member @& Ph.D. candidateThrowgh all the late nights,

missed calls, and working weekends, my family has been incredibly understdrespgcially

give thanks to my wife, Casey, and my parents, Fran and Phil, for their encouragement and support

through both the good times and the bad.

Vi

f



Table of Contents

Chapter 1. Introduction to Collagen.............ccooviiiiiiiemeieece e 1
1.1 Collagen SITUCIUIE......c..ei ittt et rnenre e 1
1.1.2Primary Collagen StrUCTUIE. ........oviiiiiiiiieii e 1
1.1.2 Polyproling Type Il HElDX.......eeieiiiiiiiiiiiee e 3
1.1.3 Collagen Triple HEelX.......couviiiiiiieiiiii e 4
1.2 Collagen Stability............ccoooviiiiii et 6
1.2.1 DipoleDipole INtEraCtioNS..........ccuuuiiiiiiiiiiiiiiee e e e mmmee e eeeenes 6
1.2.2 Hydrogen BONAING........ooooiiiiiiiie e eeree et e et e
1.23n Y7 % 1 Nt .Gl Qe 9
1.2.4 C-SUDSHEULIONS.....ceviiiiiiiiiiee e mnne e eeas 12
1.2.5 AZAGIYCING .. ..t ————— 15
2 R o]0 1 174 11 o] o I USRS 16
1.3 AIKENE MUMICS... ..ottt emeee e 18
1.3.1 ProteOAIKENE......coiiiiiieee e e e 19
1.3.2 FIUOIBAIKENE ...t eeee ettt enee bbb e e e e e e e e e e e e 21
1.3.3 ChIOIrBAIKENE. ... .ot eeee et eees bbbt e e e e e e e e e e e e 23
LA REIEIENCES......coeoeeeeeeee et eeeme ettt 25

Chapter 2. Conformational Analysis of Fluorg Chloro-, and Proteealkene

Glyi Pro and Prad Pro Isosteres to Mimic Colla@n.............cccovevieiiieercccicees 39

vii



L N 0 1) 1 - Lot U RUPTPRRRR 39

2.2 AULNOT CONTIDULION L.oiiiiieicie ettt eme e et e snennmeeenes 39
2.3 INTrOAUCTION ... smenee e snee e e smemeeenneesnneennee e 40
2.4 Computational Methods............cc.ooiiii e 44
2.5 ReSUItS and DISCUSSION........cccciiiiitiieiiieee et eee s e s seeste e e saee e e snae e snbeeesneeemnans 46

2.5.1 GIY¥Pro AIKENE ISOSLEIES........ccuuuiiiieiiiiii et e et eeeeaand 48

2.5.2 ProPro AIKENE ISOSTIEIES. .......covviiiiiiiiiiieeeeee e 58
P2 S 3 o] [od U (0] o -SSRSO 68
2.7 Supplementary TabIes...........oooiiiiii e e 70
2.8 SUPPIEMENTAIY FIQUIES.......oiiiiie ettt eemms et 73
2,11 RETEIENCES. ...ttt ettt ettt e e esmn e e e nbe e e e nnee e e 80

Chapter 3.A (Z)-Fluoro-Alkene Mimic of Gly trans-Pro Produces a Relatively

Stable Collagen Triple HeliX...........coooiiiiiieee e 86
G N o 1] 1 - T S PRSP R PRSPPI 86
G 3072 [ 11 £0 T U Tox 1o o SRRSO 86
3.3 RESUILS aNd DISCUSSION.........eeiiiiieiiieeiiieeee e et tte e e smenre e snae e e snneesreeeenseemnans 91

3.3.1 Synthesis of FIUOFAIKENE ISOSLErES.........cccovviiieeeiiiiieeee e 91

3.3.2 TripleHeliX Stability ...........uuuiiiiiiiie et 95
3.4 EXPEITMENTAL......oiiiiiiie ettt neme e enee e 100



B D CONCIUSIONS. ..o ettt et e eeee e e et e e e e e et e s vaeaee e e e e e e aaees 117
N S R CCl (=] (=] A [61=1 T UTTTr TSP TPURRRN 118

Chapter 4. somerizationLocked Alkene Analogues of SePro for

Incorporation into Full-Length Bora Protein...........c..cccccoevviieeccecicc e 123
v o (o o 18 o 1] o 1SR 123
4.1.1Peptdyl-Prolyl Isomerase, PiNL............ccccouiiiiiiimmmniiiiiieeeeeee e 123
4.1.2The Aurora Borealis Protein...........oooiiiiiiiiiiiimmmne et eeeeeees 124
4.1.3lsomerizatiorLocked SeirPro DIPeplides.........ccouvvvveiieiiiiiiiccceeeeeeeeee 126
4.1.4invitro TranscriptioRTranslation..............cccuvvviiiiiimeeieeeee e 128
4.2 ReSUItS and DiSCUSSION........cccuviiiiiaiieiiieeeie e st et e see et esneme e seeesneesnseesneeananns 129
4.2.1Chemical AMINOACYIAtION...........uuuuiiiiiiiiiii et 130
4.2.2Enzymatic AmMIN0Acylation............ooooiiiiiiiiieenn e 143
A.3 EXPEIMENTAL......ooiiiiiiii ettt eemme e nee e e 149
4.4 CONCIUSIONS. ...ttt sttt ee bttt ae e b e bt ssemm et e et e ennesne e b 174
A.5 RETEIEICES. .. ..oi ittt ettt eeme e tee e et e e sstee e sannmeessseeaneeeanneeens 176
N ] 6= o 3 G SRR 183
A.1 Cartesian (xyz) coordinates frofiable S2.1..........ccoiiiii i, 183
A.2 Cartesian (xyz) coordinates from Table S2.2...........cccooooiiiiiiciiiii e, 195
APPENIX B ..ttt a e annas 208
N o] 0= o | USRS URTPRORRS 263



List of Figures

Figure 1.1.The F,and ¥ backbonaninaacitise.d.r..a.l....a.n.g.l.2s of

Figure 1.2.P u c k e r i nogrbom 6n atpyrelidire ring............ccoovvvviiiiieeee e, 3
Figure 1.3.Different representations of a (GRrd Hyp)io collagen triple helix...................... 6
Figure 1.4.Dipole moment and partial charges of an @nidhgliX..................ccoevevevecenennnne. 7

Figure 1.5.Three N Haly to C=Cprointerstrand hydrogen bonds among the three PPII heli@es

Figure 1.6.Pr o | y | nY * interaction showing the elec
iINto the adjacent CarbONyl...........ooo oo 9

Figure 1.7. Burgi-Dunitz trajectory for nucleophilic attack of a carbonyl lone pair as the
NUCIEOPNIIE. ... 10

Figure 1.8.Non-degenerate electron lone pairs on a carbonyl oxygen............ccccceveeeuneee. 11

Figure 1.9.Electron withdrawing groups intheR¢p o s i t i o n -exa pudkerihgiviatae Co

QAUCKNE EFECT. .. ettt 12
Figure 1.10.Interstrand hydrogen bonding of collagamd AzaGlycinemimic ...................... 16
Figure 1.11.Resonance contributors otammonpeptide bond...........cccccoeiiiiiiiicccnnn. 17
Figure 1.12.Isomerization of the Xadro motif..............ccccoiiiiiiieeer e 18
Figure 1.13.The peptide bond and common alkene iSOSteres...........cccuvvvvvieeeninicivinennnen. 19
Figure 1.14.Fmod Glyi g [ Ef(CH=C)]i Pra Hypi OH translocked alkene mimic................ 20
Figure 1.15.Interrupted hydrogen bonding by a P&y and ProPro E)-alkene.................. 21

Figure 1.16.Key bondlengths (A) angles (°)and van der Waals radii (A) df,N-dimethyl

acetamiddleft) andits fluoro-alkeneisosterg(right)..........ccccuvvveeeiiiiiiiiceciinenne. 22



Figure 1.17.Dipole vector dipole momenand electrostatic potential maphfmethyl acetamide

(left) with its fluoro-alkene (centerdnd chlorealkene (rightmimics.................. 24
Figure 2.1.Burgi-Dunitz parameters for an Y ~ ihteraction..............ccevvveeveeieeeeeceeesneennns 42
Figure 2.2. Two XaaPro amide bond substitutionsodels.........cccccooveeiiiiiiiiccciiiieeeveeennnnn 47

Figure 2.3.Pot ent i al energy scans of t hiero @nidedi hedr

substitutionsvhere X = F, Cl, OF H.....ovviiiiiiieeeee 49
Figure 2.4.Gly-Pro fluorcalkene models calculated at the MR3BL+G(2d,p) level........... 52
Figure 2.5.Gly-Pro chlorealkene models calculated at the MR3KL+G(2d,p) level.......... 54
Figure 2.6.Gly-Pro proteealkene models calculated at the MR3KL+G(2d,p) level.......... 57

Figure 2.7.Pot ent i al energy scans of t hiBro &nided i hedr

substitutionsvhere X = F, Cl, OF H...ouuniiiiiiiiie e 59
Figure 2.8.Pro-Pro fluorealkene models calculated at the MR2BL+G(2d,p) level........... 63
Figure 2.9.Pro-Pro chlorealkene models calculated at the MR3BL+G(2d,p) level...........! 65

Figure 2.10.Pro-Pro proteealkene models calculated at the MR3BL+G(2d,p) level.......... 67
Figure S2.1.NBO images of representative orbitals depicting local minima of th&)GPP
donor series calculated at the MR3/BL+G(2d,p) leVel.........ovvvvviiiiiiiiiiiceen, 73
Figure S2.2.NBO images of representative orbitals depicting local minima of thé &P
acceptor series calculated at the MP218+G(2d,p) level........ccccceeeeiiiiiiiinee, 74
Figure S2.3.NBO images of representative orbitals depicting local minima of thé &P
acceptor series calculated at the MP218+G@d,p) level.........ccccceeeeiiiiiiiiiinne, 75

Figure S2.4.Interstrand hydrogen bonding between the three PPII helices of callagen...76

Xi



Figure S2.5.NBO pictures of representative orbitals depicting intramolecueCiG~  LilNike

H

hydrogen bonding of the PX)=PG donor series calculated at the MP2/6

311+G(2d,P) IEVEL ceveeeeei e 77

Figure S2.6.NBO images of represattve orbitals depicting hydrogemo n d e d -tumsoér s e

the P{ X)=PG donor series calculated at the MRP214.+G(2d,p) level.............. /8
Figure S2.7.NBO images of representative orbitals depicting global minima of th&>G#®
acceptor series calculated at the MP218+G(2d,p) level..........ccovveiiiiiinneee 79

Figure 3.1.Native collagen tripeptide repeat andZzfluoroalkene GIlyPro isostere........... 89

Figure3.2Pot ent i al energy scans odlkerelpmtedkerdjamde d r a |

amide GIY Pro MOdelS..........oiiiiiiiiiii e eeeer e e Q0

Figure 3.3.0bserved 1EnOe(Appendix B)correlations of allylic alcohol8.6-(Z) and3.6-(E).

Figure 34. Full-length CD SPECIA.......cciiiiiiii it re e e 96
Figure 35. Thermal melting curves of the flucalkene mimic3.2-(R,Z) and controB.3........ 97

Figure 3.6. Linear ellipticity of the major diastereom@.2-(S,2)..........cccovvvvrrrreirirrrieemnenneee. 98

Figure 3.7. Stacked®F NMR spectra of the final five compounds of the synthesis showing the

increasingly deshielded fluorine NUCIEUS.................uiiiiicceveeiice e, 100
Figure4.1.Li fe cycle of the Bora protein .dul24
Figure 4.2.Colorectal cancer cells HZ9 prometaphase cells.............cccovvvvvvieeee e, 126
Figure 4.3.Locked alkene analogues are not isomerized under physiological conditiori7
Figure 4.4. Phosphorylation assay of ARIKYLG(E/Z)S=PITTViNHz2 by CdkZXcyclin B

(070 1.010] 1= OSSP 128

Figure 4.5.0verview of the two aminoacylation methods..............ccoeeeiiiieeeeiiiei e, 130

Xil

ng

t

0]

h «



Figure 4.6.lodolactonization of the Pnt group of a generic esterpatehtial lactonization of our

1| T Lo [T 01T o] 10 [= = PSUO 139
Figure 4.7.Proposed facile hydrolysis of the B&er(Ac)y OH ested.12 ..............cccceeeee 141
Figure 4.8.SDSPage Gel of the aminoacylation reaction.............cccccoeeevvieeeeeeeiiiiiieeeeeenns 145

Figure B.1.HPLC chromatograph of Benzyl Est&il.3(Z) for separation of diastereomera09
Figure B.2. LC-MS chromatograms showing total ion count and UV absorption at 280 nm of

PEPLIAES. ...t e e e et ——————————— 210

Xiii



List of Schemes

Scheme 3.1Asymmetric synthesis of alCONBIG-(Z) ........uueiiiiiiiiiiiiiiiiieeei e 92
Scheme 3.2Synthesis of theZ)-fluoro-alkene GlytransPro mimic FmotGlyi g [ZJCF=C)]i
0 @ T T T 5 72 SO 94

Scheme 3.3Synthesis of the tripeptide isosteres, Fidlyi ( [ ZJCF=C)Ji L-Pra Hyp(Bu)i OH

3.1-(R,Z2) and FmotGlyi q [ ZJCF=C)]i D-Prd Hyp(Bu)i OH 3.1-(S,2)............. 95
Scheme 4.1Synthesis of PACPALA. .......coooviiii e e e 131
Scheme 4.2Model coupling reaction of Bo€ra OCHCN and TB$adenosine............... 133

Scheme 4.3Proposed synthesis of the dinucleotdipeptide complex pdCpArd Seii H... 136

Scheme 4.4Pnt Cl to protect the Ser hydroxyl of BoSeil OH...............cccoeeeiiiiiiiieececininnnn. 137
Scheme4.5.PntCl to protect the Ser hydroxyl of BoSeit Prai O'Bu..........ccoeeeeeiiiiiiiiiinees 137
Scheme 4.6HCI deprotection of Boc andbutyl ester with PritCl protection...................... 138
Scheme 4.7TFA deprotection of Boc andbutyl ester withPni OSu protection................. 139
Scheme 4.8Acetylation of BOESeil OH...........ooiiiiiiiiii e, 140

Scheme 4.9Synthesis of the activated dipeptide BSer(OAc) Pra OCH.CN 4.13 coupling to
the pdCpA model, TB&denosine4.5 and subsequent deprotection with 50%
HBFA-ELO ...t n s 142
Scheme 4.10Enzymatic misacylation of HBFHi Seif Pra ODNB 4.17..........ccoovvviiiviinnnnns 144
Scheme 4.11Synthesis of the cibbcked alkene TFA-HSeil [ ZJCH=C)]i Pra ODNB 4.29and
enzymatic aminoacylation...............ooiiiiiiiiiicciie e 146
Scheme 4.12Synthesis of the tradscked alkene HB¥Hi Seii [ EfCH=C)]i Pra ODNB 4.38

and engmatic aminoacCylation.............coovvviiiiiiiiieeer e 148

Xiv



List of Tables

Table 1.1.Tm values of Yaasubstituted peptides compared to a native colldigerpeptide... 13
Table 1.2.Tm values of Xaasubstituted peptidesompared to a native collagéke peptide... 14
Table 2.1.Key geometric parameters of average collagen structure, andPiiéke global

minima of the GlyPro amide and alkene models..............ccccooiiiieeeiini i, 51

Table 2.2.Key geometric parameters of the collagen structuré the PPHike minima of Pre

Pro amide and alkene models.............oooiiiiiiiceciii e 62
Table S2.1 Relative energies and key geometric parameters afi@l&dy-Pro models.......... 70
Table S2.2 Relative energies and key geometric parameters of alkerer®models........... 71

Table S23. Aver age phi (a) a n dID:plk6F collagen crystal gttuettse f o r
divided by residue and residue POSItION..............oveieiiiiiemmreeiiiiee e eiees 72
Table S2.4 Average BurgiDunitz G=0---C+1= O di st anc &€=Q--iCB:HDP @WBD) for

PDB ID: 1K6F collagen crystal structure divided by residue and residue posgion

Table 3.1.MALDI -TOF results of peptidéx2-(R,Z), 3.2-(S,Z), and3.3.........ccceeeeeeernnnnnnn, 116
Table 4.1Dipeptidé dinucleotide coupling CONAItIONS............uuuiiiiiiiiiiieeniieiieeeeeee e 134
Table 4.2.Deprotection optimization fOF.14..........ccouiviiiiiiiiiii e 142

XV



List of Abbreviations

Ac
Ala, A
Asp, D
AurA
aq.
azGly
Bn
Bora
Boc
BusN
CD
CDK
Clp

clp
COSY

DCC
DCM

dFx
DIAD
DIEA
DMAP
DMF
DMTr
E2

ee

Acetyl

Alanine

Aspartic acid

Aurora Kinase A

Aqueous

Aza-Glycine

Benzyl

Aurora Borealis
tert-Butoxycarbonyl
Tributylamine

Circular dichroism

Cyclin dependent kinase
(2S54R)-4-Chloroproline
(2549)-4-Chloroproline
Correlation spectroscopy
Debye
N,N-Dicyclohexylcarbodiimide
Dichloromethane

Distance between donating and accepting atoms if¥Yan h
3,5-Dinitro flexizyme
Diisopropyl azodicarboxylate
Diisopropylethylamine
N,N-Dimethyl4-amino pyridine
Dimethylformamide

4 | -BirNgthoxytrityl
Seconeorder perturbation energy

Enantiomeric excess

nteractio

XVi



Et

EtsN, TEA
Flp

flp

Fmoc
FRET

G2

Glu, E
Gly, G
GSK3b
h

HATU

HBTU
HILIC
HOAt
6-Cl-HOBt
HOBt
HPLC
Hyp

im

i-Pr
iPrOH
IR
IVTT
Kecisftrans
LDA

M

Ethyl

Triethylamine

(2S4R)-4-Fluoroproline
(2549)-4-Fluoroproline
9-Fluorenylmethoxycarbonyl
Fluorescence resonance energy transfer
Period of rapid cell growth during mitosis
Glutamic acid

Glycine

Gl ycogen synthase kinase 36D
Hour

2-(7-Aza-1H-benzotriazolel-yl)-1,1,3,3tetramethyluronium
hexafluorophosphate

O-BenzotriazoleN,N,NgNg-tetramethyuroniumhexafluorophosphate
Hydrophobic interaction liquid chromatography
1-Hydroxy-7-azabenzotriazole
N-Hydroxy-6-Cl-benzotriazole

N-Hydroxy-benzotriazole

High performance liquid chromatography
(2S4R)-4-Hydroxyproline

Imidazole

iso-Propyl

iso-Propanol

Infrared spetroscopy

in vitro Transcriptiontranslation

Equilibrium constant between tlees- andtrans conformations
Lithium diisopropylamine

Mitosis

Xvil



MALDI Matrix-assisted laser desorption/ionization

MBHA resin Methylbenzhydryl amineesin

Me Methyl

Mep (2549)-4-Methylproline

mep (254R)-4-Methylproline

min Minute

MP2 Mglleri Plesset perturbation theory

MRNA Messenger RNA

MS Mass spectroscopy

ny = * Nonrbonding orbital overl apping with t
NBO Naturalbond orbital

NIMA Never in mitosis A kinase

NMP N-Methyl-2-pyrrolidone

NMR Nuclear magnetic resonance spectroscopy
nOe Nuclear Overhauser enhancement spectroscopy
Ns o-Nitrobenzenesulfonyl

p Phosphe

PBS Phosphate buffered saline

pdCpA Phosphodeoxycytosinghosphoadenosine
Pinl Protein interacting with NIMA #1

Plk1 Polo like kinasel

Pnt 4-Pentenoic acid

PP2A Protein phosphatase type 2A

PPh Triphenylphosphine

PPlases Peptidytprolyl cis-transisomerases

PPII Polyproline typdl

Pro, P Proline

pSP phosphoSePro

Xvili



phosphoThiPro

room temperature

Supercritical carbon dioxide

Skp, Cullin, Fbox containing complex-transducin repeatontaining protein
Serine

Sigmaorbitabver | apping with the ~* orbital
Solid-phase peptide synthesis

Succcinimide

Burgi-Dunitz angle of nucleophilic approach

Tetrabutylammonium fluoride

tert-Butyldimethylsilyl

tert-Butyl

Trifluoroacetic acid

Pyramidalization of accepting carboninann* i nt er act i on
Tetrahydrofuran

Threonine

Thin layer chromatography

Melting temperature (mipoint)

Trimethylsilyl

Time-of-flight mass spectrometer

Transfer RNA

Tryptophan

Tyrosine

Ultraviolet spectroscopy

Any amino acid in the X position

Any amino acid in the Y position

XiX



Chapter 1. Introduction to Collagen

Collagen is one of the most abundant and important structwtims in mammal$in
humans, this fibrous protein accounts for more than 30% of all protein, including more than 50%
of skin protein and over 90% of the extracellular mat@allagen is a structural protein that grants
the human body with strength and elasticity while alswidingstructural integrity to tissues and
organs’ Collagen is a superfamily thi over30 discovered members; each with its own structure
and functiorf The defining feature of all collagen types is a tripégix region.Type | collagen is

the most prevalerih humans, makingp about 90% of all collagen.

1.1Collagen Structure

1.1.1 Primary Collagen Structure

Type | collagerexistsas a polymer with the generic repeating sequence Xaly Yaa.
A wide variety of amino acids have been discovered in the Xaa and Yaa pdshignsertain
amino acids are observed at a higher fregyehan others. Approximately 28% of Xaa residues
are (B)-proline (Pro)” About 386 of all Yaa residues are $2R)-4-hydroxyproline (Hyp) an
uncommon amino acid salting from posttranslational hydroxylation of Pro e enzyme4-
prolyl hydroxylasé Glycine (Gly) is the most important amino acid in the sequence. Due to its
lack of side chainGly is the only amino acidmall enough tdit into the compact core of the
collagen triplehelix. Substitution of Gly with the next smallest amino acid, alanine (Ala), results
in osteogenesis imperfecta; a disease that causes low bone density with a high fraét(@dyiate.
Prd Hyp) is the most common repeating sequence

While Pro and Hyp are not required to form a tripddix, they are preferredhe tertary
structure of peptides and protei®s and W®Be(HEeg

1.1).
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Figure 1.1.TheQ ,F, a matkbonedihedral angles odmino acidsA) A generic amino acid
in a peptideThe F dihedral angle is flexible for most amino aci@. A proline residue in a
peptide.TheF dihedralangle is rigid due to the pyrrolidine ringhe d i haeglerisdléxible
inallsequence¥ he ¥ angle can eO° @ifrorshoble 180A (trans)

Forthe collagen tripldelix, the Xagbackbone angeF =i75A, Q@ = +164A are
to the preferred Pro angl€s=i7 9 A, q Y ikewibe? theAyaa backbone angles=160°,
q = +152A are compl emenFEaisy At, o qt dehigbdégleee d Hy |
of similarityb et ween the residuesd nat uyfahelixformatod r al a
reduces the entropic cost of protein foldinihis phenomena is called the preorganization
paradigmt?

Pro and Hyp are also favored in their respective Xaad Yaa posi-tngons dt
puckering.(Figure 12).12In the alsence of a $osition substituent, Precanadopt the sterically
restricive C>-endopucker that is preferred in the Xaa position (FigLg left). In the case of
Hyp, the C-exopucker ismore stronglyfavored due to the stereoelectronic gauche effégtire
1.2, right).1#14 The gaube effect is the tendency for a molecule to organize so the maximum
number of polar bonds are adjatéo one anothéf. The effectof otherC-positionsubstitutions

on ring puckeringvill be discussed.



A) H B) OH

C"-endo pucker C’-exo pucker

Figure 1.2.Pu c k e r i naarbam bn atpyrrelidire ringd) C°*-endopuckeringis favored by
Pro.B) C’-exopuckering is favored by HypModified with permission ofAnnual Reviews, Inc.

from referencé?, Copyright 2009.

1.1.2 Polyproline Type Il Helix

Thetriple helix is comprised of three parallel polyproline Type Il (PPII) ledighe PPII
helix is one of the most abundant secondary strucfuaesl is found in both foldéd ® and
unfolded proteins? They have proven to be key in biological signal transductionsdraption,
cell motility, and immune respong® 2 PPII helcesare shown to be one of the major secondary
structures in unfolded proteins aadkthought to aid inthe energetics of protein foldirtg 2Due
totheirhi gh rigidity and conformational stability
and fimol ecu®ar scaffoldso.

Polyproline peptides can adopt the PPII helix with chain lengths as short asiciies®
Early powder diffraction of polyproline peptides showed that all amide bonds are tiranise
conformation and that every third residue is stacked on top ofaaet® More information on
their dynamic behaviowas obtained through FRET, CD, IR, Raman, and NifR However
PPIl heliceshave no characteristic backbone hydrogen bonds thabammonin U- andb-sheets,

so detecting them directly by NMR orpdy crystallography can often be probleméti&



The average dihedral angles for a PPIl helixfarei7 5 A, Q = +145A&8 and
The average helical pitch is about 8.8urn and 3.0 residues/tyrinerefore the rise per residue is
approximately 3.1.25 A hexaproline PII helix has been crystallized for-day diffraction with
anN-terminal p-bromobenzoyl moiety and@termiral carboxylic acic®* Thisis the first recorded
crystal structure of a PPII helix, and it showadaverage helical pitch of 8% 0.14 A thus the
rise per residue is 3A.3* There is also a correlation between backbone dihedral angles’and C
ring pucker. hecloserth& and (@ a n gile% and ¥140r, eespectively, the ring adopted
a strongerC®-exopucker3* On the other handyhentheF and Q anadusds 7 3v&r @n d
+155A, r es p-emopickeelegame note eronBuncéd.

There has been much debate about stabilizing factors of the PPII helix, specifically the role
of hydration and theYa” * i n t, &athaofowthichwilhbe discussed in detailThe surface of a
PPII helix is more exposed than most otheeucturest’ It had previously beethought that
coordinating water moleculagerecritical for the stability of the PPII heli3: 3° *®However, the
lack of water molecules in the crystal structure, despite using wet solvents for crystallization,
indicates that hydration is not a prerequisite for PPII helféifjhe crystals were grown in organic
solvents so thesénflings do not exclude the stabilizing effect of hydration in aqueous solutions;
it merely eliminates hydration as a requirement for helix foldihg. distances and angles between
the carbonyl oxygen and carbonyl carbont®fespectivaneighboring reside (Oir 1---Ci), as well
as pyramidalization of the accepting carbonjradicate thateveryPPIl amide participatin an

nY” * int¥raction
1.1.3 CollagenTriple Helix

The triplehelix model has been determined byray diffraction of the collagen fibers in
tendons’#C It consists of three parall®PIl heltesthat coil around each other about a common
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axis to form the righhanded triplenelix (Figure1.3).#* Thethree PPII strands aplymers with
the sequencgGlyi Xad Yaa)kss, as mentioned earlier. They aféset by a single residuwlowing
for a laddenf Ni Hely) - -- O=Cixaq interstrand hydrogelnonding(Figure1.3B).#*4The hydrogen
bonds are perpendicular to, and cross the helical laxtee triple helix, Gly is the only residue
capable of being a hydrogen bond donor andiitd Nydrogematom pointdowards the center of
the helix. This topologyforces the necessary interstrand hydrogen bond and simultaneously
prevents the formation dfarmful aggregate structuresich as amyloid fibril&>

Thehelical paameterof the triple helixhave beemeportedrom fiber diffractionpatterns,
ranging from3.36residuefurn (107° twist) to 3.27 residueffurn (110°twist).** 4 These values
areaveraged and the accepted paramsdtatay are al0/3 helix with3.33 residues/turn (108°
twist).2® Eachof the PPII strand adopts a leftanded helix with 7/2 symmetry amdntainabout
333amino acids Eachresiduepropagatsthe collagenhelix by 2.86A for a total fibril length of
about 300 nnf. 26

Additional structural data was uncovered by studying i(Big Pro) collagerike
peptides X-ray diffraction at 1.08 resolution shows that thedividual strands of a (GiyPrai
Pro) triple helix adopts similar helical parameters to the PPlchsbf collagerf® The crystal
strucure of a (Gly Prai Pro)otriple helix has also demonstrated analogoudbly - O=Cero
interstrand hydrogen bondifigdemonstrate similar molecular dormation to the native (Gly
Pra Hyp)io triple helixwith similar carbonyhydration patternshowever it has different crystal
packing®® It is suspected that an extended hydration network involving the Hyp hydroxyl is the
cause of the crystal packing differenS8eich a hydration network criticalfor the lateral assembly

and supermolecular structure of collagén



Figure 1.3. Different representations of a (GRrd Hyp)iocollagen triple helixA) The three PPII
helix chains are colored purple, yellow, or r&pacefilling model. B) Ribbon diagram showing
the interstrand hydrogen bonding in gre€hRibbon diagram with a depiction of the superhelix
in green Modified with permission of Portland &ss, Ltdfrom referencé?, Copyright 2016.

1.2 Collagen Stability

1.2.1 Dipole-Dipole Interactions

The dipoledipole interactions found in collagen can best be explained by reviewing the

-

extensive r elseelairxx.h Tome tcdiep dklieis knoum¢onrdn pasallel an U

through the helix from thil-termiral (positively charged) to thé-terminal (negatively charged)
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(Figure 14).5%%2 Every amino acid in the helix increases the strength of the dipole by about 3.5

D.SO

-0.42

|
-0.20 C +0.42
N N

N
‘ u
+020 H

Figure 1.4.Dipole moment and partial charges ofaanideU-helix.

Dipoles can be exploited to foria thermodynamically more stable helihrough the
addition of negatively charge@sidues (Asp, Glu) near thetsrminus>> >3 The electrostatic
interaction between the skddain and the positive dipole can increase helix stability by about 1.6
kcal/moP? °3 This stability is lost ahigher pH due to negation of charge on the side chain.
Dipole-dipole interactions can be manipulated within the collagen triple helix as well. The
collagenlike peptide Glyi Hypi Hyp)7 has enhanced thermal stability compared tGlgi(Praoi
Hyprp e pt i dne= 219 §C bgrause of trextradipole interactions induced filge additional
hydroxyl group>* Although Hyp favors the €exoring puckerwhich is unfavoratd in the Xaa
position,the interchain dipolglipole interaction overcomes the backbone distortitoenhance
stability.>* This effect becomes even more pronounced with stronger electron withdrawing groups
on the C carbon Usingthe fluorinederivative (54R)-4f | uor opr ol i ne>theF | p;

collagenlike peptide Glyi Flpi FIp)zis more stable thamative (Glyi Pra’ Hyp)7 by goTm = 16°C >
1.2.2Hydrogen Bonding

The collagen triple helix is held together by a network of hydrogen bonds between
neighboring strands.3” 38 56. 57Two hydrogen bonds are formed within ea@ly{ Proi Hyp)

triplet, wherebyNi Haly is a H-bond donor and C=& is aH-bond acceptofFigure1.5).5": 58



Each hydrogen bond is stabilizing by about 1.4 kcal/mol and is cumulative throughout ti#& helix.
The strength of the collagen hydrogen bond is enough to overcome steric restratised by
unfavorable pairings between®-€ndo and -exo puckering in the Yaa and Xaa positions,
respectivel\f’® Although it is more stable thathe native sequencdGlyi Hypi Hyp) is also
considerably more flexible. The flexibility arises from weakened interstrand hydrogen bonding

from the slight misalignment of residues caused by backlmstertion of Hyp in the Xaa

position>*
N1 N2 N3
l;l—H N N
CH, “, . .
o= _'0: o] oM
N N i, H=N
7 ‘, : ‘, CH
/ 177 IOH 2
:0:,,,,,” (0}— —Q0

BECN S
'l,, ‘IIOH CHZ ’l,,

] Inﬁuolmmummmoz
';I—HumumumuuN 1
CH, j 'j"/o,_,
C1 - -

Figure 1.5.Three N Haly to C=Cprointerstrand hydrogen bondsnongthe three PPIhelixes

While hydration is not critical for PPII helici§},it is abundant ira collagenfibril . High
resolution dfraction data shows that water plays an integral part of helix stability through
intrastrand, interstrand, arterfibrillar hydrogen bonding* 62 The Hyp carbonyl, C=@y, is
typically hydrogerbonded to two water molecules. The Gly carbonyl, €% strictlyhydrogen
bonded to only one water molecule because its second site is sterically blockedobwa C

neighboring stranftt Since C=0ro is already involved in interstrand hydrogeonding (Figure
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1.5), it is never hydrate®f The hydroxyl groups on Hyp are also hydrogen bonded to an average
of 1.7 water moleculé®. Some of these hydrogen bonds form interstrand water bridges for
enhanced helix stability while otherydrogen bonds formnterfibrillar bridges that help in

stabilizing collagen fibril$?
1.23n Y  * I nteraction

Similar tothe stabilization ofaturated heterocyclésrough the anomeric effe€tprotein
secondargtructure is also stabilized through the delocalization of lone pairs into neighboring anti
bonding orbital$*Ter med t he n YFigtre l6)nthisdsstabdizingto only residues
in the trans conformatiofy.

The nVY * | nteeam clta coant ehda dielices$rdsudtingin cdndulstiveo f U
stability of around 1.0 kcal/md® ®"In ann Y ~ ihteraction,the p-type lone pairof C=Q.1 is
del ocal i z e dorbifalnof @=0°%°%h ®'* folléwing the BurgiDunitz trajectory for
nucleophilicapproactf* %% The BurgiDuni t z trajectory is where t1
approaching nucleophile and electrophilic carbonyl is about2d3fe distance, d, between both
moieties must be less than the sum of their respective van der Waa(8:204 in collagen,

andsome degree afut-of-planepyramidalizationg, o flectrophikc caebonyls usually

R!

7

O

A

Figure 1.6.Pr o | y | nY  * interaction showing the el ec
into the adjacent carbonylUsed with permission of Annual Reviews, Inc. from eefncé?,
Copyright 2009.



present(Figure 17).?*The nY  * interaction is a dominant
restricted 0 dolineddtrealmeamglie dofhteg@lriad e sa nwil teh n
delocalization i§63.3£5.6wh i | e t h ein prolimkis 162+ 18.6°, establishingats a

strongn Y ~ dcceptor® Interestingly, although their dihedral anglestchaclosely, its lack of a

hydrogeatbond donor causeflwlicdPo to destabilize U

Figure 1.7. Burgi-Dunitz trajectory for nucleophilic attack of a carbonyl lone pair as the
nucl eophil e. To determine the presence of an
donating oxygen and accepting carbon must be less thessamef their van der Waal raddpen

access oThe Protein Societfrom referenc, Copyright 2011.

The Etzkornlab has recently conducted a conformational analysis to determine the
propensity fom Y “ ihteractions to occur ithetriple helix.”® Using small models, they stved
that every amide in the QIrdi Pro sequence participated asiald = donor anch Y ~ acceptor,
to some extent. At some geometrid® donatingpxygenwasseen interactingith there-face of
the accepting carbonyl, which is domirgrfbund in nativecollagen Other geometriebad the
donating oxygen interacting with ttsefaceinstead. NBO calculations estimates strength of
these interactions from < 0i11.29 kcal/mol® At their respective collagelike geometrygvery

amide participated simultaneously asnalY ~ donor anch Y ~ @cceptor®
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In general, the two lone electron pairs of a carbonyl are not degefsratione pair is
rich in scharacter (8= 60% s, 40% p)andi es al o n g-bdant andhe atherisorichyinl G
p-character (p= 100% p) ands locatedo r t h o g o n #dnd(Figure 18°%A ‘car bony | 0 :
unsatisfied hydrogen bonding potential increases the energy of a systettows forstructural
destabilization throughndesired intermoleculdrydrogen bonding® ®T her e f o rhelix mo st
carbonylsform non-covalent interactionss delocalizes intdhe 0 *orbital of Ni Hi+4 to form a
hydrogen bonand n delocalizes intc€C=0+1" * o r b i taanl ntivieeradtiany> th %It is
alsotheorized hat t he n Yircreasdthe strengta of interstrand hydrogen bioigcby
further p o-tboadrof @=Bnamd betterealighingdjacentstrand<® Like mostnon

covalent interacting the strength ofr Y ~ #onation is based on geometry, donor/acceptor

strength, and environmefitso nota | | ’ s wppropriatedy siateel he chloro-alkene
isostere for examplehas beempredicted computationaltpbeam Y~ * donor |, but not
acceptor’’ It has also been shown experimentally that the fkaolok e ne i s acceptor an n Y

duetos eric repul si,@awelfasibaminglbbbss " pol avuidzed al kene

A)

B)

Figure 1.8 Non-degenerate electron lone pairs oragbonyl oxygen. A)-sich electrons located
opposite of the QO -iondandusedfor hydrogen bondind) p-rich electrons located orthogonal
t o tbhoend” and used f WUsedwihYérmissidnoofSpringeroNaturefrom
reference®®, Copyright 2010.

11



1. 2 .-%Bubs@uations

Substitution on €of Pro is of considerable interest because of preorganization caused by
the gaube effect’® Due to the gauche effedhe dihedral angles dflyp are arranged in a

conformationsimilar to that of the Yaa position of collag@figure 19).13 4

O
N H —
b ' NANPH
) i 1 R'=EWG
anti conformation gauche conformation

C-endo pucker

Figure 1.9. Electron withdrawing groups in tHéR)- position stabilize &exopuckeing via the

gauche effectUsedwith permission of Annual Reviews, Inc. fromeednce'?, Copyright 20009.

Hyp is critical for structural stability by forming a network of intand intramolecular
water bridge$! 2 dipole-dipole interactions? and decreasing the entropic cost of foldih@o
probe the stabilizing effect of differentpbsition substitutions, the stability of several collagen
like peptides weretested in the Yaa position(2S4R)-4-fluoroproline (Flp), (2549)-4-
methylproline (Mep), an@S,4R)-4-chloroproline (Clpy®8* All three models show stable triple
helix formation via circular dichroism with maxamear 225 nm and large mingnaround 20
nm, both representative tfple-helix folding.’#84 The nativecollagensequencéGlyi Prdi Hyp)r
has amelting temperatureTf) of 36 °C%* The peptide(Glyi Prd Flp)r exhibited hyperstabily
with Tm = 45 °G% the methylated ringGlyi Pra: Mep), had Tm = 29 °G® and Glyi Prai Clp)7
hadTm = 23  (Table 11).8! Theadditionalstability of (Glyi Pra Flp)r was surprisinglue to the
poor hydration of fluorine. Entropic stabilization was expected to be overcome by enthalpic
destabilizatiot?* However, he Flp monomer has a more favorable gauche effect due to the higher

electronegativity of fluane with respect to oxygeh ¢ F3.9& ¢ O44)~whiéh.likely led to a
12



more preorganized ring 8 ®Addi t i onal ly, fluorineds electron
Flp that further stabilizes the helix through stronger interstrand difiptde interactions?

Evidence shows thaG{yi Pra Hyp), helicesare stabilized by the enthalpy of hydration tibity§

Prad Flp)» helicesare stabilized by the entropy of preorganizaffofhermal stability decreases

whena (Glyi Pra Flp) guest is introduced into the middle ofAaGly-(Glyi Pra Hyp)s-Gly-NH:2

host bydisrupting the chain of hydration caused by sequential Hyp resiflues.

Table 11. Tm values of Yassubstituted peptides comparedatoative collagedike peptide®* 8L
82

Yaasubstituted peptide  m(°C) | NTm°C

(GlycProcHyp) 36 -

(GlycProcFlp) 45 +9
(GlycProcMep)r 29 c7
(GlycProcClpy 23 ¢l3

The relative stability ofGlyi Pra Mep)r alsooriginates fronthe preorganizatiorf Mep,
but for steric reasons rather than electrostafite C-methyl substituent protrudes radially
outward from the helix (Eexopuckering), assuming a pseudoequatorial position to avoid harmful
steric interaction& Density functional theory calculations suggest that Mep favdrex@
puckering by 1.7 kcal/mol so it is well suited for the Yaa posftfon.

Chlorine provideghe pyrrolidine ringvith someC®-exopuckering, but it is less favorable
thanbothFlpandMep Chl orine is | ess electronegative ¢t
so Clp does nopreorgaize as wellas either Flp or Hypresulting in a higher entropic cost

folding 8! Since chlorine is smaller than a methyl substituent, Clp cannot preorganize as well as

13



Mep in terms of steric repulsion eitHéiThe combination of thedevo factors causesy{yi Pra
Clp)7 to be the least stabfeposition substitutiombserved?

Pro has a slight preference fot-endopuckering whichpreorganizes the rinigr the Xaa
position!® To analyze stabilizatioafforded byXaa C-endopuckering, he diastereomers of the
aforementioned residu€aS 4R)-4-fluoroproline (flp), (& 49-4-chloroproline (clp and (54R)-
4-methylproline (nep) were testedThe proto-collagenpeptide(Glyi Pra Pro)z does not form a
triple helix at room temperature willy = 6 °C28 Both collagenlike peptideqGlyi flpi Pro) and
(Glyi megi Pro) were shown to beonsiderably more stable wiffin = 33 °C° and 13° C¥
respectively(Table 1.2). The Glyi clpi Pro) peptidealso does not form a stable helix at room
temperaturgbut by extending the chafrom 7 to 10 repeat unit§Glyi clpi Proko hasTm = 33 °C

which is more stable thahe correspondin¢Glyi Prd Prokob y Tmgp 2 °C8!

