Union College
Union | Digital Works

Honors Theses Student Work

6-2007
The synthesis and evaluation of a more highly
conjugated molecular transporter

Aaron M. Almeida
Union College - Schenectady, NY

Follow this and additional works at: https://digitalworks.union.edu/theses
b Part of the Chemistry Commons

Recommended Citation

Almeida, Aaron M., "The synthesis and evaluation of a more highly conjugated molecular transporter” (2007). Honors Theses. 2098.
https://digitalworks.union.edu/theses/2098

This Open Access is brought to you for free and open access by the Student Work at Union | Digital Works. It has been accepted for inclusion in Honors

Theses by an authorized administrator of Union | Digital Works. For more information, please contact digitalworks@union.edu.


https://digitalworks.union.edu?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalworks.union.edu/theses?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalworks.union.edu/studentwork?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalworks.union.edu/theses?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalworks.union.edu/theses/2098?utm_source=digitalworks.union.edu%2Ftheses%2F2098&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalworks@union.edu

The Synthesis and Evaluation of a More Highly Conjugated
Molecular Transporter




Table of Contents

Introduction:
Cellular Membrane
Drug Design Limitations
Protein Study Limitations
Molecular Transporters
Method of Internalization

Hypothesis

Our Nove! Potential Molecular Transporter
N9 Substituted Guanines

Peptoids

Cellular Assays

Experimental:
Guanine Syathesis
Tetrabutylammonium 2-amino-6-chloropurin-9-ide (1)
N’- and N°-(2-chlororoethyl)-2-amino-6-chloropurine (2, 3)
N°-(2<chlorocthyl)guanine (4)
N’~(2-iodoethyl)guanine (5)
2-amino-9+2-(benzylamino)ethyl)-1 H-purin-6(9H)-onc (6)
2-amino-9-(2- (ethylthio)ethy!)-1 H-purin-6(9H)-one (7)
2-(2-amino-6-oxo-1 H-purin-X6H)-yl)ethyl benzoate (8)
2-amino-9-vinyl-1 H-purin-6(9H)-one (9)
Peptoid Syathesis
Lysine peptoid analogue with Boc-protected side chains (14)
Quantum Dot Conjugation to Peptoids (15).(Proposed)
Polylysine peptoids with and without Quantum
Dots attached (16, 19)(Proposed)
Polyarginine Peptoids with and without
QD’s (17, 20).(Proposed) Page 20
Guanine side-chain Peptoids with and without
QD’s (18, 21). (Proposed)

Discussion:

Synthesis:
N’-(2-chloroethyl)guanine:
N’-(alkyl)guanine derivatives:
Peptoid Synthesis:

Cellular Assays:

References:

Figures Appendix

Page 24-31

Page 24
Page 24

Page 27

Page 32-33
Page 3442




Figure 1: Cartoon of Cell Membrane Page 1

Figure 2: Ribbon Structure of HIV-tat Page 2
Figure 3: Arginine Page 3
Figure 4: Guanidinjum moiety Page 5

Figure 5: Potential Hydrogen Bonding Complexes for

the Guanidinium moiety Page 5
Figure 6: Experimental Potential Molecular Transporter Page 7
Figure 7: N9 Substituted Guanine Page 7
Figure 8: Synthetic Scheme for N9-(2-chloroethy!)guanine Page 8
Figure 9: Synthesis of N9-(2-chloroethyl)guanine derivatives Page 9
Figure 10: Peptide vs. Peptoid structure Page 10
Figure 11: Synthetic Scheme of Peptoid Backbone 10-12 Page 11
Figure 17: Synthetic Scheme of Peptoid Backbone 13-15 Page 11 }
Figure 13: Synthetic Scheme of Peptoid Backbone 16-18 Page 12 |
Figure 14: Synthetic Scheme of Peptoid Backbone 19-21 Page 12

Figure 15: Compounds Incubated with cells for Cellular Assays B-G Page 14

in Interior MDCK Epitelial Cells Page 28

|

|

|

Figure 16: Uptake of Quantum Dots alone (
Figure 17: Uptake of Quantum Dots alone ‘
in Peripheral MDCK Epithelial Cells

Figure 18: Uptake of Quantum Dots + Polylysine
in interior MDCK Epithelial Cells

Figure 19: Uptake of Quantum Dots + Polyarginine
in Interior MDCK Epithelial Cells



Altirmes

_W#-ahdwmﬁbm for
mﬁ*-“ud-——-geﬁna
m#ﬂ,—dt Yt &ﬁwm-kkp—y&wﬁ-
“*mm-ﬂ‘“—ﬂ—’-hm
M(k*ﬁ'yg‘—“cﬁ-”h_ﬂuﬂs&
nt-ﬁ-#t“ﬁ#nﬁ&m&w
el smsnpues with the highly




Page 1

Cellutar Membrane:

Biological membranes evolved over time to prevent the entrance of
xenobiotics into the cell.' The cell membrane still has to remain permeable 10
beneficial components however, and so numerous systems for entry into the cell have
evolved. Transporters, translocases,
permeases, pores, channeis, and pumnps are a
few examples of cellular catry mechanisms
involved in allowing desired compounds

Figure 1. Cartoon of Cell Membrane through the cell membrane’ While
enormously important for the survival of the cell, the cell membrane’s selectivity for

entrance into the cell limits the development of therapeutics with internal cellular
targets. There is substantial interest in the development of methods for facifuating the

delivery of molecules into mammalian cells. **°

Drug Design Limitations:

The presence of the nonpolar lipid layer separating the envirornment from the
aqueous internal cavity creates a structural limitation on nascent therapeutics with
intracellular targets. Only a very narrow range of hydrophobicities can be used, as
drugs must be polar enough to enter the blood, enabling them to travel to the
membrane of their target cells, and non-polar enough for diftusion through the cell
membrane. Also the molecules must be small enough to diffuse through the cell
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membrane, a5 sizc indirectly relates to the ability of the molecule to diffuse through
the membranc. Stroctwrally speaking limits molecules to less than five hydrogen
bonding domor sites, less than 10 hydrogen bond acceptor sites, and a mass less than
five bundred 2mou.,

