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T h eopieid agonist morphine is the standard for severe pain management. Despite the
ability of morphine to treat severe pain, there are significant side effects which often
cause undermedication in clinical settings. Such effects are respiratory dmpressi
tolerance, constipation, and dependence. Accordingly, investigation of novel classes of
opioid analgesics  would prale great  therapeutic benefits. 14-
Phenylpropyloxymorphinans are agonistath e x hi bi t e X treceptors, p ot el
suggesting thahe 14phenylpropyloxy group has a major effect on receptor binding and
is responsible for the dramatic increase in potency. Our hypothesis is that both a basic
amine and a phenylpropyloxy group alone are required foridbgotivity, and the
aromaticA-ring, that was historically considered essentiahas required. By removing
the A-ring, this allows the skeleton to adopt an alternate binding mode with the receptor,
thereby potentially causing alternate receptor trafficking events andrguoegttor
mechaisms, all of which are involved in the development of tolerance. During initial
studies,a conformationally sampled pharmacophapproach was utilized to confirm

that the aromatic moiety in the novel series does not mimic thegAIn order to further

substantiate our hypothesis, a series of phenylpropyloxyethylamines and



cinnamyloxyethylamines were synthesized, and analyzed for opioid receptor binding
affinity. Opioid binding studies showed that tygtimal N-substituents theN-phenethy|
specificaly analog 2-(cinnamyloxy}N-methytN-phenethylethanamine which has an
affinity of 1680 nM fore opioid receptors. Subsequently, rings B, C, and D from the
morphine skeleton were systematically-imoduced as ringonstrained analogs.
Binding studies showkthat the Bring analog containing N,N-dimethyl substituent
produced the highest affinity of 2340 nM, while the @&d Dring analogs were fully
inactive. Furthermore, by combining the-riBg with the optimal N-substituent,
pherethyl, we were abletohci eve 1640 n Moreovef, uponi irttrgducoh €
of an indole group into the-@ng analogN,N-dimethy}t1-(3-(3-phenylpropoxy2,3,4,9
tetrahydrelH-carbazol3-yl)methanamine, the affinity was increased to 1110 nM, which

represents a viable leadmpound for optimization studies.
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Chapter 1. Most recent developments and modifications of 14

alkylamino and 14-alkoxy-4,5-epoxymorphinan derivatives

Reproduced in part with permission fro®tavitskaya L; Coop A. Most recent
developments and modifications of-akylamino and 14lkoxy-4,5-epoxymorphinan

derivatives Mini-Rev Med Chen2011, accepted



1.1 INTRODUCTION

The provision of effective pain management is essential in a clinical setting vetveris p
common in individuals treated for cancer, pogerativepatients or in cases of severe
trauma. There are two major classes of drugs that are commonly used in treating
moderate to severe clinical pain; opioids and nonsteroidafirdlammatory agets

(Block and Beale, 2004Even though opioids are known to be most probleméites,
1995)they are the mainstay of treatment of severe clinical(jeglgansberger et al.,

1995; Stein et al., 2003)Yndesirable side effects such as tolerance, depende¢mtter

and Evans, 2002espirabry depression, constipation and nagsticol et al., 2003)

have been the leading cause of untiedication and inadequate pain managergieiit

1993; Cherny et al., 2001Rpatients that receive opioid treatment often receive additional
medications to treat or prevent some of the undesirable side effects. For example,
constipation can be managed with stool softeners and laxatives, but not chronically
(Klaschik et al., 2003)More recently, alvimopan and methylnaltrexone have been
approved as selective antagonists of gastrointestinal opioid receptors to treat constipation
(Hipkin et al.) While additional medication may lessen or even prevent some of the
adverse effects, in some cases it may dramatically decrease the effectiveness of the opioid
itself due to drugdrug interaction(Armstrong and Cozza, 2003Another problem
associated with taking additional medication is that it adds to the regimen of drugs

already taken by the patients.



Opioid receptors are -@rotein coupled receptors that contain seven transmembrane
domains and arerpnarily located in the brain and the spinal cord as well as the
gastrointestinal tract (G) (Ossipov et al., 2004Yhe three types of opio receptors that
have been cloned and pharmacologically characterized @vkansson et al., 1994y
(Evans et al., 1992; Kieffer et al., 1992ndp (Wang et al., 1994)and each exhibits
unique pharmacolagal responseupon stimulation.p Agonists produce analgesia,
euphoria, respiratory depression, tolerance, and constig&lieffier, 1999) Agonists of

the @ receptor have been shown to produce dysphoria, by interatimgh central
nervous system (CNS) mechangnremendously limiting the use @& agonistsin a
clinical setting(Hasebe et al., 20049J Agonists are not effective against severe pain and
are known to produce convulsiof@omer et al., 1993; Broom et al., 2002he growing
body of evidence concerning the physiological relevance of hamd heterodimers of
opioid receptorgBouvier, 2001; George et al., 200Bads to the potential of designing
ligands that target the dimers and give rise to different effects. However, at present

opioid receptors remain the preferred target for more severe pain thaapeut

Tremendous effort has been put towards the development of novel opioids lacking side
effects that are commonly seen in opioid treatni€aty and Parfitt, 1986for example,
aralgesics such asrvinols, bupronorphine, developed by Bentley, exhiitreme
potency but are unsuccessful in elimination of the frequently seen side éfieeis et

al., 197). Ziconotide, an Ntype calcium channel blocker has been recently approved for
clinical use, but has the disadvantage of intrathecal administri@lotz, 2006) More

recently, severali-receptor antagonists have been approved for treatment of opioid



induced constipatiaralvimopan(Lavine, 2008)and methylnaltrexone bromid¥uan et

al., 2005) (Figure 1.1) Al vi mopandés | arge mol ecul ar W €
polarity reduce its CNS penetration, thereby allowthg agent to selectively antagonize

the effect of opioids onu receptors in the GITLavine, 2008) Another significant
limitation to prolonged use is the risk a heart attack. Consequently, alvimopan is only
available as a shetérm treatment, in hospitals approved by the Entereg Access Support
and Education (E.A.S.E.) program, and cannot be dispensed to patients after discharge
(Chappelle, 2008; Lavine, 200 ethylnaltrexone bromide ia derivative of naltrexone

which hasa high peripheral selectivityesulting from thdow lipid solubility due to its
guaternary salt form(Yuan et al., 2005) Moreover, methylnaltrexone must be
administered subcutaneously as it exhibits poor oral bioavailafflitsn et al., 2005)

\ <

OH

Ho © 0

N
H COzH Methylnaltrexone

Alvimopan

Figure 1.1 Stuctures of alvimopan amdethylmaltrexone

In the last decadeanodifications at position 14 have opened a new realm of possibilities.
Though natural opiates are unsubstituted at position 14, introduction-GH14nd
14NH, has been achieved starting from thebgBentley et al., 1969; Greiner et al.,
2003) Substituents in position 1have shown to not only improve potency but also

selectivity for certain receptor types. For exam@ehmidhammer et. al., showed that



extremely high potencycan be achievedat all three opioid receptorsvith 14-
alkoxymorphinanderivatives (Schmidhammer and Spetea, 201Wh i | e, Hus banct
group presnted modest selectivity with Xdminodihydromorphinones and -14
aminodihydrocodeinones, clocinnamox analdgewis and Husbands, 2010Most

recently, sudies byZhang et. al., showed that high binding affinity for {heopioid

receptor with high selectivity over thieand thes receptors can be achieved with-O-

heterocyclic substited naltrexondLi et al., 2009. This review will present the most

recent developments and modifications in the 14 position of the morphine analogs as

potential therapeutic opportunities.

1.2 4,5EPOXYMORPHINAN DERIVATIVES

1.2.1 14Alkoxymorphinans
CHj
N

OR; 14-methoxymorphone (1): R4=Me, Ry=H

14-benzyloxymorphone (2): R4=CH,Ph, R,=H
14-methoxymetopon (3): R4=Me, R,=Me
o 14-benzyloxymetopon (4): R4=CH,Ph, R,=Me
HO R, O 14-phenylpropyloxymetopon (5): R;=(CH,);Ph, R;=Me

Figure 1.2 Structureof alkoxymorphinans

One of the most promising subclass of opioids with the potential for reduced undesired
effects is the 14lkoxymorphinans, which were developed by Schmidhammer et. al.
(Schmidhammer and Spetea, 201During the initial structurectivity relationship

( SAR) studi es, Sc hmi dh atnoduetiordd a ¥methoxpin s h o we «
oxymorphone 1, Figure 1.2) resultin increased binding affinities at all three opioid
receptors(0.10 nM atO r ecept or ; 4. 80 nM at U recepto

(Lattanzi et al., 2005)rhe 14-O-methoxymorphone was reported to possess agonist



properties with 40dold greater potency than morphim&d 800fold greater potency
than the parent compound oxymorphdryehotplate test in mic¢Schmidhammer et al.,
1984) Like the parent compound, 1@-oxymorphone induced respiratory depression,

physical dependence, and consipa{Schmidhammer et al., 1984)

Further studies revealed thattroduction of a 14enzyloxy group(2, Figure 1.2

compared tdl4-methoxy group produced similgrbinding affinities(0.12 nM and 0.10

nM respectiely), but lower selectivity oveti opi oi d receptors (2. 1:
respectivelyandes opi oi d receptors (1. 1(Battamdleta.nd 10.
2005) Moreover,14-O-benzyloxymorphonevas reportd to have 4old greater potency

than the 14methoxy analog and 7€@ld greater potencthan morphine(Lattanzi et al.,

2005) Most interestingly, 140-benzyloxymorphone (Ed9 CBE vs ADy, HP = 2.8)

displayed 2.5old less constipative activity as comparedhorphine and 7old less
constipation effects thai4-O- methoxymorphonein mice after s.c. administration

(Lattanzi et al., 2005)

Subsequently, the same group skdwthat mtroduction of a 14methoxy inan N-
methylmorphinarb-one serieg3, Figure 1.2, produced similap binding affinity as 14
O- methoxymorphong(0.15 nM and 0.10 nM, respectivelyyith a slightly better
selectivity overi o pi oi d r e c and #.80rnM, rdsde&iveBgnde M o pi oi d
receptors (22 nM and 10.2 nM, respectivelyppetea et al., 2003Remarkably high
antinociceptive activity was reported for -fethoxymetopon, which exhibited

approximatey 20,000fold greater potency than morphine and 1568 greater potency



than oxymorphone by the acetylcholweithing test in rats and micéFurst et al.,
1993a) Uponsupraspinahdministration, 14nethoxymetopon can elicit potency of up to
one millionfold greater than morphinging et al., 2003) Perhaps the most exciting
finding was that 14-methoxymetoponacked toleranceand physical dependencefter
repeated treatmeiurst et al., 1993bptudies also showed that-fakethoxymetopon tth
reduced constipatio(King et al., 2003)and respiratory depressi¢Rurst et al., 1993b)
commonly associated wvathighly potent opioidsThese results indicate that a more
favorable interaction is possible with the receptor via position 14 in Nhe

methylmorphinarb-one series.