Table 1.2. Tm values ofXaasubstitutecpeptides compared tnative collagerike peptide®* 8

82, 88

Xaasubstituted peptide  m(°C) | NTm°C

(GlycProcHyp) 36 -
(GlycProcPro) 6 ¢30
(GlycflpcPro) 33 +27
(GlycmepcPro), 13 +7
(GlycclpgPro) 10 +4
(GlycmepcFlp) 58 +52

Interestingly, all XaaC’-endopuckeredpreferred diastereomers @ollagenlike peptides

are less stable than the YaaeXopuckered diastereomerBhis is possibly caused by the greater

14



extent of backbonepreorganization in the Yaa positi&hThe isomers in the Yaa position
significantly preorganize all backbone dihedral angles favorably, whereas the Xaa position isomers
only favorably arrange y and (°%8&AcgpEnatiorbolit unf
both isomers can be employed to synthesize hyperstable collagen mimics. For exaiyple, (

meg Flp)z, which iscomposed of 2/8nnatural amino acids, is more stable tiiaa native(Glyi

Prai Hyp)7b y Tmep 22 °C’®
1.2.5 AzaGlycine

Glycine is a requisite part of the backbone in triple helical regions of all collagen types,
found alwaysat thefirst position ofeach Glyi Xaa Yaa) triplet® 8 Glycine was once thought to
be an irreplaceable cornerstone of the triple helix, but recent work suggests that a Gly mimic, Aza
Glycine (azGly),confers hyperstabilityon collagenrlike peptideS® °* Molecular dynamics
simul ations iNidikydrodgeamtmayhef drm a bifurcate
NiH---O=Cay( d = 2. -NiH;-JO=Cadfdd= 3.2 A) on a neighboring chaiRigure 110).%°
This agrees with experimental results that sindwenan (azGlyi Pra Hyp) guest is introduced to
an Ac-(Glyi Pra Hyp)7-NH2 host, Tm increass by 611 °C depending on its location, with a
preference twards the middle of the chaift.®! Furthermore, the additional hydrogen bond is
thought tohelp preorganize azGly residues by restricting @hdihedral, allowing peptides with

just one azGly rédue to refold fastet? °*
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A) Glycyl residue B) Aza-Glycyl residue
H H o n 0]
X SELR
o H N o ”—g

H

Hydrophobic CH2 :> Extra H-bond donor

Figure 1.10. Interstrand hydrogen bonding of collagemd AzaGlycine mimic. A) Endogenous
collagen.B) The additional hydrogen bonding Akza-Glycine. Reprinted with permission from
Zhang, Y.; Malamakal, R. M.; Chenoweth, D. M., Azl cine Induces Collagen Hyperstability.
J. Am. Chem. So2015,137, 1242212425 Copyright2015American Chemical Sociefyj.

1.2.6 Isomerization

Connecting the monomers of collagen, and of all peptides, is the peptide bond. Peptide
bonds are planar amides that form a critical part of protein backPofedde bond rotation leads
to cis/trans isomerization of residues which affects the structuréuantion of protein$? The
barrier of rotation of a peptide bond is about2Bkcal/mot® due to the high degree of double
bond character, as suggested by the resonance fotidhe resonance model is also used to
explain the stability of the amide bond, which has a-Iifalfof 500 years for uncatalyzed
hydrolysis?® The lone pair of electrons on nitrogen sit in an unhybridizetbjial and delocalize
i nto the adfositaktmsignificamtty maease bverall stabil{fyigure 111).%

Peptide bonds exist naturally in either the trans or adaformation, but the trans
conformation is thermodynamically more stable for most anfidés.the trans isomer, the

negative end of the’NH dipole is in alignment with the positive end of the C=0 dipole while the
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cis isomer has both positive ends closer togethigute 1.11C).°” For most amides, the trans

isomer also significantly reduces steric repulsion.

A) )OL o o7
R = .« R = ® p
N R%N/ RN
H H W
@]
5o MR JH
°_R R N R N
R6+N |I |/
H H R’

Figure 1.11. A) Resonanceontributorsof a common peptide bonB) Amide resonance hybrid.

C) Dipole moment ofrans andcis- amide

Proline is unique among the 20 common amino acids in that it is the only species with an
easily accessible cis conformation. As part of a peptide, prolinesfar8 amide that has nearly
isoenergetic cis and trans conformations caused by steric destabilization of the trans c8&former.
Whereas less than 1% of 2° amides exist in the cis conformation, as much Es220f peptidy
prolyl bond are ci§€? Computational analysis suggests Bati cis-Prois about 50,000 times more
likely to exist than Glicis-Gly (Figure 1.PError! Reference source not found).®” For prolyl
amides in polypeptides, the isomeric ratio is highly dependent on its local environment, such as
the preceding residue, length of the peptide chain, andrsgbolarity?3: 100. 101

Assembly of a PPII helix, and by extension the collagen triple helix, requires that all
residues be in the transrformation. Due to its high cis/trans ratio, proline isomerization is the
ratedetermining stejn helix propagatiort®?1%4 Thesteric bulk imposed by the side chain of Pro

causes a slightly higher rotation barrier than other peptidrs, this process can be catalyzed by
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peptidytprolyl cistrans isomerases (PPlaseB)wering the barriefrom the natural 120

kcal/mol to 56 kcal/mol®3: 94 101

A) 1 o (l@
} N—= _ Oigi\%:H

H, ’
H /H \H
H':‘y 0 HN~ H
Gly-trans-Pro Gly—cis-Pro
B) O

Gly—trans-Gly Gly—cis-Gly

Figure 1.12. Isomerization of the Xa&ro motif.A) Steric hinderance from the pyrrolidine ring
causes destabilization of the trasenformationeadingto an accessibleis conformationB) The

transconformation of secondary peptidesinhindered, so isomerization is very limited

1.3 Alkene mimics

The D" century saw major technological advances such as better protein purification
protocols and more accurate analysis tools which allowed for the emergence of peptidomimetics
as a new class of therapeuti&sPeptides are strong drug candidates because of their high potency,
selectivity, and diversity, anshow lower toxicity with less accumulation in tissues, all without
the constraints imposed on small molf°Reptiddse nat
have not become more dominant therapeutic agents because of their low membrane permeability,
poor oral bioavailability (peptides are generadl500 Da), and most importantly, their poor
metabolic stability:*® Peptidases are a class of enzyme that hydrolyze peptide bonds and degrade
proteins Therefore a major focus of peptidomimetics is creatingmgadrolyzable amide isosteres

to resist rapid degradatidft 1°The large degree af? character of an amide ®**makesalkene
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linkages the most similar functionality to natural peptide bonds in terms of rigidity, bond lengths
and angles® X-ray diffraction shows the averagend length for a trans CHApCH(s) bond

is 1.31A and the average bond length of a secondary, acyclic amide i& 1°3&dditionally, the

Hi C=C alkene bond angle is 120° whilepeptidylamidebond angle is around 125%® Alkenes

can be further modified to mimic other amide propert®sch as its steric and electronic
interactions Two additionalpeptide isosteres that show promise in the future of peptidomimetics

are thefluoro-alkeneand chlorealkene(Figure 1.8).10° 106, 10810

Chloro-alkene

Figure 1.13. The pepti@ bond and common alkene isosteesNative amideB) (E)-Proteo

alkeneisostereC) Fluoro-alkeneisostereD) Chloro-alkeneisostere.

1.3.1 Proteo-Alkene

The gauche effect that induces&xopucker in Hyp, Flp, and Clp also contributes to the
favorable trans ¥ algsks€ 8 &hhe Etzkorelabdedothesieed that hi g h e
replacing an amide bond withtns-alkene isoster# restrict the conformation wouldad to a
hyperstablériple helix.!'! Of the threaepeatingpeptide bond the (Glyi Pra Hyp)» sequence,
the Glyi Pro amidewvas determined to be the most advantageous positimodify (Figure 1.4)

because it does not participate in the essential interstrand hydrogett56nd
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A B)

)
Fmoc\N/\H/N Fmoc~p Z
H (@) N OH H H N .OH
(@) : (o]
(0] (e}

OH OH

C)

Ac—(Gly—Pro—Hyp);—Gly—¥[(E)(CH=C)]-Pro—Hyp—(Gly—Pro—Hyp),—Gly—Gly—Tyr—-NH,
Figure 1.14. Fmod Glyiq[ ( E) ( OPHHE QH translocked alkene mimicA) Natural
Glyi Pra Hyp repeating triplebf collagen B) Glyi Q [EJ(CH=C)]i Pra Hyp translockedalkene
mimic. C) (E)-alkene modepeptidesequenceReprinted with permission frofai, N.; Wang,
X. J.; Etzkorn F. A., The Effect of a Tranlsocked GlyPro Alkene Isostere on Collagen Triple
Helix Stability. J. Am. Chem. So2008, 130, 53965397.Copyright2008 American Chemical

Society!!?

Altering the backbone in this way, however, was deleteridhe collagerike peptide
shown in Figurel.13C hadlm = 28.3 °C while the control, AGly-Pro-Hyp)s-Gly-Gly-Tyr-NHz
had Tm= 50.0 °C!' A comprehensive computational analysis to help explain these results are
discussed in Chapter Zhe unexpectednstability of thetranslocked Gly-Pro (E)-alkeneled to
the design and synthesis of tethertranslockedalkene collagen mimid® determine theffect
that isomerizatiorelimination hason triple-helix thermostability(Figure 115).'? The two new
mimics were synthesized lspbstitutingeitherthe PreGly amideor the PrePro amidewith an
(E)-alkene(Figure 1.15)** Through the loss of its hydrogen boackteptorisosterel.3 was used
to examine theost of prolyl isomerizatianThis could be readily determined becausenidg/e
Pro-Gly amide bond has a hid€ransicis (> 99%).1°! Thereforejsosterel .2 has a negligible effect
on folding gp Sbut removes hydrogen bonding capabildy does isoster#.3. As expected,

interstrand hydrogen bonding has a significant effect on stal@litsnpared to theontrol peptide
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(Figure1.15A) with Tm= +31.6 °Gisosterel.2 hadTm =124.7 °C (dTm = 157.5 °C).}*? |sostere

1.3, which removesboth prolyl isomerizationas well asnterstrand hydrogen bondingeducel

thermal degradatioto Tm = 122.0A C T =pi 53.6 °C)!*? Since bothisosteresl.2 and 1.3
eliminatehydrogen bnding, andL.3 also removes prolyl isomerization, it can be concluded that

the gain from eliminating cis/trans Thst8Mer i z al

°C, andits effectsmay be cumulatively significant?

A) H 9 B) H ©
\
NJX\J/ W
N N
(0] H
@Ao\ @Ao\

N \\\ O N —\l\—\ (0]
YooH 4}—{ > M
ey {

N (6] N H
0 0

N N

1.1 1.2

Figure 1.15. Interrupted hydrogen bonding by a P@ly and ProPro (E}alkene A) Depiction
of the interstrand hydrogen bond found in the control peptidra Pra Gly)iod OH 1.1. B) The
interrupted N Haly hydrogenbond donorcaused by Pra Gly (E)-alkenein Hi (Prdi Pra Gly)as-
Pra Proq [EJCH=C]i Glyi (Pra Pra Gly)si OH Prd Gly trans isostee 1.2. C) The interrupted
C=0rro hydrogenbond acceptorcaused by a Pi®ro E)-alkenein Hi (Pra Pra Gly)si Pro-
d [EYCH=C]i Pra Glyi (Pra Pra Gly)si OH trans isosterd.3. Reprinted with permission from
Dai, N.; Etzkorn, F. A., Cidrans Proline Isomerization Effects on Collagen Trighdix Stability
are Limited.J. Am. Chem. So009, 131, 1372813732 Copyright2009 American Chemical

Society!!?

1.3.2 Fluoro-Alkene

Fluoro-alkenes are a wellestablished amide isostere that have been used in

peptidomimetics since the 19884.Computational and experimental data show that fluoro
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alkenesshare many geometrical features with the peptide bond including size, bond length, and
angle(Figure 1.BError! Ref erence source not found.1%® 114116 The van der Waals radius of
oxygen is 1.57 Awhile that of fluorine is 1.47 A1*11° Additionally, the C=0 bond length of an
amide is 1.3 A compared to the {& bond lengttof 1.37 A of a fluoroalkene'®®which suggests

that the fluorealkeneshould have similar steric effects as an amide.

1.57 A 1.47 A
A, ey,
RN N
I/ A |l !
i O < \/
\ 7 / = 119°
< 122° 1.38 A
1.24 AAY N
—_— —_—
1.35 A \ 1.34 A

Figure 1.16. Key bondlengths (A) angles (°)and van der Waals radii (A) df,N-dimethyl
acetamiddleft) andits fluoro-alkeneisostergright). Calculated with MP2/311++G(2d,p) level

of theoryandthe PCM solvation model with water as the solvent.

Fluoro-alkenes exhibit sne weak interactions that are analogous to peptidyl hydrogen
bonding®®but highlevel ab initio theory suggests little hydrogen bondiridy solvent and they
may not adopt typical peptide conformatio¥8The strength of a &2j F---Hi O hydrogen bond
has been calculated to be 1.48 kcal/mvblle Osp2y--Hi O hydrogen bonding isonservatively
estimated to b& kcal/mol*'’ Fluoro-alkenes do, however, participate in intramolecular hydrogen
bonding!!” When an amide was replaced by a fluatkene in an antHIV peptide, the stability
o f  thblig rerdhined relatively unchanged evhsubstitution occurred at thetNe r mi Tmu's (@
=12.6 °C) and decreased with substitution towards the middle of the *éhaine deleterious
effect on stability is attributed to the flueatkenehaving only a hydrogenbond acceptor and no

hydrogerbond donot2°
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Reexamination of previousigharacterized structures such as the serine prei@aibéor
complex show thas fluoro-alkeneengags in n Y °~ delocalization'?! 122 A survey of small
molecule crystal structures from the Cambridge Structural Database containingistiet€€0
contacts suggests F andrCly ~ donation in a varietyfalifferent compound$?® The data shows
no preference of &F---C=0 or GCI---C=0 dihedral angles, which is indicative ofY =~ *
donation for GX---C=0 compands?® Additionally, X-ray structures with halide anions were
analyzed to confirm if halides were capable ofY ~ tlonation or strictly dipokalipole
interactions. The data shows significant clustering aroun@tingi-Dunitz angle of nucleophilic
approach as well as carbonyl puckering when the-=0 distance was less than the sum of
halideandcarbon van der Waals radii. Structures in which the-B=0 distances were greater
than the halidandcarbon van der Waals radii showed no preference for antjlehe C=0and
no significant puckering?® A compuational analysis on the effect of a fluestkene on triple

helix stability is described in Chapter 2.
1.3.3 Chloro-Alkene

Compared tdhe fluoro-alkene a chlorealkenemay be a stronger Y ~ donor due to its
size Cl radius= 1.75A.) 118 119A |arger atom, however, may be deleterious in terms of the
compact triplehelix packing.Computational studies show noticeably more overlap betteen
chloro-alkenenonbonding orbiéls andits adjacent carbonyl * or bi t al , whi ch i1
detail in Chapter 2’

A chloro-alkene is also betta@ble to mimic the dipole of an amid®natural peptide bond
has a dipole moment equal "MAwsmiarcHoroh. &k el ea rhda sv &
2.0 D and dipole vector around 45° whereas afhaoltok e ne has € = 1.4 D and

69° (Figure 1.77).19% 110. 124Chloro-alkenes havalsobeenseerto act asntramoleculahydrogen
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bond acceptorso they are considered by some to be a supiedetere'?>12’ However, there is
not a lot of literature on the topic, possibly due to the greatallyJ& strainwhen chlorealkenes

are includedn peptdesand thér synthetic difficulty®

N-Methylacetamide (Z)-Fluoroalkene (Z)-Chloroalkene
Dipole moment: 3.99 D Dipole moment: 1.30 D Dipole moment: 1.83 D

Figure 1.17. Dipole vector dipole momenand electrostatic potential mapMfmethyl acetamide
(left) with its fluoro-alkene (centergand chlorealkene (right)mimics. Usedwith permission of
Springer Naturdrom referencé’®, Copyright 2018.
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Chapter 2. Conformational Analysis of Fluoro-, Chloro-, and Protecalkene

Glyi Pro and Prai Pro Isosteres to MimicCollagen

Paul JArcoria, Rachel .Ware Sunny V.Makwana DiegoTroya Felicia A.Etzkorn

2.1 Abstract

Collagen is the most abundant human proteirh thié canonical sequence (Gtyo-Hyp)n
in its triple helix region. Cidrans isomerization of the X&ro amide has made twbtheseamide
bonds the target of alkene replacement: theR3tyand the Prélyp positiors. The conformations
of Gly-Pro and PréPro (as a Prblyp mode) fluoro-, chlore and proteealkene mimic models
wereinvestigateccomputationally to determine whether these alkenes can stabilize the polyproline
type 1l (PPIl) conformation of collageMP2 calculations with various basis sets were used to
perform the conformational analyses and locate stationary potmscalculatn results predict
that fluore and chlorealkenemimics of GlyPro and PréPro can participate inth” * donat i on
to stabilize PPIl conformations, yet they are poof h * acceptor s, shifting
away from PPII conformationg=or the protealkene mimics, the lack of significantyn” *
interactions and unstable PHiKe geometries explains their known destabilization of the triple

helix in collagenlike peptides
2.2 Author Contribution

Paul Arcoria and Rachel Ware conducted the scans and opiomizd all compounds
reported in this study with support from Prof. Diego Troya. Paul Arcoria and Sunny Makwana
analyzed the parameters of optimized geometries and collagay ¢tystal structures. The final
manuscript was prepared in collaboration betwBaul Arcoria and Prof. Felicia Etzkorn. Rachel
Ware, Sunny Makwana, and Prof. Diego Troya edited the final manuscript. Prof. Felicia Etzkorn

served as an advisor throughout this study and contributed to the preparation, editing submission,
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and revisiorof the final manuscript. This work was published in the Journal of Physical Chemistry
B and is available onlindrReprinted with permission frorArcoria, P.J., Ware R.l., Makwana
S.\V., Troya D., Etzkorn F.A. Conformational Analysis of FluorpChlora, and ProteeAlkene
Gly-Pro and PréPro Isosteres to Mimic Collageh. Phys Chem B. 2022 126, 217-228.

Copyright2022American Chemical Society.

2.3 Introduction

Collagen is one of the most important structural proteins in vertebaates)nting for 30%
of all vertebrate proteihlt consists of thredeft-handed polyproline type 1l (PPII) helices that
intertwine around a common screw axis to form the #igintded triple heli%.®PPII helices are a
frequently occurringrotein secondarstructurethat are prevalent in fibrillar proteifig.hey serve
key roles in signal transduction and protein complex assefiihig.three PPII helices of collagen
exist as repeating polymers of (GXaa Yaa), in which 25% of all Xaa residues agS)(-proline
(Pro) and 38% of all Yaa residues a28 ¢R)-hydroxyproline(Hyp).X This makes GliyPra Hyp
the most common sequence of the &ipklix® Glyi Prdi Pro collagerike peptides have been
frequently used in studies of the triple hélix.

The tertiary ande of the Xa&Pro motif has an unusually high proportion of theeisome
due to steric destabilization of the trans isoféfhile over 99% of secondary amides adopt the
transconformation, 1030% of XaaPro tertiary amides in peptides and unfolded proteins appear
as thecis conformatiorf Propagation of the collagen triple helix is riteited by the
isomerizatiorof the XaaPro motif?

Due to the high degree of %spharacter of amides, alkenes have proven to be excellent
mimics of prolyl amide$®*? However, we have previously shown tltainverting an Xa#ro

amide to an alkene decreases the stability of the triple HelSubstitution of a single Giyro
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peptide per strand with an alkene in ar@3idue collagetike peptide leads to a change in the
folding temperaturefo apT121.7 °C compared to the native collagie peptide controt?
Replacement of a P#iBro amide, with concomitant loss of an interstrand hydrogen bond, was even
more disruptivetd r i pl e hel i x folding with m=ig8Ba&nge i n
compared to the native contf6lThis showed that the entropic reduction afforded by the olefin
mimic does not compensate for some missitgractions that are intrinsic to the peptide bond.
The destabilization with the prot@tkene mimics could be caused by the loss of noncovalent
interactions that may be present with the native amide in the collagen triple helix.

Raines and coworkers hashown, computationally and experimentally, that collagen is
stabilized by a series of electroni¥ n * i nt é # m thétiamscosformaton of XaaPro
models, a lone pair of Xa@i=0 delocalizes into the Proic= O ~ *-borading drbitaf. ¢
Electron delocalization follows tH&lirgi-Dunitz trajectory of nucleophilic addition to a carbonyl,
in which the angle of approachsf: | Oi--Ci+1=0) is approximately 109°, and the distance
between the donor oxygen and acceptor carbis) {s within the sum of their respective van der
Waalsradii (Figure2.1).’ Donationi nt o t h ealso produzes Blight $eharacter in the
acceptor G1 atom resulting in pyramidalizatiorss measured by the angigsp.*® Carbonyl
pyramidalization is a signature of th€n * i nt er act i @ma n gal neoelicésihat) me a n
been reporié as +4° + 1.1%81n a-helices, nearly every carbonyl acts as bothnnt donor an
acceptor® A density functional theory calculatiostenated thattheYa” * i nt er éPot i on o
NMez contributes approximately 0.14 ¥€ndo) or 0.53 kcal/mol @:xo0) of stability, and the
weighted average was estimated at 0.27 kcalfitdbwever, evidence of then™ * i nt er act i c

lacking in thet3C=0 NMR chemical shifts of proteir8.
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A"

Figure 21.Birgi-Duni t z par amet er s .A)dBirgi-Bumitz trafectdryangle t e r a c |
(t8p) and distancedbp) of theoxygenbnep ai r donor (n) with the <car

subsequent amide bond describesAn® i nt er act i o.Theftossiomadgleivariedc ol | a
for thecalculations isr . B) CalculatedNBOs showing the overlap afxygen norbonding orbital

(blue/red) andC 6:=0 antibonding “orbital (yellow/green.t®

In a recent paper, we reported the conformational variation in stability of small PPl models
of the anide-amide interactions. We found forward and reverseanel siface, and reciprocal
nY " * i nt éuaradydiogem ®nds that stabilize PPII or competing conformafiatis.
calculated the relative energies of these minima and the barriers between them, as well as the
seconeorder perturbation energiéE2PERT) from Natural Bond OrbitdNBO) calculationsof
thenY ~ *  a nrdgenbondkd interaction®. For the Gly Prd Pro (GPP) model, the global
minimum shows anYi" * i nteraction that siBEobtheProPreéis t he
Gly (PPG) model, the global minimum involves a hydrogen bond between theNPand the
Glyi+2 NH that is conformationally distinct from the PPIl conformation, though only 1.0 kcal/mole
more stablé® The Pré Glyi Pro (PGP) model was shown to be quite conforomaliy flexible
with multiple minima due to the lack of a restricfeebond in Gly*®

Due to their rigidity and hydrolytic stability, fluorand chlorealkenes haveound use in
medicinal chemistry as peptid®nd bioisostere®: 2 The similar sizes of fluorine and oxygen
atoms (van der Waals radii = 1.47and 1.52A, respectively§* and the similar bond lengths of

C=0 (1.2 A) and CF (1.4 A), allow for analogous pseud¢-allylic strain?® However, since

42



fluorine is smaller and more electronegative than oxygen (EN = 3.98 and 3.44, respéettively),
nY  * donat i onalkéng may beless prevatemt.d<amer et al. found crystallographic
evidenceof ¥~ * i nt er a s (F,ChBr, andfl) withamidedarbonylslakobsche et
al. have shown experimentally that a3ty alkene isostereisapoofYri * acceptor due
repulsion w t h -tldu& while a similar fluor@a | k e n e reduces ) (- P e
Replacement of the OH of Hyp with the analogous stereoisoni®¢fldoroproline, significantly
stabilizes the collagen triple hefiXWe are curias to see if the GHPro and PrePro fluoroalkene
isosteres might similarly enhance the stability of the collagen triple helix.

The atomic radius of chlorine (1.79 and the €CI bond length (1.72 A¥* are expected
to have a deleterious effect on the pseli@allylic strain and interstrand packing otchloro-
alkene mimic. Chloralkenes may also suffer a& n * acceptors du® to P:
However, the larger8row lone pairs and lowezlectronegativity of chlorine (EN = 3.#8)may
provide more overlap and strong&fn * donati on. It would b-e inte
alkene mimic might be accommodated in a collagen ttiplex, as chlorine was as R
chloroproline (Clp), in which Cl is substituted for the side chain OH in Hyp.

In this work, we calculate the impacts of flugrohlore, and proteaalkene mimics of Gly
Pro and PrdPro on the conformation of the PPII helix found in collagen. While the relatively small
models of this work cannot capture tveent of all norbonded interactions within a full triple
helix, our intention was to closely examine very local interactions that contribute to tHeePII
conformation with higHevel ab initio calculationsThe calculations herein help us to predit
potential of fluore and chlorealkenes to stabilize collagdike peptides, and to understand the
failure of the simple protealkene mimics to stabilize the collagen conformatiot.Substituting

halogenated alkenes, i.e. a fluoow chlorc-alkene, may provide netovalent interactions that
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would allow them to adopt the PRike conformationt> 31 33vnhile still reducig the entropic cost

of cistrans proline isomerization in foldirfg.

2.4 ComputationalMethods

Preliminary geometries were obtained from residdgs?0 Gly21i Pro22 Hyp23 Gly24
of the collagen triple helikigh-resolution crystastructurel CAG of Bella et af® and modified to
the hghlighted portions shown iRigure 2.2. (45-Hydroxyprolinewas changed ta-proline to
reduce the number of heavy atoms in the calculatlait&al optimizations were conducted using
Gaussian 09 in WebMO at tlsecondorder Mgller-Plesset (MP2) level of theomyith the 6-
31+G(d) basis seincluding the solvent effects of water by gh@arizable continuurmodel3# 3%

Diffuse functions on heavy atoms were incorporated to capture delocalization of electron density
thatis a signature ofh” * i nt é°Ceowlinatesaars allowed for optimization of all degrees
of freedom except for thé dihedral angle being rotated.

Forthe G(X)=PPnY " * donoiX)Pmtl” *GPa(cceptor model s, w
or H, scans of th& dihedral anglevere conducted from +170° td.80° in 10° increments. For
the P(X)=PGnY "~ * donoiX)mWd *PG(ccept or moddlieddralanglscans
were perbrmed fromi 170° to +180° in 10° increments. For the PX)EP scans, thé dihedral
a n g | iieNi+1{ QENj CiN) was also fixed td 72°, theF angle found in collagelike peptides’®
and the remaining coordinates were fully optimized. The energy of the global minimum structure
in each model series was normalized to 0.0 kcal/mol.

The two lowesenergy minima found ieach of the 12 models were fully optimized at the
MP2/6-31+G(d) level, then optimized further at the MR3MBL+G(2d,p) level (Tables 2.1, 2.2,
S2.1, S2.2). Single point energies of the unrestrained MPR¥&(d) geometries were also
calculated at the MP2/811+G(2d,p) level. In all scans, the maxima found closest to the ideal
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collagen angles were optimized unrestrained at the MPR#5(d) level, and single point energies
of those geometries were calculated at the MB2/6+G(2d,p) level. The energy diffeiee
between the single point calculations of minima and maxima at MP2/6G(2d,p) was used to
estimate the energy of conformational barriers relative to minima optimized at that level (Tables
S2.1, S2.2).
For minima optimized at the RR/6311+G(2d,p) legel, the dstances between iiC
X:+-Ci+1=0 or G=0---G+1i X (dkp), the angles betweeni&::-Ci+1=0 or G=0---G+1i X (¢8D),
and the pyramidalizatio@spa n g1 e f or me diit CoNE/Niwmaaeandth€ &D @ ttor
were determine@Tables2.1,2.2, S2.1, S2.2%° In this work, Qep is positive when the accepting
carbon is puckered toward the donating atom. The accegtiogsi” * f ace offort he <c a
PPIKlike geometries of GHPro models (Table2.1) and PrePro models (Table 2.2) that were
within the BurgiDunitz limits were notedThe energy of orbital interactions was quantified by
Natural Bond Order (NBO) secormmtder perturbation analysis (EZ)We consider an absence of
orbital overlap when the NBO E2 energy is less than a 0.1 kcatinreshold NBOswere usedo
visualize orbital interaction¥.All NBO images hag an MO isosurface value of 0.050 with 64,000
grid points.The accepting * face and pyramidalizationgsp, are not reported for thoseodels
that do not show significamtY * * ovArnfap donation is expected
models when the donating atom is fluorinky < 3.17A; when the donating atom is chlorirsép
< 3.45; when the donating atom is hydrogen,< 2.90A; and when the donating atom is oxygen,
oo < 3.22A. The acepting atom is carbon in all cas@eometric parameters of all minima and
maxima of GlyPro and Prd’ro mimic models are given in Tables S2.1 and S2.2 respectively.
TheaverageQ andi d i h e tbs (@dble 828 were measungsingt he o6 phi _ps

PyMOL function and the average distan¢#o), and angles(lép) (Table S2.4) of the high

45



resolution .3 A) crystal structure of the collagdike peptide (Gly-Pro-Pro (PDB ID: 1K6F)
were measured using PyMO138 Amino acids + 6 fronboth ends ofeach peptide chain were
excluded to limit engkffectson our dataThe 1K6F crystal structure includes twiadependent
triple helices giving six measurements at each residue position for more robust aerages.

All alkenePPIKike minima were superimposed on tagpropriatesegmenof the 1.3 A
collagenlike peptidecrystal structure(PDB ID: 1K6F residuesProl3 Glyl4i Prol5i ProlG
Gly17)® using Maestro software fro®chrodinge, Inc3® The rootmeansquare deviation (rmsd)
between calculated and expeental models were acquired by manual superposition of all heavy

atoms, plus the alkene hydrogen for preadicene models (Tablesl, 2.2).

2.5Results and Discussion
We designed our models to capture bothn* don&f *amdceptor inter
the alkenes that would be presenbm¢position of a PPII helix using higlevel conformational
analysis of separate donor and acceptor mddela total of 12 unique models. In a flgingth
peptide, these mimics would be subject to both types ebooded interactions. For each alkene,
thet " * donor and acceptor models must be consi
behave in a tripknelix peptide. Initial models of Gl{?ro and PrdPro fluore, chlore, and protee
alkene isosteres wereeated as shown the coloredportions of Figure.2.
Replacement of the Gliyro amide bond led to the IG{)=PP model with the alkene X
group as anYi ~ *donor (Figure2.2A), and thePG({ X)=Pmodelwi t h t he Cas@n "~ * or
nY  * ac c e p 22B). Replacentent of the P#ero amide bond led to tiRi X)=PGmodel
with the alkene X group as al¥ri * d o n o 2.2Cj dnd tiggbP(| X)=P modelwith the C=C
" *  oradantyal*r ac c e pt2aD). In(ol imgdel menbering schem®,= potential

nY = *donor andA = potential ¥ ©~ *  a c (Tabfe?2.1). The GPRamideis both the GlyPro
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nY ~ *donor and PrdPronY °~ *acceptor, so it is labeled B$A in both casedvlodels with a Pro
Gly amide substitution weromitted because they naturally adopt the trans conformation, and
collagen would not benefit from this substitutitrSubstitution of an az&ly mimic into collagen,

however, was stabilizint}.

A)
no"* X IPY
0 O
o N
e % 9
*%O O G( X)=PP
07 "N 4 B)
Ce
*@ w/‘ H
(GPP) o~ Y
n N

@N
*
o O
O™ °NH
\i_/

(PPG),

GP (X)=P
X=F, Cl,H

Figure 2.2. Two XaaPro amide bond substitutionodels Gly-Pro (top) and Pr&ro (bottom).
A) Gly-Pro alkene substitutions are potentid n*  d datlwerPssPro amide B) Gly-Pro
alkene substitutions are potenti?df h * accept or-Sly dmide.@) Pio-Rre alkbne o
substitutions are potentiakn™ * d o n o r sGlytarnideD)Peo-PrB alkene substitutions are

potential ¥ ©~ *  a cscfrenp theoGlyPro amide.
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Only the torsion angles of the bonds that mimicGAeonds of GlyPro or PrePro models
were scanned because thebonds of these models are conformationally constrained by-the 5
membered rings. ThE-bonds of PG(X)=P mimics areconformationally mobile, so they were
restricted to the collagdike peptide angle (72%f The relative energies of all conformational
minima, maxima, andNBO?®’ interactions are compared to our previous work on the
conformational energy landscape of collagen PPIl model amides GPP, PGP, aftiTREG.
Burgii Dunitz parameters of PRIllke geometries are directly compared with the average
conformations found in the higiesolution (.3 A) crystal structure of the collagdike peptide
(Gly-Pro-Proio (PDB ID: 1K6F)® Ea c h mo d dike 6nsnimuP dohformation was

superimposed on PDB IDK6F.®
2.5.1 Gly-Pro Alkene Isosteres

The Q@ di hedr al 1X3=RR doeor modeds r(Fsgur&3Aa)rand ®Gi{X)=P
acceptor models (Figuz3B) are overlaid with their respective GPP and PGP anudedinate
scans at thdP2/6-31+G(d) level of theory:® A completelist of geometric andBiirgi-Dunitz
parameters for all minima and maxima calculated at the MBPRI6G(2d,p) level can be found
in Supplemental Information Table S2The closest minimmtothe PPHl i ke Q@ di hedr al
in each series was analyzed further to determaméormational compatibility with collagen, and
the presencer absencef a stabiliingnY ~ * i nt er acti on.
For the G(X)=PP donor series, all models have their global minima near theDGRP
gl obal mini mum at q = +160A (Figure 2.3A). The
and chlorealkene donor models have local minimame 1Q0°that are about 2 kcal/mol less
stable than their respective global minima, as was found for the GPP B/Ai€Table S2.1}°
The G{F)=PP local minimumta Qi 182 has no discernibleYn" * o r hydrogen Db
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interactions (Figure S2.1A). Thei& | ) =P P |
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Figure 2.3. Potential energy scans of th& dihedral angle in models of GRro amide
substitutions where X = F, Cl, or &) G(i X)=PP 1y ~ *

d o nB) PG({ X)and ~ *

acceptor

models overlaid with their respective PPIl amide mehergies as a fation of Y .1° The global

minimum for each model was normalized to 0.0 kcal/mol. The average collpdi@edral angle
from PDB ID: 1K6F in Table S2.3 is labeléd.
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The local maxima between the global and local minima are all abiobitkéal/mol higher
in energy than the global minima (Figure 2.3A). These maxima result from steric clashing between
the X group (or O in the case of the amide) and protons on -therBbered ring. The global
maxi ma for all model s that ar é&12kcaknwltaleodeth®r oun d
global minima (Figure 2.3A). These maxima are caused by steric clashingebétveeX group
and the G1=0 oxygen.

Forthe PG(X) =P acceptor series, all model s have
which are within the same conformational energy well as the-lRRIPGP A2 amide global
minimum (Figure 2.3B). These are discesn detail below. The PGF)=P and PQ(Cl)=P
model s have | oc ail60°,whiaghiarsma 3 kaal/moluhigker iltlenergy than their
global minima (Table S2.1). AnYn” * i nt er act i on -alkene lbcal mimicha batt b o t |
missing for PG(H)=P (Figure S2.2).

The local maxima for bothhalm | k e n e s al605 areabout® 4 kcal/mol above
the global minima (Figure 2.3B). These kanergy maxima are stabilized by a rever§e n*
interaction(FigureS23A, B). The analogous local maximum fitre PG(H)=P model is missing
this M~ *interaction (Figur&s23C). The globamaxima forallmodels oc at ed #50° und (
are about 7 9 kcal/mol higher in energy than the global minima (Figure 2.3B). These maxima
correspond to eclipsing interactiohstween the X atom and oy Hu, as well as the €0

oxygen and the other GlytH
2.5.1AGly-Pro Fluoro-Alkene

The G{ F)=PPD3 donor model has great alignment with collagiga peptide GPP from
1CAG (Figure 2.4A),° andD3 is the most geometrically similar mimic to GPR (Table 2.1).

Unrestrained optimization @3 (global minimum)s h o w s+163° which is nearly identical to
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the GPPD1 angleq -+160° and superimposes very well with PDB ID: 1K6F (Table 2.This

suggests the GF)=PP isostere is a reasonably good mimic of the PPII conformation. This fluoro
alkeneD3 global minimum has thBurgi-Dunitz angle fsp = 95°, which is favorable for¥h™ *

donation, although the distands = 3.3A is slightly above the 3.1& sum of van der Waals radii

(Table 2.1). Indeed, the NBO E2 energy of <0.1 kcal/mol and NBO images (Figure 2.4B) suggest

the lack of a significantyh” * i nt.&evertbeleggbenrY ~ * i nt er acti on does
be necessary to stabilize the RIPke conformation of the GF)=PP model. Other nelmonding

interactions beyond Y~ * may pl ay a greater rol eliket han €

conformation the global minimum.

Table 2.1. Key geometric parameters of average collagen structure, and thékeRjlobal

minima of the GlyPro amide and alkene models.

Model Y “* bp tep Oep NBO rmsd (A)
©) face (A) () () E2  1K6F°
1K6F GPP __ +165 29 90
1K6F PGP +176 31 90
GPPDIAL® | +160 re 3.1 93 29 041
PGPA® +167 - 32 89 02 019
G(F)=PPD3 +162 - 33 95 - <01 0.14
PG(F)=PA4 +117 - 33 124 - <01 0.77
G(iCl)=PPD5 +155 re 3.3 99 29 039 019
PG(C)=PA6 +118 - 32 122 - <01 0.78

+163 - 3.4 97 - <01 0.21

+120 - 33 122 - <01 0.78
aAverageY angle,lsp a n @b fréin collagen crystal structure (PDB ID: 1K6F)Datafor PPG
D9 and GPRD/A1 from reference?®. ¢ Superposition rmsd of model minima with PDB 1D: 1K%F.
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B)

PG(i F)=P A4/PGP 1K 6F
D)

PG(i F)=P A4

Figure 2.4. Gly-Pro fluorcalkene models calculated at the MR3BL+G(2d,p) levelA) G(i
F)=PPD3 (gold) superimposed on PDB ID: 1K6F (greB).G(i F)=PPD3 NBOs show no overlap
between fluorine n orbital (blue/red) and C=Corbital (green/yellow)C) PG( F)=P A4 (gold)
superimposed on PDB ID: 1K6F (grei)) PG( F)=PA4 NBOs show no overlap between oxygen
n orbital (blue/red)andC=C* or bi t al (green/yell ow).

52



The PG(F)=P A4 acceptomodel global minimums notably shifted from thGPA2
PPIKlike geometry Figure 2.3B. Unrestrained optimization o4 gives  #117, which
deviates significantly from the amide P@R at <167 (Table 2.1). This conformation does
not superimpose well with the PGP 1K6F fragnfaemhich suggests th&?2 is not a good fit for
the PPII conformation (Figure 2.4C). However, since the global minimum is only about 2 kcal/mol
lower in energy than the PPII conformation, and within the same energy well, the PPII
conformatiorstill appears to be thermally accessiblde global minimum of4 hasdsp = 3.3 A
andfsp = 124°, and an NBO E2 energy < 0.1 kcal/mol, all of which point to the absence of an
nY  * i nt &abk @.1,Figora2.4D). Since the donor conformation is Pfike, and the

acceptor deviates, some compromise is expected to occur in the collagen triple helix.
2.5.1BGly-Pro Chloro-Alkene

T h e-cofformational energy profile of donor model G()=PPD5 closely resembles that
of theamide GPFD/AL (Figure 2.3A). The unrestrained optimized geometripbsfat its global
minimum hasq «15%° (Table 2.1). The superposition D6 with 1K6F shows very favorable
alignment® suggesting that the chloralkene could mimic the PPII conformation well (Figure
2.5A). D5 hasBiirgi-Dunitz parametersbko = 3.3A andtso = 99°, which are within the geometric
limits for a sizable¥ "~ * i nt er act i oprese(cE a¥h 1 *donaionis)suppoifed ey
pyramidalizationof Ci+1=O carbon with@sp = 2.9° (Table 2.1). The NBO E2 energy of 0.39
kcal/mol (Table 2.1) supports the presence ofanrt i nt er acti on, deaepicted

2.5B.
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G(i Cl)=PP D5/GPP 1K 6F
B) \

PG(i Cl)=P A6/PGP 1K 6F

PG(i Cl)=P A6

Figure 2.5. Gly-Pro chlorealkene models calculated at the MR2BL+G(2d,p) levelA) G(i
Cl)=PPD5 (green) superimposed on PDB ID: 1K6F (gr&))G(i Cl)=PPD5 NBOs show overlap
between chlorine n orbital (blue/red)andC=® or bi t al Q) RG(El)eMA6(greeh)l o w) .
superimposed on PDB ID: 1K6F (grei) PG( Cl)=P A6 NBOs show no overlap between oxygen

n orbital (blue/red)andC=C* or bi t aolw). (green/ yel |
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The corresponding acceptor model, PA}=P A6, does not have favorable PPIl geometry
when overlayed with the PGP portion of 1K6F (Figure 2%5T)e global minimum o6 exhibits
q = +uhici8diverges considerably from the PPII global minimum conformation of AZGP
(qQ = +167A, Table 2.1). Agai n, since the pote
very isotropic, and th&6 conformation is only about 2 kcal/mol lower in enethgn that of the
PPII conformation, the PPII conformation is still accessible ta BG£P. Interestingly,A6 has
cko = 3.2 A, which is within the expected distance forah'n* i nt er acti on wi t h
the Burgi-Dunitz angle oftsp = 122° isonly 13° higher than the optimal 109°, yet it appears to
lackan®y * * i nteraction (Table 2.1). The NBO E2 e
suggesting no significant orbital interactions, as can be appreciated in the NBO (figges
2.5D). Besides the lack of favorable conformation, the -Bhp chlorealkene mimic is expected

to disrupt triple helix formation due to the long@ bond, and the size of ClI.
2.5.1CGly-Pro Proteo-Alkene

The torsional energy profile of donor model Gj=PPD7 hastwo low-energyminima at
q = + 1 e Aloak(Rigure2.3A). Full optimizations starting from each geometry show the
true global minimum lies & = +96°, while the PPilike = +163° is a local minimum that is
only 0.20 kcal/mol higher in energy, amdth an estimated barrier between thenmD&f = 0.82
kcal/mol(Table S2.1). The PRlike minimum of G{ H)=PPD7 can mimic the PPIl conformation
well, as evidenced by its superposition on GPP from 1K6F (Figure 2id8)vever, the broad,
shallow conformational energy profile around the global minimum helps to explain the known
destabilization of the collagdike triple helix we reported with a Glro proteealkene!® The
alkeneD7 minimum atq = +163° has th&urgi-Dunitz anglefsp = 97°, which is favorable for

nY * donation, al doFo3utdHhs highlyeunfavdrablé Bmaci®---C=0
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interaction (Table 2.1). The NBO image also shows i CY(" * overlap (Figure2.6B), which

is verified by the lack of NBO E2 energy for the interaction (Table 2.1).