Pretein Stady Emitstions:

Another membrane induced limitation is the in vivo study of proteins. Options
for defivering functional proteins into cells are limited and often have high toxicity
raies due to membrane disraption. While there are methods for introducing
Samscriptiomally active DNA into cells, the method is extremely difficult for a variety

of mammalian cells and require several hours if not days to complete.®

Melecalor Transperters:
A class of compounds known as molecular transporters have recently gained
considerable attention for their ability to translocate across the
membrane into the cell. First identified from natural proteins
such as HIV-1 transcription activator protein (Tat) and the
Tramscription factor Antennapedia (Antp), they are a class of
highly cationic water soluble compounds which maintain their
ability 10 traverse the cell membrane.” The HIV Tat protein

Figure 2. Ribbon Structure of
HIV-tat

isdkblqiﬂyalalhecyto&ﬂmdnmicusofawidevaﬁety
of cells by inducing endocytosis.® A variety of other proteins have also been
discovered with the same ability. '
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Method of internalization:

The mechanism by which molecular transporters cross the cell membrane is still
under debate, however multiple theories have been proposed. Early structural studies
examined the individual activity of the amino acids in known uptake sequences.
Polyhistidine, polyornithine, polylysine and others were found to be ineffective
molecular transporters, however polyarginine showed a 20 fold increase in uptake
efficiency compared to the natural HIV-Tat sequence. The non-natural D-arginine
polypeptide chain showed a 100 fold increase in apparent uptake efficiency, however
this is believed to be due to the protease resistance of the poly-D-peptide structure
and not due to an increase in uptake efficiency. '? In examining the structure of
arginine, studies showed that a wide variety of structural alterations could be made
without significantly affecting the uptake efficiency. A peptide length between 8-16
amino acid residues gives optimal membrane transduction efficiency.” A wide
variety of backbone structures have been shown to be effective at traversing the
cellular membrane. '' In addition to the natural L-peptides, D-isomer peptides, p-
peptides, peptoids, and oligocarbamates have been shown to be effective backbornes
for molecular transporters despite varying unit lengths, chirality, side chain location,
and the inclusion of heteroatoms into the backbone. Molecular transporters with
slightly longer side chains have shown increased effectiveness at traversing the
membrane, however molecular transporters can have a wide variety of side chain
lengths without losing their uptake affinity. !!

The guanidinium head group of the arginine amino acid side chain is primarily

responsible for the cellular uptake of these HIV-Tat based molecular transporters.
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mammalian cells involved in a wide variety of lifc cescatial and mescescesiel
processes.

Rothbard’s theory suggests that the formation of the compicx allows fer =
overall neutral complex which is then capable of passive diffvion thessh she ol
Contrary to earlier studies passive diffusion nc longer appears to b the
mechanism, although there is still evidence that it still can happen Fixation ssstinces
present in earlier studies showed diffuse molecular transporecrs thrompiamt e
nucleus and cytosol. Recent studies done with live cells show that ssalecaler
transporters localize in endosomes. The ionic intcraction hetween fir pussadinie
meieties and the sulfate moieties does appear 1o be the first step mwelucd im e

molecular recognition at the cell surface for stimmiating endocysosis®, lvwever furfieer

research must be carried out in order to gain a better sadcrstanding fhe suchmsi

characteristics required for the guanidinivm moicty’s uptake cfficiemcy.

Hypothesis:

Examination of the guanidinium moiety shows two impoviant chanacterisirs
which have not been explored in current literature. Hts conjugater stracomes ginves & 2
highly polarizable nature, as well as an ability 10 cffectively distritsr cherpe
Delocalized n—¢lectrons should have a significant effect duc o e mpoke
mechanism’s dependence on the interaction between the molecadar transmancrs smd
negative cell surface moieties. Any change in the nature of the sciecalinrd
n—electrons should have a significant effect in the rate of formation for fhe mecesmr

complex for cell recognition, ultimately affecting the tate of wptake.




Ouxr Novel Potential Molecular Transporter:

In order to explore this effect, we synthesized a novel peptoid chain
centaining a guanine pendant side chain with the necessary bi-dentate hydrogen bond
donating ability, but with increased conjugation, rendering it more capable of
resonance and therefore more polarization. Our compound shown in figure 6 is

generated via a convergent synthesis, synthesized

_fm separately, and combined yielding our novel compound.

(N )\""z An N’-tethered guanine constitutes the head group of our

H molecular transporter for direct comparison to the
guanidinium moiety of arginine, a peptoid chain

constitutes the backbone of our molecular transporter, and

Wigren 6. Experimestal Posential

Milocsler Trspor 2 Quantum Dot (QD) fluorophore functions to visualize

aur peptoids during live cell assays.

N’ Substituted Guanines:
The N’ substituted guanine structure is shown in
[o]
Figure 7. It contains the guanidinium moiety, however its

N7

HN
conjugated bicyclic nature extends the polarizability and /k )
U A

mesonence beyond that capable by an isolated guanidinium Figare 7.N9 SHMMJ Guanine
maiety. Current literature establishes the synthesis of N® substituted guanines due to

saccessful biological targeting. N° substituted guanines have been explored and

several derivatives are currently used for their anti-viral activity.
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Substitution at the N° position is 2 comaean neotif in fheer graiine detiaties;
however selective substitution has been difficult to achieve. Preinns synithoses Bue
relied on steric blocking of the N” position. * Regiospecific 3 Wiihad] ailfitinns
have also been employed with a varicty of Michac! acceptors which fvor the mare
thermodynamically stable N” subatitution ™ However scaily ll peeaiinms smthesrs
have relied on chromatography 10 scparate the desired N° isomer from dhe 'S fsomer.
Gecen et al. fractionally recrystallized the desioed W isomer afier ailkoflation thy 7-
acetoxytetrahydrofiran. * Bisachi et al. also vae selective crvstallinstion a2 e s