Furthermore, the Xdlkoxymorphinan series shows that potency cafutiber magnified

by Ci4 arylalkyl substituentsas seen witi4-benzyloxy(4, Figure 1.2 (Lattanzi et al.,

2005)and 14phenylprgyloxymetgon (5, Figure 1.2 (Schutz et al., 2003)erivatives.

These l4arylalkyloxymetapon derivatives displayed enhandeshd a affinities while

maintaining high p affinites (Schutz et al, 2003) Though the 14
phenylpropyloxymetopon derivative exhibited complete losgl-Belectivity with 0.20

nM at O receptorosr,s,0.almMd nOM 4al; it nad repetiectp tr e c e
have extreme potency (B2O0-fold higher in the tail flick assay and5®0-fold higher in

the hot plate assay as compared to morpHi@ehutz et al., 2003)This analog is even

more potent than etorphine which makes-dHenylprofyloxymetapon unsuitable for

clinical use due to its extreme poter{&¢hutz et al., 2003)



6 R;=allyl, R,=OH
7 R1 = CPM, R2 =OH
8 R1 = CPM, R2 =H

Figure 1.3 Stuctures 614-O-phenylpropyl derivatives

While developing novel p agonists for the treatment of pain is beneficial, their
reinforcing properties make for strong abuse poteri@ampton and Volkow, 2006)
Thus, there has been a growing interest in the development of p antagonists to block the
actions of the alsed p agonistgHusbands and Lewis, 2003Fyor many years, it has
been general knowledge that the introduction of either cyclopropylmethyl ogediyps

on the nitrogen position 17 typically results in complete loss of agonist a¢@asy and
Parfitt, 1986) However, in contrast to the generally accepted antagonist SAR models, 14
O-phenylpropyl derivatives containiniy-cyclopropylmethyl andN-allyl groups (6-8,

Figure 1.3 displayed very potent agonist activig§reiner et al., 2003Both analog$

and 7 displayed enhanced potency, about -#00-fold more potent in the HP than
morphine(Greiner et al., 2003)Moreover, 14-alkoxymorphinans such ad4-O-
phenylpropyloxy3-desoxy NTX 8) was capable of maintaining subnanomaémity

for u (0.84 nM)even when there is nos@xygen functior(Spetea et al., 2004Jhese
results indicate that the-substituent itdé does not determine the efficacy, but rather the
position of theN-substituent can be used to dictate the efficacy. In addition, it is evident
that the substituents in position 3 that were previously considered essential for pu activity

are not requirechithe 14alkoxymorphinone subclass.
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N

O~ 9 R;=Me
10 Ry =H

OR, o)
Figure 1.4 Stuctures of cyprodime derivatives
Further SAR studies revealed that parti al
introducing a 14phenylpropyl group into cyprodim@petea et al., 2004 selective g
antagoni st . Al t hough antagonism was obser
functional assays, the cyprodime derivati@and10 (Figure 1.4)showed no antagonist
activity against morpine in the mouse tail flick assd@petea et al., 2004)he presence
of 14-alkoxy showed an increase in binding affinity at all three opioid receptors and acted
as a potent antinociceptive ageimt vivo with poterty simiar to that of 14
metoxymetopon(Spetea et al., 2004) These reglts further imply that the overall
conformationof the N-substituent in relation to its skeleton, rather than the substituent

itself, dictateghe efficacy.

11 R{ = methyl
12 R, = ethyl
13 R, = propyl

Figure 1.5Stuctures of naltincole derivatives
Schmidhammeéy s group al so showed t hat conver si
naltrindole with a methyl moiety located at position 5 produced |affirity for G while

increasingu selectivity when compared to naltrindol@iyashev et al., 2001)urther
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studies showed that the nature of the sttt in position 14 determines the binding

strength (Biyashev et al., 2001)The 14ethoxy substituent1l@, Figure 1.% showed
increasedrnt er acti on wi t h= 0t7& eM) whenr cencpargdt tm the-1¢ K
methoxy (1 K; = 1.15 nM) and 14$¢ropoxy (3. K; = 5.3 nM) naltrindole derivatives.

(Biyashev et al., 20010l 14-alkoxy derivatives possessed antagonist activity in the
GTP2S functional assay. Some | oss in U0 af
arylalkoxy naltrindole derivatives {80 nM) (Biyashev et al., 2001)

Evidence that U0 ant ag o-lbenzgldpisoindanyloalirexane maya |l t r i
be involved in allograft survivglLinner et al.,, 1998p er suaded Schmi dhamm
to investigate such a phenomena with and@gwhich was previously shown to be

superior to naltrindoléBiyashev et al., 2001)The results showed tha® inhibited rat

lymphocyte proliferatiorin vitro (ICso = 0 . 5 {Spetedgt al., 2001bAdditionally,
compund11 showed immunosuppressive activityvitro and reduced interleukia (IL-

2) production in mouse and human lymphocyi@#&mbrosio et al., 2004)n contrast to

the previous finding, these naltrindole derivate s di d not exhi bi t 1 mm
opioid receptors as seen in the MLR assay thas us€D/ U/ @ r eoctenpce o r k n
(GaveriauxRuff et al., 2001)Furthermore, it has been suggested that the indolo moiety

is involved in immunosuppressive activ{fgaveriauxRuff et al., 2001)

1.2.2 14Aminomorphinones and codeinones

Another important subclass of opioids contdidsaminomorphinones and codeinones
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Compounds14 (C-CAM) and 15 (MC-CAM) (Figure 1.6)were the first analogs
developed in their structural class by Lewis e{ladwis et al., 1988) MC-CAM and its

parent compound GCCAM had very similar affinities (|
nM and 7.2 nM; and 8 = A4(Zekhigatkl. HDNHIREC6 n M r
CAM displayed p antagonism with no agonist actii@omer et al., 1992MC-CAM

was reported to have higher efficacy, displaying partial agonism at the p receptor after
peripheral administratiom vivo (Woods et al., 1995)Potentially, the most exciting

finding was that MGCAM had pseuddarreversible effects with its extremely long

duration of antagonist actioninsilar to that of buprenorphing¢Aceto et al., 1989)

Initially, MC-CAM was believed to exhibit its delayed loteym antagonist effect via its
de-methylated metabolite <CAM (Lewis and Husbands, 201Mlowever, it was later

shown that MGCAM was capable of producing-gantagonist effects after i.c.v.
administration (Lewis and Husbands, 2010Although long duration of action -
antagonists can be used to treat drug abuse by blocking the effects of the drug upon
subsequent administratiopnMC-CAM does not possess a profile superior to

buprenorphindCowan and Lewis, 1995)

"
7 \\.. 7\
< ~ \3 L \ ~
_2'X —_— X
N — N —
HN
e} (@]
O“ O\\‘
R,0 o} —O0 o)
14 R;=H, X=4-Cl, C-CAM 16

15 Ry=Me, X=4'-Cl, MC-CAM X=2'-, 3", and 4'-H, CI, Me, NO,

Figure 1.6 Stuctures ofl4-aminomorphinones and codeinones
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Other studies esented by the groups of Husbands and Lewis looked at the effect of the
aryl ring substituent orientatiod§).(Nieland et al., 20060 these studies, the p efficacy
decreases in the order: orth® meta > para for the methyl and chloro substituents
while no effect was seen with the fluoro substity&heland et al., 2006 contrast, a
reduction in p gonist efficacy and potency was seen when the nitro orientation was
changed from the par#o the orthe position, possibly due to the lipophilicity rather than
steric or electronic effec{®ieland et al., 2006Lonclusions drawn from these studies
showed tchhalto r erBeét h dé-f, | u odrdo -@trod swbsHtuded
cinnamylaminomorphinone analogs possessed potent agonist effects, w4tof BIO3

mg/ kg to 0.014 mg/ kg compared to m&vophi neo
assay(Lewis and Husbands, 201D)nt e r e s t #nitragahajog actechas a shié@tm
agonist in the TW assaiMcLaughlin et al., 1999)However, when pretreated for 24
hours, thel -ditro analog had morphine antagonist activity with a long duration of action

(McLaughlin et al., 1999; Nieland et al., 2006)

Cl
17 R, = allyl
18 R, = propargyl
19 R, = cyanomethyl
20 R, = propyl
21 R4 = cyclopropylmethyl
22 R, = isopropyl