The energy profile of acceptor model PEBj=PABhas mi ni ma at (
120° (Figure 2.3B. Unrestrained optimization of both minima puts the global minimui@ at=
+12@ (Table 2.1) and a broad, shallow local minimun@jat i 119° only 0.2 kcal/mol higher in
energy, with a low estimated barr@rDE = 12 kcal/molbetween them (Table S2.1). The global
minimum ofA8 does not superimpose well with the PPII conformation of 1&#&dain helping to

explain the destabilization of collagéike peptides by a GliPro proteealkene mimic (Figure

2.6C)™ The high flexibility of this model is not stabilized by atyn * i nt er act i on

Birgi-Dunitz parametersN\BO E2 energ, and NBO imagesTable 2.1Figure2.6D).
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G(i H)=PP D7/GPP 1K6F
B)

G(i H)=PP D7

PG(i H)=P A8

Figure 2.6. Gly-Pro proteealkene models calculated at the MR2BL+G(2d,p) levelA) G(i

H)=PPD7 (red) superimposed on PDB ID: 1K6F (grey).G(i H)=PPD7 NBOs show no overlap
betweenthe CHU o r (bluetred)land C=0 * or bi t al Q) BG(E)eMAByed)l | ow) .
superimposed on PDB ID: 1K6F (greip) PG({ H)=P A8 NBOs show no overlap between oxygen

n orbital (blue/red)andC=C* or bi t al). (green/yell ow
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2.5.2Pro-Pro Alkene Isosteres

Although fluorine and chlorine atoms have been known to establish hydrogen bonding
interactions'? 3 substitution of the Pr®ro amide may prove problematic due to weakir C
X:--HT N compared to C=0---HN interstrandhydrogen bonslthat strengthens the interactions
between the three strands of talagentriple helix (FigureS2.4.2® We include the following
Pro-Pro model conformational analyses to see how well the flworchlorcalkenes might mimic
the PPII conformation, and to help explain the failuréhef PrePro proteealkene isostere to
stabilize the collagefike triple helix beyond the missing interstrand hydrogen bth.h e Q
dihedral anglecoordinate scans foP(i X)=PG donor models (Figur&.7A) and GP({ X)=P
acceptor models (Figu27B) are overlaidvith their respective PPG9 and GPFD/AL amide
coordinate scans at the MPZ6+G(d)level of theory:® A completelist of geometric an@urgi-
Dunitz parameters for all minima and maxima calculated at the MPP16G(2d,p) level can be
foundin Supplemental InformatiomableS22.

The PPlilike amide minimum of PPG9 is not the global minimum, which indicates that
other longrange forces, such as Pro C=04-NHGly interstrand hydrogen bonds, contribute to
the stabilization of the collagen triple helix, even for native amitiese PPliike minima for all
models in the RX)=PG donor series are also local, not global, minima that are approximately 1
i 2 kcal/mol higher in energy than their respective global minima (Figure 2.7A). TheskkBPII

minima are discussed in detail belo
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Figure 2.7. Potential energy scans of t@alihedral angle in models of RRro amide substitutions

where X = F, Cl, or HA) P(X)=PGnY * * donB)GP{(XpERdY " * acceptor mo
overlaid with their respective PPllke amide modeknergies as &unction of Q.1° The global

minimum for each model was normalized to 0.0 kcal/mol. The average collagi@edral angle

from PDB ID: 1K6F in Table S2.3 is labeléd.

Al | three alkene models were foubhBAtandade
= +15° (Figure 2.7A). This geometry includes an alkeng=Ci+1 " ---Hi Ni+2 intramolecular
hydrogen bond (Table S2. 2, FiTy bydregen®@nditglhas | nt r
been found experimentalf§f This minimumis also reported for the amide PPGas an N1---Hi

Ni+2 hydrogen bond [Table S2.2FigureS25D).16
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Of the alkene models, only IF§)=PG D10 has alocal minimumat{ = 4°,+ich is
about 1 kcal/mol higher in energy than the global minimum (Figure 2.7A). This conformation
featuresa n i n sMuenrwihean imtramolecular fmembered ringclosedby a Gi F---Hi Ni+1
hydrogen bnd (FigureS26A). A similar G=0---Hi Ni+1 hydrogenbond is found for PP®9 at
q =62 {Figure S2.6B}° Such an interaction is unique to th@oro-alkene mimic;of course,
analogous hydrogen bonds ai& seen inigher chloro- or protecalkene models.

For these Pr#ro donor alkene models, the global maxim@ ati.00°, resulting froman
eclipsing interaction betweetihe X atom (or oxygen for the amidahd a proton on the 5
membered ring, are 4 to 6 kcal/mol g in energy than the global mininTde alkene hydrogen
of P(fH)=PGD14is too small to be sterically hindered instivay, and insteatlasan eclipsing
interaction between theiNi H and the Emembered ring arounq =40° (Figure 2.7A)

The GP(X)=P acceptor model energy scans are comparable to the native ami@¢AaPP
scan which has an energy difference of 1.7 kcal/mol between itsIPPlk e gl o b all mi ni m
+160A and a | oc al i20hiwith antewge 5.5 kcad/moh whrrié@tween them
(Table S2.2}° The PPItlike local minima for all GR(X)=P acceptor models are betweeni05
kcal/mol less stable than their respective global mininfEigure 2.7B).

The energy scans of th&P({F)=P A1l and GP({H)=P Al15 acceptormodels are
conformationally similar (Figur2.7B). The global minira of both modelsare sterically favored
conformations aroun@ =0° with no HbondorY ~ * i nt e igares 6.7 H78B)n@ F
collagenlike peptide, the GRPE)=P alkene mimic is expected to have similar challenges as the
previously synthesized GP{)=P mimicl* The GP(Cl)=P A13 global minimum is located

ar oun+#0°@ndis stabilizedbyaweakn * i nteraction (FiXyrFRre S2.
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acceptor model s, the maxima around @ = +70A

atom (or oxygen for amide) and thaerembered ring (Figure 2.7B).

2.5.2APro-Pro Fluoro-Alkene

Unrestrained optimization of the most RRke minimum of donor model PE)=GPD10
givesq 1420, which is 1.4 kcal/mol above the global minimunCat «1°(Table S2.2). This
torsion angle is relatively close to that of the AP@GPPIkike minimum atqQ «150°, which is
similarly 1.0 kcal/mol above the global minimum (Table S2.2). TWEO conformation
superimposes reasonably well with the PPG segment of 1K6fich suggets that a PrdPro
fluoro-alkene mimic could be geometrically compatible with the triple helix (Figure 2.8A).
Additionally, D10 has ideaBiirgi-Dunitz parameters withtgp = 3.1 A and fsp = 104° (Table
S2.2). Our calculations show pyramidalization of tha=® carbon byQgsp = 2.2°, and aiNBO
E2 energy of 0.16 kcal/mol. Theweakh * i nt eam ke gisualived iRigure2.8B.

The fluoroalkene acceptor model, G)=P A11, has an ufavorable energy landscape
for a PPIl mimig(Figure2.7B). Unrestraineptimization ofits mostPRIl i ke mi ni ma gi v
+123° at 1.0 kcal/mol above the global minimum (Table 2.2). The significant difference compared
to the collagen GPB/AL geometry at] «16(°, and its inadequate superposition with 1K6F,
may preclude ias a PPII mimic (Figure 2.8C). However, L conformation is within the same
energy well, only 1.3 kcal/mol lower in energy, as the fikélconformation aff +160° (Figure
2.7B). InterestinglyAl1 hasgood Biirgi-Dunitz parameters withgto = 3.2 A and fsp = 118°
(Table 2.2); however, NBO images and E2 energies agree on the absence of strorayerlaial
(Figure 2.8D, Table 2.2. Whether a Prd’ro fluorealkene mimic would provide a sufficient

interstrand Hbond acceir remains an open question.
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Table 2.2. Key geometric parameters of the collagen structure, and thdilPhinima of Pre

Pro amide and alkene models.

Model Y DE° ~ * oo feo Qs NBO rmsd (A)
©) face (&) () () E2 1K6F

1K6F PPG +152 3.1 81

1K6F GPP +165 2.9 90

PPGD9P +150 1.0 re 3.0 98 3.0 0.46

GPPD/A1P +160 0.0 re 31 93 29 041

P(F)=PGD10 +142 14 re 3.1 104 22 0.16 0.32

GP({F)=PA11 +123 1.0 - 3.2 118 - <0.1 0.54

P(i Ch)=PGD12 +147 1.2 re 33 104 26 045 0.35

GP({CHh=PA13 +145 0.5 re 31 99 16 0.20 0.25
+101 1.8 - 3.0 130 - <0.1 0.56
+120 0.6 - 3.3 123 - <0.1 0.53

aAverageY angle,lsp a n @b froin collagen crystal structure (PDB ID: 1K6F)Datafor PPG

D9 and GPRD/AL fromreference®. °Energ relative to the respective global minimum (kcal/mol).

dSuperposition rmsd of model minima with PDB ID: 1K6F.
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GP(i F)=PALL

Figure 2.8. Pro-Pro fluorcalkene models calculated at the MR3BL+G(2d,p) levelA) P(i
F)=PGD10(gold) superimposed on PDB ID: 1K6F (greB).P( F)=PGD10NBOs show limited

overlap between fluorine n orbital (blue/red) and C=@ or bi t al Q) GP{EeM/ yel |
Al1 (gold) superimposed on PDB ID: 1K6F (gref)) GP( F)=P A11 NBOs show no overlap

between oxygen n orbital (blue/red)andC=€ or bi t al (green/yell ow).
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2.5.2B Pro-Pro Chloro-Alkene

Unrestrained optimization of the PRike minimum of the chloro dar model P{Cl)=PG
Dl2converges to Q@ = +147A (Table 2.2). Thi s st
modelPPGD9with = +150A, and it shows thePRl$segmartt| v go
of 1K6F (Figure 2.9Af.D12 also has goo8irgi-Dunitz parameters witlwko = 3.3A andtsp =
104° (Table 2.2). ThAIBO E2 energy (0.45 kcal/mol) confrms a¥in * i nt ercacahi on, \
be visualized inFigure 2.9B. The presence of ¥ = * donation is further
pyramidalization of the €=0 carbon,@sp = 2.6° (Table 2.2)

The coordinate scan of the GRB{)=P Al3acceptor model has two minima@ = +140 A
and T@0°{Figure 2.7B). Unrestrained optimization of both structures converged to the same
point at Q@ = +145A, wlke@PPD/Alc omdor mati 6 nomt t A
(Table 2.2). ModeA13 also shows good superposition with the PPII in 1K6F, so this mimic is
expected to mimic the PRtbnformation wel(Figure 2.9Cf The fully optimized model haskp
= 3.1A and fsp = 99°, which are ideal parameters for n* donati on to occur
Remarkablyan NBO E2 energy of 0.20 kcal/mol and carbon pyramidalizgio+ 1.65°suggest
this chloralkene can also act as rY ~ *acceptor(Table 2.2) This is further suppcet bythe
NBO image(Figure2.9D). What is perhaps most interesting abouttMs'n* i nt er act i on

occurs despite repul si on b-kbondwg @hita(Rignre S2a/R)y gen |
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B)

GP(i Cl)=P A13/GPP 1K 6F

GP(i Cl)=PA13

Figure 2.9. Pro-Pro chlorealkene models calculated at the MR3BL+G(2d,p) level.A) P(i

Cl)=PG D12 (green) superimposed on PDB ID: 1K6F (gre§).P(i Cl)=PG D12 NBOs show

strong overlap between chlorine n orbital (blue/red)and C=O or bi t al Q) @R(een/ ye
Cl)=P A13 (green) superimposed on PDB ID: 1K6F (grdy).GP( Cl)=P A13 NBOs show an

nA “* interaction between oxygen n orbital (blue/red) and Cx@rbital (green/yellow).
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Although the PrePro chlorealkene modelsnimic the PPII conformation very well, we
expect that the chloroalkene would destabilize colldignpeptides because of the long@@
bond, the size of the Cl, and the need for a @& interstrand hydrogetvond acceptor atom
at this position. However, this chloroalkene might serve to stabilize a PPII helix that is not part of

a triple helix.

2.5.2C Pro-Pro Proteo-Alkene

Unrestrained optimization of donor model Rj=PG D14 results ina broad minimum at
q = +101A, which is 1.8 kcal/ mol above its gl
considerably from the PRlike minimum of PP@9%at @ = +150A that is 1.
global minimum (Table 2.2). Mod&14 does not overlap well with the PPII segment in 1K6F
(Figure 2.10AF The geometric parametersho = 3.0 A and tep = 130°, are outside the ideal
Birgi-Dunitz threshold for hydrogen (Table 2.2). Both NBO E2 energy and NBO images indicate
no significant overlap of the-8 Gand C-© * “orbitals (Figure 2.10B).

Acceptor model GRH)=P Al5 also exhibits an energetic lsstwhpe unfavorable to PPII
stabilization (Figure 2.7B). The unrestrained optimized structure of its global minimun(pives
+120°compared to the amide GRPALwithq = + 1 6 0 AMdddlAslbalse sh@vs very
poor superposition on GPP from 1K6F (Figure 2.19MeBiirgi-Dunitz parameters oftp = 3.3
A andtsp = 123° are inadequate forastrongn* i nt eracti on (Jemdsgye 2. 2)

of less than 0.1 kcal/mol and the NBO images show no signifidant toverlap (Figure2.10D).
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P(i H)=PG D14/PPG 1K 6F
B)

P(i H)=PG D14

GP(i H)=P A15

Figure 2.10. Pro-Pro proteealkene models calculated at the MR2BL+G(2d,p) level.A) P(i

H)=PG D14 (red) superimposed on PDB ID: 1K6F (greB). P(iH)=PG D14 NBOs show no
interaction betweenthei€@ 0 o r (bliefed)landC=0 * or bi t al Q) @Pild)ePn/ yel |
A15 (red) superimposed on PDB ID: 1K6F (gre®). GP( H)=P A15 NBOs show no interaction

between oxygen n orbital (blue/red) and C=®rbital (green/yellow).
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The shallow conformational energy surfaces for both donor and acceptBrd’pootee
al kene model s, the | arge di f thelix,paorcoeesdapwvitha  t or
collagenlike peptide, and the lack of stabitig nortcovalent interactions, help to explain the

experimental destabilizing effect of our FPoo proteealkene mimic in a collagelike peptidet*

2.6 Conclusions

Halo-alkene isosteres are interesting as potemiilagen mimics, since their global
minima or lowlying local minima are near the PRilke conformation in our models. Both Gly
Pro fluore and chlorealkene ¥ * * donor models are stable in
similar to the PPIl conformationnY ~ * i nt er act i onProdnofnodenG i n t |
Clh)=PPD5, as well as Pr#ro donomodelsP(i F)=PGD10, P(i Cl)=PGD11, andacceptor model
GP( Cl)=P A13. The halealkenes serve wellas'n * donor s, but the confo
in the models in which the halalkenes serve asYyn * acceptor s, shifting
conformation to about-qk= +Jl 20 A,1 4i5MBritoblarer 1 &0 At. h
alkene mimic is an exception because it captures the native amide cdidosnraboth the donor
and acceptor models. In situations where acceptor minima are different frotikRilnima, the
donor interactions may provide counterbalance, suggesting they could serve as conformationally
restricted isosteres for collagen. Thek of iY * * i nt er act i o n slikeimmima o me o
of the models that actually mimic PPII well suggests that othetoading interactions may be
greater forces than expected.

AlnY” * interactions are missi ngyrepanédiGlyel y fr
Pro and PréPro proteealkene mimics in collagelike peptides-> 14In addition, interactions with

other strands within a triple helix are not captured in our models, which may provide additional
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stabilizing or destabilizing drces. Further computational and/or experimental studies are
necessary to fully answer these questions.

If the polarity and size of the amide bond dominates thglix folding, then we expect
the fluoraalkene to be the better mimidowever, if an ¥ ~ *interaction is critical for folding,
we expect the chloralkene to be a better mimic. Further, we predict that substitution at the Gly
Pro position will provide more stability than substitution at the ™ position, because chlorine
and fluorine are uikely to be good interstrand hydrogéond acceptors in the collagen triple

helix. The Gly-Pro haloalkene mimics are currently under experimental investigation.
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2.7 Supplementary Tables

Table S2.1 Relativeenergiesand keygeometric parameters of alle®ly-Pro models. Minima
(blue), collagedike minima (green) and maxima (white). Models labeled witarBpotential

nY “* donors andA arepotentialnY “* acceptors.

Model Yya F2@ DE?2 “* f obo/dws teoll v Qo NBOEZ
) (°) (kcal/mol) H-bond  (A) ) (°)  (kcal/mol)
G(i F)=PPD3
min D3a 118 171 2.0 - 3.23 121
TSD3b +39 71111 4.3 - 3.84 151
min D3c +162 179 0.0 - 3.26 95 <0.1
PG F)=PA4
maxAda 1175 178 3.1 - 3.30 74
" " " " siP 3.02 88 0.50 0.26
min Adb 159 163 2.0 Si 3.00 86 1.7 0.48
min Adc +117 180 0.0 - 3.29 124 <0.1
G(i CI)=PPD5
min D5a 119 169 1.6 Si 3.34 116 0.46 0.65
maxD5b +44 1117 5.2 - 4,19 151
min D5c +155 175 0.0 re 3.36 99 2.9 0.39
PG(i Cl)=P A6
maxAba 1171 184 2.8 - 3.45 79
" " " " s 3.29 92 0.85 0.56
min A6b 161 168 2.7 Si 3.08 87 2.7 0.38
min A6C +118 175 0.0 - 3.23 122 <0.1
_G((H)=PPD7 _
min D7a 157 125 1.9 Si 2.65 110 0.51 0.55
maxD7b +38 1113 5.2 - 3.77 151
min D7¢c +96 142 0.0 - 2.70 118
min D7d +163 190 0.2 - 3.40 97 <0.1
_PG({H)=PA8
maxA8a 1180 177 1.2 - 3.28 77
min A8b 1119 185 0.2 - 3.41 62
min A8c +120 180 0.0 - 3.32 122 <0.1

Unconstrained a n danglesandminima (min) or maximangax)energieselative to the lowest
minimum Min structures were optimized at MPZB&1+G(2d,p)Max energiesre the difference
betweerMP2/6-311+G(2d,p)yingle pointenergieof global min andnaxstructures optimiedat

MP2/6-31+G(d). PReverseOi+1---Ci=O nY "* interaction.Sum of ¥ = * ¥ 606 * n NBO

orbital interactions.
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Table S2.2.Relative energies and key geometric parameters of alker@r@nmodels. Minima
(blue), PPHlike minima (green) and maxima (white). Models labeled with D are poteitial h
donoss. Models labeled with A are potenti?fh * accept or s.

Model Yya F2 DE2 “* f abp/dwe teofl B Gsp NBOEZ
) () (kcalmol) H-bond (A) (®) (°)  (kcal/mol)
P( F)=PGD10
min D10a +1 181 0.0 C=C :--Hi Ni+1 3.37 136 1.34
maxD10b +44 186 1.1 - 3.46 169
min D10c +64 184 1.1 F---Hi Ni+1 3.41 172 3.67
min D10d +142 170 1.4 re 3.11 104 2.2 0.16
GP( F)=PA11
min Alla 112 179 0.0 Si 3.21 121
maxAllb +67 T 6.1 - 3.77 154
115
min Allc +123 177 1.0 re 3.16 118 1.2 <0.1
P( C)=PGD12
min D12a 5 178 0.0 C=C :--Hi Ni+1 3.50 128 0.97
maxD12b +90 188 2.2 - 3.70 154
min D12c +147 172 1.2 re 3.32 104 2.6 0.45
GP( Cl)=PA13
min Al3a 114 178 0.0 Si 3.20 120 0.2 <0.1
4
maxAl3b +58 T 7.1 - 3.86 154
123
min A13c +145 170 0.5 re 3.08 99 1.7 0.20
_P(H)=PG14
min D14a +12 187 0.0 C=C ---Hi Ni+1 3.42 147 2.05
maxD14b +73 187 2.4 - 3.40 162
min D14c +101 7168 1.8 - 3.04 130 <0.1
min Al5a 112 180 0.0 - 3.29 124
maxAl5b +72 T 3.9 . 3.83 155
117
min Al5c +120 7180 0.6 - 3.25 123 <0.1

aUnconstrained a n danglesandminima (min) or maximanfax)energieselative to the lowest

minimum Min structures were optimized at MPZB&1+G(2d,p)Max energiesre the difference
betweerMP2/6-311+G(2d,p)single pointenergieof global min andnaxstructures optimiedat
MP2/6-:31+G(d).Sumofr¥ * * Y@ * nNBO E2 orbital interaction:
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Table S2.3.Aver age
divided by residue and residue position.-B&ilg-Pro (left), GlyPro-Pro (middle), and Prero

phi

and

(a)

psi

()

angl es

Gly (right).*
Gly Prol Pro2
(PGP)| g °)( | G I J@GPP)| g | G |(PPG)| g )| & °X
Residue Position Residue Position Residue Position
9 179+2 | 174+£3| 10 164+£3| 1762 8 153+2| i60%2
12 175+4 | 1704 | 13 165+3| 176 +3 11 152+2|i60%1
15 177+2 | 173£2| 16 165+4 | 174+2 14 152+3| i60+3
18 174+£5 | 171+x4 ] 19 164+2| 1742 17 153+1|i61+2
21 176 £1 | 1733 | 22 166 +3| 1752 20 152+4 | 160£2
Average Average Average

| 176 +4 | i72+4 | 165+3| i75+3 | 152+3| 1602

Table S2.4 Average BiirgiDunitz G=0---G+1= O di st an d&=Q-iCBBP @@ OBD)

PDB ID: 1K6F collagen crystal structure divided by residue and residue positiolyRRyo
(left), Gly-Pro-Pro (middle), and Pr&@ro-Gly (right)*

Gly Prol Pro2

(PGP)| Usp (A) o () | (GPP) | Uep (A) o (°) | (PPG)| Ueo (A) (o (9)

Residue Position Residue Position Residue Position
9 3.15£0.04| 90+1 10 2.87£0.04| 91+1 8 3.12+0.03 | 82+ 2
12 | 3.14+0.04| 90+2 13 2.90£0.04| 90+ 1 11 | 3.16£0.05| 81+1
15 |3.12+0.03| 90+1 16 2.90£0.04| 90+ 2 14 | 3.12+0.03| 81+2
18 |3.14+0.05| 90+1 19 2.91£0.04| 901 17 | 3.15£0.03| 80+ 2
21 13.11+0.03] 89+1 22 2.92+0.2 | 91+3| 20 | 3.13+0.06| 82+2

Average Average Average

| 3.13+0.04| 90+ 1 | 2.90+0.04 | 90+ 2 | 3.14+0.04 | 81+2
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2.8 SupplementaryFigures

G(-F)=PP D3a G(-C1)=PP D5a

G(-H)=PP D7a

Figure S2.1.NBO images of representative orbitals depicting local minima of theX\aPP

donor series calculated at the MR3/BL+G(2d,p) leveld) G(i F)=PP mirD3aat( i48° shows

no orbital overlap offluorine norbonding orbital (blue/red) and C=0 antibondsig * or bi t al
(greenl/yellow) B) G(i Cl)=PP minD5a at @ ¥19° shows an¥Yisi-" * i nteraction |
chlorinenorbondi ng orbit al (blue/red) and CEGIO ant il
H)=PP minD7aat 1% 7A s h¥Ysks* ai mMit er act iitin hiyerwgem ther
(blue/red) and C=0 "* orbital (green/yellow).
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A) ' B)

PG(—F)=P 44b PG(—C1)=P 46b

©)

‘n*

PG(—H)=P 48b
Figure S2.2.NBO images of representative orbitals depicting local minima of thé XSP
acceptor series calculated at the MP218+G(2d,p) levelA) PG({ F)=P minAdb atq #59°
shows an W si-~ *interaction between oxygenombonding orbital (blue/red) and C=C
antibondng” * or bi t al .B) BG(ERER mipnAch dt @ wic1° shows an Yisi-* *
interaction between oxygen anbonding orbital (blue/red) and C=C antibondihg* orbital
(greenlyellow) C) PG({ H)=P minA8b at( i=121° shows no significant orbital interexts.
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A) B)

n*‘n n*‘n

PG(-F)=P 44a PG(-C1)=P 46a

PG(-H)=P 48a

Figure S2.3 NBO images of representative orbitals depicting local minima of thé &P
acceptor series calculated at the MP218+G(2d,p) levelA) PG({ F)=P TSAdaatq FL75°
shows areversenY si-~ *interaction between fluorineon-bonding orbital (blue/red) andi€D
antibonding * or bi t al R)BG(EERTSN@atd oi7)l°.shows a revers&'rsi-
" * 1 nt lketwaen bxygeman-bonding orbital (blue/red) and C=C antibondingg or bi t al

(greenlyellow)C) PG( H)=P TSA8aat( i-80° shows nsignificant noncovalent interactions.
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N1 N2 N3 N1 N2 N3
N—-H N l;l-H N N
CH, " . ],,,OH CH, " j “oH
0= _o""'u, 0= 05 |_x 0=
N N uu,,H_'lq N H_bll
’ ’, ‘s, CH ’ ‘9, () CH
7" 7" "’ 2 177 0 ’ 2
=0, 0= OH _ X o— OH al
N uu,H N N H_'lq N
”, ’I,OH CH2 , ’I’I ,’oH CH2 ','I:
0= ummuummuuul"0— 0= |=o X—l
N — ettt Nj ']I—H N
CHZ ,,, ,,', :,IOH CHZ 'I,I l,,, :I,OH
= g g
C3 C1 C2 C3

Figure S2.4.Interstrand hydrogen bonding between the three PPII helicesliaigen?® 4’ A)
Three GIyNi H to Pro C=0 interstrand hydrogen bon8isReplacement of a Psidyp amide with
a halealkene isostere is expected to significantly weaken interstrandi&iyto pseudePro Q

X hydrogen bonding.
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P(i F)=PG D10a P(i Cl)=PG D12a k
C) D) .

P(i H)=PG D14a PPG D9

Figure S2.5.NBO pictures of representative orbitals depictingamolecularCi=Ci+1”" --- Hi Ni+2
hydrogen bonding of the PX)=PG donor series calculated at the MRP218+G(2d,p) levelA)

P({ F)=PG minD10aat( = +1° showing overlap betweerrCi-1sb ondi ng ~ or bi tal (
HIN anti bonding G%*.R) P@CH2tPG MinD12patq =ik slyowihgloverap

between GC+1bondi ng °~ or biiNalan(tri éodo/nkdli neg) Gan@rHi t al
P({ H)=PG minD14a( = +12° showing overlap betweenrCi-1tb ondi ng ~ or bi t al (

HIN anti bonding G* .D)PBG mirDP at [ g KL2° evith/Ny1e-1 Hi Ni+w )
hydrogen bond showing overlap between hon-bondingorbital (red/blue) and HN antibonding

o

d* orbital ¥ green/yell ow).
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P(-F)=PG D10c¢ PGP D9

Figure S2.6.NBO images of representative orbitals depicting hydrelgemded nverses-turns of
the P(X)=PG donor series calculated at th&®R®416:311+G(2d,p) levelA) P F)=PG minD10c
at( = +64° shows overlap between fluorine Ammding orbital (red/blue) andiNl antibonding

u* orbital .R) @PCGenanb9cyte]l =1+62% $hows overlap between oxygen nhon
bonding orbital (red/blue) andil ant i bondi*®ng G* orbital
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GP(i Cl)=PA13a

GP(i H)=P Al5a

Figure S2.7.NBO images of representative orbitals depicting global minima of thé >Gep
acceptor series calculatatithe MP2/6311+G(2d,p) levelA) GP({ F)=P minAllaat{ =112°
shows nmY si-” *overlap between oxygeron-bonding orbital (blue/red) and C=C antibonding
“* orbital B)@R(EEmmiyAadahtq wi)l4° shows a possible weal 1$i- *
interaction between oxygen néwonding orbital (blue/red) and C=C antibondirigstar orbital.
C) GP{H)=P minA15b atq #l2°showsno¥Yi  * i nt leetwaea bxiygenon-bonding

orbital (blue/red) and C=C antibondih * or bi t al (green/yell ow).
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Chapter 3. A (2)-Fluoro-Alkene Mimic of Glyitrans-Pro Produces a
Relatively Stable Collagen Triple Helix

Arcoria, P. J., Etzkorn, F. A.

3.1 Abstract

We report the design and asymmetric synthesis, @)-fuoro-alkene isostere of Gly
trans-Pro, and its effect on the thermostability of a collagen triple h&he mimic FmotGlyi
g-[(Z2)CF=C}L-Prd Hyp(Bu)i OH 3.1-(R,Z) was made in 12 steps with 3.5% overall yield. The
diastereomer FmaGlyi Q-[(Z)CF=C}D-Pra Hyp('Bu)i OH 3.1-(S,Z), was made in 12 steps with
8.7% overall yield. Our attempt to promote asymmetric introduction of the primary chiral center
to mimic L-Pro in an aldol reaction inadvertently produced:&ratio of the undesire®-Pro
isostere. Both isosteres were incorpedaintothe collagenlike peptides At(Glyi Pra Hyp)si
Glyi Q-[(Z2)CF=C}L/D-Pra Hypi (Glyi Pra Hyp)ai Glyi Glyi TyriNH2.  Each  peptide was
subjected to thermal melting, and circular dichroism was used to measure the loss of ellipticity at
226 nm with increasing teperatureThe peptide with thBuoro-alkeneguest Glyi q [ ZJCF=C}
L-Pra Hyp, was found to hava Tm value 0f42.2°C, and thelm of the control peptide was found
to be £.0°C, a difference in stability of onlgp i 6.8°C. Thus, the Z)-fluoro-alkene as a Gly
Pro isostere forms a relatively stable triple hélixe enhanced stability of the GRro ¢)-fluoro-
alkene isostere compared to theidyo E)-protecalkene Tm = 28.3 °C) confirms the importance

ofnY " * el ect r o nnitriple-helixtstability, astpredicted by our modeling studies.

3.2Introduction
Type | collagen accounts for over 25% of all mammalian protein, making it one of the most
abundant structural proteih$. t s pri mary structure can bee desc

three individual polyproline type Il (PPII) helices intertwine around a common screw axis to form
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the collagen triple helix.2 Each PPII helix is a polymer with the repeating sequencei (Glgi
Yaah with a high content of proline in the Xaa position (ca. 28%) and-(¢g@joxyproline in the
Yaa position (ca. 38%)The glycine (Gly) residue is mandatory at every third position because
its lack of sidechain allows it to fit into the compact core where the three PPIl helices come
together

The peptidebond has a large degree of sparacter due to resonarfcehe prolyl tertiary
amide bond has the propensity to isomerize, leading to an unusuallyistiginsratio.’ In fact,
while over 99% of secondary peptide bonds naturally assume the trans conformation, as much as
30% of tertiary peptie bonds in folded and unfolded proteins may be in the cis conformation.
All amide bonds in collagen must adopt th@ensconformatiort Collagentriple-helix folding is
therefore ratdimited by the isomerition of XadPro sequenck.We hypothesize that
preventing isomerization by locking it in th@ansconformationcouldlead to anorestable triple
helix.

Alkenes are common isosteres of a peptide BolitHowever, we have previously shown
that replacing either one of the tertiary amides in collaGéyi Pro or PrdPro,with atrans-alkere
destabilizes the triple heliX: 2 Replacement of a singlBlyi Pro peptide bond in a 2&sidue
collagenlike peptidd e d Tat=021.G°Ccompared to the native collagéke peptide controt!
ReplacementofasingleRP®®r o ami de was evenTwmo58.6°Cdommpaesti er i o u
to the native control, due to the abse of an interstrand C=0-+N hydrogen bond? These
results suggest that eliminating isomerization is not sufficient to compensate for the loss of
noncovalent interactions, such as dipdigole interactionsonY ~ * del ocal i zati on,

present within the native peptide bond.

87



Collagen is stabilized by a series of electroni¥ n* i nt érdmttheon s .
nY”  *interaction, ebD detotalizesnntothe adigderit® O f d@ntibandir)
orbital.'* 15> This interaction typically follows theBiirgi-Dunitz trajectory for nucleophilic
approack’ where the energy of approach is strongest around an angle of 108°, and within a distance
of < 3.22A; the sum of their respéive van der Waalgadii.}” The energy afforded by thérn *
interaction of an AtPra NMe2 model was estimated to be 0.27 kcal/d¥@ur modeling suggests
that the Gly Pro proteealkene has two lovenergy minima, suggesting flexibility that destabilizes
the triple helix}* **Decreased stabilities of th@nslocked collagermodel peptides were caused,
at least in part, by the missindri * i nt er acti on f ¥ Wenpredittthatthispl ac e
effect may beecaptured by using a haloalkene, instead.

We designd the Gly Pra Hyp collagenlike isostere3.1 (Figure 3.1), in which the Giy
Pro peptide bond is replaced with &-fluoro-alkene. Fluorealkenes are exceptionally good
isosteres of peptide bonds, wittany advantages over a prot@&ene isosteré For example, the
van der Waals radius of fluorine (1.4 is much closer to oxygen (1.49 than is hydrogn (1.2
A).2 The fluorcalkene is calculated to hasenilar orientation and dipole moment to an anfide.

Fluorine also has lone pairs that can participaté/inr® i nt ér acti ons.
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B)

O'Bu (Z2)-Fluoro-alkene FmocHN™ O'Bu
[ :) : : N '
Mimic o0
0] (0]
OH OH
Fmoc-Gly— —Pro—Hyp('Bu)-OH
3.1
C) Ac—(Gly—Pro—Hyp);—Gly— —Pro—Hyp—(Gly—Pro—Hyp),—Gly—Gly—Tyr—-NH,
3.2
D) Ac—(Gly—Pro—Hyp)g—Gly—Gly—Tyr—-NH,

3.3
Figure 3.1.Native collagen tripeptideepeat and a (Ajuoroalkene GlyPro isostereA) Fmod
Glyi Pra Hyp('Bu)i OH tripeptide repeat of native collageB) Synthesized Z)-fluoro-alkene
mimic 3.1. C) Host guest collageilike peptide sequenc2 with trimer mimic3.1 in the center

of the triplehelix. D) Native collagerike peptide controB.3.

We have shown computationally that the global minimum of thé Bty fluorcalkene as
anry ' * donor i $¥wher@g@as +he2Aative peptide bond
+160°%° suggesting this mimic would be geometrically compatible with the collagen triple helix
(Figure 3.2A). Our small models also suggest that the flua@rteonyl interaction is just outside
of theBurgi-Dunitzparameters for a significanyn’ * i nt eracti on to occur .
alkene does not have local minima near the collagen geometry that could cause similar

conformational instability as theqecalkene!®
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Figure 3.2.Potential energy scans of tedihedral angle irthe fluoroalkene, prote@lkené?®
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asan¥~ * acceptor model s. The average Q@ dihedr a
PDB ID: 1K6F is labeled® Modified with permission fromArcoria, P. J.Ware, R. I, Makwana,

S. V, Troya, D.; Etzkorn, F. A.; Conformational Analysis of FlugiGhloro, and ProtedAlkene

Glyi Pro and ProPro Isosteres to Mimic Collagefhe Journal of Physical ChemistryZ821
Copyright2021American Chemical Society.

The global minimum of the GiyPro model fluorealkene as anth” * acceptor i s

+117°1° which deviates signiftknt |y from the desired mi#®i mum a
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The di ff emge mayde daused Gy the fluaikene being a demonstrably podf h *
acceptor due to n)(  Paloud? This épandesiingobacaubertiiem t h e
global minimum for the@rotecalkeneasanyh™ * was about the same q =
We undertook this experimental study of the flualleene to see if it would maintain PHike
geometry while also reintroducing noncovalent interactions, such as -dipole and ¥ = *
donation leading to a more stable triple helix.

We now report the design and asymmetric synthesis of F@igicq [ ZJCF=C)] Pra

Hyp(‘Bu)i OH fluoroalkene mimi@.1, and its effecon collagen triple helix stability.

3.3Results and Discussion

3.3.1 Synthesi®f Fluoro-Alkene Isosteres

Enolic addition of formaldehyde to cyclopentanone was asymmetrically catalyZed by
Thr to give a scalemic mixture (Scheme 3LJThr has been shown t-0 give
hydroxymethyl product in 90% ee of the desirgi ¢nantiomer® However, with the Snembered
ring substrate, the undesireR){enantiomer was produced in high yield, as we learned upon
incorporation of the separated diastereomers intdinlaé collagenlike peptides. The resulting
primary alcohol (not shown) could not be isolated in satisfactory yields, possibly due-aldetro
degradation on silica gel. To circumvent this issue, dhede reaction mixture was dried,
concentrated, anthe alcoholwas protected with TBX| in the presence of imidazole to give
ketone3.4 in 63% yield over two steps (Scheme 3.1). Optical rotation was used to confirm
s ¢ a | ehydroxymeéthyl addition. To ensure racemization did not occur at any pointaloptic
rotation was also obtained on all intermediates throughout the synthésis/dide of the
commercially available fluoromethylphosphonate ethyl esterengdoyedto install the fluore

alkenemotif. In our hands, the standard phospHattone couplingf resulted in low yield of3.5
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(39%) with an unfavorabl&:E ratio (1:1.3 by*H NMR). The Mg(ll)-promoted phosphonate ylide
coupling is known to enhan@eselectivity?” 2 Both yield (77%) and selectivity (ca. 2.1ZZE by

'H NMR) were dramatically improved by using MeMgCl as the base in lieu of NaH (Scheme 3.1).
This transformation changes thereochemical designation of the desired enantiomeR)t® (

The mixture of ester8.5-(Z) and3.5-(E) was then regioselectively reduced with LiAlkb the
corresponding 1;Peduced allylic alcohol8.6-(Z) and 3.6-(E). Reduction of3.5 was achieved

with LiAIH 2 without 1,4addition.

Scheme3.1. Asymmetricsynthesis of alcoh@.6-(2).

o)
1l
1) 37% CH30 4, (EtO){P\(COzEt
L-Thr (30 mol%) F
£> THF, 30 °C, 48 h MeMgCl
o 2)TBS-Cl,im. O THF, 4°C, 21 h
DMF, rt, 14 h OTBS 77%
63%, 2 steps 34
LiAIH,,
EtO,C
THF HO T OTBS
F OTBS _78°Ct00°C, 1h F OTBS HO
3.542) +3.5-E)  71% (2) + 22% (E) ] )
2:1 Z:E 3642 36

Althoughisolation of the desire8.5-(Z) isomer by flash chromatographyas possible,
separation of the alcohols was much easier (Scheme 3.1). The allylic pro®&g44)fand3.6-
(E) were assigned by COSY (Supporting Information), and the configurations of the isolated
stereoisomers were confirmed by 1D nOe NM&pendix B. Irradiation of the new allylic
protons showed correlatiogither to the prolyl pseuddi p r ot o rZsisoroef, orto the  (
methylene protons of the GHOTBS group and the pseutlbCH proton of the)-isomer(Figure

3.3)

92



T
I
T
I

F
H OTBS
HO HO® HHH
F OTBS )
3.6-(2) 3.6-(E)

Figure 3.3 Observed 1EnOe(Appendix B)correlations of allylic alcohol8.6-(Z) and3.6-(E).

Substitution of the allylic alcohol with the amine was necessary to mimic the native Gly
residue, which was accomplished by cersion to théN-carboalkoxy2-nitrobenzenesulfonamide
(Scheme 3.23% 30 The N-Boc-2-nitrobenzenesulfonamideeagent3.7 was synthesized from
commercially available -Bitrobenzenesulfonamide and B@c (Scheme 3.2). Subsequent
displacement of the allylic alcohol witbulfonamide3.7 using disopropyl azodicarboxylate
(DIAD) and PPh gave sulfonamid&.8-(Z) in 95% yield (Sceme 3.2¥8 30 Deprotection ofo-
nitrobenzenesulfonyl (Ns) was accomplished using thioanisole a@ogsn DMF to quickly
give carbamat8&.9-(Z) in 80% yield(Scheme 3.2). The silyl protectingogip was then removed
by stirring overnight with tetra-butyl ammonium fluoride (TBAF) to prepare alcolBdl0-(Z) in
94% vyield (Scheme 3.2). Oxidation 8fL0-(Z) in acetone witlCrOs/H2SO; afforded acid3.11-

(2) in 89% yield(Scheme8.2). The reaction duration was kept short (30 min), and the temperature
waskept cold (0 °C) to help prevent premature cleavage of the Boc group because the resulting

ammonium salt would be difficult to isolate.

93



Scheme3.2 Synthesis othe @)-fluoro-alkene Glytrans-Pro mimic FmotGlyi q [ZICF=C)Ji
Prai OH 3.11(2).