- - in a cvclobmyl-nibstiones g i

/(5:)—'—’ /&} l their symtlrsis.of IS0 )9 '~
’ The smthetic athomr i shews

in Figure 8 Santhesis of o ¥

achieved withown smplosimg
chrommograpiy: . Saiwstitation n dix %"

«

s " position is achicacl it be e

addition of tctrabutylammoninaTBA) hydroaide o quantitstively form fix ¥
deprotonated salt of the purine, 1, 25 carried out by Bisacchi 1 51 2 Giaar the THS.
salt of the guanine has been formed, alkylation =t the N9 position s ahiened! ix
introducing an excess of 1-bromo-2-chiorocthase in a CH:Cl, solutinn. This sl
1:5 ratio of N' (2), and N’ (3), regioisomers. Recrystallization uf fhe conuile gusdhant in
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CH,Cl, yielded the N° substituted isomer free from impurity. Hydrolysis of 3 in
aqueous HCl yields N°-(2-chloroethyl)guanine (4), in nearly quantitative yield.

In order to test its electrophilicity and show its synthetic versatility in the
synthesis of various N°® substituted guanine derivatives, 4 was reacted with various
nucleophiles, yielding derivatives 5-9. The synthetic scheme for the derivatives is
shown in Figure 9. The synthetic versatility of N°-(2-chloroethyl)guanine is also
important in determining the method by which to attach the guaninyl head group to
our peptoid backbone.

Many derivatives of 4 were easily synthesized by the introduction of various

nucleophiles. The

et ”);p\/\_*x)jv\ following examples show

N~

M)-"’ o W, the versatility of 4 and
/ la \ optimization of yieids

Q A ﬁ .
& o N L was carried out by
n.-: \j m)_,, ) ol varying the solvent,

T il s 9

° temperatures and reaction

times. Catalytic iodide
e, xmi-gwnsc._l_n L Rl Syianc s THF. 60C. 20h . R
4 ot N bt DRSO 190 C 535 was used due to its facile
e cat Nal, NaOH in DMSO0, 85C, 2 h
displacement of the chloride, resulting in a shorter reaction time for the subsequent
derivatives. Synthetic yields were limited by solvation, and so significant effort was
spent in determining an appropriate solvent which was polar enough to solvate the
NP-tethered guanine, yet still aprotic and non-polar enough to allow for facile

nucleophilic attacks. Temperature increases were significant increasing solvation and
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in spooding wp de rotion % a comvenient rate, however competition with the
shmination product Smind e exest by wiich the solution could be heated.

Pepiuils:
Owr Lo wass sesestind in syntibesiziog: 2 novel molecular transporter with high
peotzase resistance to lower the experimental

‘M‘/k. W waceytaimty introduced by protease degradation

m Eve cells. We also wanted a backbone that
capaill

bad been previously shown to function as a

backboar far MI™s. Peptaids were chosea dae to their increased flexibility in
introducing a wilc wvancty of sile chein si.ares, giving increased flexibility in
dormining the mcdhed by which to 2ach the guanine head group to the backbone,
The mitopon sslbsttuton pticre of peptosds istrodaces too much steric bulk around
the amide mtvogens for facile bond cleavage by

. O J = powases™ The synthesis of the peptoid

T backbone can be achieved using solid phase

symthesis with an orthogonal protecting

strategy according to Figure 11. 2-

Chiovowsityichloride functionalized polystyrene

e L o resim was wsed as the solid phase anchor for the

syathesis. 2-Chievsisyichinide vesin was chosen dwe w0 its lability under mild acid
oemditinns, siowing i sclective deprotection . the presence of other acid labile
protocting greugs. Lasding off 6-(FMOC-smino) caproic acid allowed for monitoring
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the loading of the resin, while also acting as a spacer 0 decrease the an-resim steric
effects, yielding S. Excess bromoacetic acid was activated using DIC aad then
introduced to the resin for the formation of an amidc bomd Excess N-Boc-
1,6,diaminohexane displaced the bromide on the resin yicldimg the first residee 11,
wiiit a protected side-group preventing any undesired side-reactions. Repeating the
introduction of DIC activated bromoacctic acid followed by N-boc-
1,6,diaminohexane 8 times gives a peptoid with the desired 9 residues 12. N-cappaeg
of the peptoid was achicved with acctic ankrydride. preventing any further reaction st

the N-terminus 13.

Qur amine functionalized Quantum Dot fluorophore was obtamed from Evidemt
Technologics, and the sttachment protocol for peptide ansloguecs is composed of

functional groups.

i
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el o]

= S

R“L & ~

Figure 13. Synthesis of Peproids l‘-ls. o Weak Acid
le- & -carboxamidi
O ehioroethy D gUARIne

11— J;
o

21

Figure 14. Synlheiil of Peptoids 19-21 a. Weak acid
Psnml ~1-carboxamidine, heat 24 h
<. i.DIC, ii. Amine functionalized QD's

For this reason it is necessary to keep the side chains of our peptoid protected
until attachment to Quantum Dots, otherwise activation of the C-terminus would
result in side chain amine group coupling, instead of the desired coupling with the
Quantum Dots.
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Clcavage: foem the 2-Chlororritylchloride resin was achieved in 0.1% TFA,
icaving ghe Boc prosrcling growps mtact 14. Coupling 1 the Quantum Dots was
camicd ot acosnding w0 the Evidost techaology protocol 15, using size exclusion to
filier the cxoess ancouplod pepaoids. and purify our desired Quantum Dot-peptoid
compllex 16

Afirr ssachnrss © the Qumtars dots, deprotection of the boc protecting
group yickls » polylysine pytoid smlogee 17, which will fanction as our negative
comtrol in our oclislar assay. Gussadsnykation of 17 was carried out as described by
Wendcr, yicking dae polyargiminc peptide analogue 18, 10 function as our positive
contred in the ocllialar assay. Sysaiesis of 19. 28, and 21 the analogues without a QD
fimorephare were caniod by skipping the Quantass Dot attachment protocol and
combining the ciravage from e resim and boc-deprotection into one step. The
exporisacetal prpteid 21 was syathesized by maclcophilic attack of 12’s side chains on
5 (N’-(2-chiorocdnyigmmmine). However fuxther synthetic efforts were delayed by
dcgradation of e 2-Chlovomityl chloride resim i methylene chloride and DMF.
Significant Uv-Albsorption occemred aficr stirring resin in the solvent which is
pecsusacd ® be duc ® the iyl growp, or the polystyreae fragments.