23 Ry = methoxycarbonyl methyl

Figure 1.7 Structures oB-alkyl ether derivatives
Subsequently, the groups of Lewis and Husbands studied the effect of a varieiikgf 3
ethers(Figure 1.7)to further investigate the possibility of the MCAMG6s del ayed |

duration of action antagonism to be a result of thR€ABI metabolite. Interesigly,
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higher efficacy was achieved withabkyl ether CCAM analogs(Husbands et al., 1998;
Husbands and Lewis, 2003%pecifically, 3allyl (17), 3-propargyl @8), cyanomethyl
(19), and propyl 20) ethers displaye higher efficacy than MECAM, with 3-propargyl
ether analog having the greatest activity by TW agblusbands et al., 1998fhe 3
propargyl ether analog was reported to have similar potency to mompftiménighe
efficacy than buprenorphine in mice, meanwhile a lack of change in efficacy was seen in
rhesus monkeygHusbands et al., 1998ther substituents like cyclopropylmethyl,
isopropyl and methoxycarbonyl methyl etlegre reported to have antagonist activity by
warm water TW assay in micgHusbands et al., 1998All the ether analogs were
reported to have longerm antagonism effects in the TW assay when administered 24
hours prior to morphine administratiofHusbands et al., 1998)n this series, the
propagyl ether analog had the preferred lbwed p-antagonist effects in mice and
rhesus monkeys in addition to the increased efficglegn compared to buprenorphine
(Husbands et al., 1998)hese results further indicate that the delayed antagonist activity
of MC-CAM is not related to its metabolis(hiusbandg et al., 1998)

Cl

N _
HN
@)

o
24, DOC-CAM ©

Figure 1.8 Structure of DOGCAM
Similar to Schmi d(®eetmans al.d) 3004the memoval rofdttse -3

hydroxy group from &@CAM to give DOGCAM, 24 (Figure 1.8)resulted in similar p
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affinity as its parent compounds MCAM and GCAM (K= 0.54 nM, 0.46 nM, and 0.25
nM, respectively)Derrick et al., 2000; Lewis and Husbands, 2018Jthough DOG
CAM was reported tde an antagonist, it did not exhibit irreversible effects as its parent
compoundin vivo (Derrick et al., 2000; Lewis and Husbands, 20I0)erefore, even
though it is evident that thel8/droxyl substituent is natquired for popioid activity, it

is essential for the irreversible p antagonist activitythe 14cinnamoylamino series

(Derrick et al., 2000; Lewis and Husbands, 2010)

1.2.3 140-heterocyclic naltrexones

Antagonists such asatoxone and naltrexone are the approved drugs used for treatment
of opiate overdosé€.ing and Wesson, 1990%ince there isno crystal structuref them
receptorin existenceto date these p antagonists play important rolen the study of
opioid receptorgLi et al., 2009) Recenly, studies showed thatantagonists can be used

to treat obesity, psychosiard P ar ki n s (Godilman dtials 208,/4naking the
development of novel p antagonists a valuable tool not only for studying the structure of
opioid receptors, but also for the developmentrmafch needed therapeutics4-O-
heterocyclic substituted naltrexone derivatives weosst recently developed by Geob.

al. (Li et al., 2009) using a constructed homology model based on bovine rhodopsin.
This modelcontained transmembrane helical domains with extracellular and intracellular
loops and was further optimized in a membraagueous system using molecular
dynamic simulations. The model reveakbet thenonconserved residues, Tyr212 and
Trp320,may intgact with the receptor via hydrogeondinginteractionswith the ligand

(Li et al., 2009) Thus, anew series of compoundsere developed tincorporatea
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heterearomatic moiet on position 14 of naltrexonenabing hydrogen bonding and/or

aromatic stacking interactions with Tyr212 and Trp84Get al., 2009)
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Figure 1.9 Structures d#4-O-heterocyclic naltrexones

Zhangos g r invaspgatefl uhe teffeet rof the pyridyl nitrogen position and
bulkiness via additional aromatic moieties on the-CtHeterocyclic naltrexone
derivatives(Figure 1.9) Almost all compounds were reported to have antagonist activity
iNGTP S assays exc&lLetd., R009)Whemgmpanedto previously
reported compounds by Schmidhamfhemd HusbandgLewis and Husbands, 2010;
Schmidhammer and Spetea, 2016 serieshad similar binding affinities; however,
compound25 had higher selectivity, approximate®@0-fold selectivity for theu over

and 206fold selectivity for theu overa (Li et al., 2009) Introduction of an additional
aromatic moietycompound9-32) did not improve the interaction with thereceptor

but rather lowered their selectiyifLi et al., 2009)

1.3 CONCLUSION

Advances in the development of highly potent and selective opioid agonists and

antagonists via position 14 in -Bkoxymorphinan,14-aminomorphinone, and4-O-
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heterocyclic natexone seriesprovide valuable insights into opioid ligan€elceptor
interactions. It is evident that theature of thesubstituent on position 14 and its
orientation has strong influencen receptor binding angstreceptor mechanism¥he
advances irBAR illustrated in this review serve as a valuable tool for designing novel
molecules with optimal configuration that may aid in identification of ideal opioid

medications.

1.4 METHODS

1.4.1 Chemical Methods

Compounddiscussed in this thesis wepeeared using standard methodsfoltowing

novel synthetic routes. These compoungsre purified using standard chemical
techniques (column chromatography, crystallization, etc.) and characterized using
standard spectroscopic methods such as N#R *C, HMBC, HMQC, NOESY and

LCQ MS. The purity of compoundsas confirmed by combustion analysis, TL&nd
melting point. Once characterized, the final prodweese converted to water soluble

salts. All optically active compoundgereprepared and evaluated asemates

1.4.2 Pharmacological Methods for Opioid Analogs

Binding affinity, potency, ad efficacy of compounds wedetermined at all three opioid
receptorsg , )lusing standaréh vitro methodg(Spetea et al., 2001a@yovided bythe

laboratory ofR. Matsumoto (West Virginia Unersity, Morgantown, WY and DEC
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This thesis dissertatioisma i nl y f o c us e doutanalysis oftanddii twye r &t €

performed for full evaluation of the opioid activity of these compounds.

Competition Binding Assay. Binding affinity (K;) was assessed by radiolabled ligand
displacement from cloned human rpt®s. Briefly, hMOR membrane protein were

labeled with1.3 nM [°H]DAMGO (53.4 Ci/mmol). hDOR membrane protein were

labeled with 1.2 nM3H]DPDPE (45 Ci/mmol) hKOR membrane protein were labeled

with 1.7 nM PH]U69,593 (42.7 Ci/mmol). Nospecific bindhg wasdetermined in the
presence of 1 €M unl abell ed DAMGO, DPDPE a
Competition bindingstudies were performed using X®ncentrations of each test
compound and were incubated for 1 h af@5Reactions were terminated bypic

vacuum filtration through GF/B glass fiber filters previously soaked in 0.5%
polyethyleneimine . Bound radioactivity was quantified by liquid scintillation counting.

Affinities (K;) were calculated using the CheRgusoff equation

GT P2 S aThesdhicacy (% stimulation) and potency (B§ weredetermined using

the GTP2S assay b fAceloeesat, r200B¥@ea S rGordPe dSu rbei sn.d i
assay measures the amo of G protein actiated (Figure 1.0). Activation of the

receptor results in the exchange of GTP for GDP on theuBunit Next, the GGTP
exhibits dissociation from the Gbo subuni't
the GTPase activity of th€gsubuni t. The GU and Gbo subun
repeats. However, in this assag, T P oc@nhtains ao-thiophosphate bondwhich is

resistant to hydrolysis by the GTPag#es a result,he [°S] GTP29S | @hans ed GU
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uncoupled following activatiorand its accumulations measured by counting the
radioactivity on the glasBber filter (Harrison and Traynor, 2003)he efficacy is
determined as the % maximal effect with resgedhe defined full agonists (DAMGO

for €, U669, 593 for 9, and DPDPE f or

cc
N—r
—

ligand required to reach 50% thife maximal response.

3

N

> m—
YRS, BN
|

e
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Figure 1.10 The GDP stimulation cyclé\). Ligand bing to the receptor producing
conformati onal ¢ h @ phgterotrimen B). tOmee  adBVAtEd&GDP )
dissociates from the gsubunitand GTP bindto Gy C). The G-GTP dissociates from
the G, ,dimer subunit. D). The GTPasetiity hydrolyzes the GTRo GDP forming
GuyGDP. E) The GGDP G jecombinego form the complex. F)rhe ligand is displack
and the cycle repeatklarrison and Traynor, 2003)

o
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1.4.3 Pharmacological Methods for Sigma Analogs

Competition Binding Assay. In vitro competition binding assays weperformed as

follows. Preparatia of rat brain membrane atdi ndi ng a s;saaydsedeptorr t he
were performed as previously described in dékddtsumoto et al., 1995; Matsumoto et

al., 2008)I n b r reeeptgrs were labeled with 5 nNMH](+)-pent azoch ne. T |

receptors were labeled with 3 n¥H]di-o-tolylguanidine (DTG)in the presence of 300
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nM (+)-pent azoci neaeceptorsNbnspedfik binding was determined in the
presence of 10 uM haloperiddlen concentrations of each sigma compound {@,000

nM) were used in the assays. The compounds were incubated for 120 miCain25
measure their ability to displace the radioligands from their binding sites. Termination of
the reaction was achieved through rapid vacuum filtration over glass fibergitivhich

were previously soaked in 1% polyethyleneimine for at least 45 Kyinvalues were

calculated using the Cheiiyusoff equatioffCheng and Prusoff, 197.3)

Cocaine Induced Convulsions.To probe for anticonvulsant actions against cocaine,
male Swiss Webter micewere pretreated (i.p.) with compounds (0, 1, 10, and 30
mg/kg i.p.) and 49 (0, 0.1, 1, 10 mg/kg i.p.L5 min prior to administration of a
convulsive dose of cocaine (70 mg/kg i.p.). The mice were observed for the occurrence of
convulsions for 8 min following the injection and results were recorded. Convulsions
were operationally defined as clonic or tonic limb movements, which were accompanied
by the |l oss of righting reflexes for at
was utlized to determine significant differences between the effects produced by
pretreatment with the test compounds and the effects produced by the pretreatment with

saline.