NO2 Boc,0, Et;N NO, 3.6-(2), DIAD, PPh,
C  owmnoon -
o~ DMAP, DCM SO~ DCM, rt, 1 h
O/ NH, it 1 h O/ NHBoc 95%
94% 3.7
C52C03
CgHsSH
Boc - 6'75 TBAF
l}l — » BocHN _—
Ns F OTBS DMF, rt, 1h F OTBS THF, rt, 18 h
[0)
3.8-2) 80% 3.9-(2) 94%
CI"O3, H2SO4(aq_)
BocHN acetone, 0 °C, 30 min BocHN £ OH
F OH 89% o
3.10-(2) 3.11-(2)

Following oxidation, the Boc group was removed with 25% TFA in DCM usingaéh
of EtsSiH and HO as radical scavengers. The TFA salt (not isolated) was protected witih Fmoc
OSu in NaHC@THF givingFmoc amine3.12-(Z) in 84% yield (Scheme 3.3).ittlyp(‘Bu)i OBn,
which was made from Fmoelyp(‘Bu)i OH in 83% vyield over two steps, was coupled to Fmoc
amine3.12-(Z) using HATU and HOAt to give benzyl est&i3-(Z) in 82% yield as a mixture of
diastereomers in a 72:&Rratio, as determined by HPLC (Scheme 3T3)e diastereomers were
separated by HPLC using 1588rOH in scCQon a normajphase pyridine column. Transfer
hydrogenation with 14yclohexadiene on 10% Pd/C removed the benzyl protecting group,
without reduction of the fluoralkene (Scheme 3.3).In 12 steps, the desired Fri@ilyi
d [ZJCF=C)]i L-Pra Hyp(‘Bu)i OH 3.1-(R,Z) was obtained i.5% overallyield, and FmoiGlyi

d [ZJCF=C)]i D-Pra Hyp(Bu)i OH 3.1-(S,Z) in 8.7% overallield.
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Scheme 3.3Synthesis of the tripeptide isosteremod Glyi q [ ZJCF=C)]i L-Pra Hyp(‘Bu)i
OH 3.1-(R,Z) and FmoeGlyi q [ ZJCF=C)] D-Pra Hyp(‘Bu)i OH 3.1-(S,2).

1) 3.11-(2), 25% TFA

rt, 45 min H-Hyp(‘Bu)-OBn
FmocHN -
2) Fmoc-OSu moe L OH DCM, 8 h, rt
3:1 NaHCO5:THF O 82%
rt, 16 h 3.12-(2) 2) s¢CO2
84% Chromatographic Resolution
O'Bu O'Bu
* ~ * S
N - s N
FmocHN F O 10% Pd/C  FmocHN F O
o EtOH, 0
OBn 45 min, OH
3.13-(R,2) 28% 90 °C 3.1-(R,2) 82%
3.13+(S,2) 72% 3.1-(S,2) 80%

All peptides were synthesized by coupliRgnocprotected tripeptide units with either
HOAUHATU or 6/ Cli HOBt/HBTU on solidphase Rink amide MBHA resin. The Tyr residue
was included to determine peptide concentration by UV. The two Gly residues were included as a
spacer to facilitate peptide synsiiand to decrease interference of Tyr with tripdtix folding 1!
The Fmo&Glyi Pra Hyp('Bu)i OH trimer units were synthesized by the method of Ottl €t al..
The crude peptides were purified by HPLC on a C18 cojama their identity was confirmed by

MALDI -TOF (Table S3.1).
3.3.2Triple -Helix Stability

The stability of the triple helix was determined using circular dichroism (CD) to conduct a
thermal melt from 4 °C to 85 °C (Figured}. The measured loss of ellipticity of the signature triple
helix peak at 22émwas used to determine trighelix stability. The data was fit into a twstate
model to calculat&m. The control peptide ACGlyi Pra Hyp)si Glyi Glyi Tyri NH2 3.3was found

to havea Tm of 49.0°C (Figure3.5). This closely matches the literature melting temperature of a
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collagenlike peptide with the same sequente € 50.0)!! Our fluoro-alkene model, Ai(Glyi
Pra Hyp)si Glyi q [ZJCF=C)]i L-Prai Hypi (GlyT Pra' Hyp)4i Glyi Glyi Tyri NHz 3.2-(R,Z), has
Tm = 42.2 °C Figure 35). The diastereomer A¢Glyi Pra Hyp)si Glyi  [ZJCF=C)]i D-Pra
Hypi (GlyT Pra Hyp)4i Glyi Glyi Tyri NH2 3.2-(S,Z) showed a linear decrease in ellipticity,

meaning that it did not form a triple helix (Figuré)3.

A) 47 4 1

/\ 0 f ; f T 1

200 2 240 260 280 300

CD (mdeg)
CD (mdeg)

Wavelength (nm) ) Wavelength (nm)

250 300 200 250 300

CD (mdeg)
CD (mdeg)

Wavelength (nm) ) Wavelength (nm)

Figure 34. Full-length CD spectralemperaturat5 °C (blue) and 85 °C (red) &) peptide3.2-
(R,2) (0.097 mM)andB) control 3.3(0.53 mM)
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Figure 35. Thermalmelting curves of the fluoralkene mimic3.2-(R,Z) (/) and controB.3 (- ).

The absolute stereochemistry of the chiral center introduced into the aldol interrBediate
(Scheme 3.1) was inferred from the thermal stability of their respective peptides (FigEigude
3.6). Since the native triple helix contains lalamino acid, a singléd-amino acid in the sequence
disrupts its ability to fold in phosphate buffered saline soluttéfi$ie diastereomer &4 that
ultimately provided a sigmoidal melting curve was assignedRhegnfiguration, a mimic of -

Pro mimic. The diastereomer with a linear correlatoetween temperature and ellipticity was
assumed to be the-Pro mimic. We intended to promote the formation of itHero mimic by
usingL-Thr as a chiral cataly$t.Our resuls, however, show that the major diastereomer formed
did not have a cooperativeelting curve (Figure 8) andis therefore the undesir&Pro mimic.

We proposehat the envelope conformationtbi cyclopentanone starting material causethr

to introdue the chiral center in the opposite stereochemistry fiteh induced by thehair

conformation of cyclohexanorté Further study of this phenomenon is needed. Nevertheless, the
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minor diastereomer was sufficient to determine the effect gf-fuoro-alkene Gly Pro isostere

on triple helixstability.

1T A A
0.9 + A&
0.8 + y = 0.0132%0.0799 A AT
0.7 4+ R2=0.993
0.6 + a
05+ LA
04 1 2
03+ A
0.2 4 A
014 A
0 +—a=? : : : : : : : |
0O 10 20 30 40 50 60 70 80 90
Temperature {C)

Fraction Conversion (%)

Figure 3.6. Linear ellipticity of the major diastereom&:.2-(S,2).

TheTm of peptide3.2-(R,Z) was found to bd2.2°C, a decreaseyflm) of 6.8°C compared
to controlpeptide3.3. Previous results from Dai et ‘&lshowed thateplacemenof the Glyi Pro
amidewith the proteealkeneisosterereducel Tnt 0 2 8 .Ta3=1iPIQ). I gur modelingyve
found very similar potential energy landscapeshefRrdPr o @ di hferdhe idlore angl e
alkene and protealkene (Figure 3.2AY The key difference between the twie a nearby local
minimum found with theprotecalkene that is not observed for the flu@&ene (Figure 3.2A).
Our results here imply that the extra flexibility conferred by that local minimum significantly
impacts the stability of the triple heliQur Glyi Pro fluorcalkene la s Tme13.3 °C hgherthan
the Glyi Pro proteealkené?! suggestingignificant stabilityis afforded byelectronic interactions

Our theoretical results predicted that the flualkene might not behaveasry © * donor
becausedhe fluorine atom restgist outside of the necessaByirgi-Dunitz distance and angle to
the acceptor carbony! Furthermore, experimental and computational results predict that the

fluoro-alkene would be a poon” *  a ¢ ¥ &igotvever,.in this work!®F NMR data shoed
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significant deshielding of the fluorine nucleus (Figurd.3A shift fromi111.6 ppm td 76.0 ppm

occurs between intermediat®4 2-(Z) and3.13(R,Z), which may be caused by the loss of electron

density throghnY * * donati on.

Hyp amide 0f3.13(R,Z) may preorganized to be art¥n * a c ¢ e p t'% NMR paak di

76.0 ppm reflects that deshielding (Figuré)3Removal of the benzyl group permits easis-

transisomerization of the Pid¢dyp amide, as seen with the two rotariiérpeaks at115.1 and

112.6 ppm foB.1-(R,Z) (Figure 37).

FmocHN/\@ 3.12- (Z) Lg
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X Rotamers |
ancHN/\a
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Figure 3.7. Stacked®F NMR spectraof the final five compounds of the synthesiowing the
increasinglydeshielded fluorine nucleukstrument noise is marked with an X. Rotamer peaks
are labeledThe downfield peaksbetweeri 70 to1 80 ppmrepresentluorine atomsacting as an
nyY ~ * d d@heopfield peaks betweenl10 toi 120 ppm represent fluorireomsthat are not

engagedin¥i” * donati on.

Increased flexibilityn the carboxylic aci®.1-(R,2), indicated by the higher cis/trans ratio,
wouldmakeY " * donation more di % peakuat76.7 and72.5pmg ge st ¢
that are much less intense than the upfield rotamer peaks. Following HPLC purification, the
unfolded collagetiike peptide3.2-(R,Z) showed only twd®F NMR signals at 75.6 ppm andi
122.4 ppm (Figure 3.7). We interpret these signals to correspond to part of the peptide that is
already foldedi(75.6 ppm, ¥~ * i nteraction) aiM224ppmrmo¥Yithat i s
interaction). Following incubation at 4 °C for 72 h, theléal collagedike peptide3.2-(R,Z) had
only a single peak at77.0 ppm, suggesting that all fluorine atoms are deshielded by their
participationin®¥ ~ * donati on (YFi*guirnet e3r.arc)t.i oMn woul d e x|

stability of the fluorealkene(Tm = 42.2 °C) over the protealkene Tm = 28.3 °C)!

3.4 Experimental

General Methods.All reactions were performed under inert gas in edtéed glassware.
All reagentsand resinsvere obtained from commercial suppliers and used as received, unless
otherwise statedAll amine bases were stirred over GabVvernight and distilled prior to use.
Solvents were dried using an Innovative Technology Pure-Biivsolvent purification system
Brine (NaCl), NaHC@® and NHCI refer to saturated aqueous solutions, unless otherwise stated.
SiOz chromatography was performed with SiliaFlash P60 silica gel4280mesh) provided by
Silicycle with HPLC-grade solventstH (400 MHz) *3C (100 MHz) and°F (376 MHz) NMR

spectra were recorded am Agilent MR-400 MHz NMR spectrometer. Chemical shifts fb
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NMR (unless otherwise noted)ereported inppmwith refeence taresidualCHClzat 7.26 ppm

or TMS at 0.00 ppmProtorrdecoupled carbon chemical shifise reported ippmwith reference

to CDClz at 77.0 ppmthe chemical shifts of minor rotamers are in parenth€&i\NMR spectra

were unlockedNMR data are d&cribed as follows: chemical shift, multiplicity (s = singlet, bs =
broad singlet, d = doublet, dd = doublet of doublet, t = triplet, g = quartet, m = multiplet), coupling
constants (Hz), and integratiohhe gCOSY for3.6-(Z) and3.6-(E) were obtained at 25 °C in
CDClzwith 8 scans and a 1 s relaxation delay. Theni2 spectra f08.6-(Z) and3.6-(E) were
obtained at 25 °C in CD@With 256 scans and a 1 s relaxation deleyNMR spectra of collagen

like peptides3.2-(R,Z2), 3.2-(S,2), and 3.3 were obtained on an Avance Ill 600 MHz
spectrophotometer equipped with a liquid nitrogen prodigy cryoprobe. Spectra were acquired
using the standard ortBmensional zgpr pulse sequence with water presaturation during the
recycle delay of 2 s. Eaclathset was averaged over 256 scans using 64k time domain points.
High resolution mass spectra (HRM®@&gre acquiredon anAgilent 6220 using electrospray
ionization (EST) and time of flight analyzer (TOFPrganic solutions were concentrated under
reducedpressure using a Buchi RE1 rotary evaporatoOptical rotation was measured on a
Jasco 2000 Polarimeter at the sodiumIiDi ne (589 nm) ; S aperture

Circular dichroism was performenith aJasco model 81§pectropolarimeter

O
~OTBS

Ketone 3.4. Cyclopentanone (48 mL, 540 mmol) and hr (3.6 g, 30. mmol) werstirredin THF
(200 mL)at 30 °C for 1 h. Then&7% formalin solution (7.5 mL, 100 mmol) was added dropwise.
The reaction wastirredat 30 °C for 48 h, thedilutedwith EtOAc (50 mL), dried over N&Q,

filtered, and concentrated. The resultant brown oil was dissolMek (36 mL) with imidazole
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(10 g, 150 mmol) and TBEI (11 g, 75 mmolat 0 °C After mixing for 14 hat rt, the reaction
mixture waddilutedwith EtOAc (100 mL), washed with water (3 x 100 mL), dried overS{Ta,
and concentrated. Purification ByO: chromatography (8m x 17 cm, 126 EtOAdhexanes; R
= 0.42) gavéketone3.4 as a colorless oil (2.g, 63%6). The'H NMR data matchethe literature®
(CDCls, 400 MHz):1i 3.85(dd, J = 9.8, 4.8 Hz, 1H), 3.73 (dd,= 9.9, 3.3 Hz, 1H), 2.30 1.90
(m, 6H), 1.84i 1.71 (m, 1H), 0.85 (s, 9H), 0.2 (s, 3H), 0.1 (s, 3HE{*H} NMR (CDCl,
125MHz): 0 2 2 02,511, 3963226.5,8.0, 21.1, 184,15.4,155. HRMS (EST/TOF) m/z [M

+ H]" Calcd for G2H2502Si* 229.1618; Found 229.1608. 131.2° (c 4, MeOH).

OTBS

E
Esters3.5-(Z) and 3.5-(E). A 3.0 M solution of MeMgCl in THF (2.4 mL, 7r/imol) was added
dropwiseto a stirring solution ofriethyl 2-fluoro-2-phosphonoacetaté. g, 7.0 mmol) in THF
(30mL) ati 78 °C andstirredfor 30 min. Keton&.4 (1.7g, 7.2mmol)in THF (20mL) was added
dropwise and the reaction wstsrred for 17h at 4 °Clt wasthenquented with water (150 mL)
and extracted with DCM (4 x 100 mL). The combined organic layers were dried o8DNad
concentratedPurification bySiOz chromatography5 cm x 18 cm, 1:10 EtOAchexanesRs =
0.40) provide estes 35-(Z) and 35-(E) as a colorless oil (1.8, 77%) in a mixture of
diastereomerswith ca. 1:0.49Z:E ratio, as determined byH NMR by integration of the
diastereomeriproton: (CDC4, 400 MHz):35-(2): 4 3.73 (dd,J = 9.9 Hz, 4.3 Hz, 1H) an8.5-
(E) 43.64 (ddJ=9.2 Hz, 4.1 Hz, 1HB.5-(2). ThelH NMR data matchegerature®® 3*(CDCls,
400 MHZ): Ui 4.26 (q,J = 7.1 Hz, 2H), 3.74 (dd] = 9.9, 4.3 Hz, 1H), 3.50 (dd,= 9.7, 8.3 Hz,
1H), 3.191 3.08 (m, 1H), 2.72 2.65 (m, 2H), 1.91 1.65 (m, 4H), 1.32 (fJ = 7.1 Hz, 3H), 0.87

(s, 9H), 0.03 (s, 3H), 02 (s, 3H)13C{H} NMR (CDCl, 125 MHz):ii 1 6 12JcA= 36.1Hz),
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142.4 (dXNcr= 247.2 Hz), 141.4 (R)cr= 12.6 Hz), 63.2 (Jcr = 4.2 Hz), 61.1, 46.2, 31.2 (d,
3Jcr= 1.9 Hz), 28.7, 26.0, 24.8, 18.4, 14i5,3,i 5.4;'% NMR (CDCl, 376 MHz):lii127.2
(s). |  i123° (c 4, MeOH).35-(E): *H NMR (CDCk, 400 MHz):Ui 4.28 (g, = 7.1 Hz, 2H),
3.65 (dd,J = 9.2, 4.1 Hz, 1H), 3.48 (dd,= 9.2, 8.1 Hz, 1H), 3.4% 3.35 (m, 1H), 2.56 2.49 (m,
2H), 2.08i 1.99 (m, 1H), 1.84 1.64 (m, 3H), 1.33 () = 7.1 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 3H),

0.02 (s, 3H).

HO/\%E ©
oTBS OTBS

F HO

Allylic Alcohols 3.6-(Z) and 3.6-(E). To a stirring solution of esteB.6-(Z) and3.6-(E) (1.4 g,
4.5 mmol) in THF (20 mL) at' 78 °C, LiAlH4 (1.0 M in THF, 14 mL, 14 mmol) was added
dropwise and the mixture wasrredatO °Cfor 1 h. The reaction wagienched with EtOAc (100
mL), washed with water (3 x 50 mhphdbrine (1 x 30 mL), dried over N&Qs, and concentrated.
Purification by flash sromatography (m x 16 am, 20% EtOAc:hexanes;R 0.22) gavallylic
alcohol3.6-(Z) as a colorless o{B70mg, 72%) and allylic alcohoB.6-(E) as a colorlessil (270
mg, 22%) Allylic alcohol 3.6-(Z) *H NMR (CDCk, 400 MHz):114.271 4.07 (m,2H), 3.75 (dd,
J=9.8, 4.4 Hz, 1H)3.42 (dd,J = 9.8, 8.6 Hz, 1H)3.02i 2.93 (m, 1H), 2.32 2.22 (m, 2H), 1.90

i 1.55 (m, 5H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3B0{'H} NMR (CDCk, 100 MHz):i 151 .
(d, Wcr= 245.3 Hz), 123.5 (dJcF = 148 Hz), 64.0 (d*JcF= 3.8 Hz), 59.7 (RJcr= 30.5 Hz),
43.6, 29.41, 28.7 (dJcr= 5.1 Hz), 26.1, 24.9, 18.55.2,75.3;%F NMR (CDCk, 376 MHz)u
1198 (dd, 3Jur = 21, 21Hz). HRMS (ESI/TOF)m/z [M + H]* Calcd for GaH2sFO,Si* 275.1837;
Found 275.1842| i11.3° (c 4, MeOH).Allylic alcohol 3.6-(E) *H NMR (CDCk, 400 MHz):

04.271 4.09 (m, 2H), 3.52 (dd] = 9.8, 5.9 Hz, 1H), 3.35 (dd,= 9.8, 9.2 Hz, 1H), 2.99 2.83
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(m, 1H), 2.55 2.41 (m, 1H)2.40i 2.28 (m,1H), 1.851 1.47 (m, 4H), 0.90 (s, 9H), 0.08 (s, 3H),
0.08 (s, 3H).

NO,
o

’/S\NHBOC
o}

N-Boc-2-nitrobenzenesulfonamide3.7. 2-Nitrobenzenesulfonamid®10 mg, 2.5 mmol), BeO

(700 mg, 3.2 mmol), BN ( 630 ¢ L, 4.5 mmol ) DMAPNSB mg 0.43at al yt
mmol) were dissolved iIDCM (5.0 mL)and stirred at rt fot h. Thereactionwasquenchedvith

1 M HCI (12 mb), andthe product wagxtracted with EO (4 x 15 mL). The combined organic

layers were dried over M8Os and concentrated. Tuatation with 40% EO in hexanes (5 x 10

mL) gave7 as a white solid (710 mg, 94%)4 NMR data matches the literatuiCD2Clz, 400

MHz): (18.317 8.27 (m, 1H), 7.88 7.77 (m, 3H), 1.42 (s, 9H}3C{'H} NMR data matches the

literature®® (CD2Cl2, 100 MHz):li 149.2, 148.6, 135.5, 133.6, 133.0, 132.2, 125.6, 85.4, 28.1.

Boc\N/\%i\i
' OTBS

Ns F

Sulfonamide3.8-(Z). DIAD (570 mg, 2.8 mmglin DCM (5 mL) was added dropwise to a solution
of allylic alcohol3.6-(Z) (590 mg, 2.2 mmol\-Boc-2-nitrobenzenesulfonamide7 (830 mg, 2.8
mmol), andPPh (720 mg, 2.8 mmol) in DCM (15 mlgt0 °Cand stirred for 1 h at rThe solution
was then diluted with EtOAc (75 mL), washed with water (3 x 50 arigbrine (1 x 50 mL),
dried over NaSQ: and concentratedPurification bySiOz chromatography (8m x 17 an, 25%
EtOAc/hexanes; R= 0.36) affordedsulfonamide3.8-(Z) as a colorlessil (1.1 g, 95%)H NMR
(CDCls, 400 MHz):ti  81. 8% (m, 1H), 7.78 7.70 (m, 3H), 4.53 (dJ = 17.2Hz, 2H), 3.77
(dd, 9.8Hz, 4.4 Hz, 1H), 3.39 (dd, 918z, 8.9Hz, 1H) 3.05 2.95 (m, 1H), 2.47 2.25 (m, 2H),

1.861 1.54 (m, 4H), 1.33 (s, 9H), 0.87 (s, 9H), 0.04 (s, 3H), 0.03 (s,’36)*H} NMR (CDCl,
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100MHz):U 150. 1, 148. 4, 147. 8cr22866Hz), 12463124.5d, 133 .
2JcF=14.2 Hz), 85.4, 63.8 (dJcr = 3.8 Hz), 45.5 (RJcr = 28.6 Hz), 43.9, 29.3, 28.6 ({cr
= 4.7 Hz), 27.9, 26.0, 24.8, 18i%5.2,15.3; 1°F NMR (CDCls, 376 MHz):1i1118.5 (Id, 3Jnr =
17, 17 Hz). HRMS (ESVTOF) m/z [M + H]* Calcd for GsHaoFNO-SSit 559.2304; Found

559.2301. 16.7° (c 4, MeOH).

BocHN/\’/I\/ii
OTBS

E
Carbamate 3.9-(2). Thiophenol (280 mg, 2.5 mmol) and2C€s (1.3 g, 4.0 mmol) werstirred

in DMF (100 mL) at 0 °C for 15 mirA solution of sulfonamid&.8-(Z) (780 mg, 1.4 mmoljn

DMF (75 mL) wasthenadded dropwise arstirredfor 1 hat rt It wasthendiluted with EtOAc

(100 mL), washed with water (4 x 100 mahd brine (1 x 50 mL) dried over NaSOQ: and
concentratedPurification bySiOz chromatography (8m x 17 am, 19% EtOA¢hexanes; R=

0.48) provided carbama9-(Z) as a colorless oil @) mg, 80%) *H NMR (CDCk, 400 MHz):

O 4. 78 ( bis3,75 (m,2H), 3.76 (ddh=39.8Hz, 4.4 Hz, 1H), 3.38 (dd] = 9.8Hz, 8.6

Hz, 1H), 2.97 2.87 (m, 1H), 2.34 2.20 (m, 2H), 1.87 1.48 (m, 4H), 1.42 (s, 9H), 0.86 (s, 9H),
0.02 (s, 3H), 0.01 (s, 3HIC{*H} NMR (CDCls, 100 MHz) i 155 . 7 “crE245.7 Mz), ( d ,
122.5 (d2JcF= 15.0 Hz), 79.9, 64.0 (4JcF= 3.8 Hz), 43.6, 40.0 (fcF= 29.4 Hz), 29.5, 28.8
(d,3JcF=5.0 Hz), 28.5, 26.1, 24.8, 18i4.2,75.3; % NMR (CDClz, 376 MHz):li 11172 (dd,

33uF = 20,20 Hz). HRMS (ESVTOF) m/z [M + H]* Calcd for GeHs7FNOsSi* 374.2521; Found

374.2518.] i8.9° (c4, MeOH).

BocHN/\%g\
OH

F
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Alcohol 3.10-(Z). Carbamat&.9-(Z2) (1.1 g, 2.9 mmol) anBusNF (4.9 g, 17.5 mmol) werstirred
in THF (25 mL)for 21 h at rt.The solution washen quencheavith NH4Cl (50 mL), and the
product was extracted with DCM (503 mL). The combined organic layers wetged over
NaSQ: and concentrated. Purification b$iO2 chromatography (5cm x 16 am, 40%
EtOAc/hexanes; R= 0.28)gave alcohoB.10-(Z) as a colorless oil (TDmg, 94%):'*H NMR
(CDCls, 400 MHz):ik 4. 96 ( b sJ=20.0}, 2H),B.633(dd) =(107,Hz, 51 Hz, 1H),
3.50 (dd,J = 10.7 Hz 74 Hz, 1H), 3.00 2.89 (m, 1H), 2.37 2.22 (m, 2H), 2.18 (bs, 1H), 1.84
i 1.52 (m, 4H), 1.40 (s)23C{*H} NMR (CDCl;, 100 MHz):ti 155 . 8 ,%3Jce=2%3.3Hz), ( d ,
122.2 (d2Jcr= 14.3Hz), 79.9, 64.4 (*JcF= 3.8Hz), 43.7, 40.0 (RJcF= 29.3Hz), 29.7, 28.7
(d, 3Jcr = 5.1Hz), 28.5, 25.01%F NMR (CDCls, 376 MHz):U i 1168 (dd, 3Jnr = 20, 20Hz).
HRMS (ESI/TOF) m/z: [M + HJ Calcd for GeHs7FNOsSi+ 260.1656; Found 260.1644. i

8.83° € 4, MeOH).

BocHN

OH
I:O

Acid 3.11-(Z). Jones reager{2M, 2 mL, 4 mmol)was added dropwise to a solution of alcohol

3.10-(Z) (300 mg, 1.2 mmolin acetone (60 mL) at 0 °C and stirred at O °C for 30 min. The reaction

was quenched withPrOH (50 ml and stirred at rt for an additional 10 min, then filtered through

Celite and concentrated. The residue was diluted with EtOAc (25 mL) and washed with water (4

x 10 mL) and brine (1 x 10 mL), dried over J8&x and concentrated. The crude product was
purified by SiQ chromatography (3 cm 16 cm, 5% MeOH/DCM; R= 0.46) to give aci®.11-

(Z) as a palgellow oil (280 mg89%.'HNMR (CDCk, 400 MHz): G 10.85 (b
s, 1H), 4.068 3.76 (m, 2H), 3.60 3.52 (m, 1H), 2.50 2.31 (m, 2H), 2.10 1.83 (m, 3H), 1.76

1.63 (m, 1H), 1.44 (s, 9H¥C{'H} (CDCls, 100 MHz): U 1 28r=250HA,55. 8,
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120.2 (d2Jcr= 15 Hz), 80.0, 45.5, 39.7 (&lcF= 28 Hz), 31.8, 28.5, 28.4, 2518F NMR (CDCE,
376 MHiA)1:4 (dd3IkF = 20, 20 Hz).HRMS (ESHTOF) m/z: [M +Na* Calcd for

CisH20FNOsNa+296.1274 Found296.1277 | 12.54° (c 18, CHCl).

FmocHN

OH
I:O

Fmoc Amine 3.12-(Z). To a solution of acid3.11-(Z) (270 mg, 0.98 mmol) in 96:2:2
DCM:H20:EtSiH (11 mL) was added TFA (4 mL) and stirred at rt for 40 min. The reaction was
concentrated and residual TFA was removedigl vacuum overnight. The resultant dark yellow
oil was dissolved in NaHC£Y20 mL) and stirred for 5 min, then a solution of Fio&u (500

mg, 1.5 mmol) in THF (10 mL) was added and stirred at rt for 16 h. The solution was acidified to
pH =2 with 1 M HC@and the product was extracted with DCM (3 x 30 mL). The combined organic
layers were washed with water (2 x 30 mL) and brine (1 x 30 mL), dried owSONand
concentrated. Purification by Si@hromatography (5 cm x 15 cm, 2% AcOH/DCM;=R0.14)
gaveFmoc aming.12-(Z) as awhite solid (30mg, 84% yield)mp 68i 70 °C.*H NMR (CDCl,

400 MHz): 10.51 (br s, 1H), 7.76 (@= 7.5 Hz, 2H), 7.59 (d) = 8.0 Hz, 2H), 7.40 (t) = 7.5 Hz,

2H), 7.31 (tJ = 7.5 Hz, 2H), 5.24 5.16 (m, 1H), 4.5% 4.34 (m,2H), 4.28 4.16 (m, 1H), 4.15

i 4.00 (m, 1H), 3.96 3.81 (m, 1H), 3.63 3.42 (m, 1H), 2.62 2.22 (m, 2H), 2.18 1.79 (m,

3H), 1.77i 1.55 (m, 1H)23C{*H} NMR (CDCls, 100 MHz): 179.7, 156.4, 150.2 (tcF = 250

Hz), 143.9, 141.4, 127.8, 127.1, 125.1, 120.63¢r = 15 Hz), 120.7, 67.1, 47.2, 45.5, 40.1 (d,
2)cF = 29 Hz), 31.8, 28.5, 25.99F NMR (CDCh, 376 MHz):1111.7 (dd3Jur = 20, 20 Hz).
HRMS (ESI/TOF) m/z: PM i H]' Calcd forCasHa3F2N20g' 789.2993 Found 789.298. | T

1.61° (C 0.14, CHCH).

107



O'Bu

FmocHN F O

O OBn
3.13-(R,2), 3.13-(S,2)

Benzyl Ester3.13(Z). HBTU (75 mg, -CIHOB Te niBI5) ,mgh 200 e mol
amine3.12-(Z) ( 52 mg, ) WeeGstirrednmoOCM (2.5 mL) at 0 °C for 1din. A solution

of HiHyp(Bu)iOBn3.15( 55 mg, 200 emol) in DCM (0.5 mL)
stirred at rt for 8 h. It was then filtered through Celite and concentrated, diluted with EtOAc (5

mL), washed with 0.01 M HCI (2 x 2 mL), NaHG@ x 2mL), and brine (2 x 2 mL), dried over

NaxSQ: and concentrated. The crude product was purified by Gi@matography (2 cm x 15

cm, 2.5% MeOH in DCM, R= 0.18) to give a diastereotopic mixture3dt3-(Z) as a paleellow

oil (71 mg, 826). The mixture of diastereomers (100 mg) was separated by HPLC by injecting 20

eL ali gRro®Kd om a PrincetonSF G6e50 .6 md)iwithe c ol
TharSFC Fluid Delivery Modulwith eluent isocratid5%i-PrOH/scCQ at 3.0 mL/min120bar

system back pressure, column oven temperati4@ °C.The diastereomers were obtained as off

white solids:3.13(S,Z) (retention time 11.4 min, 10 m4% recovery) an®.13(R,Z) (retention

time 13.9 min, 4 mgl4% recovery) ina 28:72 R Sratio (Figure B.1) Benzyl Ester3.13(R,Z2):
HNMR(CDCl, 400 MHz ¥=7.60Hz, 2H), 7768 (@] d 7.12 Hz, 2H), 7.40 (1= 7.4

Hz, 2H), 7.37 7.27 (m, 7H), 5.21 (dd] = 12.4, 10.3 Hz, 1H), 5.08 (dd= 14.9, 12.4 Hz, 1H),

5.031 4.93 (m, 0.77 H), 4.75 (§ = 5.5 Hz, 0.55H), 4.51 (] = 7.8 Hz, 0.45H), 4.46 4.32 (m,

2H), 4.28i 3.96 (m, 3H), 3.87 3.62 (M, 2.4H), 3.58 (dd}, = 10.2, 6.4 Hz, 0.45H), 3.443.32

(m, 1.55H), 2.5 2.29 (m, 3.8H), D87 1.52 (M, 4H), 1.17 (s, 4H), 1.12 6H). °C{'H} NMR

(CDClk, 125 MHz): U 174.0, (172 138F=,246H7),314403), ( 171.

143.99, 141.5, 136.1, 135.5, 128.8, (128.6), 128.53, (128.48), 128.2, (128.1), 127.8, 127.2, 125.2,
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123.8 (d2Jcr= 14 Hz), (122.0 (Jcr= 16 Hz)), 120.1, (74.24), 74.18, 69.7, 68.2, (67.1), (67.0),
66.7, (58.80), 58.76, 54.4, (54.0), 47.3, 44.3, (44.2), 4083dd= 6 Hz), (40.2, (RJcF= 6 Hz)),

39.5, 37.3, 32.2, (32.0), 31.3, (30.8), 2929.7), 29.4, (28.9), (28.4), 28.3, 26.3, (36'F NMR
(CDCk, 376 N#D |s)), (101.8(dd, 3Jnr =20, 20Hz)),115.7 €d, 3Jnr = 20,20 Hz).
HRMS (ESI/TOF) m/z: [M + HJ* Calcd for GeHaaFN206* 655.3178; Found 655.3184.

T8t X °XC 0.32, CHCL). Benzyl Ester3.13(S2): HNMR (CDCk, 400 MHz W=7.41 7. 76
Hz, 2H),7.59 (d,J = 7.4 Hz, 2H), 7.40 (t) = 7.5 Hz, 2H), 7.37 7.27 (m, 7H), 5.24 5.01 (m,

3H), 4.81i 4.72 (m, 0.1H), 44 (dd,J = 8.7, 4.2 Hz, 0.5H), 4.6 4.52 (m, 0.4H), 4.4%5 3.72

(m, 7H), 3.69 3.59 (m, 0.9H), 3.47 (dd,= 9.7, 6.0 Hz, 0.5H), 3.423.32 (m, 1.1H), 2.51 2.23

(m, 2.5H), 2.23 2.19 (m, 0.15H), 2.18 1.49 (m, 6.5H), 1.15 (s, 9HC{'H} NMR (CDCl,

125 MHz): U 173. 1, YckZ 250 Biz), 144.6% 144.43, (138.9), 135.65,d ,
(128.9), 128.7, 128.61, 128.57, 128.4, 128.3, 127.8, 127.2, 12334 €& 13 Hz), 120.1, (74.3),
74.2, 69.7, (69.44), 69.41, 67.09, (67.05), 66.98,9F), 57.9, 57.6, 57.3, 54.2, 54.0, 53.8, 47.3,
44.4 (d,2Jcr = 6 Hz), 44.2, 40.3, 40.1, 37.1, 36.8, (31.32), 31.28, 30.8, 29.9, 29.1, 28.4, 36.1,
(26.0), 25.52%F NMR (CDCk, 37 6 MP60)s)) 103.1 d, 3Jnr, = 20, 20Hz), (i 114.2

(t, J = 20 Hz)). HRMS (ESHTOF) m/z: [M + HJ' Calcd for GeHasFN2Os" 655.3178; Found

655.3190. ] T8t WHc 0.80, CHC).

O'Bu

*

FmocHN F O
O™ “oH
3.1-(R,2), 3.1-(S,2)

Fmodi Glyi q [ ZJCF=C)]i Proi Hyp(‘Bu)i OH, 3.1-(R,Z) and 3.%(S,Z2). 1,4-cyclohexadiend7

eLl7/0e mol ) was added to a susHmmpsmoh) odandheOtr Pd

109



mg) in anhydrous EtOH260e L) and t he solution was heated

cooling to rt, it was filtered through Celite and diluted witbhGE{1 mL). The organic phase was

washed with 5% NaHC£3 x 0.5 mL) and brine (0.5 mL). The organic layer was dried over

NaxSQ: and concentrated to recowdgprotectedripeptide. The combined aqueous phases were

acidified to pH = 2 with 0.1 M HCland the poduct was extracted with EtOAc (4 x2 mL). The
combined organic layers were washed with brine (2 mL), dried ovS®aand concentrated to
give a white solid§ mg, 82%). Acid 3.1-(R,Z): '"HNMR (CDCk, 400 MHz)J=7.@
Hz, 2H), 7.58 (dJ = 7.5 Hz, 2H)7.40 (t, J = 7.5 HZH), 7.31 (tJ = 7.4 Hz, 2H), 5.38 5.05 (m,

0.64H), 4.70i3.27 (m, 9.26H), 2.59 1.77 (m, 11H), 1.20 (s, 9HC{H} NMR (CDCls, 125

MHz): O 176.7, 172. Wgr=MBHyr)183,98, (143D5), 146144, (14143F),. 7

127.9, (127.23), 127.21, (125.3), 125.1, 121.81dr = 15 Hz), 120.13, (120.10), (74.6), 74.5,
69.3, (69.2), (67.2), 67.1, (58.99), 58.94, 54.0, 49.54, (49.49), 47.3, (47.2), £0d)rtd 30 Hz),
(33.90) 33.88, (29.9), 28.4, (25.7), 2522.8.9F NMR (CDCk, 37 6 5.8 |s))ji 112.6 (
(dd,3JnF= 19, 19 Hz),{115.1 (dd3JnF = 20, 20 Hz))HRMS (ESITOF) m/z: [M + HJ* Calcd
for CsaH44FN206" 565.2708; Found 565.2708cid 3.1-(S,Z) (6 mg, 9 umol)was preparegvith
1,4-cyclohexadiene (10 pL, 110 pumol) and 10% Pd/C (1 mg) ugiegsame method to give a
white solid 6 mg,80%):*H NMR (CDCk, 400 MHz J=7.4Hz,2H),7%8 ({1d 7.2
Hz, 2H), 7.40 (tJ = 7.4 Hz, 2H), 7.31 () = 7.0 Hz, 2H), 5.33 5.05 (m, 0.4H), 4.70 4.46 (m,
0.6H), 4.47 4.29 (m, 2.4H), 4.27 4.18 (m, 1H), 4.16 4.00 (m, 0.4H), 3.72 (dd,= 9.8, 6.8 Hz,

0.38H), 3.67 3.59 (m, 0.8H), 3.50 3.33 (M, 14H), 2.591 2.25 (m, 3.4H), 2.14 1.81 (m, 4H),

1.747 1.49 (m, 3.7H), 1.2 (s, 9HY3C{*H} NMR (CDCls, 125 MHz): U 176.
(156.6), 149.7 (dilcr = 247 Hz) 144.0, 141.4, 127.9, (127.23), 127.21, (125.3), 125.1, 121.8 (d,

2JcF= 15 Hz), 20.13, (120.10), (74.6), 74.5, 69.3, (69.2), (67.2), 67.1, (58.97), 58.94, 54.0, 49.54,
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(49.49), 47.3, (47.2), 40.1 (&llcF = 30 Hz), (33.90), 33.88, 32.1, (31.6), (29.9), 28.4, 28.3, (26.3),
26.2, (26.1), 25.7, 25.0, (24.99F NMR (CDCh, 376 MHz):i1 75.9 (s), (112.6 (dd3Jnr = 19,
19 Hz)), {113.9 (dd,%Jr = 18, 18 Hz)).HRMS (ESHTOF) miz: [M + HJ" Calcd for

CsoHa4FN206" 565.2708; Found 565.2708

OBu

FmocN
o/ O8N

Fmoci Hyp('Bu)i OBn 3.14.DCC (2.0 g, 9.7 mmol¥%i Cli HOBt (1.7 g, 9.7 mmol), DMAP (120
mg, 0.97 mmol) and DIEA (3.4 mL, 19 mmol) were added to a solutiéGimafd Hyp(‘Bu)i OH
(2.0 g, 4.9 mmol) in DCM (90 mL) at 0 °C and stirred for 10 min. BnOH (1.0 mL, 9.7 mmol) was
added and the reaction was stirredtdbr 16 h. The reaction was filtered through Celite and
concentrated. The residue was diluted with EtOAc (40 mL), washed with 1 M HCI (2 x 20 mL),
NaHCGs (2 x 20 mL), and brine (20 mL), dried over4S&x and concentrated. The crude product
was purifiedoy SiQ: chromatography (5 x 15 cm, 20% EtOAc/hexanes) to§iléas a colorless
oil (2.4 g, 99%)H NMR matches previous repdt§CDCl;, 4 0 0 MHiz7)72 (m,iL.85H), 7 9
7.631 7.50 (m, 2.15H), 7.42 7.28 (m, 9H), 5.29 5.15 (m, 1H), 5.1% 5.04 (m, 1H), 4.71 (dd]
=6.0, 1.6 Hz, 1H), 4.55 (dd,= 9.8, 5.5 Hz, 0.5H) 4.49 (dd,= 8.8, 4.6 Hz, 0.5H), 4.484.21
(m, 3.5H), 4.02 (t) = 7.0 Hz, 0.40H), 3.80 (td, = 11.4, 6.0 Hz1H), 3.36 (dd,) = 10.7, 5.1 Hz,
1H), 2.31i 2.00 (m, 2H), 1.70 (§ = 1.3 Hz, 0.5H), 1.18 (s, 5H), 1.16 (s, 4H).

O'Bu

HN
OBn
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H7 Hyp('Bu)i OBn 3.15.Piperidine (9.8 mL) was added to a solution of Fiftyp('Bu)i OBn
3.14(2.4 g, 4.9 mmol) in DCM (40 mL) at rt and stirred for 40 min. The reaction was then
concentrated and purified by SiGhromatography (5 x 15 cm, 1:2 EtOAc:hexanes 500 mL, then
5% MeOH/CHC$ 1.2 L) to give3.15as a paleyellow oil (1.1 g, 81%). ThéH NMR matches the
literature'* (CDCk, 400 MH % J.30 (mj 5HJ, 5.85qdJ = 1.2 Hz, 2H), 4.17 4.1 (m,

1H), 3.97 (tJ = 7.7 Hz, 1H), 3.19 (dd] = 11.2, 5.7 Hz, 1H), 2.77 (dd=11.2, 4.3 Hz, 1H), 2.3

(br s, 1H), 2.03 (dd] = 7.6, 5.5 Hz, 2H), 1.14 (s, 9H).