Celinlar sosny:
To test the molocalar tamsporier fficiency of our experimental peptoid,
itiple difSexces conrol scsts. as well as owr experimental peptoid were incubated in
MDCK cclis and cxamimed by microscopy. Mascy-Darbin Canine Kidney (MDCK)
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cells were used due to their specialization in absorption and secretion. Live cells wese

observed due to experimental artifacts introduced by fixation.®

I A

16
Coll Assay B Cott Avemy ¢ ot Ay T

eg e~| él -
no’L/"‘-‘-:i\"‘_‘TnoL e "o

Coolt Aseay = ot Loy ¥

Figure 18 Compounds Incubated with cells for Cetiutar Assays B-G

There are four controls shown in Figure 14 (B,CEJF)as well as our o
experimental (D,G) to determine the molecular transport ability of our experimscstal
peptoid. The cell assay procedure (A-G) involved incubating MDCK cells in a
solution containing the compounds of interest (16-21), rinsing the cells after the
incubation period has passed, to remove QD fluorescence external to the cell, amd
then examining the cells by microscopy to determine the quantity and location of she
fluorphore within the cells. The first cell assay will be to determine how guantem
dots act when they are incubated alone with the cells. Cell assay B consists of
incubating 16 with MDCK cells, to act as a standard without molecular transpon
ability. In cell assay C, we incubate 17 in MDCK cells to act as a stunded with
known molecular transport affinity. Control tests E, and F were carried out as 3

comparison to B, and C, differing in that the QD fluorophore is not attached %o the
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medecndar transporter in D, and E, but is still present in the solution. This will give
insight into the different mechanisms by which the molecular transporters function. If
¥ mesulis in the cells having the same concentration of quantum dots in the cell as
external to the: cell, than it would lend evidence that the molecular transporters are
dishwbing the membrane, and allowing for anything to travel through, which is
significantly different than a discreet delivery mechanism. If no quantum dots in F are
able: to enter the ceils than it would lend evidence that there is a specific mechanism
fry which the molecular transporters are able to enter, but which doesn’t allow for the
enty of anything cise. By endocytosis it is also likely that F would result in a small
amewmt of quantum dots present in the cells that were nearby and were pinched off
it the cells when endocytosis occurred. Cell assay D, will give insight into the
madeeniar transpert efficiency of our novel peptoid, with high iniernal quanturs dot
camcenieations corresponding to a high molecular transport ability, and low internal
quantnnr dot concentration corresponding to low molecular transport ability. Cell
assmy € will give information on whether our compound functions any differently

thiaer 20 anet ¥7 in Assays C & F.




EXPERIMENTAL
Gemeral
All purchased reagents were used without forther purification. Thim-Layer
Chromatography (TLC) was performed on Selecto Scieatific Silica Gel 60, F-254
TLC plates. Melting points were obtained using a Laboratory Devices MEL-TEMP
and are uncorrected. 'H-NMR spectra were obtaimed esing a Varian Gemini-200
(200 MHz). Chemical shifts are reported as 8 in ppm refcrenced 10 the solvest

residual peak of DMSO-d; (8 2.50) unless otherwise moted.

N9-(2-chloroethyl)guanime;

Tetrabutylammonium 2-amine-6-chlerepurin-9-ide (1). Procodere was adapsed
from Bisacchi et al. Aqueous tetrabutylammoniem kydroxade (~1.3 M., 393 ml., -39
mmol) was added to a slurry of 2-amino-6-chloropariac (10.0 g. 39 wanol) i 250 ml
of CH,Ch,. The reaction mixture was stirred for 30 sim and the solvent removed in
vacuo. Concentration from toluene (3 x 100 ml.) allowed for the romoval of water
and resulted in crystallization. The solid was tritaratod with 200 mll. of cther, filiered.
washed with ether, and dried under vacuum over CaSOx 0 yickd | (24.4 g, 59 mamol,

100%). The orange solid was used without farther parification: mp 66-70 °C; Re=

0.60 (CHCl/EtOAC/EtOH 1:1:1); 'H-NMR (DMSO-dq), referemond so TMS 50.00) &

0.92 (12H, 1), 1.28 (8H, m), 1.58 (8H, m), 3.16 (SH, m), : 58 (2ZH s). 7.55 (IH. )
BC.NMR (DMSO0-ds, 8): 167.0, 157.8, 156.6, 145.4, 128.0, 535, 24.0. 20.1. 14.4.
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N’- and N’-(2-chlororoethyl)-2-amino-6-chloropurine (2, 3). To a solution of 1
(10.0 g, 24 mmol) in 30 mL of CH;Cl, was added 1-bromo-2-chloroethane (10 eq,
19.9 mL, 240 mmol). The reaction mixture was stirred at 60°C for 2 h, during which
time precipitation occurred. The solid was filtered, washed with cold CHCl;, and
dried under vacuum over CaSOj to yield a 1:5 mixture of 2 and 3 (4.78 g, 20 mmol,
85% combined yield). Recrystallization from CH;Cl; (~20 mL) provided 3.70 g of
the N9 isomer, 3, free of contamination with N7 isomer 2: mp 189-191 °C; R¢= 0.65
(CHCL/EtOAC/EtOH 1:1:1); ‘H-NMR (DMSO-ds) 8 4.04 (2H, 1), 4.41 (2H, 1), 6.99
(2H, s), 8.17 (1H, s). Compound 2: Re= 0.49 (CHCIY/EtOAC/EtOH 1:1:1); The 'H-
NMR spectrum of 3 was consistent with that reported previously. 'H-NMR (DMSO-
) 5 8.17 (1H, s), 6.977 (2H, s), 4.42 (2H, m), 4.05 (1H, m). "C-NMR (DMSO-ds,
8): 159.8, 154.1, 149.5, 143.3, 123.3, 44.8, 42.5. MS m/z (relative intensity): 231.0
(56%), 196.0 (22%) 169.0 (100%), 146.0 (16%), 134.0 (45%), 84.0 (39.0%), 66.0

(48%). HRMS (m/z): [M]' caled for C;H,NsCl, 231.0079; found, 231.0083.