[Ca?']; Measurement.Cytosolic C&" was monitored with the ratiometric indicator Fura
2 (InCyt Im2 Dualwavelength Fluorescence Imaging System; Intracellular Imaging,
Cincinnati, OH). The SKN-SH neuroblastoma celléiuman neuroblastoma, HTHL;

American Type Culture Collection, Manassas,)M#ere grown on glass coverslips and
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then washedwice inDu |l b e c ¢ o 6 shuffer Isadire PPRBS tbefore incubatin in
DPBS containing -2AMand 00066% .Plurong 27 Elnvitragen).

After incubating for 60 to 75 min at 37°C in darkness, cultures were washed twice in
DPBS to remove extracellular dye and kept at room temperature in the dark for amore th
30 min before use in the experiments. All measurements were performed in DPBS or,
where specified, in Cafree DPBS. Compound46 and 49 were added to cells in the
presence of DPBS in the Petri dishes. The dishes witliodyked cells were mounted on

the stage ok Nikon TS 100 fluorescence inverted microscope with a Cohu model 4915
chargecoupled device (CCD) camera (Nikon, Melville, NY). Fluorescent images were
captured alternately at the excitation wavelengths of 340 and 380 nm with an emission
wavekngth of 520 nm, which were analyzed with InCyt Im2 version 4.62 imaging

software (Intracellular Imagingincinnati, OH.

A standard curve was used to derive experimentdi’JGalues. The standard curve was
generated by using various concentration€&f (Calcium Calibration Buffer Kjtin the
presence of indicator dye FudPafree acid (Invitrogen). During each experiment,
background fluorescence was estimated for a region without cells, and this value was
automatically subtracted from the measuretdssion of each channel. The ratios of cell
emissions were compared with the standard curve stored in the computer, and both the
ratio and [C&']; were displayed on screen. Preliminary measurement 6f][@as taken

on various cells in the field beforeyatested compounds were applied. Only cells with
basal [C&"]; in the range of 90 to 120 nM were chosen for the experiments described

here.
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1.5 SPECIFIC AIMS

Opioid analgesics are a class of agents used clinically to treat moderate to severe pain.
Due to the effectiveness in treating severe pain, morphine is typically the drug of choice,
though its use is most problematic. Serious side effects, such as respiratory depression,
tolerance, constipation, dependence, and nausea, limit the effectiveiopssiadg. Thus,

there is a continuing need to investigate novel structural opioid classes in an effort to
develop opioids that exhibit more favorable interactions with the receptor. Previous
studies show that ghenylpropyloxymorphinans are agonists thahilit extreme
potency ate receptors when compared to morphine. However, such compounds are
unsuitable for clinical use due to thehigh potency. This suggests that the- 14
phenylpropyloxy group has a majeffect on receptor binding and is responsible tfee
dramatic increase in potency. As a result, this class can act as a lead skeleton for
analgesic developmentOur hypothesis is that both a basic amine and a
phenylpropyloxy group alone are required for opioid activity, and the aromatic A

ring, that is considered essential, is not required.Accordingly, a series of
phenylpropyloxyethylamines will be synthesized and will be analyzed for opioid receptor
binding affinity, and efficacy. Differing Mubstituents will be evahted in order to
develop a SAR. The optimal spatial orientationof the basic amine and the
phenylpropyloxy group will be determined via syntheses of conformationally constrained
analogs of phenylpropyloxyethylamine using single ring systems that mimic rings of

morphine. Subsequently, a tple ring system will be synthesized by combining the
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previously determined optimal single ring orientations to produce optmeapioid
activity. The ultimate goal will be to introduce the optifasubstituent into the optimal

skeleton. The following specific aims will help achieve our goals for this proposal:

Specific Aim 1.Optimize the N-substituents and length of the carborinker for high
affinity at € receptors. Preliminary results have shown thaifcnnamyloxy}N,N-
dimethylethanamine exhibits codeihlee affinity for € receptorsin vitro. Using this
scaffold, lead compound optimization will be explored through syisthed
phenylpropyloxyethylamine analogs with flexible and roupstrainedN-substituents.
Specifically, phenylpropyloxyethylamines containifgN-dimethyl, diethyl, dipropyl,
dibutyl, pyridine and pyrrolidine (azetidine, aziridine) substituents will lIo¢h&gized. In
addition, a cinnamyloxyethylamine series containing identid&ksubstituents will be
generated in an effort to understand the effect of saturation in this group. This process
will aid in the development of structueetivity relationships fothis series, and thi-
substituents thairoducel the desired profile of high binding affinity and agonist efficacy

will be selected for further optimization.

Specific Aim 2. Incorporate constraining rings into the phenylpropyloxyethylamines
which mimic rings B, C, and D in opioids.It is hypothesized that the compounds
synthesized in Specific Aim 1 wilbptimize interactions with thenreceptor to give
greater affinity. To determine the bioactive conformation, and aid in future modeling
studies, constrained rings B, C, and D (see background section) willibeoduced

back into the system iteratively. This will determine which confttions and 3D spatial
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relationships are required for specific opioid binding affinity and agonist activity. To
date, every pharmacophore describing binding affinity of opioidsrexeptors includes

the A-ring. In this Specific Aim, the conformationalsampled pharmacophore (CSP)
approach will be used to examine all accessible conformations of the single ring system
analogs. The predictions obtained from the pharmacophore will guide the subsequent

synthesis of poly ring system analogs peS&ific Aim 3.

Specific Aim 3. Design and synthesize analogs of the phenylpropyloxyethylamines
containing multiple rings from the opioid skeleton. Continuing the approach from
Specific Aim2, a multiple B/D ring systerwill be synthesized subsequently in order to
investigate specific opioid activity. The ringshich are determined to have the greatest
effect on opioid activity from Specific Aim, 2vill be combined to produce a more potent
opioid ligand. The optima¥-substituents determined in Specific Aim 1 will t@mbined
with the rings selected from Specific Aim 2 to optimize this lead as a mroweloid

agonist.

The goal of this research is to determine the minimal structural requirements for high
affinity and efficacy at opioid receptors in ligands that lack tAering, traditionally
considered to be essential for opioid activity. Compougdthesized in Specific Aims 1,

2, and 3 will be analyzed for opioid receptor binding affinity and efficacy, and the results
will be used in the design of further generations of compounds. Compounds with high

affinity and efficacy a€ opioid receptors wilbe assayed for antinociceptive activity in
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mice, with the top candidates further considered for development into novel analgesic

agents.

Specific Aim 4. Determine the structural requirements for{; and U, receptor

recognition. Since the proposed compuis closely resemble AC927(N-
phenethylpiperidine oxalatethey will be further investigated as partial opioid structures,
lacking the Ar i n g, at the two est ahl i&ongpoundss r ece

which show the highest affinity will be testedfunctional assays.

Additionally, in an effort to design a pharmacophore for selectamtagonism, we have
investigated the effect of pyridyl nitrogen position and chain length in the
phenylalkylpiperazinepyridine serieA. series of pyridylpiperanes will be synthesized
and analyzed for sigma receptor binding affinity to determine the optimal pyridyl

nitrogen position and chain length forand, receptor recognition.
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2.1 INTRODUCTION

The ¢ opioid agonist morphingl) is the standard for severe pain management
(Zieglgansberger et al., 1995; Stein et al., 200@spite the ability of to treat severe
pan, there are significant side effects which often cause undermedication in clinical
settings. Such effects atelerance, dependen¢Kieffer and Evans, 2002gonstipation,

nauseaand respiratory depressi@dMcNicol et al., 2003; Benyamin et al., 2008)

Opioid therapy ioften accompanied bypdditional medications to treat or prevent some

of the undesirable side effedtslaschik et al., 2003)For example, constipation can be
managed with stool softners and laxatives, but not chroni@idlpschik et al., 2003)

While additional medication may lessenaewen prevent some of the adverse effects, in
some cases it may dramatically decrease the effectiveness of the opioid itself due to drug
drug interactionArmstrong and Cozza, 2003)nother problem associated with taking

additional medication ithat it adds to the regimen of drugs already taken by the patients.