N
FmocHN/\W
o} .wOBu
N
(0]
(0]

OBn
Fmodi Gly1 Proi Hyp('Bu)i OBn 3.16.The Fmo& Glyi Pra OSu unit was prepared by the method
developed by Otft® Hi Hyp(Bu)i OBn 3.15(730 mg, 2.6 mmol) in DMF (5 mL) was added to a
solution of FmotGlyi Pra OSu (1.3 g, 2.6 mmol)afdl EA (225 L, 1.3 mmol )
and stirred at rt for 8 h. The reaction was then diluted with EtOAc (25 mL) and washed with 5%
NaHCGs (3 x 10 mL), 0.1 M HCI (3 x 10 mL), #0 (3 x 10 mL) and brine (10 mL), dried over
NaSQ: and concentrated. The crude product was purified by Gi@matography (5 cm x 15
cm, 2% MeOH/DCM) to give.16as a pale/ellow oil (1.1 g, 59%). ThéH NMR matches the
literature!* (CDCls, 400 MH27)49 (mi4H)77.3@ 8.18 (m, 9H), 5.93 5.77 (m, 1H),
5.161 4.96 (m, 3H), 4.62 (dd] = 8.7, 4.2 Hz, 0.7H), 4.584.52 (m, 1H), 4.30 4.20 (m, 2.5H),
4.177 3.84 (m, 4.3H), 3.70 3.59 (m, 1.2H), 3.54 3.44 (m, 1.5H), 3.18 (ts, 1.2H), 3.11 (dd]
=11.2, 5.6 Hz, 0.6H), 2.702.68 (m, 1H), 2.03 1.95 (m, 2.8H), 1.87 1.77 (m, 1.7H), 1.08 (s,

4.5H), 1.08 (s, 4.5H).
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N
FmocHN/\W
o} .wOBu
N
(0]
(0]

OH
Fmodi Glyi Proi Hyp('Bu)i OH 3.17.A flask containing 10% Pd/C (100 mg) in Me@#&D mL)
was charged with £ A solution of tripeptide3.16(1.0 g, 1.5 mmol) in MeOH (14 mL) was added
slowly and the reaction was allowed to stir for 16 h &thie reaction mixturevas filtered through
Celite and concentrated to gi8el 7as a white sadl (870 mg, > 99%)TheH NMR matcheshe
literature!* (CDCls, 400 MHz): U 10.J615Hzb2H), %59 (63 Hz, 7. 73
2H), 7.36 (tJ = 7.5 Hz, 2H), 7.28 (t) = 7.2 Hz, 2H), 6.40 5.90 (m, 1H), 4.68 4.48 (m, 2H),
4.48i 4.15 (m, 4.4H), 4.15 4.00 (m, 1H), 4.00 3.83 (m, 1H), 3.82 3.13 (m, 4.6H), 2.26 1.83
(m, 6H), 1.15 (s, 6.8H), 1.14 (s, 2.2H).
Solid-Phase Peptide SynthesisAci (Glyi Pra Hyp)si Gly-q [ ZJCF=C]Ji L-Pra Hypi (Glyi Prai
Hyp)ai GlyT Glyi Tyri NH2 3.2-(R,Z), Aci (Glyi Pra Hyp)si Gly-Q [ ZJCF=C]i D-Pra Hypi (Glyi
Pra Hyp)ai Glyi Glyi Tyri NH2 3.2-(S,Z), and Ad (GlyT Pra Hyp)si Glyi Glyi Tyri NH2 3.3. Al
reactions were done by shaking at°8) Rink amide MBHA resin (100 mg, 0.37 mmol/g) was
placed in a 10 mL polypropylene tube and swollen with DCM (5 mL) for 1 h. The resin was filtered
and washed with NMP (3 x 5 mL) between every step. The Fmoc group was then removed by
shaking with 20% pip&dine in NMP (5 mL) for 40 min. The deprotection step was repeated. To
couple single amino acids (Gly, Gly, and Tyi)d HOBt (20 mg, 0.12 mmol), HBTU (44 mg,
0.12 mmol ), DI EA (40 e-amino &cid @32mmml) Were dissolved it he F
NMP (5 mL) and shaken with the resin for 30 min. Each coupling was repeated a second time. The
first four repeats of Fma&lyi Pra Hyp(‘Bu)i OH (65 mg, 0.12 mmol) dissolved in NMP (5 mL)

were coupled to the resin witli 6l HOBt (20 mg, 0.12 mmol), HBTU (44 mg,12 mmol), and
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DIEA (40 €L, 0.23 mmol ), by shaking for 30 mi
After every coupling, the peptide was capped by shaking with 10 acd 10% DIEA in DCM

(5 mL) for 20 min once. Each Fmoc group was removed by shakih@0% piperidine in NMP

(5 mL) for 10 min, then again for 20 min. At the end of every day, the resin was shrunken with
MeOH, driedin vacuq stored at 4 °C overnight, and swollen with DCM in the morning. The resin

was then separated into three 10 mlypoopylene tubes.

3.2-(R,2). Fluoro-alkene isoster8.13(R,Z) (3 mg, 0.005 mmol), HOAt (2 mg, 0.016 mmaol),

HATU (6 mg, 0.016 mmol) and 24601l | i di ne (4 €L, 0.032 mmol )
mL) and shaken with a portion of thé ¢&lyi Pra’ Hyp(‘Bu))4i Glyi Glyi Tyri, resin (13 mg) for

2 h once. The Fmoc group was removed by shaking with 10% piperidine in NMP (0.4 mL) for 10

min, then again for 20 min. The final three repeats of Fi@bd Pra Hyp(iBu)i OH (9 mg, 0.016

mmol) dissolved in NMP (0.4 mL) weregpled to the resin with HOAt (2 mg, 0.016 mmol),

HATU (6 mg, 0.016 mmol ), and DIEA (5 €L, 0.02¢
was repeated. Each Fmoc group was removed by shaking with 10% piperidine in NMP (0.4 mL)

for 10 min, then again fd@20 min. The peptide was capped by shaking with 10%®Aand 10%

DIEA in DCM (0.4 mL) for 20 min. The peptide was then cleaved from the resin by shaking with

2% HO and 3% triethyl silane in TFA (1 mL) for 3.5 h.

3.2(S,2). Fluoro-alkene isoster8.13(S,Z2) (8 mg, 0.014 mmol), HOAt (6 mg, 0.043 mmol),

HATU (16 mg, 0.043 mmol),and 2,460l | i di ne (11 €L, 0.085 mmol)
mL) and shaken with a portion of thé ¢&lyi Prai Hyp(‘Bu))4i Glyi Glyi Tyri, resin (24 mg) for

2 h once. The Fmoc group was removed by shaking with 10% piperidine in NMP (1 mL) for 10

min, then again for 20 min. The final three repeats of FiB6d Pra Hyp(‘Bu)i OH (24 mg, 0.43

mmol) in NMP (1 mL) were coupled to the resin with HG8ing, 0.043 mmol), HATU (16 mg,
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0.043 mmol), and DIEA (10 €L, 0.053 mmol ), by
Each Fmoc group was removed by shaking with 10% piperidine in NMP (1 mL) for 10 min, then
again for 20 min. The peptide was cagdpy shaking with 10% A© and 10% DIEA in DCM (1

mL) for 20 min. The peptide was then cleaved from the resin by shaking with.@0artl 3%
triethyl silane in TFA (2.5 mL) for 3.5 h.

Native 3.3.The final five repeats of FmoGlyi Pra Hyp(‘Bu)i OH (27 mg, 0016 mmol) in NMP

(3 mL) were coupled to a portion of thé (&lyi Pra Hyp(‘Bu))4i Glyi Glyi Tyri, resin (30 mg)
with HOAt (7 mg, 0.048 mmol ), HATU (18 mg, 0.
by shaking for 30 min. Each coupling was repeated. Each gnoop was removed by shaking
with 10% piperidine in NMP (3 mL) for 10 min, then again for 20 min. The peptide was capped
by shaking with 10% A®© and 10% DIEA in DCM (3 mL) for 20 min. The peptide was then
cleaved from the resin by shaking with 2%40Hand3% triethyl silane in TFA (7.5 mL) for 3.5 h.
Purification and Characterization of Peptides

All peptides were filtered and concentrated, then precipitated with cg@ (E&a. 3 mL) from a
minimal amount of MeOH (ca. 1 mL). Each peptide was purified byrsevphase HPLC by
injecting 20 pL aliquots in MeOH on a Kinetex 5 um C18 column (250 x 10 mm) with an Agilent
1200 Series Gradient HPLC System using solvents A: 0.1% E@aHd B: 0.1% F.A. in C#CN

with 10% B for 5 min, then 10%54% B over 15 min at BiL/min, and UV detection at 280 nm.
The diastereomers were obtainedmmste solids 3.2-(R,Z) (retention time 12.2 min, 1 mg, 11%
recovery),3.2-(S,Z2) (retention time 12.2 min, 4 mg, 8% recovery), &8 (retention time 12.1

min, 0.5 mg, 3% recovery) i@ure B.2). 1°F NMR data was obtained on both fluealtixene
collagenlike peptides before and after incubation at 4 °C for 72.2(R,Z) (PreIncubatior) °F

NMR (CDCk, 376 (AB&(®); (i 75.7 (br s))j 122.4 (s) (i 150.58 (s))(i 150.63 (s))3.2-
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(R,Z) (Postincubation 1 NMR (CDCk, 37 6 NMRQ (¥;3.2(8,2) (Prelncubatior) 1°F
NMR (CDCk, 376 MRQ®;3.2(8,2) (Postincubatior) F NMR (CDCb, 376 MHz):

0i75.7 (d,J = 1.3 Hz).

Table 3.1.MALDI -TOF results of peptides2-(R,Z2), 3.2-(S,Z), and3.3.

[M+ HT [M + NaJ [M + K}
Calcd Found Calcd Found Calcd Found
3.2<(R,2) 2474.1190 N.D. 2497.1088 2497.0881 2513.0827 2514.0687
3.2(S,2) 24741190 2475.1099 2497.1088 2497.0918 2513.0827 2513.0670
3.3 2474.1259 2474.1081 2496.1084 2496.0927 2512.0823 2512.0674

aThe calculated mass is calculated for the most abundant isotopes. N.D. = not detected.

Circular Dichroism

The concentration of the peptide in PBS (10 mMRP&, 150 mM NaCl, pH 7.0) was determined

by the UV absorption of the Tyr residu=<1490 M.cm?) at 280 nm. The concentration&f-

(R,Z2) was 0.097 mM 3.2-(S,Z) was 1.5 mM, an@.3was 0.53 mMThe peptide wereincubated

at 4 °C for 72 h. The CD sptra were obtained in 0.5 nm increments, 1 nm bandwidtH, amal
pathlength at a scan speed of 100 nm/min. The spectra were averaged over three consecutive scans,
and blank buffer scans were subtracted from the baseline. Full scan spectra from 1906no 300
were obtainedrom 5 °C to 85 °C (Figure 3), heated in 5 °C increments with a 5 min equilibrium

time at each temperature changeeellipticity at 226 nm was monitored at each temperafline

Tmof 2-(R,Z) and controB were calculated by fittinghe data to the following foyparameter Hill

equation using SigmaPlot 10 (Figure 5):

0 o

0 — @
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where f] is the measured ellipticity at 226 nm and temperafyfd]u is the ellipticity at 85 °C,
[d]+ is the ellipticity at 5 °C, F is the fraction of unfolded peptide, b is the inflection poinffrand

is the calculated melting temperature.

3.5Conclusions

A (2)-fluoro-alkene isostere of Gilyro was designed and synthesized, and its stabilization
of a collageHike triple helix peptide was measured by CD. The Fi@gi [ ZICF=C)] L-Prai
Hypi OH fluoro-alkene isoster8.13(R,Z) was made in 12 steps and 3.5% overall yield, as well
as the diastereomer Fmd@glyi [ ZJCF=C)]i D-Pra Hypi OH fluoroalkene isoster&13-(S,Z) in
12 steps and 8.7% overall yield. The asymmetric aldol addition to introduce the first stereocenter
usingL-Thr & a chiral cataly$t gave the undesired-Pro mimic as the major diastereomer.
Formation of the 4)-fluoro-alkene moiety was enhanced over tEg-fluoro-alkene by using
MeMgCI as the base, instead of NaH, in a fluorophosphonate ylide addition to the ®etone.
Diastereomer separation was accomplished by HPLC usingiRB894 in scCQon a pyridine
column.

Collagenlike peptides At(Glyi Pra Hyp)si Glyi Q [ZJCF=C)] L-Pra Hypi (Glyi Praoi
Hyp)si GlyT Glyi TyriNHz  3.2-(R,Z), Aci (Glyi Pra Hyp)si Glyi Q [ZJCF=C)]i D-Pra Hypi
(Glyi Pra Hyp)ai Glyi GlyT Tyri NH2 3.2-(S,Z), and A¢ (Glyi Pra Hyp)si GlyT Glyi Tyri NH2 3.3
were made by soligphase peptide synthesis. All peptides were subjected to thermal melting and
CD was used to measure the signature thglex maximum at 226 nm. Peptid2-(R,Z) was
foundto haveTm = 42.2 °C compared t8.3 with Tm = 49.1 T, while 3.2-(S,Z) had a linear
relationship between ellipticity and temperature. Stereochemistry was assigned based on the lack
of a sigmoidal melting curve for the-Pro mimic isomer. The enhanced thermostability of the

fluoro-alkene peptide compared to the pregdéiene peptideé confirms our theoretical resutfs
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suggesting t he tHelpmtroalkeheedes@bilized thd cllager triple helix; the

fluoro-alkene showed much less destabilization. Thé Bily @)-fluoro-alkene is not an¥h” *

acceptor* and our computational results had suggested it would not be¥dan*n d®nor .

However, the significant deshielding of the fluorine nuclesisietected by°F NMR may be
indicativeof ¥~ * donation that confers a degree of

3.2(R,2).
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Chapter 4. IsomerizationLocked Alkene Analogues of SérPro for
Incorporation into Full -Length Bora Protein

4.1 Introduction

4.1.1Peptidyl-Prolyl Isomerase, Pinl

Peptidytprolyl isomerases (PPlases) are a type of enzyme that catalyzes-ttengis
isomerization of certain Xa®ro peptide bonds in both folded and unfolded proteiriBhis
unique class of enzyme has evolved due to the nearly isoenesg@icdtrans conformations of
the prolyl amide, as well as the relatively low barrier between them (ca. 20 kcdlXaa)Pro
peptide isomerization occurs on the order of sat physiological temperature, which can be
catalyzed to increase the rate by @@er thermal background witRPlases Isomeriation adds
an additional regulatory step that is implicated in many biological procg$gses.

The PPlase Pinl (Protein Interacting with NIMA #1) belongs to the parvulin family and
was discovered in 1996lt was found through its interaction with then&se NIMA (Never In
Mitosis A), which is an essential interaction for the progressiohspenillus nidulansthrough
mitosis® Pin1 is a small enzyme (168 amino acids; ca. 18 kDa) with two domains:té&minal
WW binding domain and &-terminal isomerization domaiiTrhe WW domain is thought to be
involved with substrate recognition, interaction with anchoring proteins for subcellular
localization, and facilitation of nuclear impo#t.° The primary substrates of Pinl are the
pSer/pThi Pro motif in proteing® While it can recognize and isomerize the {pdosphorylated
Ser/Thi Pro sequence, it is highly phosphorylation depentléritis small PPlase is an interesting
target because it is also overexpressed in a variety oficeeit linest? 13|t can also act as a tumor
suppressor and has been i mpl i clapPindlismosactivea her
during mitosis where it interacts with, and regulates several critical céd pyateins, including
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NIMA kinase? Cdc25 phosphataseCdc2 kinasé® Plk1 phosphatasg;!’and Aurora Borealis

(Bora)18
4.1.2The Aurora Borealis Protein

The Bora protein is the partner protein of a key mitotic regulator, Aurora Kinase A (AurA).
AurA'® is a cytoplasmic protein that is responsible for, among oth&rgs, chromosome
separation and spindle assembly #Theseimpgortadt2 YM t r

processes require the compleaa of AurA with Bora to proceed.

G2 - M

ATP ADP

&
Bora pS278 \
— pT210

\ op Centrosome
pS252 pS274 PIk1 Plk1 ——> Maturation
2 ATP AaTp & Separation
ADP .
pT14 pY15 Pinl el
Cdk1 pses
Bora — P

Pinl
pS252 pS252 pS274
‘ Bora ' ADP pS65
AurA-Plk1-
pS252 CEP192 Cascade
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Figure 4.1.Life cycle of the Boraproteidur i ng the G2YM transition ¢

wasmadewith Dr. Christina Kim and Karla Piedl.
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For most of the cell cycle, Bora is in aractive state inside the nucleus. During late G2
phase, the CdkCycB complex is activated, phosphorylating Bor&®¥8er and causing it to exit
the nucleus into the cytoplasitiThere, it complexes with AurA, forming the AwRBora complex,
which enhances the kinase activity of AurA. Two phosphorylation events occur on thdBAtaA
complex by glycogen synt h pcsitnskSar and&erdBoth( GSK3 b
Ser residues are followed by Pro, and they are botli P88Pin1 binding site,

The now active AurABora complex phosphorylates theldbp of Polo Like Kinasel
(Plk1) on?°Thr.2® AurA can phosphorylate PIk1 in the absence of Bora but is much stéwer
This event is essential for the maturation and separation of centrosomes, as well as cytokinesis
later during the cell cycle. It also serves as a recovery checkpoint allowing the cell to restart the
cell cycle follaving DNA damage?® Activated PIk1 is responsible for the phosphorylation of the
Cdc25c phosphatase; a crucial step for mitotic efitry.

Up until this point, Pin1 is inhibited by a previous phosphorylatioA®8er by AurA®
This phosphate is removed by the phospha®astein Phosphatase type PRP2A)?” allowing it
to be activated blk1 by phosphorylation oftSer?® 2°Once activated, Pin1 interacts with Bora
at one of the two pSEProbinding sites{"“Seii Pro or?’8Seii Pro) ! This interactiorpresumably
induces a conformamnal change in Bora through Phmiediated isomerization, leading to
recognition of Boréy the ubiquitin ligase SCH™P (Skp, Cullin, Fbox containing complexy-
transducin repeatontaining proteinj° SCP TP tags Bora with ubiquitin marking it for
degradatiorby cytoplasmic proteasésOverexpression oPinl inhibits the G¥ M transition, while
its depletiorleads to premature entry into mitosis, followed by apopfosis.

The degradation of Bora allows the free AurA kinase to interact with its other protein

partners. Specifically, those involved in the AuPAk1-Cepl92 cascade, which is responsible for
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bipolar centrosome placemetiand formation ofhe AurA-TPX2 complex which is responsible
for spindle fiber formatiori? We hypothesize that without Bora degradation, AurA will be unable
to function properly leading to multipolar spiedl (Figure 4.2 Abnormal AurA activity has

been linked to many different types of cancérs.

r -

Figure 4.2.Colorectal cancer cells HZI9 prometaphase cells. Immunostaining shoefs: U
tubulin Middle: CREST. Right: Merged imagesTop: A cell undergoing bipolar spindle
formation Bottom: A cell undergoing cancerous multipolar spindle formation. Reprinted with
permission of PLos One ence® under the terms of the CC BSA 4.0 license.

Bipolar

Multipolar

4.1.3lsomerization-Locked Seii Pro Dipeptides

To elucidate the role that S&ro isomerization has on healthy mitosis, we plan to
incorporatecis- andtranslocked SeirPro alkenederivatives (Figure 4.3)nto a fulklength Bora
protein. Since the degradation of Bora occurs through-fediated ubiquitin tagging, by
controlling and locking the isomeric state of thei$eo Pinl binding sites, we can determine the
necessary conformat required for healthy bipolar spindle formation in live cells. Our work will

pave the way to studying the regulatory role of M&r@ isomerization in other key pathways.
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Figure 43. Locked alkene analogues are not isamezl under physiological condition§lop
left): Native SerPro in the cis conformatiorfBottom left): cis-locked ¢)-alkene isostere Ser
d [ZICH=C]-Pra. (Top right): Native SerPro in the trans conformatio(Bottom right): trans
locked E)-alkene isostere Seq [ EfCH=C]-Pro.

Previously, cis- and translocked SeirPro alkenes have been designed and used to
determine the necessary conformation of various pepttdssi Pro alkene analogues were used
to determine the isomeric state necessary for Pinl binding. The pepltid€XE/Z)=PRi NH2
was synthesized based on the affinity of Pinl for aromatic amino acidd\at¢hminus and basic
residues at th€-terminus® It was concluded that Pin1 binding of the-isked alkene was about
23 times more @tent than that of the trascked alkené?

To determine the isomeric state required for the phosphorylatiéfSefi Pro on Cdc25x
by the CdkicycB complex, the X:iner peptide with the sequenceiMKYLG SE/Z)=PITTVi
NH2, as well as the native AMKYLGSPITTViNHz, were synthesizetf. The in vitro assay
showed that CdktycB preferentially phosphorylated the $&nsPro isomer over the Sers-

Pro isomer®
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Figure 44. Phophorylation assay of AMKYLG(E/Z)S=PITTViNH2 by CdkZcyclin B
complex Loss of POy as monitored by LAMSMS. Bothcis- andtranslocked peptides were
measured in the presence (top) and absence (bottom) ofa@dB2° Reprinted with permission
from Etzkorn, F. A.; Zhao, S., Stereospecific Phosphorylation by the Central Mitotic Kid&%e C
Cyclin B.ACS Chem. Biok015,10 (4), 952956.Copyright2015American Chemical Society.

4.1.4in vitro Transcription -Translation

Once thecis- andtranslocked SerPro alkene mimics are synthesized (discussed below),
they will be incorporated into fall-length Bora protein through vitro transcriptiontranslation
(IVTT, Figure 4.5).

The plan for IVTT starts with modified Bora DNA. This DNA has been altered to include
a TAG site at either th&“Seii Pro or?’®Seii Pro positions. The TAG site is ddal, as it allows
for our dipeptides to be introduced at that specific location. The DNA is then transcribed by T7
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RNA Polymerase, forming the mRNA strand. This mRNA is translated by-3M r8odified
ribosome, obtained from Sidney Hecht (Arizona StatéD)ring translation, the ribosome reads

the mRNA and recruits an endogenous tRNA attached to a single amino acid. This modified
ribosome hasraenlarged pocket allowing for tRNA to incorporate our dipeptide anald§libss

IS a necessary moitation, as our dipeptide alkenes would notiritib the pocket o& wild-type
ribosome. The protein is built one amino acid at a time until the ribosome reaches the TAG site, at
which point our dipeptide would be incorporated. The transcrigtenmslation process would then
continue as normal until the felkngth Borgprotein is produced. Unfortunately, many attempts to
incorporate native SePro into Bora protein by IVTT have failed to produce any protein. This is
likely due to a poor fit of tRNAA7 Seri Pro into the active site of the modified ribosome. The

next steps to find a collaborator who can evolve a ribosome specifically for thé8edipeptide.

4.2 Results and Discussion

The IVTT process requires that a tRNA that has not been loaded with an amino acid be
aminoacylated with our dipeptide isostere. Tatlis, we pursued two aminoacylation methods:
1) chemical aminoacylation, which requires the coupling of our dipeptide to a phospho
deoxycytosingphospheadenosine (pdCpA) dinucleotide prior to tRNA coupling (Figure 43BA),
and 2) enzymatic aminoacylation, which uses thedihfiro dFx Flexizyme (dFxjo attach the

dipeptide drectly to the tRNA (Figure 4.58%
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Figure 4.5.0verview of the two aminoacylation metho@&separation for IVTT by coupling the

dipeptide to tRNAY throughA) chemical aminoacylatioar B) enzymatic aminoacylation.

4.2.1Chemical Aminoacylation

Nucleotide coupling has bestandard procedure since the 19%0$.has evolved since
then by improving on the protecting groups, suchtlae phosphoramidite and cyanoethyl
phosphoether. The inclusion of these protecting groups has streamlined the synthesis oapdCpA,
common dinucleotide used for tRNA aminoacylattbie synthesized pdCpA by the method of
Zhu et al. with minor modificatiors.

Adenosine was dissolved in pyridine and & hy dr ox vy | wasiChrotect
(Scheme 4.1). For this reaction to work, it is critically important for the pyridine to be dry. Best
results were obtained by freshly distilling it from Cahior to use. After stirring overnight, four
equivalentsobenzoyl c¢chl ori de were added to protect t
ami ne. Foll owing another 16 h of stirring, tr

DCM to give4.1, which was isolated on silica gel in 90% overall yield.
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Schemed.1. Synthesis of pdCpA.4.
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The deoxycytosine nucleotide was commercially purchaseNdasenzoyt5-RBy( 4- 4 N;j
dimethoxytrityl)}2 -Ngoxycytidine3 -8t O-(2-cyanoethyN,NNjliisopropylphosphoramidite It
was coupledo the adenosineNhydroxyl using 1H-tetrazole as a nucleophilic catalyst. The
resulting phosphotriester was then quickly oxidized with an aqueous solutwanaf pyridine in
THF, and the dimethoxytrityl protecting group was removed in 5 min with 1% TFA in DCM.

131



Compound4.2 was isolated by silica gel chromatography in 72% overall yield. Intermetiate
was then phosphorylated on thelpydroxyl in a similar maner using Is(2-cyanoethyN,N-
diisopropylphosphoramiditén the presence of the nucleophilic catalydttétrazole, followed by
oxidation with an agqueousdnd pyridine. Purification by silica gel chromatography gave the fully
protected dinucleotidé.3in 93% vyield.

The final step in the synthesis was a 24 h deprotection using con®OHNgbcheme 4.1).
This reaction cleanly removes al leliminationettke cy ano
byproduct of which is volatile and hazardous. At thenesdime, five equivalents of benzamide
were formed through amidation of the benzoyl esters. Literature procedlsefor HPLC
purification of the pdCpAt.4salt*! To bypasshis technical issue, | instead devised a method for
purification by silica gel. By implementing Hydrophilic Interaction Liquid Chromatography
(HILIC)“2 on silica gel thatvas deactivated with conc. NEBIH, the salt was isolated using 5%
H20:MeCN. Unsurprisingly4.4is much more polar than benzamide, so removing the impurity
was simple. The low isolated yield (26%) stems frdmd streaking from the baseline.
Theoretically, yeld may have increased with a higher concentration of polar solvent, but | was
hesitant to use more than 5%QHto prevent dissolving the silica gel. Regardless, ca. 150 mg of

pdCpA was isolated and ready for aminoacylation.
4.2.1A Dipeptidei Dinucleotide Model Coupling

While synthesizing target pdCp#A4, work began on a model coupling reaction (Scheme
4.2). TBS adenosine was used as a model for dinucledtidlevhich first had to be synthesized.
Pyridine was freshly distilled aftert stirring over Gag{ernight. Adenosine and TBSI were
added to the grpyridine at 0 °C. Overnight stirring and purification on silica gel geB8i Ade

45 in 87% vyield. Separately, the carboxylic acid BBwmi OH, was activated with
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bromoacetonitrile and ENl to give the activated ester in 86% yield after ligligghid extraction.
The cyanomethyl ester is a common moiety to active amino acids for nucleotide coupling due to

the small size and high dielectric constant of the cyano group.

Scheme4.2 Modelcoupling reaction of BadPra OCHCN and TB$adenosine.

NH,
f .y
) _Teso </N | N/)

HO 5% DMF, py TBSO

rt, 18 h
87%
OH OH OH OH

4.5

NH,
N S
1)
Br<_CN . N/)
Et3 TBS—-Ade TBSO
BocN BocN 4.5 o)
DMF rt, 16 h (0] Conditions
86% 0 \—CN (Table 4.1) o OH
o)

:SI”
BocN\)
4.6 4.7

It quickly became evident that literature protdedid not work with our substrates. This
is likely due to steric hinderancd the pyrrolidine ring preventing nucleophilic approach.
Additionally, there was no literature precedent for coupling a prolyl carboxylic acid to a nucleotide,

so an effective method had to be found (Table 4.1).
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Table 4.1Dipeptidé dinucleotide couplingonditions

Entry Solveng Temp (°C) Time (h) Results
(9:1,viv)
1 DMF:EtN 25 2 4 6 24 0o NP
SonicatedP
2 DMF:EtzN 40 2 4 6 24 0o NP
3 DMF:EtsN 70 2 5 6 24 48 9%
4 DMF:EtN Reflux 2 4 6 24 48 9%
(90)
5 DMF:BusN 100 2 4 6 24 48 NP
6 DMF:BuzN Reflux 2 4 6 24 48 NP°
(160) Decomposition
(48 h)
7 9:1 molar 100 2 4 6 24 36 12% (4 h),
DMF:im 19% (6 h),
48% (24 h),
Decomposition
(36 h)
8 9:1 molar 160 2 4 6 24 0o 11% (4 h)
DMF:im 20% (6 h)
Decomposition
(24 h)

4midazole (im) was used at 10% molar equivalent. All other bases were used at 10% volume
equivalent®NP = no product detected by TLC.

The productd.7was easilyisualizedon TLC by UV. Literature protocol called for a ratio
of 1:7nucleotide:peptidé® In our case, the alkedecked dipeptides were more precious than the
dinucleotide, so this ratio was unfavorable. Fortalyathis is a second order reaction that relies
on the concentration of both species. Therefore, we could invert the ratio without consequence.

The coupling did not work with Bl as the base while sonicating at room temperature or
stirring at 40 °C (Tale 4.1, Entries 1 and 3J.When heated to 70 °@,7 was observed by TLC
After stirring for 48 h, product was isolated in 9% vyield (Table 4.1, Entry 3). Adainyas
obtained in 9% yield after refluxing (9C) for 48 h (Table 4.1, Entry 4). Overcoming the steric
hindrance of the prolyl activated ester seemed to requiigadd energy. To this end, the base

BusN was used for its higher boiling point (Table 4.1, Entri€3.3Jnfortunately, product was not
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formed at any point, and reactants decomposed after 48 h at reflux (160 °C). It was assumed that
the size of BeN was preventing product formation, so the much smaller imidazole was used.
Product formation was observed after 2 h at 100 °C. The reaction was allowed to continue, and
stirring for 4 h at 100 °C gavk7in 12% yield (Table 4.1, Entry 7). Optimization of theaction

gave 19% and 48% vyield after 6 h and 24 h, respectively (Table 4.1, Entry 7). The reaction
decomposed after 36 h at 100 °C and no product could be isolated (Table 4.1, Entry 7). The
temperature dependence of this reaction was tested by incréasihgat to 160 °C again using

9:1 molar equivalents of DMF:.im (Table 4.1, Entry 8). Only 11%.@fcould be isolated after 4

h, and 20% after 6 h (Table 4.1, Entry 8). The reaction decomposed after 24 h (Table 4.1, Entry

8). Optimal coupling conditionsave 9:1 (n:m) DMF:im at 100 °C for 24 h (Table 4.1, Entry 7).
4.2.1B Native Dipeptide for Chemical Misacylation

As a model for coupling and protein production optimization, and as a control for the
bioassays, a SePro dipeptide was needed. The carboxgti of anN-protected amino acid can
be activated with a number of different carbodiimides (DCC, DIC, etc.) or aminium/uronium and
phosphate salts (HATU, HBTU, HCTU, etal)owing for nucleophilic addition of a second amino
acid® Preparation of a SEPro dipeptide was unexpectedly difficult because it necessitated the
protection of the Ser side chain hydroxyl. Without side chain protection, any attempt to link the
dipeptide to pdCpAt.4would have resulted in polymerization

Our initial plan towards the dinucleotidi#peptide complex involved activating the 4
pentenoyl (Pnt) carboxylate witk-hydroxy succinimide and using it to protect thgéerminus
and side chain of Ser simultaneously (Scheme 4.3). The Pnt moiety i&blsked protecting
group for amino acid coupling to pdCpA due to the facile conditions for its removal which do not

compromise phosphate linkagés** 4>While this easily protected the Ser amine, the side chain
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hydroxyl remained unreacted regardless of time (4 h, 8 h, 12 h, 24 h, 28 h), temperature (rt, 45 °C,
60 °C, 80°C), equivalents (2 eq., 4 eg., 6 eq.), or activating group (HOSu, HGBEtH®OBL,

HATU).

Scheme 43. Proposed synthesis of the dinucleotitigeptide complex pdCpAra Seii H.
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Pnt Cl, a more potent electrophile, was madesitu by stirring PntOH with freshly
distilled thionyl chloride (Scheme 4.4). The resulting acyl chloride could not be isolated, so
serine was added after two hours of acyl chloride formation. Using two equivalents ©f, Pnt

bis(Pnt) Seii OH 4.8 was brmed (Scheme 4.4A) instead of the desired $ert(Pnt) OH.
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Scheme 4. Pni Cl to protect the Ser hydroxyl of BoSeii OH.

HO
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Adding a third equivalent (Scheme 4.4B) saw no additional Pnt addition, presumably due to the
formation and subsequent hydrolysis of the bis{FS#}4-pentenoic anhydride. To prevent the
formation of the anhydride, TM&I was used to protect the carboxylic acid of Baei OH.

Once isolated, this waxy compound was not soluble in DCM and did rattwéh Pnt Cl even

with overnight stirring and gentle heating (Scheme 4.4C).

Scheme 4. PntCl to protect the Ser hydroxyl of Bo8eii Pra O'Bu.

DCC,
A)  HO HOSu,
DIEA
BocHN OH DMF, rt Polymerization
o) 16 h
DCC,
HOSu,
_DIEA N Pnt-Cl, EtsN
OH + HN .
BochiN OBu DMF, BocHN o'Bu DCM .
16 h
84% 4.9 oov%

1) 25% TFA/DCM

PntO PNtO
P G G W
BocHN' W O'Bu  2)Pnt-Cl PntHN OH
O DCM,0°C, 1h 0 0
4.10 4.1
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To isolate the Ser hydroxyl as the only available nucleophile, theSBeero-O'Bu
dipeptide4.9 (Scheme 4.5) was synthesized. However, activation of theSic©H carboxyl
with HOSu caused polymerization to occur with the side chain hydroxyl (Scheme 4.5A). To
resolve this issue, Bo&eil OH and H Pra O'Bu were coupled with HOSu and DIEA. By keeping
the solution dilute, the nucleophilicity of the secondary amine outperformed the alcohol and the
dipeptide was isolated in 84% vyield (Scheme 4.5B). From there, the hydroxyl was protected with
commercial PitCl for 3 h at rt to give the dipeptide Pnt estel0 in 89% yield (Scheme 4.5B).
Unexpectedly, removal of thebutyl protecting group required overnight stirring with 25%
TFA/DCM. The resulting crude product was neutralized with Nakl@&@l subsequent adidin
of 1.0 equivalent of PhCI resulted in three Pnt signals By NMR after product isolation. A
strong signal from®F NMR was observed that was distinct from TFA (CBIDI 77.0 ppm). The
fluorinated byproduct could not be separated by column chronagtogrnor identified, due to an

Rr value that is nearly identical th11.

Scheme 4. HCI deprotection of Boc antdbutyl ester with PriitCl protection.

1) 4M HCI
dioxane,
PntO rt, 48 h PntO
\)\«N ________ . \)\«N
BocHN O'Bu 2)Pnt-Cl  PntHN OH
° 4 0°C, 1h © o0
4.10 4.11

To bypass the potential of a trifluoromethypéntenoic anhydride r arifluoroacetamide,
the Boc and-butyl groups were removed with 4 M HCI in dioxane (Scheme 4.6). While the Boc
group was removed in approximately 1 h (as determined by TLCi;hiliy| ester took 48 h for
99% removal (as determined By NMR of the reation mixture). The resultant HCI salt was
dissolved in DMF and stirred with Ri@l at O °C for 1 h. The reaction was purified, but the isolated
spot compound found by TOF mass spectroscopy not to be the de&ited
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Scheme 4. TFA deprotection of Boc aht-butyl ester with PritOSu protection.

1) 25% TFA/DCM
PntO rt, 16 h PntO
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O o DIEA, DMF O o

4.10 r, 4 h 4.1
92%

The evidence has shown thatiRBltis too strong of an electrophile to use féterminal
protection, therefore preactivation of PO@H to form PritOSu became the more viable option.
After overnight deprotection ¢f.10in 25% TFA/DCM, the crude product was neutralized with
NaHCG;, dissolved in DMF, and successfully protected to @i in 92% yield (Scheme 4.7).
Protecting the dipeptide in this manner, instead of attaching both Pnt graupsrioe as initially
intended, serves as a much better model protection of th@rdeis- andtranslocked alkene
dipeptides, as well. It vgaat this time that we realized the Pnt protecting group was unsuitable for
our compounds, and for the same reason that they are commonlyodsdalctonizationFigure
4.6).
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of our alkene dipeptides.

The Pnt protecting group is frequently used for tRNA aminoacylation because its removal

through iodolactonization with aqueous(Figure 4.6A) does not interfere with the pdCp
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phosphate backbone. In our case cikeandtrans alkene mimics can undergo the same favorable
5-exo-tet intramolecular cyclization (Figure 4.6B), so they will likely decompose in the presence
of l2. Fortunately, Fahmi et gbreviously utilized thecetyl group for hydroxyl protection in the
glycosylation of pdCpA, also for IVTT* The acetyl ester was removed from a pd@pycoside

using 50% HBE-Et0O.** Since the Boc group is also adabile, we decided that Boc was a

suitableN-terminal protecting group for the tRNA coupling.

Scheme 4.8Acetylation of Bo¢ Seii OH.

1) TMS—CI, 0
o4  DIEA, DCM Y~
0°C,1h o)
OH ——
BocHN 2) Ac—Cl OH
0 o°C-rt  BocHN
90 min 0]

412

To acetylate the Ser side chain, the carboxyl ofiBa¢ OH was first protected with
TMSi Cl in DCM (Scheme 4.8). After 1 h of stirring at O °C, acetyl chloride was added, and the
reaction was stirred at rt for 90 min. By TLC, the product seemed to form in quantitative yield;
however, it decomposed on silical.g@termediate4.12 was then purchased commercially as a
viscous oil. The oil was dissolved in EtOAc, portioned into separdi@d vials, and drieth
vacua After drying on high vacuum overnighti NMR showed ca. 30% of the acetyl group had
hydrolyzed Hydrolysis of the BocSer(Acy OH ested.12may be facilitated by an intramolecular
hydrogen bond (Figure 4.7). The carboxyl may act as a hyditogah donor and the ester oxygen
as the hydrogebond acceptor to decrease electron density on the carbamicydh would

facilitate hydrolysis.
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Figure 4.7.Proposed facile hydrolysis of the B&er(Ac) OH esterd.12.

If intramolecular hydrogen bonding was indeed enabling ester hydrolysis, then the acetyl
would be far more stablon the Sé&Pro dipeptide due to the conformationdllyo c k ed G di h e«
angle of Pro. Unfortunately, intermedia® (Scheme 4.5) could not be used because removal of
the t-butyl ester (for subsequent activation as the cyanomethyl ester) would alsce reandi
terminal Boc group. Thus, a new method was devised.

This wunusual synthesis relies iRralOHaptheot ect |
activated cyanomethyl ester, which was easily obtained in 86% yield after a series didigdid
extractons (Scheme 4.9). The Boc group was then removed with 4 M HCI. After drying overnight,
was coupled with the activatee3-HOBLt ester of BocSeiit OH. Literature precedent for reacting
two activated esters could not be found, but polymerizatidtheoH Pra OCH:CN intermediate
was minimized by keeping the solution dilute and cold. Presumably, decreasing temperature
encourages the displacement eEBHOBt (pKa = 4.62}° instead of HOCECN (estimated Ka

= 11.31).
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Scheme 4.9Synthesis of the activated dipeptide BSer(OAc) Pra OCH.CN 4.13, coupling to
the pdCpA model, TB&denosingl.5and subsequent deprotection with 50% RHERO.

Br_ _CN
~ 1) 4 M HCI, dioxane
BocN EtsN BocN rt, 1 h
OH DMF, t 16 h OCH2LN  5) Boc-Ser('Bu)-6-CI-OBt
o) 86% o DIEA, DMF, —40°C - rt, 5 h
4.6 89%
NH,
N A
% ]@
N™ °N
TBSO
BuO TBS-Ade ©
a s 50% HBF,-Et,0
N L —_— No Product
BocHN oCH.CcN 9:1 DMF:im. O OH Conditions
O 2 ° o
o 100 °C, 24 h (Table 4.2)
42% o s
413 \)

The dipeptidet.13has only acidabile protecting groups that were both cleaved with HBEO

in model reactions. To modéid reaction with pdCpA, activated dipeptilé3 was successfully

coupled to model nucleotide5in 42% yield using the optimized conditions from Table 4.1.

Table 4.2.Deprotection optimization fot.14

Entry HBF4-Et20 Eq Time (h)
145 377 3
2 5 3,6,12, 24
3 5 3,6,12, 24
4 5 3,6

NP = no productletected by TLC

Temp (°C) Results
rt Decomposition
rt NP2
35 NP2
50 Decomposition
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Attempted deprotection of acetyl and Boc protecting groups with 50%-HB® was
unsuccessful under several conditions (Table AR)eactions were performed in MeOH and
monitored by TLC using UV light. Following the Fahmi prototdihe first trial used 377 eq of
HBF4-Et2O and stirred at rt for 3 h (Table 4.2, Entry 1). The reaction mixture quickly turned black
and*H NMR showed multiple sets of adenine peaks, suggesting the purine had disconnected from
the sugar ring to some extent. The number of HIBEO equivalents was then scaled back to 5,
and the reaction was repeated (Table 4.2, Entry 2). Monitoring this reémti@d revealed no
product formation. It was then heated to 35 °C for an additional 24 h, with no product formation
at any time (Table 4.2, Entry 3). Heating to 50 °C saw a new, faint, UV active spot on TLC after
3 h; however, after 6 h the solution haded black andH NMR again showed dissociation of
the purine.

Around this time, we turned to an alternative aminoacylation technique: The dFx

flexizyme.
4.2.2 Enzymatic Aminoacylation

Ribozymes are catalytic pieces of RNA that have previously besed for
aminoacylatiorf’ The issue with ribozymes, however, are their specificity for the amino acid and
the tRNA. A more functional ribozyme (r24) was discovered that preferentially links aromatic
amino acids, activated with the cyanomethyl ester group, to specific kinds of tRNAis
ribozyme was then mutated to decrease its tRigécificity3® This new enzyme was called a
flexizyme due to its flexibility of aminoacylation of different types of tRNA. Thisiflgme was
modified further to eliminate amino acid specificity, as well. The newly formed dinitro flexizyme
(dFx) will aminoacylate nearly any tRNA with nearly any amino acid that is activated @ the

terminal with the 3,&linitrobenzyl ester moiet§f. Enzymatic aminoacylation is beautiful in its
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simplicity because it requires no protecting groups, only thdidjgobenzyl (DNB) ester leaving
group.