N’-(2-chloroethyl)guanine (4). A solution of 3 M HClig (13 mL), containing 3 (2.5

g, 10.8 mmol), was refluxed for 1 h. The solution was cooled to rt and neutralized
with saturated NaHCO3q). The resulting solid was filtered, washed with cold water,
and dried under vacuum over CaSO to yield 4 (2.31 g, 10.8 mmol, 100%): mp >250
°C; Re = 0.24 (CHCIYEtOAC/EtOH 1:1:1); "H-NMR (DMSO-ds) 6 3.97 (2H, 1), 4.29
(2H, 1), 6.53 (2H, s), 7.74 (1H, s), 10.70 (1H, s). MS m/z (relative intensity): 213.0
(100%), 177.0 (28%) 151.0 (96.5%), 109.0 (63.0%). HRMS (m/z): [M]" calcd for
C7HsON,Cl, 213.04174; found, 213.04192.
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W@ indvufinligesmine (5). A solstion of 4 (100 mg, 0.468 mmol) containing Nal
(09 cg. 70 mp. 468 mmall) i DAF (-3 ml ) was stirred 2t 75 °C for 1.5 h. The
DASF v scmeerd endey vacsmsn. The resubing solid was triturated with water,
Tl wanihed widh wosry and diod wader vacuumn over CaSO; to yield 5 (110 mg,
0361 wmsl. TP mp >259 “C; "HINDMR (DMSO-&,) 3 3.56 (2H, 1), 4.29 (2H, 1),
€49 ONL s\ 772 (1HL s\ 1053 (1K s MS m/z érelative intensity): 304.9 (1%),
IR 7 %), I778 PG, 1279 (109%) 918 (3%), 63.4 (7.5%) HRMS (m’z): [M]

2 uminn- 9 G-femmpbuinetiod)-L I pevin-6O0H)-eac (6). Benzylamine (4 eq,
157 mmmel 2% ol ) wars asdidod e 2 soletion of 4 {100 mg, 0.469 mmol) containing
Yol 1 g, @ 190 mumadl) in THIF (-5 mil). The sobation was then stirred for 20 b at
@ °C. Afier cssling the poction mixtere W@ 11, 2crione (~20 mL) was added,
scombiing in puccipition. The selid was fillerod, washed with acetone, and dried
il waramn ey CfS0N, v ¥5c5d 6 {112 mg, 0794 mmol, $4%): 'H-NMR (DMSO-
ASSME v 411 (AR 52 428N 1), 666 211, 5), 7.43 (SH, m), 7.70 (1H, 3),

L77(H 5 M SR 5

2-amime-9--slphiinitinl)- LV purin-§(3)-ene (7). Nal (21 mg, 0.140 mmol)
a4 (30D mp. +-M68 mumned)) weor adilesd w> 2 sobution of NaOH (4 eq, 1.87 mmol, 75
mp) and clheuinl (4 o 1.X7 smmal. 138 pL) ia DMSO (1 mL). The resulting

sulaton wers yiwecd a 75 C fow |k andl thex cooled to rt. Water (~20 mL) and



Page 19

glacial acetic acid (0.1 mL) were added until precipitation occurred. The resulting
solid was filtered, washed with water, and dried under vacuumn over CaSO, to yicld 7
(66 mg, 0.276 mmol, 59%): "H-NMR (DMSO-d, referenced to HOD 8 3.30)  1.09
(3H, 1), 2.45 (2H, ) 2.82 (2H, 1), 4.05 (2H, 1), 6.39 (2H, s), 7.64 (IH, 5), 10.51 (1HL
s). “C-NMR (DMSO-ds) 3 157.9, 1545, 152.1, 138.7, 117.4, 43.4, 31.1, 256, 156,
MS m/z (relative intensity): 307.1 (8.5%), 239.0 (76%), 210.0 (32%), 179.0 (79%).
151.0 (100%), 109.0 (40%), 89.0 (58%), 62.0 (48%) HRMS (m/z): M]" calcd for

CyH;30N;S 239.0841; found, 239.0838.

2-(2-amino-6-oxo- LH-purin-%(6H)-yl)ethyl beazsate (8). A solution of 4 (100 mg.
0.468 mmol) containing Nal (21 mg, 0.140 mmol) and sodium benzoate (4 cq. 1.87
mmol, 270 mg) in DMSO-ds (2-3 mL) was stirred at 120-130 °C for 3.5 h. Waser
(~20 mL) was added to the hot reaction mixture and a precipitate formed. The sobd
was filtered, washed with water, and dried under vacuum over CaSOy 1o yield 8 (54
mg, 0.180 mmol, 39%): R¢= 0.32 (CHCL/EtOAC/EtOH 1:1:1); "H-NMR (DMSO-d,)
84.36 2H, 1), 4.56 (2H, 1), 6.47, 7.50 (2H, 1), 7.65 (1H, 1), 2H, 5), 7.77 (1H, 5), 7.91
(2H, d), 19.58 (1H, s5). "C-NMR (DMSO-ds) & 165.5, 157.0, 153.8, 151.5, 1399,
137.9, 133.6, 129.4, 128.9 (Cy2), 116.6, 63.1, 42.0, MS mv/z (relative intensity): 299.0
(12.0%), 179.0 (20.0%), 165.0 (35.5%), 152.0 (30.0%), 133.1 (12.5%). 105.0
(27.5%), 91.0 (100%), 66.0 (68.5%). HRMS (m/z): [M]" calcd for C1JHzO:Ns
299.10185; found, 299.10157.