Recently, peripherallyrestrictedu opioid receptor antagonists have been approved for
treatment of opioid induced constipationalvimopan (Lavine, 2008) and
methylnaltrexone bromide(Yuan et al, 2005) Alvimopan is a zwitterionic
phenylpiperidine, which is unable to penetrate the BBB due to its hydrophobicity and
therefore itselectively ardgonize the effect of opioids op receptors in the GIT
(Lavine, 2008) A significant limitation to prolonged usaf Alvimopanis the risk of a

heart attacChgpelle, 2008; Lavine, 2008Lonsequently, alvimopan is only available
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as a shorterm treatment, in hospitals approved by the Entereg Access Support and
Education (E.A.S.E.) program, and cannot be dispensed to patients after discharge
(Chappelle, 2008; Lavine, 200 ethylnaltrexone bromide ia derivative of naltrexone
which hasa high peripheral selectivitthat comes from thiw lipid solubility due to its
guaternary salt form(Yuan et al., 2005) Moreover, methylnaltrexone must be

administered subcutaneously as it exhibits poor oral bioavailafflitsn et al., 2005)

Lack of toleranceand physicaldependencéas been observetfter repeated treatment
with 14-methoxymetopon |, Figure 2.1), a member of the alkoxymorphinan opioid
serieg(Furst et al., 1993b$tudies also showed thit has reduced constipati@fing et
al., 2003)and respiratory depressigRurst et al., 1993bds compared tb andhas been
characterized as a selective opioid with 50@old greater systemic antinociceptive
potency thanl (Furst et al., 1993a)Upon superaspinal administratio, can elicit

potency of up to one milliefold greater than morphin&ing et al., 2003)

The 14phenylpropyloxymorphinanll{ , Figure 2.}, a derivativethatbelongs to the 14
alkoxymorpinan family, is an agonist which is even more potent thg240006fold
higher in the tail flick assay and 85@ld higher in the hot plate assay as compardd to
(Schutz et al., 2003)Although 11l is unsuitable for clinical use due to its extreme
potency, it can seevas a lead compound for structural development of a novel opioid

skeleton.
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The structure of is comprised of 5 rings: aromatic A, cyclohexyls B and C, piperidine
D, and epoxy E (Figur@.l) (Casy and Parfitt, 1986)Opioids lacking rings BE were
developed in an effort to eliminate undesirable effects, but all continue to produce these
side effects(Casy and Patfi, 1986) Common among all structural classes of opioids
(phenylpiperidines, benzomorphans, morphinans) is an aromatie tiegA-ring (Casy

and Parfitt, 1986)The phenolicA-ring of morphine isthoughtto mimic the tyrosine
residue of enkephalin, strongly suggesting its requirement for opioid receptor binding
(Andersson et al., 1995point muation studies supported this, as the histidine located in
TM VI (His VI:17) hydrogenbonds to the €oxygen substituent on the-ng (Kane et

al., 2006) The G oxygen substituents are generally associated with &ffshity and
potency(Aldrich, 1993) Furthermore, the tdlkoxymorphinan series shows that potency
can be magniéd by G4 alkyl substituent¢Schmidhammer and Spetea, 20Mdreover,
14-alkoxymorphinans are capablemfai nt ai ni ng heventwheathdraini t vy
no G oxygen functionSpetea et al., 2004pur hypothesis is that opioid activity can be
achieved in presence of both a basic amine and a phenylpropyloxy group, and that the A
ring, that is consieredessentidl (Casy and Parfitt, 1986)s not requiredBy removing

the Acring, this allows the skeleton to adopt an alternate binding mode with the receptor,
thereby potentially caing alternate receptor trafficking eveiigmatova et al., 199%nd
postreceptor mechanismi$,all of which are involved in the development of tolerance.
(Kieffer and Evans, 2002further evidence that the-ng can be removed is seen in the
case of ozonolysis of 6, I@hdceethenotetrahydrothebaing€asy and Parfitt, 135).
Although the cleavage of the aromatic ring give lactonic estergliminished activity,

morphinelike potency was achievd@asy and Parfitt, 1986)

f
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HO o CH; O
Morphine 14-Methoxymetopon 14-Phenylpropyloxymetopon Phenylpropyloxyethylamine

Figure 2.1 Opioids used for hypothesis and the proposed analog

The work described in this chapter aimteddevelop a novel opioid clasisat exhibits
high affinity and efficacy ate opioid receptors.According to our hypothesis
phenylpropyloxyethylaminglV, Figure 2.} analogs with flexible and ringonstrained
N-substituents were synthesized,characterized and (through our collaborators)
pharmacologically evaluate&pecifically the synthesis gbhenylpropyloxyethylamines
containingN,N-dimethyl, diethyl, dipropylanddibutyl, as well as pyrrolidinepyridine,
and azepanesubstitents will be discussedn addition,a cinnamyloxyethylamine series
containing identicaN-substitients wereggenerated in an effort to understand the efféct
saturation in this group. In order to investigdtferences andimilarities between the
morphinans andhis series N-benzyl andN-allyl analogs, which traditionally tend to
antagonim, and N-phenethyl andN-phenylpropyl analogs, which tend twonfer &
agonism have been synthesized. This seaésompounds allowed for thdevelopment
of structureactivity reldgionships and theN-substituents thgiroducel the desired profile

of highestbinding affinity wereselected for further optimization.
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2.2 CHEMISTRY

In our initial studies, N,N-dimethyl2-(3-phenylpropoxy)ethanamine 3)( 2-
(cinnamyloxy}N,N-dimethylethanamine 5), and 1(2-(3-
phenylpropoxy)ethyl)pyrrolidine (7) were synthesized andharacterized followindghe
literature proceduréRist et al., 2001§Scheme 2.1)Theappropriate chloroethylamines
and6 were treated with the alcohalsand4 in the presence of NaH and heated0°C

for 3 hours. Compound3 5 and7 were successfully synthesized in moderate yiedds (
40%; 5, 17%; 7, 22%). Due to the hygroscopic nature of the salts, the final products

remained in oil form.

1 2 1 2

AR NaH AR
WOH .+ C DMF 0
% vyield
11,2 =CH,-CH, 2 Ry = dimethylamine 3 1,2 = CH,-CH,, R4 = dimethylamine 40
4 1,2 = CH=CH 6 R4 = pyrrolidine 5 1,2 = CH=CH, R¢= dimethylamine 17

7 1,2 = CH,-CH,, R¢ = pyrrolidine 22

Scheme 2.1 Synthesis of analods 5 and7 and tteir yields

To improve the yield of amino ethers and use a less hazardous compound than NaH,
alternate conditions were considered. Howevke improvement of yield met with
limited success. Ultimately, a less hazardous approach was developed and fatilized
subsequent reactionBotassium hydroxide (KOH), a weaker base, proved to be a good
substitute for hazardous Nadhd reactions were found to proceed well, with less-side
products, at room temperaturéargets13-18, 20, and 21 (Scheme2.2) were prepaw
following the new procedure. Compoud8 was synthesizedrom starting material8

and10; 14 from 9 and 10; 15 from 8 and11; 16 from 9 and11; 17 from 8 and12; 18
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from 9 and 12, 20 from 8 and 19; and 21 from 9 and 19. The final products were
convertednto oxalic salts using diethyl ether and oxalic acid. All of the compounds were

synthesized in moderate -37% vyields.

(" (T

1 2 1 2

N N
Wsr Ho >N SR ©/N/\o/\/ “
10 % yield

n=0

+ 1n=1
81,2 = CH=CH 2n=2 1312=CH=CH,n=0 22
9 1,2 = CH,-CH, 1412 =CHyCHyn=0 36
N 1512=CH=CH,n=1 33
Ho/\ﬂ/ ~ 16 1,2=CHy-CHo,n=1 40

1712=CH=CH,n=2 24
18 1,2=CH,-CH,,n=2 37
20 1,2 = CH=CH (amide) 22
21 1,2 = CH,-CHy(amide) 29

Scheme 2 Synthesis ofN,N-dialkyl analogs and their yields

To investigate the effect of constraihbl-substituents, target®4-28 were synthesized
(Scheme 2.3) following the same procedure as developed for the alkyl analogs.
Compound24 was prepared from and6; 25from 1 and22; 26 from 4 and22; 27 from 9

and23; and28 from 8 and23.

1 2
N
W& .\ /\/Q WO/\/

% vyield
41,2=CH=CH, R; =COH 6 n=0R;=Cl 241,2=CH=CH,n=0 21
112= CHz-CHz, Rq = OH 22n=1 Ry, = Cl 2512 = CH2-CH2, n=1 14
8 1,2=CH=CH, Ry =Br 23n=2R,;=0H 26 1,2=CH=CH,n =1 34
9 1,2 = CH,-CH,p, Ry = Br 2712=CHyCHyn=2 37

281,2=CH=CH,n=2 22
Scheme2.3 Synthesis of pyrrolidine, piperdine and azepane containing anatagtheir
yields

The N-arylalkyl and N-allyl series (Schem2.4) was selected based on the established

SAR of agonism and antagonism in the opioids. Spedifi, N-allyl tended to yield high

affinity antagonists antl-benzyl groups tended to yield low affinity antagonistsereas
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longer chains confes agonism(Casy and Parfitt, 1986 ompounds35 (8, 30), 36 (9,
30), 37 (8, 31), and38 (9, 31) were synthesized and thephenethylandN-phenylpropyl
substituerd are anticipated to possess agonist activity. TReébenzyl and N-allyl
substituerd areunderstood to impart antagonig@asy and Parfitt, 198@nd therefore
we have synthesized compour88(8, 29), 34 (9, 29), 39 (8, 32), and40 (9, 32) in order
to investigate the differences and similarities that compouidi®ut the traditional A

ring will have in this series.