4.2.2A Native HBF4-Hi Seri Proi ODNB for Enzymatic Aminoacylation

Using ourchemical misacylation ark, Scheme 4.9 was modified to include the DNB ester

(Scheme 4.10). For the dipeptide, coupling with iBda ODNB was more efficient than first

coupling Boé Ser{Bu)i OH to H Pra OBn, followed by benzyl deprotection and activation with

DNB.
Scheme 4.10Enzymatic misacylation of HBFHi Seif Pra ODNB 4.17.
DNB-CI 1) 4 M HCI, dioxane
BocN __ DIEA _ BocN t,1h
OH DMF, t 16 h ODNB 5 Boc-Ser('Bu)-6-CI-OBt
o 95% o DIEA, DMF, —40°C - 1t, 5 h
4.15 88%
‘B
UO\J\W 50% HBF, Et,0 \J\W
—_—
BocHN ODNB DCM, rt, 30 min HBF4-HN ODNB
98%
1) tRNACUA-COH, 0.4 M HEPES tRNAcya-CCA
Incubate, 95 °C, 3 min
95 °C —rt, 5 min _
2) dFx tRNA, 3 M MgCl, N o
Incubate, rt, 5 min HOM 0
3) HBF,-Ser—Pro~ODNB HN O
0°C,6h
4.18
The prol yl carboxyl was again fiprotectedo

with Bod Ser{Bu)i OH. Fortunately, theka of DNBi OH is estimated to be close to HOSHN

so the same coupling conditions were applied to attaching thHeSBdBu) moiety. Both TFA

and HCI deprotections of the Boc group resulted in hydrolysis of the DNB ester. It was found that
one equivalent of a 50% HBIELO solution will cleanly remove both the Boc arblutyl ether
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groups in 30 min in excellent yield without any hydrolysis of the ester. The: Bl3Fwas then

given to our molecular biologist, Karla Piedl, who performed the tRNA aminoacylation (Figure

4.8).
[rxn] —10pM  50uM 10mM 20 mM o |300bp
.
e 200 bp
Ser-Pro-tRNA —/— - - - -
tRNA —— ~  |100bp

Figure 4.8. SDSPage Gel of the aminoacylation reaction. The top band shows thEr&er
dipeptide linked to the tRNA. The bottom band shows the empty tRNA. In each lane, the
concentration of the reaction mixture varied. The concentration of empty tRiNAept constant.
(Credit: Karla N. Piedl, unpublished).

The gel above shows that the concentration of theP3etoaded tRNA band increases as
the concentration of the loading reaction mixture increases. At the same time, as the concentration
of the loadhg reaction mixture increases, the concentration of the empty tRNA band remains
unchanged. This shows that there is very little unloaded tRNA left in the reaction mixture and
intermediatet.18 was ready for IVTT. The native dipeptide was made in 82% yieddt 3 steps

and was shown capable of aminoacylating tRNA by dFx.
42.2BTFA-HiSeriQ[Z)CH=C)]iProi ODNB for Enzymatic Aminoacylation

The target cidocked alkene, TFA-Hi Seii [ZJCH=C)]iPrae ODNB 4.29 was
synthesizedfrom Bod Seii  [ZJCH=C)]i Pra OH that was resynthesized by the published
method (Scheme 4.13).The acid was then converted into the DNB ester conjugate for tRNA

aminoacylatioff (Scheme 4.11).
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Scheme 4.11Synthesis of the cikbcked alkene TFAHT Seii [ ZJCH=C)]i Proi ODNB 4.29

and enzymatic aminoacylatich.

H
N Yol HCI BnO - BnO -~ \@
BnO 0 1) 25% TFA:DCM Q ,
DCC, 6-CI-HOBt, DIEA N it 45 min N s-BulLi
OH BocHN >~ T > BmN ~ -
BocHN 1:1 DCM:DMF o 2) BnBr, DIEA THF, -40°C, 1h
o 0°C-rt, 24 h DCM, rt, 24 h 92%
93% 4.19 97% 4.20
B
BnO BnO (Bu)sSnCHj| no
LiAIH, j\/Q KH n-Buli
Bn,N ——> BnyN Y -~ BmN Y - .
0 THF OH 18-crown-6, THF O._-Sn(Bu)s THF
4.21 rt, 1h r,1h 4.23 ~78 °C, 90 min
' 98% 92% . 86%
BnO 1) 20% Pd(OH),/C
BnQ /= HCO,H,MeOH  BnO  ,—
i CrO3, H,SO
Bn,N rt, 20 min 3 H29Y4 (aq.)
BN H * ) 5 > BocBnN . >
2) Boc OH acetone
4.24- - 2 ) i
(Z) 4.24 (E) DCM, rt, 16 h 4.25 0 °C, 30 min
54% 46% 90%

Na(s) NH3(|
BocBnN o

OH THF, -33°C,15m
85%

25% TFA/DCM

67%, 2 steps

DMF rt, 16 h ODNB

427 64% 4.28

‘-( £ DNB Cl, DIEA b—( E
BocHN 0O oH BocHN O

1) tRNACUA_COH, 0.4 M HEPES tRNACUA_CCA
Incubate, 95 °C, 3 min

95 °C —rt, 5 min

------------------------- > fe)
0°C, 45 min TFAHN 0=\ 5 2) dFXRNA, 3 M MgCl / d
22% Incubate, rt, 5 min NH,
3) TFA-Ser—cis-Pro-ODNB HO
4.29 0°C,6h 4.30

The published synthesis of the-tigked alkene isostere27 was followed closely with
few deviation?* The process for the iodocyclopentene intermediate was adjusted slightly. It is
made in three consecutive gsefrom cyclopentanone hydrazone, the last of which is refluxing in
EtO. It was instead stirred in 8 at rt for the same amount of time. This modification did not
affect yield or purity. The cyclopentanone hydrazone intermediate procedure was madifedtd a
During liquid-liquid extraction, CHGlwas used instead of GEl2. This serendipitously increased

yield from 80%*to 96%. It was also discovered that if the cyclopentanone hydrazone is not freshly
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prepared, it has a propensity to irreversibly dimerize. Dimerization also occursity dnyhigh
vacuum overnight. All other steps were performed as repéfted.

Bodi Seii  [ZJCH=C)Ji Pra' OH 4.27 was convertedio the DNB este#.28 by using one
equivalent of DNBCI and excess DIEA. Only one equivalent of DNB was used to prevent
benzylation of the Ser hydroxyl. It was later discovered that hydrolysis of the alkyl chloride is
unexpectedly difficult, taking up to three weeks ateff The yield for this esterification reaction
can likely be improved by increasing the equivalents of DGIB

Deprotection othe Boc group was accomplished using a solution 25% TFA/DCM at 0 °C
for 45 min to give the target compound TFASeil [ ZJCH=C)]i Pra ODNB 4.29in 3% overall

yield overll steps
4.2.2C HBF4-Hi Seriq [ H)CH=C)]i Proi ODNB for Enzymatic Aminoacylation

The targé translocked alkene, HBF4-Hi Seii  [EJCH=C)Ji Pra ODNB 4.38 was
synthesized from BaSeii ( [ EfCH=C)]i Pra OH 4.36that was resynthesized by the psbhkd
method with no deviatio(Scheme 4.12% The acid was then carefully conteu to the DNB ester

conjugate (Scheme 4.12).
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Scheme 4.12Synthesis of the tradscked alkenéiBFs-Hi Seii ( [ EfCH=C)]i Prad ODNB 4.38
and enzymatic aminoacylatich.

H
N, HCl

BnO BnO BnO

~
DCC, 6-CI-HOB, DIEA 0 s-BuLi CeCl, NaBH,4
OH NG ———
BocHN 1:1 DCM:DMF BocHN > THF, -40°C,1h BocHN THF:MeOH, 0 °C, 3 h
o] 0°C—rt, 24 h o] 92% o] 91%
93% 419 4.31 R:S 4:1
BnO BnO
BnO 0 1) LDA, TMS—-CI, py
j\fQ Cl)l\/OTBS BocHN THF, ~100°C -t 3h  pocn
BocHN —_—
o] 2) TBAF HO
. THF
OH 0%t 3h Y OTBS  throec-r 1h OH
4.32 71% o 47%, 2 steps o]
433 4.34
1) Pb(OAc), BnO HO
6:1 EtOAC:CHCl, DNB-CI
Na,, NH
0°C, 10 min BocHN” N Ay N30 BocHN 2,4,6-collidine
2) CrO3, HyS0y (aq) o7 ~on THF =33 °C, 15 min o7 >OH DCM, 1, 72h
acetone, 0 °C, 30 min 79% 22%
77%, 2 steps 4.35 4.36
CUA_
HO 1) tRNACYA_COH, 0.4 M HEPES tRNA ce
HO 25% HBF4-Et,0 Incubate, 95 °C, 3 min
— > = 95 °C —rt, 5 min o)
= . HBF4H2N """"""""""""" -
BocHN DCM'srg%O min 2) dFx tRNA, 3 M MgCl, S
o7 “~ODNB 07 "ODNB  |ncubate, rt, 5 min HO
3) HBF4-Ser—trans-Pro—ODNB NH,
437 4.38 0°C,6h 4.39

Esterification of the BdcSei [ EfCH=C)]i Pra' OH 4.36acid is a delicate process. The
al kene is known -unsaturagkacarbonyi iz tbe ptesence ¢f an atlivafed ester
and a basé! Indeed, even one equivalent of DNB and one equivalent of DIEA isomerized the
(E)-alkene. It has been shown that 2;dgflidine limits isomerization of theEj-alkene!!
However, isomerization still occurred while using one equivalent of BINBANd two equiglents
of collidine. Anumpolungapproach was next envisioned with DNBH as the Nu: and activated
Pro as E+. Hydrolysis of the DNEI was attempted to make DNBH for standard carboxylic
acid coupling with HOAt/HATU. The difficulty of DNBCI hydrolysis wa then realizef® A test

reaction confirmed that DNECI will not hydrolyze in 1:1 acetonezB at reflux over 24 h. This
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means lhat an excess of DNEI could likely be used without benzylation of the Ser hydroxyl.
Therefore, five equivalents of DNEI and one equivalent of 2,4¢llidine were used and stirred
for 72 h to give the activated DNB es#B7 in 22% yield with no isomézation or hydroxyl
benzylation The Boc group was then deprotected by stirring for 15 min with4HB40O in DCM

to give targeHBF4-Hi Seii [ EfCH=C)]i Pra ODNB 4.38in 2% yield over nine steps. This gave

a sufficient quantity for chemical misacylation as®Veral IVTT attempts.

4.3 Experimental

General Methods.All reagents were obtained from commercial suppliers and used as received,
unless otherwise stated. Solvents were dried and deoxygenatedAurimefiltration through a
column of molecul ar sieves and a column of
PureSolv solvent purification systeAmine bases were stirred over Galvernight and distilled

prior to use.Disappearance of starting reagl was monitored by analytical thin layer
chromatography, performed on alumindbacked SiliaPlate (200 um thickness) silica gel plates
provided by Silicycle. Visualization was accomplished usinglight or phosphomolybdic acid
stain followed by gentleheating, unless otherwise statd&tine (NaCl) and NECI refer to
saturated aqueous solutions, unless otherwise st@tgenic solutions were concentrated under
reduced pressure using Biich RE-111 rotary evaporatorColumn chromatography was
performed vith SiliaFlash P60 silica gel (23600 mesh) provided by Silicycl®edium pressure
chromatography was performed on a Teledyne Isco Rf200 Comb#lasimiH NMR and'C

NMR spectra were recorded on Agilent Varian model UDD2 NMR spectrometeftH NMR

at 400 MHz *C NMR at 100 MHz)Chemical shifts for protons are reportegppmwith reference

to CHClsat 7.26 ppm. Chemical shifts for carbons are reportegnmwith reference to 8Cls at

77.0 ppm and are proton decouplé&dMR data are described asllbws: chemical shift,
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multiplicity (s = singlet, bs = broad singlet, d = doublatd = broad doubledd = doublet of
doubles, t = triplet, dt = doublet of tripletsm = multiplet), coupling constants (Hz), and
integration.Rotamer peaks are in parkesis where they could be determinkigh-resolution
mass spectra (HRMS$yereacquiredon anAgilent 6220usingelectrospray ionization (E§land

time of flight analyzer (TOF).

N(Bz),
N AN
N
</N W
HO N
0]
OBz OBz

Tetrabenzoyladenosine 4.1By the method of Zhu et al. with minor modificatichsIBS-Cl

(370 mg, 2.4 mmol) in DMF (1 mL) was aeltito adenosine (Ade) (580 mg, 2.2 mmol) in pyridine
(15 mL) at 0 °C and stirred at rt for 16 h. The FTBR& was then cooled to 0 °C and benzoyl
chloride (1.2 mL, 10 mmol) was added dropwise. The mixture was allowed to warm to rt and
stirred for 16 h, thert was diluted with DCM (100 mL), washed with brine (40 mL), dried over
NaSQ: and concentrated. The crude residue was dissolved in DCM (36 mL), TFA (9 mL) was
added, and the mixture was stirred for 30 min. The solution was neutralized with solid BaHCO

0 °C until bubble formation ceased, and the product was extracted with DCM (4 x 50 mL). The
combined organic layers were dried with.N@ and concentrated. The crude product was
purified by SiQ chromatography (5 x 15 cm, 5% MeOH/DCM) to gdé& as a viite solid (1.3

g, 90%). The!H NMR matched the literaturé(CDCl;, 400 MHz): U 8.69 (s,
8.051 8.04 (m, 1H), 8.03 8.02 (m, 1H), 7.88 7.84 (m, 6H), B21 7.31 (m, 13H), 6.38 6.32

(m, 2H), 6.05 (ddJ = 5.2, 1.6 Hz, 1H), 5.585.48 (m, 1H), 4.62 (d] = 1.7 Hz, 1H), 4.11 4.55

(m, 1H), 4.04 3.96 (m, 1H).
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OBz OBz
Cyanoethyl (BzsdCpA 4.2% Tetrabenzoyl adenosingl (175 mg, 257>mol), DMT-dC(Bz)
phosphoramidit§176 mg, 211>mol), and H-tetrazole (0.45 M in MeCN, 708 [ 0.32>mol)
were dissolved in dry DCM (758 ). After stirring for 4 h at rt, iodine (200 mg, 79@nol) in
66:33:1 THF:HO:pyridine (2.1 mL) was added. The resultant solution was stirred at rt for 10 min.
Then it was dilted with EtOAc (37 mL), washed with 0.2 M NaHS@ x 7.5 mL), and brine
(7.5 mL), dried over N&5Qs, and concentrated. The residue was dissolved in 1% TFA/DCM (18.5
mL) and stirred at rt for 5 min. Then it was quenched with Nak{@J5 mL). The organialyer
was washed with brine (3.75 mL), dried over.8@& and concentrated. The crude product was
purified by mediurrpressure Si@chromatography (3 x 15 cm, 40 g SiQi 4% MeOH/DCM
over 40 column volumes). The product peak, which eluted between 12 and, dave4.2as a
white solid (177 mg, 72%, mixture of diastereomers). HeNMR matched the literaturg.
(CDCls, 400 MHz):1 8.69 (s, 1H), 8.67 (s, 1H), 8.50 (s, 1H), 8.49 (s, 1H), 8.2d &d7.5 Hz,
1H), 8.21 (dJ = 7.5 Hz, 1H), 7.93 (d) = 7.4 Hz, 4H), 7.91 7.89 (m, 8H), 7.82 (d] = 7.6 Hz,
8H), 7.581 7.45 (m, 16H), 7.38 7.33 (m, 16H), 6.57 (d] = 4.9 Hz, 1H), 6.5%d, J = 4.9 Hz,
1H), 6.311 6.24 (m, 2H), 6.24 6.11 (m, 4H), 5.21 5.15 (m, 1H), 5.15 5.11 (m, 1H), 4.72
4.68 (m, 2H), 4.60 4.51 (m, 4H), 4.31 4.17 (m, 6H), 3.83 3.72 (m, 4H), 3.15 3.07 (m, 2H),

2.80i 2.71 (m, 6H), 2.43 (m, 1H), 2.34 (MHp
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NH(Bz)
?
0-P=0 ﬁN
~—/ 6 PN
NC o N O
N(BZ)2
N AN
(0] N
. </ |
~ 0
NC (0]
OBz OBz

Tricyanoethyl (Bz)spdCpA 4.3* To a solution otyanoethyl (Bz3dCpA 4.2 (62 mg, 55>mol)
in DCM (375>L) was added H-tetrazole in 0.45 M in MeCN (9.86L, 110>mol) followed by
bis(2-cyanoethyhN,N-diisopropyl phosphoramidite(29 >L, 110 >mol) and the solution was
stirred at rt for 4 h. lodine (56 mg, 22@nol) in 66:33:1 THF:HO:pyr (560>L) was added and
the resulting solution was stirred for 10 min. The reaction was then was diluted with EtOAc (12
mL), washed with 0.2 M NaHSO)(2 x 2 mL) and brine (2 mL), dried over NaO; and
concentrated. The crude product was purified by megitessure Si@chromatography (2 x 15
cm, 10 g SiQ 0-2% MeOH/DCM for 1 min, 24% MeOH/DCM for 10 min, 8% MeOH/DCM
for 10 min). The product peak, which eluteetween 6 and 11 min, ga¢e8 as a white solid (47
mg, 93%, mixture of diastereomers). TiENMR matched the literaturé. (CDClz, 400 MHz):
118.68 (s, 2H), 8.52 (s, 1H3.50 (s, 1H), 8.08 7.86 (m, 14H), 7.85 (s, 4H), 7.83 (s, 4H), 7i61
7.53 (m, 7H), 7.51 7.46 (m, 9H), 7.41 7.34 (m, 17H), 6.58 (dl = 4.9 Hz, 1H), 6.56 (d] = 4.8
Hz, 1H), 6.29 (ddd) = 13.7, 5.8, 4.8 Hz, 2H), 6.256.14 (m, 4H), 5.19 5.11 (m, ), 4.75i
4.69 (m, 2H), 4.61 4.53 (m, 4H), 4.47 4.07 (m, 21H), 3.39 3.34 (m, 1.5H), 2.94 2.63 (m,

18.5H).

152



© NH»
o9
O-P=0 (N
© N/lQO
(0]
I
o
O
OH OH

pdCpA 4.4% Concentrated NWDH (490 eL) was added t @332 sol ut
mg, 32 emol ) in di ox aneeandthe gixtgrdwas strred for@ehQthen ( 4 2 0
lyophilized. A solution of 4% NEDH/5% HO/MeCN in three column volumes was used to
deactivate Si@ followed by washing with three column volumes of a solution of 2Z/MeCN.

The crude product was purified INH4OH-deactivated Si@chromatography (2 x 15 cm, 5%
H20/MeCN) to give4.4as a white solid (6 mg, 26%). TH¢ NMR matched the literaturé (D20,

400 MHz)i:8.38i(m,BH), 8.571 8.11 (m, 1H), 7.65 (dd] = 33.4, 7.6 Hz, 1H), 6.09 (dd,

J=8.3, 5.8 Hz, 1H), 6.04 (d,= 5.7 Hz, 1H), 5.99 5.91 (m, 1H), 4.77 4.71 (m, 3H), 4.57

4.52 (m, 1H), 4.37 4.32 (m, 1H), 4.26 4.20 (m, 1H), 4.06 3.88 (m, 3H), 2.81 () = 5.9 Hz,

1H), 2.447 2.28 (m, 1H), 1.94 1.75 (m, 1H), 1.51 0.91 (m, 1H).
NH,
N \N
4
<f»
0]

OH OH

TBSO

TBSi adenosine4.5. TBSi Cl (430 mg, 2.9 mmol) in DMF (3 mL) was added to a suspension of
adenosine (640 mg, 2.4 mmol) in pyridine (17 mL) at 0 °C, and stirred for 18 h at rt. It was then

concentrated b$iO. chromatography5 x 15 cm, 10% MeOH/DCM, R= 0.14 ) to yield4.5as a
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white solid (795 mg, 87%). TH&l NMR matched the literatu”8(CD:OD, 400 MHz) :
1H), 8.20 (s, 1H), 6.05 (d,= 42 Hz, 1H), 4.55 (tJ = 4.6 Hz, 1H)4.36 (t,J = 5.0 Hz, 1H), 4.13
(dd,J = 5.2, 2.8 Hz, 1H), 4.01 (dd,= 11.6, 3.0 Hz, 1H), 3.88 (dd= 11.6, 3.0 Hz, 1H), 3.30 (p,

J=1.6 Hz, 1H), 0.92 (s, 9H), 0.11 @= 1.7 Hz, 6H).

BocN
0

o N
Boci Proi OCH2CN 4.6. Bromoacetonitrile (390 mg, 3.3 mmol) in DMF (6 mL) was added to a
solution of BoePro-OH (550 mg, 2.6 mmol) and &t (0.75 mL, 5.4 mmol) in DMF (6 mL) at O
°C, and the mixture was stirred at rt for 16 hr. The reaction mixture was diluted with EtOAc (20
mL), washed with 1 M HCI (¥ 10 mL), NaHCQ (3 x 10 mL), BO (3x 10 mL), and brine (10
mL). The organic layer wasigd over NaSO; and concentrated to obtadn6 as a colorless oil
(530 mg, 86%). ThéH NMR matched the literatuf@ (CDClz, 400 MHz):1i 4.90i 4.66 (m, 2H),
4.37 (dd,J = 8.5 Hz, 3.5 Hz, 0.45H), @2 (dd,J = 8.5 Hz, 4.0 Hz, 0.55H) 3.603.37 (m, 2H),
2.357 2.20 (m, 1H), 2.06 1.85 (m, 4H), 1.46 (s, 4H), 1.43 (s, 5H). TA&{*H} NMR matched
the literature! (CDCl;, 100 MHz rotamer peakare shown in parenthekisi 171.8, (171.6),
(154.4), 153.4 , (114.2), 114.0, 80.5, (80.3), 58.6, (58.4), (48.8), 48.5, (46.5), 46.3, 30.9, (29.8),

(28.4), 28.3, (24.5), 23.6.

HO
N
BocHN:]\Tf ﬁgii
O
o (0]

Bodi Seri Proi O'Bu 4.9. A solution of DCC (310 mg, 1.5 mmol) and HOSu (170 mg, 1.5 mmol)

Bu

in DMF (3.5 mL) was prepared and added to a mixture of Bet OH (210 mg, 1.0 mmol), H

Pra O'Bu (200 mg, 1.1 mmol) and DIEA (0.73 mL, 4.3 mmol) in DMF (2.5 rat.p °C The
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solution was abwed to warm to rt, and it was stirred for 16 h. The reaction mixture was then
diluted with EtOAc (15 mL), washed with 1 M HCI (3 x 5 mL), NaH{d® x 5 mL), BO (3 x 5

mL), and brine (2 x 5 mL). The organic layer was dried oveSRaand concentrated. peptide

4.9 was purified via Si@chromatography (2 x 15 cm, 1% AcOH/55% EtOAc/hexanes) to give a
white solid (323 mg 84% The'H NMR matched the literatur®.(CDClz, 400 MHz):{i 5.52 (br
d,J=8.3 Hz, 1H), 4.64 (bs, 1H), 4.58 (dd] = 4.5, 4.6 Hz, 1H), 4.16 (dd= 12.0, 17.6 Hz, 1H),
3.92 (ddJ = 4.6, 11.3, 1H), 3.853.75 (m, 2H), 2.412.25 (m, 2H), 2.161.90 (m, 3H), 1.45 (s,

9H), 1.42 (s, 9H).

PntO

N
BocHNj}f 2
(@) t
o O'Bu

Boci Ser(Pnt)i Proi OH 4.10. To a solution of dipeptidé.9 (178 mg, 0.50 mmol) and &t (0.21
mL, 1.50 mmol) in DCM (3 mL) was addedpéntenoyl chloride (71 mg, 0.60 mmol) in DCM (2
mL) at0 °C. After 10 min the mixture was warmed to rt and stirred for Bhie. solution was then
diluted with EtOAc (20 mL), washed with 1 M HCI (3 x 10 mL),2R&s (3 x 10 mL), and brine
(2 x 10 mL). The organic layer was dried oveeSla: and concentrated. The crude product was
purified by SiQ chromatography (3 x 15 cm, 35%@Ac/hexanes, R= 0.31) to give pentenoyl
ester4.10 as acolorlessoil (215 mg, 98%)H NMR (CDChk, 400 MHz):{i 5.881 5.78 (m, 1H),
5.47 (br d,J = 8.78, 1H), 5.09 4.97 (m, 2H), 4.84 4.74 (m, 0.85H), 4.64 4.56 (m, 0.32H),
4.47 (ddJ = 11.37 Hz4.8 Hz, 0.92H), 4.40 (dd,= 8.79 Hz4.44 Hz, 0.92 H), 4.20 (dd,= 10.88
Hz, 5.89 Hz, 0.17H), 4.164.09 (m, 0.17H), 4.00 (dd,= 11.4 Hz, 8.1 Hz, 0.89H), 3.863.62
(m, 2H), 3.53 3.42 (m, 0.16 H), 2.50 2.32 (m, 4H), 2.30 1.84 (m, 4H), 1.46 1.42 (m, 18H);
13C {*H} NMR (CDClz, 100 MHz rotamer peaks are shown in parenthesis72.9, (172.5),

170.6, (170.5), (168.3), 167.5, 155.4, (154.7), 136.7, (136.6), (115.6), 115.4, (82.9), 81.4, 79.8,
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(79.6), (64.8), 64.1, (60.0), 59.8, 51.4, (51.2), 47.1, (46.4), 33.3, (31.1), 29.0, 28.6, (28.6), 28.3,

(28.3), 28.0, (27.8), 24.8, (22.2RMS (ESHTOF) m/iz [M + H]* Calcd for GaH3N207"

441.2595; Found 441.2578.

PntO
o
PntHN OH
(0]

o)

Pnti Ser(PntiProiOH4.11. TFA (375 €e€L) was addedl020mg, s ol

0.5 mmol) in DCM (1.1 mL) and stirred at rt for 16The reaction was then concentrated and
neutralized with NaHC® The crude mixture was taken up in DMF (2.5 mL), a solution df Pnt
OSu (150 mg, 0.75 mmol) and DIEA (520 ¢L,
mixture was stirred at rt for 4 h. Thelgtion was acidified with 1 M HCI to pH 2 and extracted
with EtOAc (4 x 15 mL). The combined organic layers were washed with(# x 20 mL) and
brine (20 mL), then dried over BO: and concentrated. The crude product was purified by SiO
chromatography2 x 15 cm, 1% MeOH/20% acetone/DCM, R0.29) to give4.11as apale
yellow oil (168 mg, 92%)H NMR (CDCk, 4 00 MH # 5.63 (nj 2Hp, 5.83%4.87 (m,

5H), 4.50i 3.50 (M, 6H), 2.55 1.93 (m, 13H).

BuO
N
BocHNj\'( 2
(0]
o O\\
CN

Boc-Ser(Bu)-Pro-OCH2CN 4.13 Boc-ProOCHCN 4.6 (1.2 g, 4.6 mmol) was stirred in 4 M
HCI in dioxane (11 mL) for 1 h and then concentrated to dryness overnight give thel R@i-H
OCH:CN salt in quantitative yield. Activated BioBer{(Bu)i 6-CIOBt was prepaik by adding

DCC (1.0 g, 5.0 mmol) in DCM (7.2 mL) to a solution of B®er{Bu)-OH (1.3 g, 5.0 mmol) and
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6-CI-HOBt (860 mg, 5.0 mmol) in DMF (7.2 mL) at O °C. The solution was stirred at rt for 16 h,
filtered through Celite, rinsed with DCM, and concerddb remove DCM. The resultant solution

was cooled td 40 °C, and the prolyl HCI salt (870 mg, 4.6 mmol) in DMF (11 mL) was added,
followed by slow addition of DIEA (1.6 mL, 9.2 mmol). The mixture was stirrédiat°C for 3

h, then at rt for 2 h. The ntixre was then diluted with EtOAc (40 mL), washed with 1 M HCI (3

x 15 mL), sat. NaHC&X(3 x 15 mL), and brine (15 mL). The organic layer was dried oves®a

and concentrated. The crude product was purified by 8i@matography (5 x 15 cm, 10%
acetone/lCM; Rr = 0.59) to givet.13as a colorless oil (1.5 g, 89%H NMR (CDCk, 400 MHz):

05.287 5.15 (m, 0.8H), 5.075.96 (m, 0.2H), 4.84 4.62 (m, 2H), 4.60 4.24 (m, 2H), 3.94

3.84 (m, 0.7H), 3.75 3.33 (M, 3.4H), 2.30 1.8 (m, 4H), 1.40 (s, 6.6H).38 (s, 2.4H), 1.15 (s,

7H), 1.09 (s, 2H)¥*C {*H} NMR (CDCI3;, 100 MHz rotamer peaks are shown in parenthesis
(171.1), 171.0, (170.5), 170.4, 155.3, (155.0), 114.3, (114.2), (79.8), 79.8, 73.5, (71.3), (64.0),
63.0, (58.7), 58.6, 52.3, (51.8), (49.4), 48.8, 47.2, (46.4), (30.9), 29.0, 28.4, (28.4), (27.4), 27.3,

25.0, (22.7)HRMS (ESH/TOF)m/z [M + H]* Calcd br CioH32N3Os* 398.2286; Found 398.2277.
NH,
N A

N

4
<f»

TBSO.
O

'‘BuO
TBSi Dinucleotide-dipeptide 414. The activated dipeptidé.13( 6 9 mg, 170 Temol )

adenosind.5were stirred at 100 °C in 9:1 DMF:iimm{m) (1 mL) for 24 h. The solution waseh
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concentrated, and the crude residue was purified by@®i@matography (2 x 15 cm, 3% MeOH/
DCM; Rf = 0.21) to givet.14as a white solid (53 mg, 49.'"HNMR (CDCk, 400 MHz) :

i 8.22 (m, 1H), 8.17 8.06 (m, 1H), 6.35 6.12 (m, 2H), 6.07 (dd] = 16.3, 4.7 Hz, 1H), 5.80

(dd,J = 21.0, 8.9 Hz, 1H), 5.585.36 (m, 1H), 5.15 5.00 (m, 1H), 4.85 4.76 (m, 1H), 4.64

4.53 (m, 1H), 4.49 4.37 (m, 1H), 4.36 4.26 (m, 1H), 3.99 3.29 (M, 6H), 2.37 1.75 (m, 4H),

1.417 1.28 (m, 9H), 1.20 1.04(m, 9H), 0.89 0.79 (m, 9H), 0.08 0.00 (M, 6H)3C {*H} NMR

(CDCls, 400 MHz) :.4161.03, 171.949 155.71,71%5.69, 155.6, 155.5, 153.1, 153.0,
149.7,138.82, 138.75, 119.9, 89.5, 88.9, 86.0, 85.3, 82.9, 82.4, 80.3, 79.8, 74.4, 74.2,724.0, 73
73.68, 73.54, 73.46, 70.4, 63.9, 62.8, 62.7, 62.5, 59.8, 59.4, 59.1, 53.0, 52.4, 51.9, 47.7, 46.4, 30.9,
29.8, 29.2, 29.1, 28.43, 28.35, 27.42, 27.37, 27.2, 26.01, 25.99, 25.97, 25.93, 25.91, 25.3, 25.0,
22.7, 18.5, 18.4i5.3,15.37,15.43,i 5.48,15.54.HRMS (ESI/TOF) m/z [M + H]" Calcd for

Cs3HseN700Si" 722.3903; Found 722.3897.

BocN
ODNB
o}
Boci Proi ODNB 4.15 3,5-Dinitrobenzyl chloride (500 mg, 2.3 mmol) in DMF (1.1 mL) was
added taBoci Pra OH (460 mg, 2.1 mmol) and DIEA (57, 3.3 mmol) in DMF (1 mL) and

stirred at rt for 16 h. The mixture was diluted with EtOAc (15 mL), washed with 1 M HCI (3 x 5
mL), NaHQOs3 (3 x 5 mL), and brine (5 mL). The organic phase was dried ovegs®and
concentrated. The crude product was purified by2Stromatography (3 x 15 cm, 25%
EtOAc/hexanes; R= 0.24) giving4.15as a pale/ellow oil (800 mg, 95%)H NMR (CDCk, 400
MHz, mixture of rotamers in 6:4 rajio: a  94H) 299 (s4.2H), 8.58 (s,0.8H), 8.56 (s,
0.6H), 5.42i 5.28 (m, 2H), 4.42 (dd] = 8.3 Hz, 3.9 Hz, BH), 4.36 (ddJ = 8.4 Hz, 3.7 Hz, 0.4
H), 3.63i 3.38 (m, 2H), 2.38 2.20 (m, 1H), 2.07 1.85 (m, 3H), 1.44 (s, 5.4H), 1.36 (s, 3)6H
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13C {1H} NMR (CDCIs, 100 MHz rotamer peaks are shown in parenthesis G (172. 7) ,
154.5, (153.5), (148.7), 148.7, 140.6, (140.2), (127.8), 127.6, (118.6), 1024(#0.1), 64.1,
(64.0), (58.9), 58.8, 46.6, (46.4), (31.0), 30.0, 28.4, (28.3), 24.6, (23.7).

e Qﬁ

BOCHH 4 ODNB

Bodi Ser(Bu)i Proi ODNB 4.16 Boci Pra DBE 4.15(450 mg, 1.1 mmol) was dissolved in 4 M

HCl in dioxane (3 mL), and after 1 h the solution was concentrated to give theilP@k @DBE

salt (not shown) as a white solid in quantitative yield (370 mg). Activated®o{Bu) i 6i CIi

OBt was prepared by addiyCC (360 mg, 1.7 mmol) in DCM (3 mL) was added to a solution of
Bodi Ser{Bu)i OH (450 mg, 1.7 mmol) and®Gl-HOBt (290 mg, 1.7 mmol) in DMF (2.5 mL) at

0 °C. The solution was stirred at rt for 16 h, filtered through Celite, and concentrated to remove
DCM. The resultant solution was cooledit40 °C, the HCI-HPra ODBE salt (370 mg, 1.1
mmol) in DMF (3 mL) was added, followed by slow addition of DIEA (280 1.7 mmol), and

the mixture was stirred &40 °C for 5 h. The mixture was then diluted with EtOAO (8L),
washed with 1 M HCI (3 x 5 mL), NaHC@3 x 5 mL), and brine (5 mL). The organic layer was
dried over NaSQ: and concentrated. The crude product was purified by i@matography (3

x 15 cm, 10% EtOAc/DCM, 2.5% acetone;0.42) to gived.16asa white solid (525 mg, 88%).

H NMR (CDCk, 400 MHz mixture of rotamers in 8:2 raio: i §J=®.2 HZ (2H), 8.99
(brt,J=2.1Hz, 0.8H), 8.58 (br d,= 2.1 Hz, 2H), 5.50 5.06 (m, 3H), 4.60 (ddl = 14.0 Hz, 8.1

Hz, 08H) 4.55 (dd,J = 8.7Hz, 4.7 Hz, 0.8 Hz), 4.404.39 (m, 0.2H), 3.98 3.88 (m, 08H), 3.77

i 3.64 (m, 1H), 3.61 3.44 (m, 2H), 3.36 (dd] = 10.4 Hz, 8.1 Hz, 0.2H) 2.342.18 (m, 1H),

2.167 1.86 (m, 3H), 1.43 (s, 2H), 1.35 (s, 1BH), 1.13 (s, 9H)*3C {*H} NMR (CDCls, 100 MHz
rotamer peaks are shown inparentjesis v« (171.8), 171.6, (170.9),
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148.7, 140.6(140.1), (128.0), 127.7, (118.6), 118.4, 79.8, (79.6), (73.5), 73.4, (64.9), (64.1), 64.1,
63.0, 59.0, (58.9), 52.2, (51.8), 47.2, (46.4), (30.8), 29.2, 28.4, (28.2), (27.3), 27.2, 25.1, (22.7).

HRMS (ESI/TOF)m/z [M + H]* Calcd for GaH3sN4O10" 539.2318; Found 539.2346.

HO
N
\H ODNB
HBF,-H,N

O o
HBF4-Hi Seri Proi ODNB 4.17. A solution 0f50% HBFR-EtO (11>L, 39 >mol) was added to a
solution of Bo&Ser{Bu)i Pra ODNB 4.16 (21 mg, 39>mol) in DCM (78 >mol) at rt After
stirring for 30 min, thesolution was concentrated, diluted withGH(0.5 mL), and washed with
EO (3 x 0.25 mL). The aqueous phase was lyophilized to gii/éas a white solid 2 mg,
98%). 'H NMR (D20, 400 MHz mixture of rotamers in 8:2 ra)io U 1 8.878n8, 1H), 8.70 (br
d,J=2.1 Hz, 0.2H), 8.65 (br d,= 2.0 Hz, 1.8H), 8.11 (br s, 2H), 5.4&.35 (M, 3.3 H), 4.55
4.48 (m, 1H), 4.19 (dd} = 7.8 Hz, 4.0 Hz, 0.9H), 4.07 (ddi= 9.1 Hz, 3.4 Hz, 0.1H), 3.90 (=
5.7 Hz, 0.15H), 3.88 3.38 (M, 4.85H), 2.36 2.20 (m 1H), 2.04i 1.89 (m, 3H)3C {*H} NMR
(DMSO-ds, 100 MHz rotamer peaks are shown in parenthesis ¢ 16 9. 2, (169. 1),
(148.1), 148.8, 147.5, (147.4), (128.0), 126.3, (116.9), 116.8, 61.2, (61.1), 60.0, (59.9), 58.4,
(58.3), 56.8, (58.7), (44.5), 44.6, (30.7), 28.8, 22.1, (2BRMS (ESI/TOF)m/z [M + H]* Calcd

for CisH19N4Os* 383.1195 Found 383.1197.

tRNACUA_ccA

tRNA CYAT Dipeptide 4.18.Procedure done by Karla Pied! followitige method from Murakami
et al with minor modificatiof® tRNAYA (1 uL, 50 uM) and HK Buffer (1.5 pL, 400 mM HEPES
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K, 400 mM KCI pH 8.0 were incubateat 95 °Cfor 3 minin an RNasdree 1.5 mL Eppendorf
tube. The reaction was allowed to cool to rt for 5 min, then #HBFSeil Pra ODBE (1 uL, 25
UM in DMSO) was added and the mixture was incubat@&fCfor 6 h The reaction was stopped
by addition ofagueous N@Ac (100 pL, 250 mM, pH 5.0). The RNA was recovered by addition
of aqueousNHsOHOACc (0.2 volumes, 7.5 M) andIddEtOH (5%, 2.5 volumes) aridcubation
at120 °C for 16 h. RNA was recovered by centrifugation at 9,000 x g atfdér°8 min The
supernatant was poured off ahéremaining EtOH was removed by pipette. The pellet was rinsed
with EtOH (70%, 300 mLand incubated at rt for 2 min, then centrifuged at 9,00@t4g C for

15 min The supernatant was carefully poured off gnetemaining EtOH was removed by pipette.
The pellet was incubated at rt until all traces of EtOH were evaporated (ca. 5Timen)
aminoacylated tRNA pellet was dissolved in RNase water (20 pL) and storedig80 °C.

BnO s

?
N
BocHN ~

o]
Weinreb Amide 4.19. 6-CI-HOBt (2.0 g, 12 mmol), DCC (2.5 g, 12 mmol) and DMAP (30 mg,
0.25 mmol) were added to a solution of BSer(BnyOH (3.0 g, 10 mmol),N,O-
dimethylhydroxylamineHCI (2.0 g, 20 mmol), and DIEA (7 mL, 40 mmol) in 1:ICM:DMF
(100 mL) at 0 °C. The reaction was allowed to stir at rt for 24 h, after which time it was filtered
through Celite and concentrated. Theaut#sg residue was diluted with Et@A150 mL), washed
with NH4Cl (2 x 50 mL), NaHC® (2 x 50 mL), and brine (50 mL), dried over 48&x and
concentrated. The crude product was purified by2Si@romatography (5 x 15 cm, 50%
EtOAc/hexanes) to givé.19as a colorless oil (2g, 93%). ThéH NMR matched the literaturé.
(CDCk, 400 MHZ33(m,5H), 3.423d5= 8.5 Hz, 1H), 4.87 (br s, 1H), 4.56 (t5 12.5

Hz, 1H), 4.49 (dJ = 12.5 Hz, 1H), 3.71 (s, 3H), 3.66 (M, 2B)17 (s, 3H), 1.43 (s, 9H).
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BnO -

?
N
anN ~

0

N,N,O-Tribenzyl Serine Weinreb Amide 4.2. Weinreb amidet.19 (880 mg, 2.6 mmol) was
dissolved in 25% TFACM (20 mL) and stirred at rt for 45 min. It was then concentrated,
neutralized with NBICOs, and extracted with DCM (4 x 50 mL). The combined organic layers
were dried over N&Q: and concentrated. To the crude oil in DCM (4.5 mL) was added Br®Br (1
mL, 8.4 mmol) and DIEA (2.2 mL, 13 mmol), and the reaction was stirred for 24 h. It was then
diluted with EtOAc (50 mL), washed with N8I (4 x 25 mL), and brine (25 mL), dried over
NaSQ: and concentrated. The product was isolated by 8iomatography (5 x 15 cm, 25%
EtOAc/hexanes) to givé.20 as a colorless oil (@ gg, 97%). The'H NMR matched the
literature3*(CDCls, 400 MHZ.37:(m, 1i5H)74.56 @] = 11.9 Hz, 1H), 4.48 (d= 11.9
Hz, 1H), 4.13 (m, 1H), 3.983.84 (m, 4H), 3.76 (d] = 14.1 Hz, 2H), 3.28 s, 3H), 3.20 (br s,
3H).