2-amino-9-vinyl-1H-purin-6(9H)-one 9). A solution of 4 (100 mg, 0.468 mmol)
containing Nal (21 mg, 0.140 mmol) in DMSO (1 mL) was treated with NaOH (4 eq,
1.87 mmol, 75 mg) and stirred at 75-85 °C for 1.5 h. The resulting precipitate was
cooled to rt and dissolved in water (~5 mL). Precipitation occurred following
addition of glacial acetic acid (~1 mL). The purple solid was filtered, washed with
water, and dried under vacuum over CaSO; to yield 9 (68 mg, 0.384 mmol, 82%):

'H-NMR (DMSO-ds) 3 5.02 (1H, d), 5.85 (1H, d), 6.57 (2H, s), 7.05 (1H, q) 8.08

(1H, s), 10.73 (1H, s). 13C.NMR (DMSO-dq) & 157.0, 154.3, 150.4, 134.7, 126.9,

102.9, 96.6, 22.6. MS m/z (relative intensity): 177.0 (81.0%), 78.0 (82.0%), 62.9
(100%) HRMS (m/2): M1 caled for C;H7ONs 177.06507; found, 177.06501.

Peptoid Backbone:
General: 2-chlorotrityl Chloride resin was purchased from NovaBiochem.
Quantum Dots were obtained from Evident Technologies. Spin filters were obtained

from the Union Biology Department.

Syuthesis of lysine peptoid analogue with Boc-protected side chains (14).

A sub-monomer approach was employed in peptoid synthesis. Peptoids were
manually synthesized in fritted vessels using mechanical agitation to ensure mixing.
A chioranil test for secondary amines was performed after each completion of a
residue to test for the presence of secondary amines. Agitation of the 2-chlorotrityl

Chloride resin (45.5 mg) in DCM (4-5 ml) for 30 minutes exposed approximately 50
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pmol of trity] functional growp. Treatment of the exposed trityl group with

DCM/MeOH/DIPEA (17:2:1, 2-3 ml) yiclded the active resin. The resin was then
washed with DCM (2-3 mi x3), then DMF (2-3 ml x3) and again with DCM (2-3 ml
x3) before being treated with a solution of 6-(N-FMOC)caproic acid (20 eq) and DIC
(26 eq) in DCM (4 mi) 10 yicld 16. The resin was then washed again with DCM (2-3
ml x3), then DMF (2-3 mi x3) and again with DCM (2-3 mi x3). Treatment with 20%
(viv piperidine/DMF (1-2 mi for | mia, 2-3 ml x 5 for 10 min, and 2-3 ml for 10 min)
1o yicld an exposed amine groop. UV-vis was used on the wash solution to determine
loading cffectivencss. The resim was them washed with DCM (2-3 mi x3), then DMF
(2-3 ml x3) and agam with DCM (2-3 mi x3). A solutioa of bromoacetic acid (20 eq)
and DIC (26 eq) in DCM (4 mal) was added %0 the resin and agitated for 45 minutes.
The resin was then washed with DCM (2-3 mi 3}, then DMF (2-3 mi x3) and again
with DCM (2-3 ml x3). A soletion comtaining #I-Boc-1.6-hexanediamnine (17 eq) in
DCM (4 ml) was agitated for 45 minmtes © yicld 11. The resin was then washed with
DCM (2-3 ml x3), thea DMF (2-3 ml x3) and again with DCM (2-3 ml x3). The
oligomer, 12, had beea obtaimed. A sobution of Acctic Anbydride 5% (v/v) in DMF
was added w the resin and agitated for 45 minutes to yield 13. The resin was then
washed with DCM (2-3 ml x3), them DMF (2-3 ml x3) and again with DCM (2-3 ml
x3). Treatment of the resin with 0.1 % TFA in DMF at 0°C for 4 hours yielded 14.
TFA was removed in vacwo and the crede oil was triturated with cold cther (20 mi)
and centrifuged. The cther was removed by decantation. HPLC anelysis showed little
impurity and so no further purification was ased.
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Quantum Dot Conjugation to Peptoids (15).(Proposed)

Conjugation to he Quantum Dots was achieved by the Evident Techmologies
Protocol. 14 was dissolved: in a phosphate buffer system (PBS) (1 ml, pH 7.00) with
EDC (5000 eq.). The Quantum Dot solution (~0.1 ml, 12:1 peptoids : Quantmm Dot
ratio) was added to the peptoid solution. 10x PBS (0.05 ml) was then added o
solution. Deionized water was then added until the total solution volume reached 0.5
ml. The peptoids were then incubated with agitation for 2.5 hours to yield 15. Weight
discriminatory spin filters (10 min) separated the unconjugated peptoids, from the
Quantum Dot conjugated complex. Rinsing with H20 (0.3 m! x2) with spin filtering

yielded pure peptoids.

Polylysine peptoids with and without Quantum Dots attached (16§,
19).(Propoesed)

A solution of 15 (1 ml, 50 umole) in H,0 with Acetic Acid (1 M, 0.1 ml) yields 16.
Treatment of 14 (1 ml, 50 pmole) in H20 with Acetic Acid (1 M, 0.1 ml) yiclds 19.
Remove acetic acid in vacuo and triturate the crude oil with cold ether (20 ml) and

centrifuge. Decant the cold ether

Polyarginine Peptoids with and without QD’s (17, 20).(Propesed)
Perguanidinylation of 16 and 19 will be carried out as described by Wender e ™ to

yield 17 & 20 respectively.
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Gunmiine side-chain Pepteids with and without QD’s (18, 21). (Proposed)
Gominylation of 16 and 19 will be carried out by stirring a solution of 16 and 19
with N9-(2-chlorocthyl)guanine (4) (10 eq) containing Nal (21 mg, 0.140 mmol) in
THF (-5 mL). The solution was then stirred for 20 h at 60 °C. After cooling the

reaction mixture to rt, add acetone (~20 mL), resulting in precipitation. Filter the

solid, wash with acetone, and dry under vacuum over CaSOx.