R3 R3
] 1 2 1
N. N.
% yield

41,2=CH=CH,R; =0OH 29 Ry= CH,Ph, R3=CH3, R4=OH 33 1,2 = CH=CH, Ry = CHyPh, R3 = CH3 20
1 1,2= CH2-CH2, R1 =OH 30 R2= (CH2)2Ph, R3=CH3, R4=C| 34 1,2= CHz-CHz, R2 = CHzph, R3 = CH3 32
81,2 =CH=CH, R4 =Br 31 Ry= (CH2)3Ph, R3=CHj3, R4=Cl 35 1,2 = CH=CH, R, = (CH3),Ph, R3 = CH3 19
91,2 = CHy-CHo, Ry = Br 32 Rgp, Rg= CHCH=CHy, R4=Cl 36 1,2 = CH,-CHy, Ry = (CH,),Ph, R3=CH; 34
37 1,2 = CH=CH, Ry = (CHp)3Ph, R3=CH3 19
38 1,2 = CH,-CH,, Ry = (CH,)3Ph, R3=CH3 27
39 1,2 = CH=CH, Ry,R3 = CH,CH=CH, 23
40 1,2 = CH,-CH,, Ry,R3 = CH,CH=CH, 22

Scheme2.4 Synthesis oN-arylalkyl andN-diallyl analogs and their yields

2.3 RESULTS AND DISCUSSION

Thegoal of this research was develop novel opioid sketwts that possess high affinity
and efficacy fore receptors.Whereas the compound® 5, and 7 were exclusively
pharmacologically evaluatetty the Drug Evaluation Committee (DECHIl other
compounds werebiologicaly evaluated by Jason Healy, a graduate student in the

laboratory of Dr. Rae Matsumoto WW, Morgantown, WV)
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2.3.1 Opioid Receptor Binding

Opioid binding studie$or compounds3, 5, and7 (Table 2.1)were performedgainstall

three opioid receptorse (, u ,) byathedDrug Evaluation Committee (DEC) via a
displacement assay, followingasdard procedureSpetea et al., 2001afompound?

showed wealaffinity (3100 nM) for e-opioid receptors, and negligible (>10,000 nM)
affinity for 8 and U r e copigd recepsor sigiificamtly i nt er
improved when phenylpropyl group,was modified to a cinnamyl grodp As a result,
compounds had codeing i k e af fracaptors (B38M)o Hence, thenature of the
N-substituent wamodified to include functional groups whigkereanticipated to confer

agonism (e.g. methyl, ethyl, butyl, phenylpropyl) and possibly antagorsmbénzyl

and ally) (Casy and Parfitt, 1986)

Table 2.1 Opioid Receptor Binding Affinities fotompounds3, 5, and7

Kix SEM (nM)
Compound [*H] DAMGO [*H] DPDPE [°H] U69,593
(e) (4) (®)
3 >10,000 >10,000 >10,000
5 338* 6100* 6500*
7 3210 + 430 >10,000 >10,000
Codeiné 727 £ 128 52207 + 25421 25411 + 10015
Morphin€ 6.55 + 0.74 217 +19 113+ 9

*Statistical datanot available

!ref. (Peckham and Traynor, 2006)

%ref. (King et al., 2003)

In the current series, thi-diethyl analog was previously studied along with related
compounds asqtential antiarrythmic agents but were shown to have undesired effects

(Molimard, 1970) This, coupled with the fact th&t-ethyl tends to lead to low analgesic

activity with opioids(Casy and Parfitt, 1986prompted our decision teliminate the
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diethyl analogs from ouwllesignas potential therapeutics. Although tialiethyl analogs
did not undergo anyn vivo analysis,in vitro studies were pésrmed to assist in the

modeling studies.

In order to be able to compare data between laboratories, comp@ubdsd 7 were
biologicaly re-evaluated by Jason Healy, a graduate student in the laboratory of Dr. Rae
Matsumoto at WVU (Morgantown, WV).DMGO (¢ opi oi d peptide)
peptide), and U69,593 (8@ opioid peptide)
validate the method (Table 2.3). Unexpectedly, and in contrast to the previous affinity
data, compound8, 5 (Table 2.2) and7 (Table 2.3) did not have significant affinity.
However, theN-dibutyl analogs 17, 18) in the N-dialkyl series both displayed similar
weak binding affinity (2494 nM) for the binding receptoand negligible (>10,000 nM)
affinity for O receptorg(Table 2.2). Despite the previously described preference for the
unsaturated chain in the DEC tested compouBdand 5 compoundsl8 and its
unsaturated analog7 displayed identical binding affinities independent of the level of

the unsaturation.

\
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Table 2.2 Opioid Receptor Binding Affinities foN-dialkyl Analogs

Ki+ SEM (nM)
Compound [*H] DAMGO [*H] DPDPE [*H] U69,593
(&) () ®)
3 >10,000 ND* ND*
5 >10,000 ND* ND*
13 >10,000 ND* ND*
14 >10,000 ND* ND*
15 >10,000 >10,000 ND*
16 >10,000 >10,000 ND*
17 2490+ 206 >10,000 ND*
18 2490+ 165 >10,000 ND*
20 >10,000 >10,000 ND*
21 >10,000 >10000 ND*
DAMGO 1.47 +0.37 >10,000 > 10,000
DPDPE 618 + 64 2.44 +0.33 >10,000
U69,593 > 10,000 >10,000 1.13 £ 0.49

ND* = not determined

N-heterocycles werexamined to delineate the effect of conformational freedom of these
substituents on opioid aecity. From our results, it appears that constraining the flexible
chains in theN-dialkyl analogs to give ring constraindsheterocyclic analogs/(24-27)

is not favorable for interactions with the opioid receptors (Table 2.3).
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Table 2.3 Opioid Recepdr Binding Affinities forN-heterocyclicAnalogs

Ki+ SEM (nM)
Compound [*H] DAMGO [*H] DPDPE [*H] U69,593

(e) (4) (®)
7 >10,000 ND* ND*
24 >10,000 ND* ND*
25 >10,000 ND* ND*
26 >10,000 >10,000 ND*
27 >10,000 ND* ND*
28 >10,000 ND* ND*

ND* = not cetermined

The N-arylalkyl and N-diallyl analogs were selectively synthesizédsed on the
established SAR of agonism and antagonism in the opiéidsi the results in Table 2.4,
it appears that the second aromatic ring is important for bindimgng the N-arylalkyl
analogs (Table 2.4), compoungs and38 displayed the highest affinity for theeopioid
receptor binding site (1680 nM and 1520 nM, respectively), weak affinity {o8850
nM and 6650 nM, respectively), amtegligible (>10,000 nM) affinity fore. The N-
benzyl analogs33, 34), which tend to yield low antagonism displayed low bigdin
affinity for the € opioid receptor (2760 nM 3040 nM) and negligible binding affinity

(>10,000 nM)for G while theN-diallyl analogs showed no activity at either receptor type.
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Table 2.4 Opioid Receptor Binding Affinities foN-arylalkyl andN-diallyl Analogs

Ki+ SEM (nM)
Compound [*H] DAMGO [*H] DPDPE [*H] U69,593

(&) () ®)
33 3040+ 250 >10,000 ND*
34 2760+ 146 >10,000 ND*
35 1680+ 155 6850+ 453 >10,000
36 2310+ 193 8530+ 669 >10,000
37 6450+ 315 >10,000 ND*
38 1520+ 175 6650+ 405 >10,000
39 >10,000 ND* ND*
40 >10,000 ND* ND*

ND* = not determined

The affinity results showed that the optinNdsubstituents includ&l-phenethyl and\-
phenylpropyl. Overall, there was no noticeable trend between the saturated and

unsaturated deratives in the phenylpropyloxyethylamine series.

232 fS] GTP29S Bimding Assay

The efficacy (% stimulation) and potency @gOvered et er mi ned wusing the
by described proceduréaceto et al., 2007) The efficacy isdetermined as théo

ma x i mal effect with respect to the defined
and DPDPE for u0). The potency is measur ed
50% of the maximal respon®8. T P2 S st udi e sby®EQwdh congpouhds r me d
which appeared to have the highest affinity for ¢heeceptor prior to being retested in

Dr . Mat sumot obdés | ab. R®psoduced high efficacy €8% vs.h at ¢
DAMGO) and low potency (E£=9200nM) at e receptors. Despite the low potency, it

wasevident thathe new series of compoundgresuitablefor further optimization into

a clinically acceptable opioid analog.
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GTPoS studies areurrently underwayor the rest of thesynthesized compoundghese
compounds will aid in the understangiof the SAR of the series and the optirhal

substituent will be utilized in Specific Aims 2 and 3.

2.3.3 Molecular Modeling Studies

The novel series of compounds consist of an aromatic moiety, similar to that of morphine
and its analogs. In order t@nfy that the aromatic moiety on compouBanimics the
aromatic moiety coming off position 14 on-tihnamyloxymetoponand not theA-ring

on morphine, theonformationally sampled pharmacoph{@SP)(Rais et al.Bernard et

al., 2003; Bernard et al., 2005; Bernard et al., 2003eling approach was applied and
pharmacophore models were designed. The CSP method, developed by Dr. MacKerell
and coworkerst the University of Maryland, is a novel approach for ligamased drug
design(Rais et al.; Bernard et al., 2003; Bernard et al., 2005; Bernard et al., 2Z0&7)
method maximizes the probability of inclusion of the bioactive conformation for model
development by considedrall theenergetically accessibtmnformations of each ligand

in the set rather than individual lowest energy conformers traditionally. G$edCSP
method has been previously used to predict the affinity and efficacy of the peptidic and
nonpeptidic del opioids(Bernard et al., 2003; Bernard et al., 2005; Bernard et al.,
2007) This method was also applied to highly flexible ligands, bile a@Ri#ss et al.;

Rais et al.)and relationship between affinity and various substituents has been proposed.

Considering that compouriglalso has a high degree of conformational freedom, the CSP
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method was performddy Ji hyun Shi m, a memberinowdér Dr .

to secuwe the conformational diversity.