N-NH;
0
Cyclopentanone H/drazone 4.40 Cyclopentanone (14 mL, 160 mmol) was addexvly to a
flask containing 65%aqueoudydrazine (22 mL, 180 mmol) at rt, then it was reéidat 125 °C
for 16 h. Itwas then quenched with-8 (100 mL) and extracted with CHGU x 50 mL). The
combined organic layers were washed with brine (50 mL), dried ovw&Mand concentrated to
give4.40as a yellow liquid (59, 96%). ThéH NMR matched the literatufé (CDCls, 400 MHz):

0 4.80 prs, 2H),2.33i 2.30 (m, 2H), 2.16 2.12(m, 2H), 1.85 1.67 (M, 4H)
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0

lodocyclopentene4.41 Tetramethylguanidine (TMG) (76 g, 660 mmol) in@&t(120 mL) was
added to a stirring solution of (38 g, 150 mmol) in EO (200 mL) atO °C over 60 min. After
addition, hydrazond.40 (7.2 g, 73 mmol) in EO (78 mL) was added over 75 mah O °Cthen

the reaction was stirred at rt for 16Tte mixture was filtered and concentrated, then heated at 85
°C for 2 h, diluted with EO (250 ni.), washed with 1 M HCI (4 x 55 mL), N&Os (4 x 55 mL),
NaHCO (4 x 55 mL) and brine (55 mL). The organic layer was dried ovelS®&aand
concentrated to givd.41 as a palgellow liquid (8.7 g, 62%). ThéH NMR matched the
literature®* (CDCls, 400 MHz):1i 6.127 6.10 (m, 1H), 2.64 2.58 (m, 2H), 2.36 2.30 (m, 2H),
1.98i 1.90 (m, 2H).

BnO

)

Ketone 4.21 secBuLi (1.4 M in cyclohexane; 29 mL, 41 mmol) was added to a solution of
iodocyclopentend.41(6.5 g, 33 mmqlin THF (65 mL) at 40 °Cand stirred for 70 min. Weinreb
amide4.20(4.7 g, 11.0 mmol) in THF (19 mL) &40 °C was added slowly via cannula, and the
solution was stirred at40 °C for 1 h. The reaction was quenched withy@H15 mL), diluted
with EtOAc (375 mL), washed with NkCI (3 x 50 mL) and brine (50 mL). The organic layer was
dried over NaSQs and concentrated. The crude product was purified by i@matography (5

x 15 cm, 5% EtOAc/hexanes) to gi#e1as a yellow oil (4.3 g, 92%). THel NMR matched the

literature®* (CDCl, 400M H z ) 7.39ii7.20 (m, 15H), 6.11 (m, 1H), 4.55 @@= 12.3Hz, 1H),
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4.48 (d,J = 12.3 Hz,1H), 4.24 (app tJ) = 6.6 Hz, 1H), 3.90 (dJ) = 6.6 Hz,2H), 3.79 (d,J =13.6
Hz, 2H), 3.71 (d,J = 14.1Hz, 2H),2.591 2.39 (m, 4H), 1.98 1.84 (m, 2H).

BnO

A

OH
Alcohol 4.22 LiAIH 4 (3.7 g, 98 mmol) was added to a solution of keti24 (4.2 g, 9.8 mmol)
in THF (160 mL) and stirred at rt for 1 hr. The reaction was cooled to 0 °C and quemitihed
MeOH (40 mL) then NE&CI (40 mL), diluted with EtOAc (320 mL), washed with ME (1 x 95
mL) and 1 M potassium sodium tartrate (2 x 95 mL). The combined aqueous layeexstnarted
with DCM (3 x 130 mL). The combined organic layers were washed wittle I(05 mL), dried
over NaSQ:, and concentrated to give alcola22 as a yellow oil (4.6 g, 98%). Thél NMR
matched the literaturd.(CDCls, 4 00 [K49% .24 (mil5H), 5.65 (m1H), 4.62 (dJ =
11.9Hz, 1H), 4.53 (dJ = 11.9Hz, 1H), 4.48 (s1H), 4.26 (d,J = 10.1 Hz,1H), 4.02 (dJ = 13.2
Hz, 2H), 3.80i 3.70(m, 3H), 3.58 (ddJ = 10.6 Hz,3.1Hz, 1H), 3.07 (m, 1H), 2.48 2.17(m,
3H), 2.00i 1.75 (m, 3H)

BnO

anNj\/Q

O._-Sn(Bu);
Stannane Ether 4.3. Potassium hydride (560 mg, 6.9 mmol) was added to a solution-of 18
crown6 (3.6 g, 14 mmol) and alcohsl22 (2.0 g, 4.6 mmol) in THF (30 mL) and stirred for 30
min. Then (Bu}SnCH (3.0 g, 6.9mmol) in THF (10 mL) was added dropwise and the reaction
was stirred for 1 h. It was then quenched with MeOH (50 mL), diluted with EtOAc (400 mL),
washed with NEICI (2 x 100 mL) and brine (100 mL), dried over.8&x and concentrated. The

crude product wagurified by SiQ chromatography (5 x 15 cm, 3% EtOAc/hexanes) to 4ig2e
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as a palg/ellow oil (3.1 g, 92%). ThéH NMR matched the literatuf8.(CDCls, 400 MHz) :
7.407 7.26 (m, 15H), 5.60 (br s, 1H), 4.45 (H= 12.0 Hz, 1H), 4.37 (d] = 12.0 Hz, 1H), 4.05
(d,J=7.8 Hz, 1H), 3.99 (dJ = 13.7 Hz, 2H), 3.83 (dl = 13.7 Hz, 2H), 3.74 (dl = 9.9 Hz, 1H),

3.60 (dd,J = 9.6, 5.7 Hz, 1H), 3.53 (dd,= 9.6, 4.6 Hz, 1H), 3.41 (d,= 9.6 Hz, 1H), 2.99 2.94

(m, 1H), 2.40 2.28 (m, 2H), 2.001.94 (br s, 2H), 1.881.74 (m, 2H), 1.58 1.47 (m, 6H), 1.36

i 1.22 (m, 6H), 1.01 0.83 (m, 15H).

BnO —

anN
OH

(2)-Alkene 424. n-BuLi (2.5 M in hexanes, 3.7 mL, 9.2 mmol) in THF (10 mL) @8 °C was
added to a solution of stannane eth@Bin THF (25 mL)ati 78 °C by cannula and stirrediat8
°C for 90 min.The reactiorwas then quenched with MeOH (25 mL) and concentrated.eBidue
was diluted with a 1:1 solution of MeOH:NEIl (100 mL) and the product was extracted with
CHCIz(3 x 50 mL). The combined organic layers were dried oveE8aand concentrated. The
crude product was purified by Si@hromatography (5 x 15 cm, 15F0Ac/hexanes) to give
4.24 as a colorless oil (669 mg, 46%). Th& NMR matched the literatufé,(CDCls, 400 MHz):

0 77 7386 (m, 15H), 5.55 (br d, = 8.7 Hz, 1H), 4.57 (d] = 12.2 Hz, 1H), 4.53 (d] = 12.2
Hz, 1H), 4.12 (br s, 1H), 3.89 (d= 13.3, 2H), 3.79 (m, 1H), 3.67 (m, 4831 (dd,J = 10.6, 6.3
Hz, 1H), 3.23 (ddJ = 10.7, 8.3 Hz, 1H), 2.562.47 (m, 1H), 2.31 2.18 (m, 2H), 1.71 1.47 (m,
4H).

BnO —

BocBnN
OH

165



Boc-Benzylamine 425. Formic acid (6.5 mL, 170 mmol) was added to a suspensia)-afkene

4.24 (800 mg, 1.8 mmol) and 20% Pd(CH) (110 mg) in MeOH (20 mL) and stirred for 20 min.

It was then filtered through Celite and concentrated. The residue was neutralized with NaHCO
and the product was extracted with CEl@l x 75 mL) to give 489 mg of a pajellow oil (77%

crude yield). The combined organic layers were dried oveb®aand concentrated. The crude
product was dissolved in DCM (35 mL) and BOq 760 mg, 3.5 mmol) weaadded and stirred for

16 h. The reaction was concentrated and purified by Bifomatography (5 x 15 cm, 20%
EtOAc/hexanes) to givé.25as a colorless oil (546 mg, 67%, 2 steps). FHh&IMR matched the
literature®* (CDCl;, 400 MH#Z 7.16 (mj 10R), 5336 (br d} = 8.9 Hz, 1H), 518 (br s,

1H), 4.477 4.37 (m, 4H), 3.48 3.46 (m, 4H), 2.87 (br s, 1H),307 2.11 (m,2H), 1777 1.25

(m, 15H).

BnO —

BocBnN
© OH

Acid 4.26. Freshy-preparedlones reagent (2.5 M, 1.5 L, 3.8 mmol) was added slowly to a solution
of Boc-benzylaminet.25(480 mg, 1.1 mmol) in acetone (60 mL) at O °C. The reaction was stirred
for 30 min at 0 °C then it was quenched wiPrOH (45 mL) and stirred for an additional 10 min.
Themixturewas filtered through Celite, diluted withe® (75 mL), anl the product was extracted
with DCM (4 x 30 mL). The combined organic layers were dried oveS8gand concentrated.
The crude product was purified by Si€hromatography (5 x 15 cm, 20% EtOAc/hexanes) to give
4.26 as a palgrellow oil (423 mg, 90%). ThéH NMR matched the literatufé.(CDCls, 400
MHz): U 10. 40i 7(06(m, 18H), 5.39Kby s, 1HY, 4.8455 (m, 1H), 4.50 4.17

(m, 4H), 3.69 3.24 (m, 3H), 2.542.387 2.22 (m,1H), 2.21i 1.99 (m, 1H), 1.98 1.77 (m, 2H),
1.66i 1.55 (m, 1H), 1.38 (br s, 9H).
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HO p—

BocHNO
OH

Boci Seri [ Z§CH=C]-Proi OH 4.27. NHs (ca. 30 mL) was distilled into a suspension of Na (ca.
390 mg) in THF (2 mL) at33 °C and stirredniil a deep blue color was maintainédsolution

of acid4.26(380 mg, 0.82 mmol) in THF (5 mL) was added slowly and the reaction was stirred at
133 °C for 15 min, after which time it was warmed to rt (cautionktblved) until ca. 10 mL

NHs remained. i was then diluted with NkCI (15 mL), acidified to pH 7 with 1 M HCI, and
extracted with CHGI (4 x 10 mL). The combined organic layers were dried oveS®8aand
concentrated to givd.27 as a pale/ellow oil (199 mg, 85%). ThéH NMR matched the
literature3*(CDCl, 400 MHz) ,:1H)5.45(br&,AH),(521 (brs, 1H), 4.28 (br s, 1H),
3.60 (d,J=6.2 Hz, 2H), 3.50 (br s, 1H), 2.4&.37 (m, 1H), 2.35 2.23 (m, 1H), 2.11 1.91 (m,

2H), 1.89i 1.74 (m, 1H), 1.64 1.51 (m, 1H), 1.40 (s, 9H).

4 ODNB

@)
OH

BocHN'
Boci Seri [ ZJCH=C]-Proi ODNB 4.28 3,5dinitrobenzyl chloride (65 mg, 308mol) was
added to a solution d@oci Seii ( [ZJCH=C]-Pra OH 4.27 (83 mg, 290>L) and DIEA (55>L,
320>L) in DMF and stirred at rt for 16 h. The reactiwas diluted with EtOAc (2.5 mL), washed
with 1 M HCI (2 x 1 mL), NaHC®(2 x 1 mL), and brine (1 mL). The organic layer was dried
over NaSQ: and concentrated. The crude product was purified by &hé@matography (2 x 15
cm, 2.5% MeOH/DCM; R= 0.28) b give Boci Seii ( [ ZJCH=C]-Pra ODNB 4.28as a yellow

oil (86 mg, 64%)H NMR (CDCk, 400 MH zd, J= 21, 2.8Hz918I), &59 (dJ = 2.1

Hz, 2H), 5.47 (br dJ = 9.4 Hz, 1H)5.42i 5.26 (m, 2H), 478 (br d, J= 7.3 Hz,1H), 437(d,J =
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8.3Hz, 1H), 367 (ddt, J = 8.7, 5.2, 1.9 HzIH), 3.60 (,J = 5.4 Hz, 2B 2.60 (br s, 1H)2.55i
2.45 (m, 1H), 2.43 2.32 (m, 1H), 2.17 1.99 (m, 2H), 1.94 1.81 (m, 1H), 1.74 1.61 (m, 1H),
1.34 (s, 9H)®C{!H}NMR (CDCl3, 100 MHz) : 148.711453,181,0, 12758615106,
118.4, 79.8, 66.2, 64.3, 52.7, 456.0, 34.2, 31.8, 28.4, PM.9: H]* Calcd for C2iH2sN3Os*

466.1820; Found 466.1829.

4 ODNB

TFA-H,N bH
TFA-H1 Sefi [ Z)CH=C]-Proi ODNB 4.29 Boci Seii  [ZJCH=C]-Pra ODNB 4.28 (15 mg,

32 umol) was dissolved in 25% TFA/DCM (1.1 mL) at O, ¥frred at 0 °C for 45 mjrand
concentrated under reduced pressure. The crude product was purified2lh@i@atography
(0.5x 3 cm, 0% 5% MeOHDCM, hold 5% MeOH/DCMRs = 0.32) to gve 4.29 as a brown oil

(4 mg, 22%)H NMR (CDCk, 600 MHz):ti 9 d,022.2(2.2Hz, 1H), 8.58,J = 2.1 Hz, 1H),
6.71, (dJ = 5.9 Hz, 1H), 5.61 (dgl = 9.6, 2.1 Hz, 1H), 5.43 (br s, 1H), 546.20 (m, 2H), 4.75

i 4.67 (m, 1H), 3.85 3.72 (m, 2H), 3.69 (ddf = 8.7, 4.7, 1.9 Hz, 1H), 2.592.51 (m, 2H), 2.46

i 2.39 (M, 2H), 2.26 2.01 (M, 4H)13C NMR (CDCk, 150 MHz):i 173.3, 156. 8,
147.1, 140.55, 127.8, 119.4, 118.4, 64.5, 64.4, 51.6, 46.0, 34.2, 31.7, 248CRCONa i
H20]* Calcd forCisH1sN30sNaCFRCO, 484.0948; Found 484.0942

BnO

BocHNj\[(@

o)
Ketone 4.31.secBuLi (6.6 mL, 9.26 mmol) was added to a solutidriaalocyclopentend.41
(1.4 mg, 7.3 mmol) in THF (14 mL) &40 °C and stirred for 75 min. Weinreb ami#lé9 (856

mg, 2.53 mmol) in THF (4.3 mL) 440 °C was added slowly via cannula and the reaction was
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stirred ati 40 °C for 90 min. The mixture was quenched with4/8H5 mL), diluted with EtOAc
(75 mL), washed with 1 M HCI (3 x 10 mL) and brine (10 mL). Thgaaic layer was dried over
NaSOs and concentrated. The crude product was purified by &@matography (5 x 15 cm,
10% EtOAc/hexanes) to give31las a colorless 0il800 mg, 92%). TheéH NMR matched the
literature®* (CDCk, 4 00 W34z 7.22 (mj 5H), 6.79 (m, 1H), 5.57 (d,=10.5Hz, 1H),
5.00 (m, 1H), 4.54 (d] = 12.4Hz, 1H), 4.43 (d,J = 12.0Hz, 1H), 3.71 (dJ = 4.4Hz, 2H), 2.62
(m, 1H), 2.54 (m, 3H), 2.00 1.82 (m, 2H), 1.44 (s, 9H)

BnO

BocHNj\/Q

OH
Alcohol 4.32 NaBH: (630 mg, 17 mmol) was added to augimin of ketonet.31(2.8 g, 8.2 mmol)
and CeG (2.5 g, 10.2 mmol) in 2.5:1 THF:MeOH (93 mL) at 0 °C and stirred at O °C for 2 h. The
reaction was quenched with MEl (35 mL), diluted with EtOAc (150 mL), washed with NEH
(2 x 75 mL) and brine (78L), dried over Ne&SQ: and concentrated. The crude product was
purified by SiQ chromatography (5 x 15 cm, 10% EtOAc/hexanes) to give colorle4s3aihs a
pair of diastereomers (2.6 g, 91%). The major diastereomer was isolated by f=t@ptne
preciptation ati 20 °C. The'tH NMR matched the literatufé(CDCl;, 400 MHE3.28
(m, 5H), 5.65 (m, 1H), 5.35 (d,= 8.4 Hz, 1H), 4.51 (dJ = 11.6 Hz,1H), 4.42 (dJ = 12.0Hz,
1H), 4.33 (b s, 1H), 3.84 (br s, 1H), 3.713.68 (dd,J = 13.4Hz, 3.4Hz, 1H), 3.60i 3.55 (dd,J

= 9.4 Hz, 2.6 Hz 1H),3.18 (d,J = 8.4Hz, 1H), 2.35/ 2.20 (m, 4H), 1.87 (m, 2H), 1.44 (s, 9H)

O
TBSO\)J\OBu

Butyl Ester 4.42 TBS-Cl (1.3 g, 8.4 mmol) in DCM (1 mL) was added to a solution of butyl

glycolate (1.0 g, 7.6 mmol) and imidazole (1.6 g, 23 mmol) in DMF (1 mL) at 0l€reaction
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wasallowed to warnto rt and stirred for 16 h. The mixture was diluted with EtOAc (30 mL),
washed with 1 M HCI (2 x 5 mL), and brine (5 mL). The organic layer was dried ow&and
concentrated. The crude product was purified by2Si@romatography (5 x 15 cm, 10%
EtOAc/hexans, Rr = 0.46) to give4.42 as a colorless oil (1.7 g, 90%). Th¢ NMR matched the
literature3*>3(CDCls, 400 MHz) : U 4=&7Hz,eH),1.6A(M)6,4HA 28 4 (t

1.38 (sextet] = 7.5 Hz, 2H) 0.93 (1) = 7.4 Hz, 3H), 0.92 (s, 9H), 0.11 (s, 6H).

o)
TBSO\)J\OH

TBS Acid 4.43 KOH (380 mg, 6.7 mmol) in 2:1 #0:MeOH (2.4 mL) was added to butyl ester

4.42(1.7 g, 6.7 mmol) in THF (3.5 mL) at O ?@fter 30 min, the reaction was allowed to warm

to rt, and stirredor 6 h. Then it was diluted with2® (20 mL) and washed with 2 (2 x 10 mL).

The aqueous phase was acidified to pH 1 with 1 M HCI and the product was extracted@ith Et

(83 x 25 mL). Te combined organic phases were dried oveSRaand concentrated, giving43

as a colorless oil that solidified upon refrigeration (1.1 g, 86%). TFh&iMR matched the

literature>*(CDC, 400 MHz): U 4.23 (s, 2H), 0.93 (s,
BnO

BocHNj\‘/Q

O\[(\OTBS
0

Ester 4.3. Oxalyl chloride (1.3 mL, 15 mmol) was added to a solution of 4eid@ (1.9 g, 9.9
mmol) in benzene at rt and stirred at refli;x 30 min. The acyl chloride was isolated by
distillation, dissolved in THF (4 mL) and added dropwise to a 0 °C solution of alddk(3.4 g,

9.8 mmol) in THF (4 mL) and pyridine (2.5 mL, 25 mmol) and stirred at rt for 3 h. The reaction

mixture was duted with EtO (40 mL), washed with 1 M HCI (2 x 20 mL), NaH&EQ@0 mL),
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and brine (10 mL), dried over b&O: and concentrated. The crude product was purified by SiO
chromatography (5 x 15 cm, 4% EtOAc/hexanes to 4i88as a colorless oil (8 g 71%) The

!H NMR matched the literatufd(CDCl, 4 00 MH-Z.28:(m, &H), .67 1H), 5.58 (d,
J=8.0 Hz, 1H), 4.83 (d]= 9.4 Hz, 1H), 4.51 (d] = 11.9 Hz, 1H), 4.42 (d = 11.9 Hz, 1H), 4.16
(s, 2H), 4.04 (m, 1H), 3.55 (dd,= 3.5, 9.4 Hz, 1H), 3.48 (dd,= 3.3, 9.5 Hz, 1H), 2.48 2.18

(m, 4H), 1.9%i 175 (m, 2H), 1.40 (s, 9H), 0.90 (s, 9H), 0.07 (s, 6H).

BnO

BocHN 7

HO OH
ol

U-Hydroxy acid 4.34. A solution ofester4.33 (2.9 g, 5.6 mmol) in THF (19 mL) &t00°C was
added by cannula to 1@ 00 °C solution of pyridine (5.4 mL, 67 mmol), TM3 (7.8 mL, 62
mmol), and LDA (2.0 M inTHF/heptane/ethylbenzengl mL, 22 mmol) in THF (16 mL). The
reaction was warmed to rt after 30 min and stirred for an additiondt 8/as then cooled to 0 °C
and quenched with 1 M HCI (70 mLyheproduct was extracted with &1 (3 x 150 mL). The
combined organic layers were dried ovepSia: and concentrated solution of TBAF (3.3 g, 12
mmol) in THF (10 mL) at 0 °C was added betcrude mixture in THF (10 mL) at 0 °C and stirred
at rt for 1 h.The reactiorwas then quenched with 1 M HCI (50 mL) and the product was extracted
with EtO (2 x 100 mL). The combined organic layers were dried oveB®aand concentrated.
Purification ly SiO2 chromatography (5 x 15 cm, 20% EtOAc/hexanes) ga®4éas a colorless

oil (1.1g, 47%, 2 steps). Theél NMR matched the literatu®d(CDCls, 400 MHEZ?25 U 7. 3
(m, 5H), 6.93br s, 1H),5.241 4.91(m, 1H), 4.52 (d,J = 12.0 Hz 1H), 4.47 (d,) = 11.9 Hz, 1H),

4.33 (m, 1H), 4.15 (br s, 1H), 3.493.32 (m, 2H), 2.97 (br s, 1H), 2.532.41 (m, 1H), 2.30

2.06 (M, 1H), 1.99 1.71 (m, 3H), 1.61 1.45 (m, 1H), 1.41 (s, 9H).
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BnO

BocHN
0 OH

Acid 4.35. A solution of Pb(OA® (1.0g, 2.3 mmol) inCHGI( 5 mL ) wa shydesoryd e d
acid 4.34 (860 mg, 2.1 mmol) in EtOAc (31 mL) at 0 °C and stirred for 10 min. It was then
guenched with ethylene glycol (3 mL), diluted with EtOAc (50 mL) and washed w@h(4x 30

mL) and brine (30 mL The organic layer was dried over48&x and concentrated to give the
aldehyde as a yellow oil (765 mg, 100% crude yield). The crude mixture was dissolved in acetone
(57 mL) and Jones reagent (2.5 M, 1.7 mL, 4.3 mmol) was added at O °C. After stir80gio,

the reaction was quenched witrOH (5 mL) stirred for 10 min, filtered through Celite, and
concentrated. The residue was extracted with EtOAc (4 x 80 mL), and the combined organic layers
were washed with #D (4 x 30 mL) and brine (30 mL), thelried over Né&5Qw and concentrated.

The crude product was purified by Si€hromatography (5 x 15 cm, 30% EtOAc/hexanegjve

4.35as a palgellow oil (620 mg, 77%). The'H NMR matched the literatué.(CDCls, 400
MHz): U 10. 20i7.0%(m, 54),5.52L(¢ ¥ 8.4 Hz, .113),44.96 (br s, 1H), 4.51 (M,

= 12.1 Hz, 1H), 4.44 (d] = 12.1 Hz, 1H), 4.37 (br s, 1H), 3.513.25 (m, 3H), 2.58 2.43 (m,

1H), 2.347 2.20 (m, 1H), 2.00 1.81 (m, 3H), 1.67 1.56 (m, 1H), 1.40 (s, 9H).

HO
BocHN™ 7
o7 ~OH
Boci Seri [ E)CH=C]-Proi OH 4.36. NHs (ca. 40 mL) was distilled into a suspension of Na (ca.
460 mg) in THF (3 mL) at 33 °C and stirred until a deep blue color was maintained. Then a

solution of acid4.35(380 mg, 1.0 mmol) in THF (10 mL) was added sloayl the reaction was

stirred aff 33 °C for 15 min, after which time it was warmed to rt (cautionk Btblved) until ca.
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10 mL NHs remained. It was then diluted with MEl (15 mL), acidified to pH 7 with 1 M HCI,
and extracted with CHE(4 x 10 mL). The eombined organic layers were dried over8a and
concentrated to givé.36as a palg/ellow oil (225 mg 79%). TheéH NMR matched the literaturé.
(CDC, 400 MHz): U 7. 596.6(Hb 0H),5.22 (1 bl )1H), 485 (BrS, 1H)d ,
3.53 (d,J = 5.3 Hz 2H), 329(td, J = 7.5 3.7 Hz, 1H), 2.51i 2.40 (m, 1H), 2.35 2.20 (m, 1H),

1.991 1.79 (m, 3H), 1.67 1.57 (m, 1H), 1.38 (s, 9H).

OH
Y
BocHN
ODNB
Boci Seri  [E)CH=C]-Proi ODNB 437.246Co |l | i di ne (14 €L, 110 & mo
solution of436 ( 30 mg, 110 emol) in DMF (350 -=L) an

dinitrobenzyl chloride (110 mg, 530 emol ) was
for 72 h. The reaction was dilutevith EtOAc (2 mL) and washed with 5% NaH&EQ@ x 1 mL),

1 M HCI (2 x 1 mL), HO (2 x 1 mL), brine (1 mL), dried over b&Os, and concentrated. The

crude product was purified by SiGhromatography (2 x 15 cm, 3% Me@{CM; Rt = 0.23) to
give4.37as a pa-yellow oil (10 mg, 22% yield). Startingaterial can be recovered by combining

the 5% NaHC®washes, acidifying to pH 2 with 1 M HCI, and extracting with EtO%tNMR

(CDCls, 400 MHz):ti9.00 (s, 1H), 8.53 (s, 2H), 5.40 (brXs 8.8 Hz, 1H), 5.34 5.27 (m, 2H),

4.75 (s, 1H), 4.30 (s, 1H), 3.58.44 (m, 3H), 2.60 2.50 (m, 1H), 2.43 2.30 (m, 1H), 2.05

1.86 (m, 3H) 1.77 1.66 (m, 1H), 1.43 (s, 9HYC {*H} NMR (CDCls, 125 MHz):t1173.7, 156.1,

148.8, 145.2, 140.7,127.9, 121.9, 118.7, 80.0, 65.7, 64.2, 52.7, 49.5, 30.3, 29.9, 28RS 2.

(ESIF/TOF)m/z [M + Na]* Calcd forCz1H27N309Na" 4881645; Found 488.1654.
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OH
Z

HBF4-H,N
ODNB

HBF4-Hi Seri q [ E)CH=C]-Proi ODNB 4.38.A solution of 50% HBFELO (1.5 &L 10

€

was added tONB ester437(10mg, 21 e mol ) in DCM (200 L) and

solution was then concentrated, diluted with 1:1 MeOQ& KB mL) and washed with DCM (3 x
2 mL). The aqueous phase was lyophilized to g8 as a white solid (5 mg, 88% yieldH
NMR (D20, 400 MHz) 119.06 (ld, J = 2.2 2.2Hz, 1H), 8.65 (dJ = 2.1 Hz, 2H), 5.42 5.36 (m,
3H), 4.07i 4.00 (m, 1H), 3.64 (dd} = 12.2, 4.2 Hz, 1H), 3.683.60(m, 1H), 3.50 (ddJ = 11.8,
7.8 Hz, 1H), 2.54 2.46 (m, 1H), 2.43 2.34 (m, 1H), 2.08 1.95 (m, 2H), 1.92 1.83 (m, 1H),
1.76i 1.67 (m, 1H)23C {*H} NMR (D20, 150 MHz):ti175.7, 150.8, 148.3, 139.8, 128.5, 118.8,
115.3, 64.9, 61.1, 52.3, 49.6, 29.8, 29.2, 2#BMS (ESHTOF) m/z [M + H]* Calcd for

Ci6H20N307" 366.1296; Found366.1300.

4.4 Conclusions

The native dipeptide BoSei Pra OH and the locked alkene mimics B&eri
g [ZICH=C)]iPra OH and Bot¢Seiiq [EJCH=C)]i Pra OH were made through literature
proceduré® Aminoacylation through chemical means was unsuccessfully attempted. While the
pdCpA dinucleotide was successfully made through literature proctdayathesis of the
dipeptidedinucleotide complex proved problematic. Using TB&nosine and BoSer{Bu)i
Pra OH as a model, the Shydroxyl could not be unprotected without destruction of the purine.
Other side chain protecting groups were attempted, including Ac and Pnt, which were either too

labile (Ac) or could not be deprotected on the alkene isosteres (Pnt).
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Enzymatic aminoacylain using the dFx flexizyme was found to be a much simpler
approach. All dipeptides were converted from the acid to theliBiBobenzyl ester conjugate
using 3,5dinitrobenzyl chloride. The Bé&eii [ EJCH=C)Ji Pra' OH isostere required the use
of 2,4,6cdlidine as the base to prevent isomerization of the double bond. Deprotection of the Boc
group in the presence of the activated DNB ester was most successful with 0.5 equivalent of a 50%
HBF4-Et2O solution. Other deprotection methods (HCI, TFA) resultedster hydrolysis. The
dipeptide HBR-Hi Seiif Pra ODNB 4.17was made in three steps and 82% yield. Théocised
alkene mimic TFA-H Seil  [ZJCH=C)]i Pra ODNB 4.29 was made in 11 steps and 3% yield.
The trandocked alkene mimic HBFHi Seii [ ZJCH=C)]i Pra ODNB 4.38 was made in nine
steps and 2% vyield.

The dFx ribozyme has shown its ability to aminoacylate dipeptides with the successful
coupling of the native HBfFHi Seii Pra ODBE dipeptide4.17 to tRNACYA. Aminoacylation of

both lockedalkene mimic<l.29and4.33 are currently underway.
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Appendix A

Supplementay Information for Chapter 2

A.1 Cartesian (xyz) coordinates from Table 3.1.
(Molecular formula, basis set,Y angle)
G(i F)=PP D3a

C12H18FNO, MP2/6-311+G(2d,p), 1 17.6°

7 1.390599 0.145290 - 0.211385

6 0.610866 1.010359 - 0.890014

6 -0.898286 1.095029 - 0.673004
6 -1.609081 -0.047610 0.009002

6 -2.491069 -2.441400 -0.028551
6 -1.798919 -1.240249 -0.552414
9 -1.259646 -1.453680 -1.801107

81.1150351 .782085 -1.729876
6 2.836874 0.140795 - 0.503404
6 3.371515 -1.007286 0.347502

6 2.424350 -1.005318 1.546423

6 1.065993 -0.781844 0.887592
10.334497 -0.357406 1.568725
10.673582 -1.722187 0.488654
12.448615 -1.927633 2.128084
12.657079 -0.166455 2.20884 3
13.279650 -1.951793 -0.195602
14418302 -0.864917 0.617190

1 3.002269 0.010523 -1.573538
13.269581 1.101430 - 0.207929
- 1.269969 2.310362 0.209279
-1.418860 1.721967 1.614726

- 2.124333 0.376716 1.370679

- 3.208796 0.528662 1.333991
-1.924064 -0.359222 2.154124

- 0.430321 1.561906 2.056303
-1.978961 2.372010 2.289670

- 0.535533 3.115256 0.142203

- 2.234687 2.702689 - 0.126628
- 1.280247 1.234288 -1.687739
-1.790133 -3.276202 0.062950
-2.922008 -2.233064 0.950265
-3.290972 -2.747601 -0.707807

PRRRPRRPRPRPRRLRRPROOOD

G(iF)=PPD3b
C12H18FNO, MP2/6-31+G(d), +38.6°
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7 1.519821 0.287791 0.019150

6 0.646434 1.224039 - 0.418083
6 -0.804991 0.853994 - 0.783013
6 -1.504404 -0.1623450.084311

6 -2.610868 -2.458388 0.405059

6 -1.839913 -1.400564 -0.296089
9 -1.355147 -1.862589 -1.518684
8 1.025712 2.409212 - 0.589699
6 2.947510 0.651723 0.141905

6 3.658601 -0.691272 0.027825

6 2.681044 -1.644313 0.711612

6 1.314151 -1.164742 0.219588
10.529012 - 1.348995 0.952897
11.036197 -1.642176 -0.726357
12. 850982 -2.697762 0.469592
12.746191 -1.529185 1.800051
13.777685 -0.961974 -1.028085
14.648905 -0.677184 0.492770
13.209730 1.363847 - 0.643381
13.130481 1.129600 1.113349
-1.716786 2.070341 - 0.533244
- 1.929531 2.032339 0.986788

- 2.020297 0.52502 0 1.335559

- 3.049784 0.225696 1.560583

- 1.411458 0.274967 2.214747

- 1.067080 2.487727 1.487095

- 2.820286 2.584885 1.303186

- 1.278044 3.005280 - 0.888741
- 2.666384 1.904252 - 1.058060
- 0.793702 0.547342 -1.837759
-1.956939 -3.301382 0.657771
- 3.046577 -2.068760 1.327019
-3.412741 -2.836114 -0.238277

PRRPRRPRPRPRPRRRPOOO

G(i F)=PPD3c

C12H18FNO, MP2/6-311+G(2d,p), +161.9°

71.739571 -0.146375 0.186416

6 0.451188 0.030173 0.541594

6 -0.518238 0.360029 - 0.584713
6 -1.9521550.111161 - 0.186037
6 -3.896721 -1.4997710.178775

6 -2.509440 -1.096897 -0.156416
9 -1.715778 -2.179314 -0.469856
80.091024 -0.0156351.731164
62.785105 -0.313410 1.205166
64.070982 -0.079624 0.416891
63.722395 -0.628449 -0.967668
62.289340 -0.140293 -1.178564
11.719567 -0.798022 -1.835709
12.273995 0.871946 - 1.595257
14.392595 -0.285126 -1.756206
13.739011 -1.721524 -0.949247

184



14.275234 0.992663 0.352398
14.932035 -0.569094 0.872808
12.629392 0.397567 2.017100
12.744740 -1.325287 1.621808
- 0.500754 1.885569 -0.852095
- 1.506972 2.435940 0.163144
- 2.656914 1.416614 0.120889
- 3.354196 1.672239 - 0.685117
- 3.225763 1.383692 1.053002
-1.056310 2.441688 1.158936
- 1.832131 3.451476 - 0.071466
0.495995 2.323089 - 0.756602
- 0.858264 2.069378 -1.8 70211
-0.249880 -0.206986 -1.477503
-3.903475 -2.170278 1.042253
-4.498895 -0.621490 0.409439
-4.353728 -2.028656 -0.661742

PRRPRRPRPRPRRRPRPOOO®

PG(i F)=P Ada

C9H14FNO, MP2/6-31+G(d), 1175.5°

64.331404 -0.351251 -0.193094
6 2.987032 0.115698 0.307502
82.628780 -0.04 2130 1.491658

7 2.179938 0.708945 - 0.609215

6 0.815680 1.072076 - 0.289871

6 -0.141025 -0.100687 -0.303626
90.470600 -1.323292 -0.521361
-1.464128 -0.060662 -0.132978
-2.400833 -1.250015 -0.131586
- 3.693946 -0.674127 0.467362
-3.704724 0.772594 -0.037472
- 2.240893 1.217586 0.119334

- 2.064160 1.580910 1.142127

- 1.964475 2.029558 - 0.564153
- 3.988486 0.791444 -1.097703
-4.402493 1.417341 0.507375
-4.584862 -1.240586 0.175862

- 3.634463 -0.683124 1.563482
-2.581637 -1.595306 -1.159530
-1.998998 -2.100085 0.430388

1 0.810098 1.541959 0.699501

1 0.488725 1.826013 -1.012978

1 2.468860 0.720232 - 1.581545
14.283507 -1.429807 -0.374668
14.631476 0.146677 -1.118029
15.080308 -0.168439 0.579930

PRRPRRPRPRPRPRROODDO O

PG(i F)=P Adb

C9H14FNO, MP2/6-311+G(2d,p), i 59.5°
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6 -3.219269 -1.618969 -0.585983
6 -2.466697 -0.345434 -0.291081
8 -2.428349 0.598596 - 1.089805
7 -1.820895 -0.290135 0.894883

6 -1.028619 0.870518 1.267812

6 0.148487 1.106359 0.366176

9 0.132675 2.349015 - 0.216202
61.169501 0.291386 0.114633
6 2.340719 0.604575 - 0.789251

63.389709 -0.434967 -0.367792
6 2.542643 -1.666188 - 0.033865
6 1.344320 -1.081651 0.733894
11.588780 -0.984734 1.798732
10.449779  -1.702449 0.656632
12192032 -2.128124 -0.962496
13.081945 -2.4237080.53 7875
14.138885 -0.621218 -1.139714
13.907192 -0.089854 0.533353
12.057396 0.444229 - 1.836504
12.681259 1.637579 - 0.694477

- 1.653812 1.766105 1.249256

- 0.693119 0.712642 2.294959
-1.867750 -1.078932 1.522612
-2.761303 -2.099393 -1.452349
-3.21 9082 -2.317939 0.250214
-4.247980 -1.366935 -0.845265

RPRRPRRPRRR

PG(i F)=P Adc

CoH14FNO, MP2/6-311+G(2d,p), +116.9°

63.805304 -0.691287 -0.928273
62.522750 -0.640780 -0.134442
8 1.770059 -1.617544 -0.042900
7 2.247314 0.534924 0.478586

6 1.011151 0.736904 1.2215 07

6 -0.141923 1.038275 0.329456

9 0.043217 2.215276 - 0.360366

6 -1.259884 0.344917 0.131289

6 -2.371379 0.744976 - 0.815048
6 -3.206915 -0.538270 -0.937438
6 -3.087417 -1.163920 0.455138

6 -1.602595 -0.970480 0.803179

1 -1.001820 -1.774075 0.364405

1 -1.415780 -0.967001 1.878981

1 -3.708681 -0.602700 1.160833

1 -3.396227 -2.210399 0.489771

1 -4.237890 -0.347052 -1.241095
1 -2.751883 -1.204253 -1.677885
1 -2.974065 1.542046 - 0.364002
1 -1.9954741.118200 - 1.769922

10.794613 -0.163449 1.796060
11.17448 7 1.564610 1.915618
12.864463 1.320432 0.331905
13.559410 -0.893105 -1.972002
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14.381314 0.231934 - 0.869030
14.412360 -1.518799 -0.559459

G(i Cl)=PP D5a

C12H18CINO, MP2/6-311+G(2d,p), i 19.0°

6 0.783184 1.024632 0.883287

- 0.697623 0.728855 1.114110

- 1.457341 0.102695 0.194672
-2.874997 -0.144884 0.519224
-3.378033 -0.962165 -0.667425
-2.511902 -0.452633 -1.818695
-1.134992 -0.352611 -1.168561
- 0.478539 0.344817 - 1.680928
-0.653255 -1.335086 -1.136739
-2.505448 -1.110301 -2.688768
- 2.846699 0.540636 -2.131779
-3.183804 -2.025120 -0.500422
-4.447429 -0.829110 -0.833120
-2.954478 -0.662980 1.475900

- 3.399070 0.811617 0.607004
-1.196574 1.099091 2.195042

6 1.524592 0.253489 -0.178924
61820433 -1.048803 -0.115160
62573511 -1.854334 -1.116722
11.936190 -2.635293 -1.541983
12933959 -1.216087 -1.924009
13.430962 -2.345640 -0.649538
17 1.241510 - 1.984188 1.265782

6 1.934907 1.181216 -1.309439

6 1.117768 2.456544 -1.047126

6 1.005337 2.500306 0.478482

1 0.214501 3.157152 0.845635

1 1.953695 2.840668 0.905231

ORRPRRPRPRPRRRPRODODOONO®

10.121190 2.370821 -1.491149
11.588454 3.348762 - 1.464564
1 3.005756 1.404194 -1.237044
11.757047 0.752607 - 2.299176

11.222173 0.830273 1.865815
G(i Cl)=PP D5b

C12H18CINO, MP2/6-31+G(d), +44.1°

6 -0.577382 0.951461 - 0.781133
6 0.923768 1.173190 - 0.501812
7 1.688587 0.176804 - 0.000435
6 3.151797 0.373877 0.077708

6 3.695197 -1.050418 0.101839

6 2.609257 -1.811182 0.859886

6 1.314597 -1.221716 0.300620
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10.496628 -1.261648 1.0 19917
11.006741 -1.735670 -0.616813
12.653623 -2.895702 0.721750
12.681630 -1.599409 1.933359
13.781913 -1.434863 -0.921427
14.679688 -1.110116 0.575351

1 3.486408 0.964117 - 0.778339
1 3.404803 0.924694 0.993058
8 1.439594 2.282018 - 0.786135

6 -1.3567 08 0.221791 0.284760

6 -1.982826 -0.963619 0.164826

6 -2.857681 -1.633127 1.177098

1 -2.410590 -2.580811 1.499216

1 -2.988141 -1.000483 2.056811

1 -3.840915 -1.859629 0.750437
17 -1.776448 -1.933580 -1.290298
6 -1.583439 1.193427 1.431394

6 -1.405446 2.588 979 0.776071

6 -1.300368 2.309215 - 0.731808
1 -0.768698 3.089919 - 1.280457
1 -2.297209 2.184360 -1.173709
1 -0.482872 3.063560 1.126551

1 -2.233566 3.262567 1.019560

1 -2.578906 1.078926 1.870357

1 -0.854341 1.030085 2.237040

1 -0.658041 0.465921 -1.762173

G(i Cl)=PP D5c

C12H18CINO, MP2/6-311+G(2d,p), +155.3°

6 -0.421362 0.581864 - 0.600726
6 0.541987 0.316320 0.546163

7 1.805534 - 0.003558 0.206948

6 2.855204 - 0.112015 1.228903
64.139124 - 0.048495 0.406332
63.738633 -0.741319 -0.897350
62.329164 -0.207137 -1.153386
11.713578 -0.915493 -1.709264
12.356946 0.741257 - 1.699789
14.412853 -0.533399 -1.728591
13.698617 -1.823338 -0.745562
1 4.400286 0.994969 0.209704
14.979485 -0.526720 0.910298
12.752651 0.697060 1.952614
12763592 -1.0643661.76 1876
8 0.197222 0.451658 1.733695