Synthesis:
N°4(2-chloroethyl)guanine:
Our casily scalable synthesis which is able 50 avoid chromatogcaphy aad blocking

groups for alkylation allowed fo = cfficient svathesis of N*-(2-chlosoctin Tigsaniac with
an overall yield of 58%. N°-2~  sroctini)gwaninc was also shows ® be 2 versatikc
reagent in synthesis of other N*-substituted guanincs.
N’-(alkyl)guanine derivatives:
N°-(2-chlorocthyl)guaninc reactcd seadily with vasiows aucicophiles. The
Finkelstein reaction readily vielded the concsponding iodo form_ S, im lngh vickd (77%).
and 5o Nal was used a5 2 catalvet i the ssbscquont seactions: 6 seadsty formod by

substitution with a primary amine (beazy! aminc) i high vicld (34%) and show's promisc
for the intended pathway for guasimyiation of the peptoids 1o vici . 18and 21 Tand 8
were also formed in good vield by substitution with 2 thiol (59%). and bezoae (39%).
respectively. The climination product 9, (82%) also scadily formed im high vicld. The
solvent played a large rolc in detcrmia ing the e of scaction. The polarity of guamme
requires a polar solvent, which indisoctly Miocts the e of scaction. Sigmificant
opﬁminﬁouof!hetuﬁionsmedilm-mﬂwﬂbmyu
the reactions. Temperaturc aiso proved an importast £actor in optimizing yviclds of these
reactions however compctition with climination himiscd the cxicat 10 which the scaction
could be heated. The mode] chemistry showed tiat N2 . e is 2
versatile reagent which could be used in the syathesis of 2 wide range of N'- substinted

guanines.




Peptoid Synthesis:

The synthesis of our peptoids is bascd on a submonomer approach with

rth 1 i h allowing for the inclusion of a wide variety of side-chains

&

into the peptoid structure as well as selectivity and 1 in determining the location of

the functional groups affected by the reactions. This allows us to build our peptoids off of

the N-terminus of the peptoid ling b ic acid to the N~terminus amine,

S

without affecting the side-chain amines. Selectivity in this step was critical for building

our linear peptoids. Selective coupling of the C-terminus carboxylate group to the amino
functionalized quantum dots is also critical to our synthesis. The orthogonal protecting
scheme allows the C-terminus to selectively react with the amino groups attached to the
quantum dots. Without the protecting groups, the activated ester would favor coupling to
a side chain amino group, which is more immediately available and present in higher
concentration than the quantum dot amino groups.

The 2-chlorotrity Chloride resin was chosen as the solid-phase anchor for the
peptoid synthesis due to its lability under mildly acidic conditions. Its mild lability
allowed the use of the boc protecting group on the side chains, which must remain
unaffected by the cleavage from the resin. The resin was expected to act as a stable
anchor, however UV-Vis spectroscopy of DMF and CH;Cl; solutions stirred with resins
showed evidence of degradation, possibly fragments of polystyrene or trityl groups. This
emphasizes the importance of examining the progress of the reactions over the course of
the peptoid synthesis.

FMOC de-protection allows for UV-Vis examination of the solution for the

presence of the dibenzofulvene adduct. In our synthesis this was used to test the
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wikh = diixies 2 dkwcine e precsce: of pimary and sccondary amines, can be used
» dosoamiar e ciiocimpacss i beilding cach sccsion of e residues. A negative test

alicx camming cusdec nucioagiilic 2tk of 1.6-FMOC-dsammobexae on the peptoid
i s dr mexradhl casscrsivs o the scoondary amine i the backbone. A
secocadiall concasins waw e Indibass amide
T ¥ anmisns was cappol widh bnawoacetic acid 10 prevent any side reactions
ding the wat off e wudinzin. This was desspacd %o pocvent any cowpling of the N-
i 0o ey ol C-amm desing e quantam dot cowplmg sicp, but applics to |
2w seackian ol deisnd amsiber of wesnlars have been synthesized, imvolving the |
Nanmmive

Cangliing de peygusid v e qprmtum dot was cavicd out with the peploids in
sligis comrss. T i an aecagy: of 10 amine fctional gowps present oa Fort Orange
a2 QFF s._anil so 12 capitealicns of prgweinds were adiicd per quantum dot in the

swliveaf compeunll £S5 | was mapetast to camer: that 2l of the guantaws dots were

couplcil v yrynsils duc v the cxtunecly diffiicalt task of scparating the conjogated
et dists fiwms the sszmmpyatod quesstoms dots. Amy wncoupled peptoids can casily
e scpacndl Gams de g dox complicacs sning 2 mans discrimistatory spin filter.
T Loy s off e quuntoun dets cumglicwes puovides 2 simple wethod for purification
Sagen e mnehs sucllics sl pendees of the: sebscaest scactions which yicld 16, 17, and
.
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idinylation of the peptoids has boen iod out on 19 10 vickd 20__ but kas

notyetbeencalriedontonl6toyield17.l’uriﬁmﬁonof20wasmieduh_'lﬂ£.

andsigniﬂeantﬁmcoouldbeslvedbydeteminingamwmﬂbd. 17 bas ot vet
been synﬂwcized,huweverduemitslargemass,aweighdisahnM‘q'-ﬁh:s

expeotedtoprovidean acceptable puriﬁuﬁonmdwd.’ﬂism-ﬁndismemln

beefﬁcientinthcpudﬁcaﬁonofﬂwyminylﬁed, ptoid 18, b it is expected that

RPLC will have to be used to purify 21.