Compound5 and cinnamyloxymetopon were modelading the progranfCHARMM
(Brooks et al., 2009yvith the CHARMM General Force Fielfvanommeslaeghe et al.)
(CGenFF) parametersand they were energyinimized using a combination of
minimization algorithmsin CHARMM such as steepest escentand adopted hsis
NewtonRaphson(ABNR) to a RMS gradient of 16 kcal/mol A. For conforméonal
sampling the molecules were subjected to Temperature Replica Excihdoigeular
Dynamic (TREXMD) simulations (Sugita andOkamoto, 1999) TREX-MD is an
efficient methods currently used to overcome local minima and to sample diverse
conformational spacéSugita and Okamoto, 1999)TREX-MD performs a range of
independent MD simulations (replicas) in which each replica is under different
temperatures, representing system of different degrees of kinetic energy to overcome
energy barrierg¢Sugita and Okamoto, 1999 xchanges of configurations occur between

the adjacent replicas when the energy differences are small, sutheth@awer energy is
always accepted and the higher energy is conditionally accepted according to Metropolis
criterion (Metropolis and Ulam, 19495uch exchanges are utilized to sample different
conformations, which can overcome the energy barriers while satisfying Boltzmann
distribution of conformationsin this study, 8 replicas witlexponential scaling of
temperatures between 300K to 400K (300K, 313K, 326K, 339K, 354K, 368K, 384K,
400K) were used. MD simulations on each replica were carried out fg Gsing

Langevin dynamicqgAllen and Tildesley, 1989)n implicit solvent using the GBMV
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(Generalized Bm using molecular volume) method in CHARMMee et al., 2003)
Exchange was attempteslrery 0.5 ps To confirm that the simulation was sampling
distinctive conformations, the probability of geometric distributions was aosdpwith

the increment of simulation time. For example, the probability distribution of distances
between basic nitrogen and aromatic ring of compound 5 was calculated over 0.5 ns
intervals. Overlap between probability distributions at 4.5ns and 5nse&@86 and a
significant shift in the population was not observed. Therefore 5ns sampling was deemed

converged enough to perform further analysis.

0.45 ' '14-COM YN —

04 t 14-COM XN |
d5 YN o
0.35 ¢ cmp | Wﬁ

=
;‘E 025 r TR
_‘8 14-Cinnamyloxymetopon (14-COM)
S 0.2 ¢
a

0.15 I |

0.1} 1y S

P\ Cinnamyloxyethyldimethylamine (cmpd 5)
0.05 ¢
0 -

0 2 4 6 8 10 12 14

distance

Figure 2.2 CSRgenerated datshowing 1D probability distribution of distaes between

the basic nitrogen (N) and the aromatic moieties (X, Y) of compdurahd 14
cinnamyloxymetopon. Green represents the probability distribution of the XN distance on
the 14cinnamyloxymetopon; red the YN on the-@éihnamyloxymetopon; blue theN

on compound.

For the analysis, only the first replica corresponding to room temperature wasansed
which 2500 conformationsvere obtainedThe 1D probability distribution of distances

between the basic nitrogen (N) and ttemtroid of thearomatc moieties (X and Y) of

both molecules, with bin size of 0.1 &re displayed in Figure 2.As expected, there is a
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significant overlap for the YN distances in both of the molecules (indicated in red and
blue) and no overlap is observed with thering (XN: indicated in green), further
suggesting that the aromatic moiety on phenylpropyloxyethylamines does not mimic the

A-ring.

Additionally, the same approach was utilized to determine the 1D probability distribution
of distances between the centroid oé thromatic moieties on thid-arylalkyl series
(compounds34-38) and the basic nitrogen and compared to the 1D probability
distribution of distances between the aromatidy and the basic nitrogen on morphine.

In earlier studies, it was found that theomatic moiety coming off the oxygen on
compound5 did not sample the same space as theng. Unexpectedly, results
displayed in Figure 2.3 illustrate that the distance between the aromatic ring coming off
the oxygen position and the nitrogen on the pheopyloxyethylamines had some
overlap with the conformations that are sampled by the aromatisgfand the basic
nitrogen on morphine. However, is evident that the cinnamyl analogs are least likely to
mimic the Aring as they are less flexible and tHere sample a relativelnarrow range

of conformations
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Figure 2.3 Figure showing 1D probability distribution of distances between the basic
nitrogen and the aromatic moiety coming off the oxygen on compa®88 and the
aromatic Aring on morphine.

Similar to the previous results, tiNebenzyl derivatives do not appear to mimic the A

ring (Figure 2.3). In contrast, some overlap in the conformational space between the basic
nitrogen and the aromatic ring on tNephenethyl andN-phenylpropyl is obserd with

the Acring on morphine. These results indicate that the aromatic moiety on compounds
35-38 may be mimicking the Aing. Though the affinity of thé&-phenethyl derivative

was slightly lower compared td-phenylpropyl, theN-phenethyl has been idefitid as

the optimal N-substituent because the molecular modeling data indicated th&t-the
phenylpropyl derivatives had a higher overlap coefficient than Naghenethyl

derivatives.
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Figure 2.3 Figure showing 1D probability distribution of distancestvieen the basic
nitrogen and the aromatic moiety coming off the nitrogen on compa®®a88 and the
aromatic Aring on morphine.
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2.3 CONCLUSIONS

In this chapter, a series of phenylpropyloxyethylamines with diffeNigubstituents

were synthesizedto test the hypothesis that opioid activity can be achievedha
presence of a basic amine and a phenylpropyloxy graog that the Aing is not
necessarilyrequired. Using the CSP approach, predictedthat the aromatic moiety
coming off the oxygen dsenot mimic theA-ring on the cinnamyl analogglowever,

slight overlap in the conformational space between the basic nitrogen and the aromatic
ring on theN-phenethyl andN-phenylpropyl derivatives is observed with theiAg on

morphine, indicating thatit may be mimicking the Aing. Nonetheless, the
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phenylpropyloxyethylamines are capable of binding tcetlopioid receptor possessing a
fairly weakaffinity while maintainingnegligible affinity for @ andt receptorsBased on
the nolecular modeling and opioid binding studiege have identified th@ptimal N-
substituent ashe N-phenethyl contained in anal@$, with 1680 nM affinity for thee
opioid receptor. Furthermore, compouB8 will serve as the novel lead compound for
further optimizationIn chapter 3we will discuss the subsequentinéroduction of rings

B, C, and D from the morphine skeleton @sgiconstrained analogs containing the
optimal N-substituentN-phenethyl. The ultimate goal of this research is to develop ring
constrained phenylpropyloxyethylamine analogmt will enhance future modeling

studies and aid in the design of improved apmmalgesis.

2.4 EXPERIMENTAL

All reagents and solvents were purchased from Sigma Aldiictr unless stated
otherwise and used without further purification. All reactions were carried out under an
atmosphere of nitrogen. Thin layer chromatographyg warformed on silica 60,5

plated (Analtech, Inc., Newark, DEAIl compounds were purified using standard
techniques (crystallization, etc) and characterized using standard spectroscopic methods
such as'H NMR (Varian Inova 500 MHz) and MS (ThermoFigan LCQ Classic
Waltham, MA). Melting points were determined using Me#dmp (Laboratory Devises

city, statg apparatus. Elemental analysis was performed by Atlantic Micr@\drgross,

GA).
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N,N-Dimethyl-2-(3-phenylpropoxy)ethanamine (3, UMB205)

Method1: A solution of 3-phenyltpropano] 1 (5.99 mL, 44.6 mmol) in dry DMF was
added to a stirring solution of 2.39 g (104 mmol) of NaH at room temperature. After 30
min, 1.609g (14.9 mmol)of 2-(dimethylamino)ethylchloride hydrochlorid2 was added

in small portions over a 30 min period. The resulting mixture was allowed to stir for
another 3 hours at 50°C and 30 min at room temperature. After comdgtiboC, the
reaction mixture was quenched with ethanol and the solvent was removed under reduced
pressureThe crude product was dissolvedHpO and extracted witkt,O. The product

was then extracted into 6M HCI froEt,O. The solution was made basic (pH12) with

5M NaOH (aq) and extracted witt,O. The combined organic layers were washed with
brine solition and dried over N&QO,. After removal of the solvent under reduced
pressure, the crude product was purifiegd column chromatography (silica gel, 5%
CHCI3/MeOH/1% NHOH) followed by formation of the oxalate salt from ether. Yield

40% (1.23 g)mp 120121°C

Method 2:To obtain targeB, alcohol1 (1.25 ml, 9.30 mmol) was reacted wizh(1 g,
9.30 mmol)in the presence of KOH (2.5 ed..30 g in DMF (20 mL/g). The reaction
mixture was allowed to stir overnight at room temperature. After cdiopley TLC, the
crude reaction mixture was dissolvedHpO and extracted with ED. The product was
then extracted into 6M HCI frorat,O. The solution was made basic (pH12) with 5M
NaOH (aq) and extracted witt,O. The combined organic layers were washecdhwit
brine solution and dried over P8O, After removal of the solvent under reduced

pressure, the crude product was purifieg column chromatography (silica gel, 5%
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CHCIs/MeOH/1% NHOH) followed by formation of the oxalate salt from ether. Yield

57%, (1.10g); mp 120121°C

'HNMR (D,O) U-77 426 ( m, -72.H)5 (im,7-3HY1 (im,3-27H) ,
3.61 (m, -32.H3)8, (um,3-223HB)3, (Um,2-269HJ)5, (im,?2-1288D) ,

(m, 2H), MS ESI m/z = 208 (M+ T’); Anal. (C13H21NO (C2H204)1) C, H, N.

2-(Cinnamyloxy)-N,N-dimethylethanamine (5, UMB207) was prepared through
alkylation of cinnamyl alcohol, 4 (3.74 g 279 mmol) with 2-
(dimethylamino)ethylchloride hydrochlorig2 (1 g, 9.30 mmol) following botimethod

1 and 2described aboveYield 17% (0.32 g)'H NMR (D,0) 7054 ( d, 3.50
7427 . 49 (m, -63.HYO0 (Um,6-617H8)6 (Um,6 .13F9) , U 4. 29
3.88 (t, 5.25 Hz, 2H), -2.9% (M 6HE MS ESI m/z=420® 0

(M+ H"); Anal. (C13H10NO (CH,04)1) C, H, N.