6 -1.851348 0.337400 - 0.186668
6 -2.397758 -0.870290 -0.022106
6 -3.804627 -1.185256 0.355635

1 -3.839676 -1.7384321.298024

1 -4.380813 -0.265998 0.465390

1 -4.278669 -1.805208 -0.409861
17 -1.382119 -2.299451 -0.254819
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6 -2.577272 1.656732 -0.007774
6 -1.442513 2.692107 - 0.001573
6 -0.405333 2.089003 - 0.953233

10.587742 2.535319 - 0.856917
1 -0.734426 2.211605 -1.989874
1 -1.019606 2.767862 1.002958

1 -1.774346 3.685152 - 0.311509
1 -3.244165 1.835672 - 0.859694
1 -3.184378 1.685639 0.899756

1 -0.153559 -0.032758 -1.461141
PG(i Cl)=P A6a

CoH14CINO, MP2/6-31+G(d), i 171.1°

6 -4.323827 0.055408 - 0.223952
6 -2.990929 -0.444549 0.274481

8 -2.728856 -0.534795 1.490160

7 -2.082814 -0.771586 -0.682680
6 -0.714298 -1.099704 -0.353166
6 0.214988 0.096069 - 0.199870
17 -0.525173 1.681170 - 0.206562
6 1.545609 -0.024565 -0.068221
6 2.545387 1.096841 0.110849

6 3.833703 0.371726 0.528206

6 3.746145 -0.964083 -0.215704
6 2.269162 -1.358916 - 0.062250
12111940 -1.874186 0.897089
11921886 -2.036836 -0.851133
13.982298 -0.813255 -1.277012
14.429990 -1.7251950.174848
14.737571 0.942036 0.289095
13.827459 0.192539 1.611153
12.695342 1.624980 -0.842471
12.208915 1.842007 0.840120

1 -0.728895 -1.672908 0.5797 08

1 -0.327128 -1.753106 -1.141487

1 -2.310056 -0.577893 -1.652667

1 -4.307171 1.150346 -0.233199

1 -4.553704 -0.298225 -1.231899

1 -5.105589 -0.270098 0.464640
PG(i Cl)=P A6b

C9H14CINO, MP2/6-311+G(2d,p), | 60.7°

6 -3.297593 -1.766485 -0.677750
6 -2.52893 0 -0.531805 -0.275766
8 -2.561818 0.511183 - 0.939451
7 -1.788260 -0.629457 0.851146

6 -0.999676 0.488353 1.342469

6 0.168705 0.845454 0.455008

17 0.177093 2.503152 - 0.138128
6 1.184931 0.031726 0.151707
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6 2.386713 0.374436 - 0.697170
63.385926 -0.746623 -0.379138
62484299 -1.963396 -0.158234
61.313181 -1.393818 0.657721
11565844  -1.381729 1.725871
10.395434 -1.971826 0.542485
12115118 -2.324262 -1.123765
12985755  -2.792865 0.343971
14126329 -0.892572 -1.167863
13918435 -0.5115140. 548214

1 2.108050 0.342516 -1.758223
12.769716 1.376159 - 0.491539

1 -1.643760 1.361423 1.458691

1 -0.630662 0.206659 2.332114

1 -1.807602 -1.489803 1.378242

1 -2.947846 -2.088450 -1.659912
1 -3.184455 -2.588654 0.028809

1 -4.353907 -1.508989 -0.764415

PG(i Cl)=P A6c

CoH14CINO, MP2/6-311+G(2d,p), +117.9°

63.753341 -0.901553 -0.947439
6 2.449235 -0.909374 -0.188004
81.619664 -1.817092 -0.317016
7 2.239898 0.135130 0.648676

6 0.982984 0.294910 1.361686

6 -0.124411 0.777560 0.476972

17 0.182486  2.366415 -0.227783
- 1.257487 0.129677 0.193159

- 2.357145 0.622496 - 0.719293
- 3.221663 -0.624382 -0.953838
- 3.116246 -1.373812 0.376608
-1.629669 -1.237357 0.738943
-1.037300 -2.001871 0.224011
-1.442392 -1.338427 1.809791
-3.728256 -0.86770 7 1.130404

- 3.442423 -2.413976 0.317912
-4.247742 -0.382899 -1.237347
-2.782200 -1.231637 -1.751890
- 2.940805 1.396021 - 0.204600
-1.967058 1.067340 -1.637343
10.700392 -0.667877 1.788506
11.155334 1.001210 2.176900
12.913475 0.887030 0.669611
13.533203 -0.810395 -2.012532
14.415875 -0.088801 -0.650240
14.257408 -1.855220 -0.788246

PRRPRRPRRPRPRPROODDODOO

G(i H)=PP D7a

C12H19NO, MP2/6-311+G(2d,p), i 56.6°

190



6 -0.943183 -0.991164 0.689887
6 0.499204 -0.789216 1.106597
7 1.341575 -0.157359 0.267307

6 2.755825 0.007512 0. 638142
6 3.332556 0.825854 - 0.516945
6 2.453872 0.418720 - 1.701637
6 1.065166 0.378162 -1.071271
10.364284 -0.252369 -1.612736
1 0.640386 1.384198 - 0.996854
12.505551 1.112268 - 2.541737
12.731605 -0.579370 -2.052541
1 3.208495 1.893504 - 0.316800
1 4.393153 0.626210 - 0.671680

1 2.839155 0.501967 1.607292
13.227644 -0.976750 0.718134
80.900416  -1.214192 2.209635

6 -1.726491 0.257295 0.326044

6 -1.4491131.490108 0.772169

6 -2.214783 2.740777 0.459096

1 -1.561462 3.491541 0.004023

1 -3.04 7908 2.552823  -0.218783
1 -2.618282 3.184760 1.374295

1 -0.581580 1.608694 1.422628

6 -2.821216 -0.177677 -0.614893
6 -2.140341 -1.260114 -1.465762
6 -1.166246 -1.972943 -0.501469
1 -0.227141 -2.242405 -0.990580
1 -1.604289 -2.899441 -0.125336
1 -1591618 -0.782349 -2.281742
1 -2.853645 -1.953336 -1.915883
1 -3.639076 -0.625323 -0.035319
1 -3.239387 0.634761 -1.211146
1 -1.411737 -1.4282121.576789

G(i H)=PP D7b

C12H19NO, MP2/6-31+G(d), +38.2°

6 0.936245 -0.750479 -0.845122
6 -0.470302 -1.176791 -0.381094
7 -1.406017 -0.260451 -0.039974
6 -2.791824 -0.718191 0.196035

6 -3.616972 0.547285 - 0.006559
6 -2.682871 1.640540 0.507355

6 -1.315537 1.216484 - 0.029559
1 -0.497045 1.554107 0.605091

1 -1.148435 1.594247 - 1.045468
1 -2.955742 2.646070 0.173111

1 -2.668563 1.636755 1.603838

1 -3.821060 0.694135 - 1.073897
1 -4.573439 0.507485 0.523161

1 -3.032737 -1.524147 -0.500773
1 -2.887573 -1.1099451.217232

8 -0.763204 -2.398993 -0.379726
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6 1.582077 0.431994 - 0.159132
6 1.837452 1.609347 -0.760751
6 2.556424  2.774026 -0.147486
11.856656 3.593621 0.062940

1 3.045317 2.504622 0.792474

1 3.314490 3.171622 - 0.832046
11.439848 1.765667 -1.765754
62.103114 -0.045196 1.183752
62.175903 -1.587701 1.034599

6 1.942604 -1.850673 -0.462516
11575814 -2.857720 -0.673686
12867279 -1.685997 -1.030429
11.381330 -2.067794 1.617349
13.129240 - 1.994295 1.388429

1 3.083557 0.388536 1.409116

1 1.430204 0.248364 2.002020
10.870723 -0.594102 -1.932214

G(i H)=PP D7c

C12H19NO, MP2/6-311+G(2d,p), +96.0°

60.83 0531 -0.658363 -0.645386
6 -0.284128 -0.899201 0.349454
7 -1.494691 -0.393032 0.044175
6 -2.625167 -0.538584 0.972421
6 -3.818015 -0.060213 0.146857
6 -3.194708 0.985706 - 0.779860

6 -1.873760 0.332842 -1.179440
1 -1.1117341.059693 - 1.460791
1 -2.019032 -0.367785 -2.008568
1 -3.812874 1.227313 -1.645073

1 -2.996164 1.906817 - 0.224451
1 -4.216513 -0.888866 -0.444679
1 -4.620098 0.334865 0.770733

1 -2.708183 -1.574087 1.304562

1 -2.461767 0.091201 1.853066

8 -0.080981 -1.502867 1.418489

6 1.652700 0.567566 - 0.229574
61.127111 1.713754 0.228192

6 1.893496 2.931866 0.652019
11.666205 3.192126 1.690210
12.970850 2.793194 0.559505
11.610966 3.793900 0.040110
10.042681 1.783710 0.310985

6 3.113182 0.195586 - 0.317227
63.091710 -1.292470 0.049992

6 1.855424 -1.815594 -0.690441
11.452690 -2.730996 - 0.255364
12.114181 -2.018428 -1.733505
12950911 -1.395749 1.129807
14.007468 -1.818213 -0.229598
13.471426 0.312530 -1.348387
13.751331 0.796223 0.332653
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10.408086 - 0.500653 - 1.640400
G(iH)=PP D7d
C12H19NO, MP2/6-311+G(2d,p), +163.5°

6 -0.653928 0.149704 - 0.622553
60.331191 - 0.153386 0.495695
71.633421 -0.216066 0.150488

6 2.674892 -0.380092 1.174048

6 3.958199  -0.056245 0.413453
63.647089 -0.548641 -1.001000
62.197853 -0.107938 -1.203642
11.66 2408 -0.746775 -1.906290
12.147160 0.925698 - 1.560780
14.310968 -0.138949 -1.762789
13.707854 -1.639736 -1.037394
14.119902 1.025136 0.404072
14.833519 -0.532828 0.855645
12.480352 0.287194 2.014311
12.674100 -1.409788 1.546723

8 -0.033501 -0.286434 1.678099

6 -2.073062 -0.194004 -0.227713
6 -2.636857 -1.390931 -0.438355
6 -4.052523 -1.748870 -0.095986
1 -4.084135 -2.548712 0.650431

1 -4.598390 -0.892207 0.302347

1 -4586743 -2.115785 -0.977559
1 -2.025486 -2.174332 -0.886137
6 -2.7556751.0 44606 0.327044

6 -1.671914 2.137147 0.285944

6 -0.725968 1.680335 - 0.831383
1 0.250761 2.169274 - 0.797408

1 -1.174588 1.879957 - 1.809952
1 -1.130880 2.159033 1.234930

1 -2.080813 3.133695 0.107410

1 -3.602589 1.320452 - 0.311077
1 -3.148075 0.886639 1.33517 4
1 -0.357045 -0.374146 -1.533174

PG(i H)=P A8a

CoH15NO, MP2/6-31+G(d), i 179.6°

64.394675 -0.407655 -0.255195
63.002347 -0.118316 0.252246
82.582224 -0.605091 1.324181

7 2.233298 0.687418 -0.517388

6 0.845973 0.982959 - 0.185691

6 -0.086025 -0.156097 -0.524454
10.369896 -1.043528 -0.965814
6 -1.412476 -0.103611 -0.312180
6 -2.408536 -1.204852 -0.616049

193



-3.591724 -0.871832 0.302945

- 3.629279 0.660888 0.265134

- 2.145070 1.060368 0.333576
-1.825324 1.171295 1.380413
-1.935487 2.016649 - 0.162957
- 4.063470 0.991267 - 0.687421
-4.225754 1.100315 1.071778
-4.530564 -1.334832 -0.020149
- 3.381404 -1.215106 1.324624
-2.735901 -1.143387 -1.664386
-1.989665 -2.205186 -0.459857
1 0.798850 1.220427 0.883967

1 0.575380 1.894106 -0.73088 4
12.602780 1.019036 -1.401752
14.444874 - 1.454499 -0.569414
14.681753 0.228209 - 1.095739
15.103837 -0.267074 0.563865

RPRRPRRPRPRPRROOOD®

PG(i H)=P A8b

CoH15NO, MP2/6-311+G(2d,p), i 121.3°

64.114491 -0.164148 1.097142

6 3.081962 0.067510 0.019494
83.236071 0.953058 -0.849761
71.990124  -0.733023 0.049571
60.856781 -0.556863 -0.859274
6 -0.115032 0.463317 - 0.339429
10.291870 1.461852 - 0.169304

- 1.414057 0.224030 - 0.079854
- 2.393271 1.259002 0.446213

- 3.767528 0.652866 0.133846

- 3.533064 -0.8447880. 358793
-2.156795 -1.089686 -0.281387
-2.275977 -1.297525 -1.353935
-1.629961 -1.946125 0.155221

- 3.488870 -1.050378 1.436350
-4.317937 -1.477820 -0.068865
-4.569671 1.064611 0.755898

- 4.029819 0.834860 - 0.916841
- 2.280066 1.361950 1.535326

- 2.232639 2.248926 0.005151
11.268084 -0.253370 -1.827278
10.381079 -1.532703 -0.985702
11.876416 -1.370458 0.831174
14.134101 0.706989 1.758653
13.915202 -1.057860 1.692832
15.097827 -0.253691 0.629151

PRRPRRPRPRPRPRROODDOO

PG(i H)=P A8c
CoH15NO, MP2/6-311+G(2d,p), +120.0°
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6 -3.773751 -0.794208 0.745808

6 -2.488145 -0.468785 0.022878

8 -1.711394 -1.356110 -0.354762
7 -2.239749 0.842669 - 0.189962
6 -0.993981 1.305335 - 0.796406
6 0.135475 1.343200 0.191400

1 -0.006534 1.982442 1.062339

6 1.271609 0. 643645 0.069895

6 2.399691 0.638196 1.078422

6 3.058700 -0.728011 0.852099

6 3.006307 -0.869572 -0.673561
6 1.610107 -0.335532 -1.043772
10.868920 -1.141583 -1.045333
11.589864 0.127825 - 2.033489
13.778105 -0.233515 -1.118736
13.174315 -1.891063 -1.020 201
14.070493 -0.792817 1.257725
12.451894  -1.511500 1.318750
13.121577 1.426391 0.829741

1 2.052595 0.810392 2.099689

- 0.755842 0.640077 -1.627263
- 1.189745 2.300548 - 1.203525
- 2.884901 1.523956 0.183631

- 3.525979 -1.263824 1.699375
-4.394287 0.082349 0.932019
-4.337155 -1.515091 0.152536

RPRRPRRPRRR

A.2 Cartesian (xyz) coordinates from Table S2.

(Molecular formula, basis set,Y angle)
P(i F)=PG D10a

CoH14FNO, MP2/6-311+G(2d,p), +1.1°

6 -3.094332 -1.066367 0.459247

1 -3.006767 -2.039416 0.954538
1 -3.908725 -1.131088 -0.270372
1 -3.347983 -0.311326 1.206162

6 -1.823437 -0.711486 -0.221682
9 -1.487455 -1.645820 -1.197802
6 -0.990270 0.320594 - 0.036861
6 0.246663 0.578114 - 0.867104

1 0.097326 0.312209 - 1.920860

61500176 -0.173071 -0.41534 3
82587892 -0.000748 -1.009330
7 1.385693  -0.995618 0.645394

6 2.514703 - 1.764871 1.149422
12901106 -2.433870 0.375826
13.318658 -1.096335 1.467433
12173283 -2.352753 2.001368
10.466703 -1.129473 1.054349

6 0.452736 2.096699 - 0.682211
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11.475880 2.

408142

1 -0.229178 2.632589
6 0.043142 2.330935 0.775142

1 -0.143811 3.385474 1.003107
1 0.838779 1.982868 1.446025

6 -1.214156 1.459431 0.946042
1 -1.350040 1.112402 1.976724
1 -2.112477 2.028404 0.671497

P(i F)=PG D10b

- 0.913920

- 1.354690

CoH14FNO, MP2/6-31+G(d), +44.5°

62.983204 -1.294368 -0.492364
12818587 -2.192082 -1.098219
13.737705 -1.531395 0.265426
13.367394 -0.500415 -1.136117
61.720834 -0.862783 0.158420
91.230151 -1.850953 1.021026

6 1.008980 0.263073 0.036123

- 0.240929 0.610471 0.822085

- 0.190368 0.214132 1.845954

- 1.534575 0.055533 0.202459

- 2.581992 0.733190 0.136971

- 1.486515
- 2.668132
- 3.449466
- 3.064521
- 2.379476
- 0.631572

-1.222869
- 1.906249

- 0.224439
- 0.731699

-1.952241 0.032352

-1.382849
-2.917672
-1.750087

-1.605011
-1.017716
- 0.089362

- 0.225288 2.144817 0.790326
-1.206576 2.572702 1.010336

1 0.489431 2.508420 1.539847

6 0.284263 2.460342 -0.618818
1 0.624666 3.494985 - 0.731819
1 -0.519348 2.292964 - 1.346560
6 1.417780 1.441794 - 0.834290
11.542812 1.164165 - 1.886982
12.374092 1.856733 - 0.489512

RPORRPRRRPONOORO®

P(i F)=PG D10c

CoH14FNO, MP2/6-311+G(2d,p), +64.2°

62.808097 -1.548822 -0.572897
12557840 -2.396635 -1.215907
13.538002 -1.889199 0.166185
13.261427 -0.766866 -1.181096
6 1.593701 -1.032993 0.102467
90.998988  -1.996389 0.898004

6 1.031912 0.173599 0.049568

6 -0.191367 0.609166 0.834073

1 -0.201599 0.156473 1.830594
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- 1.496091 0.201645 0.136413

- 2.320264 1.023970 - 0.282446
-1.692728 -1.126676 0.026386
-2.876975 -1.669346 -0.6 16993
-3.780950 -1.353453 -0.093906
-2.942910 -1.335085 -1.653867
-2.814472 -2.755573 -0.595704
-0.978358 -1.751697 0.371914

- 0.030870 2.132130 0.876790

- 0.972422 2.643251 1.078019

1 0.684860 2.388204 1.664552

6 0.562654 2.466032 - 0.495244
11.007094 3.462003 - 0.540061

1 -0.224855 2.408477 - 1.250409
6 1.595266 1.349937 - 0.728407
11.741631 1.125275 -1.787476
12.567074 1.639204 - 0.314630

RPORRPRRPRRLRONOO®

P(i F)=PG D10d

CoH14FNO, MP2/6-311+G(2d,p), +142.5°

6 -2.915887 -1.649656 0.392489

1 -2.748645 -2.350236 1.214837

1 -3.448606 -2.181668 -0.400037
1 -3.541879 -0.831385 0.746425

6 -1.623799 -1.127904 -0.114661
9 -0.801105 -2.134927 -0.570318
6 -1.166714 0.120462 - 0.183973
6 0.191368 0.480233 - 0.746104

1 0.339466 0.052198 - 1.741567

6 1.316611 0.01875 6 0.164524

8 1.254329 0.102903 1.399034
72417456 -0.441894 -0.463937
6 3.599068 - 0.856953 0.273065
14.003200 -0.026150 0.853437
13.359358 -1.673082 0.956404
14.349674 -1.194925 -0.438468
12411840 -0.507785 -1.470827
6 0.147749 2.026939 - 0.800954
11.140768 2.477279 -0.730134
- 0.293302 2.328009 - 1.756085
- 0.786685 2.417072 0.347816
-1.164532 3.437457 0.256138

- 0.257097 2.327906 1.298871
-1.900412 1.361700 0.275146

- 2.418658 1.223982 1.226480

- 2.646263 1.658872 -0.471412

RPRORRFROR

GP(iF)=P Alla
C12H18FNO, MP2/6-311+G(2d,p), i 12.5°
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6 -2.328699 -2.443461 -0.224276
6 -1.669503 -1.235798 -0.843035
8 -1.232635 -1.238133 -2.004973
7 -1.563306 -0.147525 -0.048718
6 -1.000540 1.100443 - 0.550841

6 0.493899 1.082339 - 0.606813
90.932433 2.172250 -1.328831
6 1.413289 0.259012 - 0.105024
6 2.902418 0.461167 - 0.317061

6 3.508521 -0.883469 0.107618

6 2.589427  -1.329943 1.245950

6 1.184613 -0.995336 0.717589
10.457504 -0.868725 1.520171
10.832790 -1.807885 0.071066
12.698717 -2.383825 1.509548
12.798116  -0.731895 2.139399
13.439750 -1.597165 -0.720004
14557034 -0.803024 0.400887

1 3.143313 0.746216 -1.343213
13.266798 1.259601 0.340141

6 -1.531876 2.137506 0.450383

6 -1.574987 1.342668 1.756731

6 -2.112617 -0.015164 1.308 626

1 -3.206937 -0.014699 1.276869

1 -1.783777 -0.837206 1.947148

1 -0.564166 1.231035 2.157986

1 -2.202246 1.800637 2.521819

1 -0.900335 3.025216 0.496482

1 -2.540872 2.439386 0.156411

1 -1.362708 1.286367 - 1.566597

1 -1.722209 -2.825384 0.601261

1 -3.314 246 -2.1941140.174840

1 -2.427872 -3.216819 -0.983010
GP(iF)=P Allb

C12H18FNO, MP2/6-31+G(d), +67.4°

6 -2.658677 2.346230 - 0.759892
6 -1.761992 1.581895 0.187639

8 -1.276891 2.130967 1.202132

7 -1.502231 0.283684 - 0.134284
6 -0.803138 -0.606994 0.811171
6 0.546542 -1.034857 0.281988
90.632475  -2.398515 0.001373

6 1.647453 -0.304492 0.071251

6 2.960905 -0.854050 -0.447841

6 3.955333 0.281478 - 0.162602
6 3.108412 1.543616 - 0.351058
6 1.772256 1.185159 0.321342

1 0.925197 1.755566 - 0.068232

11.824 553 1.388094 1.400932
1 3.566390 2.442923 0.074794
12.948965 1.724126 -1.422351
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14.304447 0.220789 0.876533

1 4.835292 0.247398 - 0.813952
13.231864  -1.805098 0.023123
12894077 -1.035652 -1.530393
6 -1.803899 -1.758423 0.935506

6 -2.299099 -1.934934 -0.505079
6 -2.332430 -0.504606 -1.075915
1 -3.348657 -0.103705 -1.090101
-1.924312 -0.451630 -2.090777
-1.600016 -2.556980 -1.069872
- 3.285385 -2.405457 -0.555845
-1.371529 -2.667550 1.359641

- 2.620365 -1.423589 1.585970
-0.666541 -0.0514991.74 4314
- 2.460361 2.102091 - 1.806593
- 3.710442 2.120929 - 0.549921
- 2.494698 3.412229 - 0.595763

RPRRPRRPRRPRRRR

GP(iF)=P Allc

C12H18FNO, MP2/6-311+G(2d,p), +122.6°

6 -2.964357 2.240399 - 0.666800
6 -1.737601 1.586877 -0.077119
8 -0.721457 2.234196 0.224701

7 -1.803223 0.248095 0.098459

6 -0.693775 -0.4831150.729249

6 0.448213 -0.667939 -0.207673
90.093826 -1.353158 -1.348221
61.715451 -0.286736 -0.063342
62.818123 -0.548123 -1.068365
64.089988 -0.115256 -0.321836
6 3.600375 1.029021 0.570839

6 2.2590050. 504617 1.107352
11.578834 1.296686 1.426578
12.440069 -0.156200 1.963289
14.301931 1.291789 1.365100
13.427287 1.921331 - 0.040088
14.447508 -0.938449 0.305337
14.899707 0.173836 - 0.994580
12841664 -1.586802 -1.405808
12.668062 0.079974 -1.954319
-1.365549 - 1.798587 1.159964

- 2.489153 -1.998279 0.138815

- 3.002607 -0.579143 -0.095653
-3.767673 -0.311238 0.640783

- 3.415825 -0.439493 -1.095478
-2.090296 -2.408810 -0.789149
-3.277697 -2.658546 0.501346
-0.656366 -2.626645 1.193434
-1.788376 -1.664731 2.159153

- 0.324423 0.084513 1.585582

- 3.147633 1.869649 -1.678042
- 3.850931 2.022942 - 0.067053

RPRRPRRPRPRPRPRRROOOD
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1 -2.804735 3.315975 -0.701514

P( Cl)=PG D12a

CoH14CINO, MP2/6-311+G(2d,p), i 5.0°

6 -2.997479 0.087606 0.911459

1 -3.104762 -0.726933 1.632516

1 -3.889323 0.089529 0.279357

1 -2.949145 1.033394 1.451525

6 -1.773704 -0.100109 0.081343
17 -1.770001 -1.597507 -0.853704
6 -0.728302 0.731422 - 0.014008
6 0.477344 0.525579 - 0.897941
1 0.201937 0.155839 - 1.889199
6 1.506679 -0.467900 - 0.361445
82507356 -0.761797 -1.031346
7 1.290445 -0.969142 0.866765
62.193068 -1.938290 1.463905
12.221273  -2.858619 0.877151
13.202810 -1.530378 1.518531
11.842919 -2.164017 2.469149
10.411872 -0.752626 1.318209

6 1.099935 1.935460 -0.964390
12.154989 1.909487 -1.241378
1 0.560997 2.524830 -1.712588
6 0.832510 2.501759 0.432117

1 0.956587 3.584721 0.487363
11.517483 2.045944 1.153670

6 -0.608540 2.054763 0.724634

1 -0.820483 1.965823 1.792577

1 -1.318163 2.777244 0.305458

P(i Cl)=PG D12b

CoH14CINO, MP2/6-31+G(d), +91.6°

6 2.980702 -0.347297 -0.975595
12974787 -1.112120 -1.756553
13.847296 -0.534060 -0.335722
1 3.093799 0.629940 - 1.444923

6 1.720768 -0.400547 -0.178992
17 1.486189 - 1.951107 0.638680

6 0.831198 0.588095 - 0.028317

- 0.422547 0.558408 0.822456
-0.277465 -0.058864 1.713229
-1.592378 -0.007423 0.018649

- 2.326162 0.698142 - 0.685988
-1.769633 -1.340092 0.120376
-2.774126 -2.034622 -0.667835
-3.769723 -1.653638 -0.438023

PO~NOORFRPO®
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-2.591075 -1.904578 -1.736291
-2.733135 -3.094090 -0.422881
-1.099146 -1.876370 0.651248

- 0.633844 2.039530 1.165030

- 1.666546 2.259209 1.442102
10.012198 2.291066 2.012110

6 -0.173863 2.793597 - 0.088799
1 0.093838 3.830722 0.122566

RPORRRE

1 -0.974699 2.787764 - 0. 827451
6 1.026333 1.981307 - 0.608518
1 1.079663 1.972866 - 1.700226
11.968270 2.400204 - 0.239951

P(@ Cl)=PG D12c

CoH14CINO, MP2/6-311+G(2d,p), +147.2°

6 -3.100604 -0.858845 0.599051

1 -3.073240 -1.481684 1.497107

1 -3.753648 -1.351811 -0.125844
1 -3.53222 7 0.109230 0.854294

6 -1.732133 -0.683921 0.034719

17 -0.958262 -2.200372 -0.439676
6 -1.064226 0.460992 - 0.134286
6 0.315486 0.576054 - 0.739831
10.381247 0.031947 - 1.686597

6 1.385990 0.054022 0.205537

8 1.320864 0.198943 1.434091
72447559 -0.524561 -0.391094
6 3.575580 - 1.024033 0.376667
14.044799 -0.216340 0.940210
13.254016 - 1.795668 1.078316
14302739 -1.447961 -0.312918
12430610 -0.656898 -1.391417

6 0.487078 2.099117 - 0.949763
1 1.535360 2.406996 - 0.953618
1 0.050996 2.367760 -1.916812

6 -0.333650 2.722260 0.181938

1 -0.570111 3.773265 0.003910
10.217954 2.646999 1.121713

6 -1.584886 1.834504 0.243550

1 -2.069062 1.848772 1.222283

1 -2.320611 2.171205 - 0.496698

GP(i Cl)=P Al3a

C12H18CINO, MP2/6-311+G(2d,p), i 13.9°

6 -2.760655 -2.060529 -0.873182
6 -1.880085 -0.861350 -1.123013
8 -1.369042 -0.630334 -2.230432
7 -1.659967 -0.055414 -0.060092
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6 -0.884709 1.172203 - 0.197308
6 0.601092 0.934623 - 0.248288
17 1.437787 2.392116 - 0.800474

6 1.327763
62.8373 07 -0.220113

- 0.149251 0.049819

- 0.080390

6 3.157550 -1.712050 0.076166
62.086747 -2.191537 1.055782

6 0.816368 - 1.489556 0.552871
10.052114 - 1.407546 1.324488
10.391385 -2.057689 -0.283689
11.978995 -3.277481 1.092472
12.326892 - 1.838142 2.064230
13.028438 -2.220635 -0.884829
14177273 -1.892516 0.421423

1 3.190310 0.206345 -1.021874
1 3.302365 0.354505 0.730294
-1.315339 1.978485 1.038171

- 1.566984 0.886292 2.078888
-2.277685 -0.194006 1.266694

- 3.353105 0.002407 1.206954
-2.130265 -1.199068 1.66 6676
- 0.614526 0.506619 2.458611

- 2.165311 1.224984 2.925058

- 0.561835 2.706580 1.338663

- 2.245593 2.508370 0.814918
-1.167785 1.672597 -1.127834

PRRPRRPRRPRPRPRRLRRPOOOD

- 2.284960
- 3.724157
-2.918730

- 2.740422
-1.761774
- 2.581803

- 0.161333
- 0.454381
-1.814945

GP(i Cl)=P A13b

C12H18CINO, MP2/6-31+G(d), +57.6°

6 -2.855135 -2.310503 0.676277

6 -1.991434 -1.537264 -0.295005
8 -1.724128 -1.998366 -1.427683
7 -1.491120 -0.346618 0.136973

6 -0.813639 0.572737 - 0.789285
6 0.599276 0.871491 - 0.301420
171.031279  2.568430 -0.105505
6 1.556978 -0.047301 -0.068914
6 2.980920 0.254002 0.353795

6 3.724549 -1.067080 0.115681

6 2.662341 -2.126177 0.416409
61.388816 -1.548541 -0.220741
10.474438 -1.920053 0.246995
11.337405 -1.816401 -1.286472
12913864 -3.1197010.02 9708
12.525521 - 2.214405 1.502288
14.031903 -1.137569 -0.935878
14623519 -1.164217 0.733821

1 3.408151 1.098544 -0.197171

1 3.006643 0.522011 1.420937
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- 1.794575 1.749493 -0.772182
-2.195573 1.862177 0.707815

- 2.020079 0.431993 1.273122

- 2.96050 4 0.002268 1.618656
-1.304271 0.407197 2.102510

- 1.544578 2.563255 1.236468

- 3.225216 2.212681 0.824277
-1.392275 2.675660 -1.187127
- 2.657513 1.452095 -1.379238
- 0.759664 0.086703 -1.768578
-2.440410 -2.308327 1.687816

- 3.862954 -1.882768 0.718508
-2.929602 -3.337188 0.315416

RPRRPRRPRRPRPRPRRRPOOO

GP(i Cl)=P Al3c

C12H18CINO, MP2/6-311+G(2d,p), +145.0°

6 3.410372 1.907746 0.374393

6 2.038010 1.494340 - 0.097992
8 1.104152 2.305487 - 0.217023
7 1.872618 0.183921 - 0.376565

6 0.583586 -0.325808 - 0.836580
6 -0.474311 -0.302307 0.231909
17 0.077972 - 0.677601 1.862395
-1.771412 - 0.056907 0.019342
-2.867217 -0.089713 1.060766
-4.160301 -0.012088 0.235792

- 3.757664 0.846403 - 0.965856
- 2.365653 0.307498 - 1.328337
-1.756941 1.026706 - 1.882226
-2.46391 1 -0.590244 -1.950837
- 4.463051 0.791409 -1.797264
- 3.675467 1.893690 - 0.657108
-4.438056 -1.013729 -0.108145
- 5.000346 0.397248 0.799983
-2.807893 -0.974077 1.699302
-2.778172 0.788032 1.713304
60.942883 -1.733962 -1.341493
62.128382 -2.1532 97 -0.467422
62.911465 -0.852189 -0.289164
13.644337 -0.718258 -1.091298
13.429028 -0.802720 0.670217
11.779556 -2.515688 0.500030
12.737560 -2.931736 -0.928107
10.093062 -2.415127 -1.282411
11.257072 -1.660273 -2.386401

RPRRPRPRPRPRPRRODODOOO®

1 0.219680 0.303157 -1.652343
13.616301 1.477308 1.357784
14.186990 1.561040 - 0.310496

1 3.444354 2.992841 0.445286
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P(i H)=PG D14a

CoH15NO, MP2/6-311+G(2d,p), +11.6°

6 -2.990559 -1.684352 -0.103329
6 -1.760556 -1.077983 -0.709243
6 -1.128070 0.011192 - 0.245793
6 0.099644 0.624385 - 0.884391

6 1.425377 0.020620 -0.414736

8 2.508168 0.557705 - 0.692915

7 1.349881  -1.114591 0.300308

6 2.539608 -1.804894 0.766741
12.232656 -2.672635 1.347099
13.153774 -2.133253 -0.073717
13.138931 -1.145811 1.396128
10.432101 -1.514 580 0.447588

6 0.017751 2.091196 - 0.430097

6 -0.467295 1.961642 1.017855

6 -1.545713 0.866271 0.940831

1 -2.526962 1.312717 0.745420

1 -1.631290 0.289708 1.865633

1 0.361279 1.626855 1.650502

1 -0.843747 2.899178 1.430901

1 0.969113 2.614067 - 0.534103
1 -0.735302 2.610447 -1.031343
1 0.091875 0.522991 -1.974179

1 -1.358491 -1.564308 -1.598182
1 -2.800310 -2.7126720.218736
1 -3.337505 -1.114807 0.759898
1 -3.801757 -1.725852 -0.836240

P(i H)=PG D14b

CoH15NO, MP2/6-31+G(d), +72.8°

6 -2.582110 2.239191 -0.239752
6 -1.441393 1.512769 0.411437

6 -1.101071 0.230280 0.179018

6 0.042329 -0.499683 0.874192

6 1.368003 -0.276377 0.140233
81.938011 -1.165667 -0.525759
7 1.902840 0.958069 0.276199

6 3.121383 1.350713 -0.417670
1 3.373874 2.366609 -0.1130 92
1 3.940469 0.680047 - 0.148652
12.984943 1.319523 -1.502833

11.365423 1.672476 0.752947

- 0.401944 -1.965466 0.813468
-1.090750 -2.083967 -0.552201
-1.846527 -0.752186 -0.713162
-2.884640 -0.851821 -0.368698
-1.889184 -0.419824 -1.757443
-0.330459 -2.187875 -1.332422
-1.756687 -2.951528 -0.614835

PRRPRRPROOO®
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10.430472 -2.664200 0.939835

1 -1.126420 -2.143437 1.619038
10.163350 -0.140367 1.905232

1 -0.864127 2.088686 1.138455

1 -2.219754 3.094207 - 0.823569
1 -3.148192 1.586596 - 0.909425
1 -3.270557 2.638112 0.514766

P(i H)=PG D14c

CoH15NO, MP2/6-311+G(2d,p), +100.5°

6 -2.211048 2.534971 - 0.263168
6 -1.113741 1.662549 0.269889

6 -1.104286 0.322430 0.245801

6 0.033336 - 0.530281 0.813313
61.279820 -0.332706 -0.027634
81.438776 -0.876793 -1.129590
7 2.198377 0.512206 0.486220

6 3.410831 0.853870 - 0.238599
13.973948 1.575354 0.349959
14.026832 -0.031200 - 0.405447
1 3.166080 1.293420 -1.206571
12.046844 0.897293 1.406276
-0.501781 -1.970273 0.726928
-1.479648 -1.949622 -0.453056
-2.176261 -0.589860 -0.316500
- 3.004531 -0.664505 0.399046
-2.589924 -0.224650 -1.259057
-0.920106 -1.985617 -1.389478
-2.180197 -2.787355 -0.434836
10.297434  -2.705058 0.611521

1 -1.044291 -2.196990 1.650134
10.250335 -0.2435351.846 328
1 -0.261697 2.174176 0.717433

1 -1.829498 3.218553 - 1.027646
1 -3.019852 1.948243 - 0.700238
1 -2.633557 3.154311 0.533908

RPRRPRRPROOO

GP(i H)=P Al5a

C12H19NO, MP2/6-311+G(2d,p), i 11.8°

61.021298 -0.982922 -0.939733
7 1.482102 0.114808 - 0.085504
6 1.541571 1.383285 -0.536724
6 2.091610 2.404642 0.429684
11.429740 2.503308 1.294430
13.077054 2.111501 0.798427
12.163497 3.364890 - 0.076812
8 1.147893 1.696173 -1.674338
6 1.988493 -0.3511871.213133
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6 1.557414 - 1.816437 1.235429

6 1.633362 -2.208537 -0.241068
11.095134 -3.127133 -0.478047
12.677780 -2.323023 -0.546428
10525760 -1.897391 1.588313
12.193960 -2.422460 1.880883
13.079314  -0.262339 1.249968
11.566021 0.232137 2.033780
-0.472748 -1.095101 -1.064176
-1.437860 -0.488872 -0.356520
-2.916364 -0.739671 -0.607347
- 3.601106 0.492473 - 0.006897
- 2.755967 0.756424 1.241958
-1.313967 0.554137 0.745422

- 0.635522 0.258772 1.547483

- 0.936339 1.491401 0.321598

- 2.916662 1.743994 1.679207

- 2.994871 0.006739 2.003788
-3.515329 1. 339038 -0.696817
- 4.659567 0.334647 0.210325

- 3.138622 -0.906847 -1.663603
-3.236422 -1.630321 -0.052236
-0.788172 -1.795589 -1.839387
1.440962 -0.843762 -1.940618

PRRPRRPRRPRPRPRRPRRPODODODOOO®

GP(i H)=P A15b

C12H19NO, MP2/6-31+G(d), +72.1°

7 -1.474202 0.152976 - 0.126678
6 -0.736954 -0.730493 0.803533

6 0.543762 -1.261670 0.199241

6 1.657392 -0.537504 -0.022227
6 2.946735 -1.089287 -0.598966
64.006981 -0.098858 -0.101529

6 3.278355 1.246599 - 0.201821
6 1.857360 0.932844 0.300390
11.089101 1.567342 - 0.152440

1 1.785995 1.089626 1.386307

1 3.763043 2.046500 0.368400

1 3.243634 1.563055 -1.252621
14257681 -0.312839 0.946106
14934904 -0.133459 -0.682986
13127298 -2.129074 -0.304075
12911176 -1.058308 -1.698376
10.559612 -2.325072 -0.051096
-1.686620 1.46 6313 0.148798

- 2.608597 2.213700 -0.790172
- 2.468339 1.919509 -1.833439
- 3.654662 2.027526 - 0.521045
- 2.409891 3.281102 - 0.682347
-1.147056 2.050442 1.117767
-2.355692 -0.647155 -1.007766
-2.302721 -2.063768 -0.406253

(o2 epRNee iyl il ol o) e}
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-1.759997 -1.8490511. 011857
-1.316401 -2.751619 1.445139
- 2.554507 -1.496353 1.680556
-1.621765 -2.697373 -0.983061
-3.287257 -2.540733 -0.418187
- 3.369886 -0.240637 -0.979519
-2.000993 -0.621467 -2.043764
-0.532912 -0.152111 1.710538

PRRPRRPRRPRPRRPO

GP(i H)=P Al5¢c

C12H19NO, MP2/6-311+G(2d,p), +119.6°

60.664769 -0.647449 -0.581773
7 1.788655 0.143153 - 0.041092
6 1.745777 1.490593 - 0.001696
6 2.974685 2.179476 0.545295
13.114568 1.932006 1.600429

1 3.874028 1.868550 0.009137
12.846116 3.255123 0.444201

8 0.750163 2.128179 - 0.388218
6 2.954295 -0.683621 0.305195

6 2.407350 -2.106479 0.201206

6 1.349621 -1.984392 -0.898487
10.638705 -2.811774 -0.913588
11.836237 -1.922959 -1.876553
11.942575 -2.398636 1.145826
13.190469 -2.828952 -0.031030
13.761356 -0.520810 -0.416954
13 .325730 -0.443800 1.302595

- 0.437607 -0.780391 0.425077
-1.689811 -0.337949 0.244477
-2.814845 -0.477829 1.253257
-4.080083 -0.227632 0.422275

- 3.621426 0.849734 - 0.566537
- 2.224191 0.368386 - 0.989256
- 1.563028 1.174407 -1.315043
-2.314773 -0.345708 -1.816502
-4.300734 0.983019 -1.410928

- 3.539838 1.808740 - 0.043861
-4.350149 -1.136937 -0.125496
-4.938918 0.073439 1.025732
-2.801388 -1.441263 1.767965

- 2.722537 0.307490 2.013623
-0.181983 -1.280445 1.360057
0.290485 -0.153675 -1.480420

PRRPRPRRPRRPRRRPRPRPODODOO OO

207



Appendix B

Supplementay Information for Chapter 3
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Figure B.1. HPLC chromatograph of Benzyl Ested3-(Z) for separation of diastereomers).

The mixture of diastereomers. The peaks at 11.40 min and 11.84 min correspond to the two
rotamers of the major diastereon®¥t3-(S,Z). The peak at 13.19 min corresponds to the minor
diastereomeB.13-(R,Z) (rotamer peak not observed) UPLC chromatograpbf the separated

major diastereome3.13(S,Z). C) UPLC chromatograph dhe separatedhinor diastereomer
3.13(R,2).
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Figure B.2. LC-MS chromatogramshowingtotal ion count and UV absorption at 280 nm of
peptidesA) 3.2-(R,2), B) 3.2(S,Z) andC) control3.3.
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