Cellular Assays:

There are 7 different tests (A-G) whichdiaﬂdbccaniedtonsﬁ:dﬁ_td
the guaninylated peptoids 18 and 21 tomrdwcell.'l'hccdlanypwuhcm
incubating MDCK cellsin a solution containing the compounds of inkerest (16-21).
rinsing the cells after the incnbaionpeﬁodhspned.mmowobw
external toﬂaecell,andtbcnexmnining&eceﬂsbymiaomp}‘lodm'ﬂ:km'
and location of the fluorphore within the cells. lnihepel‘minﬂyt‘daﬁdan»ﬁ
microscopy was used to determine the location of the QD’s. Assav A. contaias 2 solation
of quantum dmmms&ekadvﬂywmwmudk“.ww
each contain one of the peptoid compounds synthesized (16-21). Cells assavs E-G. which
contain compounds 19-21, have a solution of quantum dots added to vield the samc

concentration of fluorophore as Assays A-D.
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Figure 15 shows the results from Assay A when carried out on interior MDCK

cells. Examination of the images show that no quantum dots appear to have entered

C

Figure 15. Uptake of Quantum Dots Alone in Interior
MDCK Epithelial Cetls - M™K celis treated with 0.05
mM QDs and incubatcd at . .al’ with 5% CO21n
humidified air for 90 minutes. Image (A): Phase contrast
image Image (B): Fluorescent image Image (C): Merged
image of (A) and {B) The scale bar (1 cm) corresponds
to 1 7.5 mm seen by the 100x objective

B

the cells. This can be inferred due to the diffe in focus. The focus of the
mcroscope is aligned upon the cells, and any quantum dots in focus are considered being
i the same level as the cells, while those out of focus are above or below the cells. Any
et dots found in focus in the same spot as a cell could only be there because it is
mside the cell. Out of focus quantum dots in the same spot as cells arc above or below.
bt mot mside the cell. Examination of Image C in Figure 15 shows that there does not
appeas to be any quantum dots that could be considered inside the cells. This figure
shows that in the subsequent assays, any cells which contain quantum dots within them,

is due solely to the activity of the peptoid hed to them, as q dots are




Higwwe: B % giuter of Paanms Buss Shee

y Egiinding Colls - WDC K. ccils
ety il K€ i Hde oat mecolmed o 37 cC
w P e rmekiie s Yor W mRRses. s
A Tme outrmt sany- hemgy (B -iworcsan
e e @ ‘Kecnerk e 574 amk (B The
SChe T | O eTeReenlh e wcn by the
1. s

incapable of entering fhe cells on fherr rom Fuse: 56 saows 2 secoet s of Cell Assay
A with periphery MDCK celis. wiuch grvos fies som 2ait. ason 70 qoartn doss
present within the cell. Fagnre 16 gz differ Fron: Fapne | 1w drax there: appeas © be
some quantum dots attacherd e the sor 07t ool o s s wpecd considermy the

large ber of negative cell surk F 3 E on

kit ol

the quantum dot surface. The grastem sox 2z 51l wr e ~cormor of e coil. asd so ths
shows further evidence that fhe quamem sor. zar szt iy

MQllmys”dCMMmta(m'dnmd:cﬂm:myl
chloride resin degradation delavmg the prpter svatacey awx. Bowever Coils Agsavs E
and F have been carnied ot and show mroarmny ety
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Figure 17 shows the results from Cell Assay E. Examination of the cells shows
the quantum dots non-specifically bound to the cell membrane of the cells. however no

quantum dots appear to have entered the cells.

C

Figure 17. Uptake of Quantum Dots +
Polylysine in Interier MDUK Epithelial
Cells - MDCK cells treated with 0.05 mM
QDs and incubated at 37°C with §% CO2 in
humidified air for 90 minutes Image (A)
Phase contrast image Image (B). Fluorescent
image Image (C): Merged image of (A) and
{B) The scale bar (1 cm) corresponds to 17.5
mm secn by the 100x objective

This shows that compound 19 provides a good negative for the test because no quanturn

dots were able to enter the cells. We are unable to see the peptoids th lves. h
this shows that the poly lysine does not appear to induce endocytosis. which would result
in some quantum dots entering the cells. This provides a good contrast for the subsequent

assays for comparison to Assays F & G with compounds 20 and 21.
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Fiznre (8 shows the results from Cell Assay F.

c

Figare 18. Uptake of Quantum Dots +
Polyarginine ia Interior MDCK
Epithelial Cells - MDCK cells treated with
0.05 mM QDs and incubated at 37°C with
5% €02 in humidified air for 90 minutes.
Image (A): Phase contrast image image
By Fluorescent smage Image (C): Merged
image of (A) and (B) The scale bar (I cm)
corresponds to 17.5 mm seen by the 100x
objective

We e umable 1o ses the peptoids in this assay. and so we can not yet speculate on
Hher locanas = the cell. however this cell assay offers encouraging results due to the
ewacs of smne quantem dots withm the cells. This suggests that the peptoids are
e axincvwss The endocytosis traps quantum dots which are nearby. resulting in

dveer s o e ceifs The differences between this assay and cell Assay E will provide

= 2ok bass for deermmnng the effic . and possibly any diffe in delivery

meczmnGn.
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Figere 12 Systhesis of Poptoid Backbone 13-15. & acetic salydnide
Amine fanctionslized QLYs
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C

Figure 16. Uptake of Quantum Dats Alenc in
Peripheral MDCK Epithelial Cells - MDCK cdlls
treated with 0.0S mM QDs and incubated a1 37xC
with 5% CO2 in humidified air for 90 minutes. Image
{A): Phase contrast image [mage (B): Fluorescent
image Image (C): Merged image of (A) and (B) The
scale bar (1 cm) corresponds to 17.5 mm secn by the
100x objective
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Figure 17. Uptake of Quantum Dots +
Polylysine in Interior MDCK Epithelial
Cells - MDCK cells treated with 0.05 mM
QDs and incubated at 37°C with 3% €021
hurmidified air for 90 minutes. Image (A)
Phase contrast image Image (B): Fluarescent
image Image () Merged image of (A)and
(B) The scale bar (1 cm) corresponds o 175
mm scen by the 100% objective
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