1-(2-(3-Phenylpropoxy)ethyl)pyrrolidine (7, UMB206) was prepared through
alkylation of 3-phenyltpropano] 1 (2.01 mL, 15.0 mmol) with 1-(2-
chloroethyl)pyrrolidine hydrochloride (1 g, 7.48 mmol) following botlethod1 and 2
described aboveYield 22% (0.38 g))HNMR (D,O0) 4 7. 41 (t, -Ti13567
(m,3H) ,3.768.80(m, 2H) ,3.64B.70(m, 2 KB)B§(t, 661 Hz,2 H) 3.39(H, 4.84
Hz,2 H) 3.098.18( m, 22H) ({ 7.44 Hz, M) ,2.1¥2.21(m, 2 H)91-2.0Ti

(m, 4H); MS ESI m/z = 234 (M+ B); Anal. CisH23NO (GH»04)1) C, H, N.
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2-(Cinnamyloxy)-N,N-diethylethanamine (13, UMB36% was prepared through

alkylation of 2-(diethylamino)ethanol10 (1.14 mL, 8.53 mmglwith cinnamyl bromide,

8 (1.85 g, 9.39 mmglin presence of KOH (1.19 g, 21.3 mmddllowing method?2

described previously(ield 22% (0.44 g) *"HNMR (D,O) &4 7.54 (d, 3.94 H
(t, 7.42 HZ,42H()m, 86L.H03 5Um,6 -617HH G (Im,6 . 13H8) , |
(d, 3.48 Hz, 2H), U 3.87 (t, 43.87 Hzm, 24H)),,

1.31 (t, 7.19 Hz, 6H), MS ESIm/z =234 {'NHJr); Anal. (C15H23NO (C2H204)1) C, H, N.

N,N-Diethyl-2-(3-phenylpropoxy)ethanamine (14, UMB363 was prepared through

alkylation of 2-(diethylamino)ethanol, 10 (1.14 mL, 8.53 mmgl with 1-bromo3-
phenylpropane9 (1.43 mL, 9.39 mmolin presence of KOH1.19 g, 21.3 mmol)

following method2 described previouslyield 36% (0.72 g) 'HNMR (D.O) & 7. 39 (
7.37 Hz, -2H35 @{UOm,7-¥H®L, @Wm,3.2ZH), G 3.58 (t,
3.37 (m, 6H), U 2. 7L 98t ,(n7. RMH)Hz ,i 21H)3,0 U t1

ESIm/z = 236 (M+ H), Anal. (C15H25NO (C2H204)1) C, H, N.

2-(Dipropylamino)ethanol (11)A mixture of dipropylamine (1.381L, 9.88 mmol), 2
chloroethanol (0.86nL, 9.88 mmol) and KCOs; (13.7 g, 99 mmol) in DMF (20mL/g)
was vigorously stirred at room temperature underAter completionby TLC, H,O was
added and extcded with E3O. The combined organic layers were washed with brine
solution and dried over N&QO,. After removal of the solvent under reduced pressure, the
crude product was purified by column chromatograplsilica gel, 3%

CHCIy/MeOH/1% NHOH). Yield 78% (1.12 g); MS ESI m/z = 146 (M +
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2-(Cinnamyloxy)-N,N-diethylethanamine (15, UMB398) was prepared through
alkylation of2-(dipropylamino)ethanofl 1 (0.80 g, 5.51 mmglwith cinnamyl bromide8

(2.09 g, 5.51 mmglin the presence of KOH (0.46 g, 8.2nmol), following method?2

(4

described previously. Yield 33% (0.48 g); 1®; *H NMR (D,O) U-7.34.(M2H) ,

7.43(t,7.57Hz,2H) ,7.31( m, 16H}6,77(im, 161356,44(@, 1H) ,4.25i(d

Cc

3.53Hz, 2H) ,3.8T(t, 4.44 Hz 2 HB)41(t, 470 Hz,2 H) 3.088.21 (m, H) ,
1.661.77 ( m, 4 B194,(t, 781 Hz, 6H); MS ESI m/z = 262 (M+ H); Anal.

(C17H27NO (CH204)1 (H20)0.75) C, H, N.

N,N-Diethyl-2-(3-phenylpropoxy)ethanamine (16, UMB397) was prepared through
alkylation of 2-(dipropylamino)ethanol,11 (0.8 g, 5.51 mmgl with 1-bromo3-
phenylpropane9 (0.84 mL, 5.51 mmglin the presence of KOH (0.46 g, 8.26 mmol),
following method2 described previously. Yield 40% (0.58 g); iy 'H NMR (D,O) U
7.37(t, 6.98Hz, 2H) ,7.2%7.33(m, 3H) ,3.783.81(m,2H) ,3.538.59(m,2H) , U
3.333.38(m, 2 KB)O73.2U(m, 4H) ,2.7Qt, 7.46 Hz, H) ,1.8&1.97( m, 2H) ,
1.661.77 (m, 4H) , 0.96 (t, 6.98 Hz, 61); MS ESI m/z = 264 (M+ B; Anal.

(C17H29NO (CGH204)1) C, H, N.

2-(Cinnamyloxy)-N,N-dibutylethanamine (17, UMB366) was prepared through
alkylation of2-(dibutylamino)ethanol12 (1.16 g, 5.77 mmolwith cinnamyl bromide8
(2.25 g, 6.35 mmglin the presence of KOH (0.81 g, 14.4 mmadbljowing method?2

described previouslyrield 24% (0.40 g)'HNMR (D,O) 4 7.53 (d, 3.65

[ e(q
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(t, 7.57 HZ.,38H()m, #66l.H).83 3(Um,6-617H)4 (im,6 .13H) , |
(d, 3.13 H8, 883HY m, U028)83UHB, 42 HY % @mM,3.4R) ,
1641. 73 ( m, 4H), U HOMS BSI ni/2 5 290 (M3 H); Ahal., 6

(C19H31NO (CGH204)1 (H20)0.25) C, H, N.

N,N-Dibutyl -2-(3-phenylpropoxy)ethanamine (18, UMB384) was prepared through

alkylation of 2-(dibutylamino)ethanol,12 (1.16 mL, 5.77 mmol) with -bromo3-
phenylpropane9 (0.96 mL, 6.5 mmol) in the presence of KOH (0.81 g, 14.4 mmol),
following method2 described previouslyield 37% (0.62 g) mp 9496°C; *H NMR

bx0) u07.39 (t, 77535 Hzm, 23HH,2 wum7,3 .22et6) , U 3.
Hz, 2H)3. 40 3(.M,4-2.H)6 (Um,3.41KR), U 2. AD7 (t, 7
(m, 2H)L,. 704 1(.n6,3-14.HH3 (Uim,1 -0498B)m, 6H)] MDESBn¥z

292 (M+ H+), Anal. (C19H33NO (C2H204)1) C, H, N.

2-(Cinnamyloxy)-N,N-diethylacetamide (20, UMB383) was prepared through

alkylation of N,N-diethyl-2-hydroxyacetamidel9 (1.00 mL, 7.62 mmglwith cinnamyl

bromide,8 (1.65 g, 8.39 mmglin the presencefdKOH (1.07 g, 19.1 mmol), following

method?2 described previouslyYield 22% (0.42 g) mp °C;'H NMR (D.O) U 7. 39 ( i
3.74 Hz, 2H), U0 7.2 2@8t, (M, 6560z ( m2 L BP0 1
6.35 (m, -4L.H)8, (Um,4.22H8) , & 4.19 (s, 2H), U 3.

Hz, 2 H)L22 (i, 6H); MSIESI m/z = 248 (M+} Anal. (C1sH:NO) C, H, N.
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N,N-Diethyl-2-(3-phenylpropoxy)acetamide (21, UMB382) was prepared through

alkylation of N,N-diethyl-2-hydroxyacetamidel9 (1.00 mL, 7.62 mmglwith 1-bromoc
3-phenylpropane9 (1.27 mL, 8.39 mmol) in the presence of KOH (1.07 gl1I8mol),

following method2 described previouslyYield 29% (0.55 g):*H NMR (D,O) a- 7. 91
7.98 (m, -72H8)9, (Um,7 .38HL) , U 4.-200@8t (m6. 4%) Hz [
7.79 Hz, -2H96 @Um,2.5R), U-1.89(R6H);MSESI@/EH3, U 1

250 (M+ I—F), Anal. (C15H23NO) C, H, N.

1-(2-(Cinnamyloxy)ethyl)pyrr olidine (24, UMB361)was prepared through alkylation

of cinnamyl alcohol, 4 (3.01 g, 22.5 mmol)with 1-(2-chloroethyl)pyrrolidine
hydrochloride,6 (1.00 g, 7.48 mmol) in the presence of KOH (1.05 g, 18.7 mmol),
following method2 described previouslytield 21%;*H NMR (D,O) a 7.55 (d,
Hz, 2H), U 7.46 (t, 7.73 H&.,82H)m, BUS). 390 (
(m, 1H), O 4.29 (d, 3.05 H3,78H{m, t428) 88U
3.49 (m, -2.HY1 (Um,3 -ZPAYmM, 2HjiG 21-20@8m, 2H); MS ESI

m/z = 232 (M+ H), Anal. (C13H21NO (C2H204)1 (H20)0.25) C, H, N.

1-(2-(3-Phenylpropoxy)ethyl)piperidine (25, UMB362) was prepared through
alkylation of 3-phenyltpropano] 1 (0.92 mL, 6.77 mmol) with 1-(2-
chloroethyl)piperidne hydrochloride22 (1 g, 6.77 mmol) in the presence of KOH (0.95

g, 16.9 mmol), followingmethod2 described previouslyield 14 % (0.24 g):'"H NMR

obx0) U 7.41 (t, -7.3IB (Hm, 2RHH), W F.&D (t, 5.

Hz, 2HP6 @d3 3.56 Hz, 2H), U 3.32 (t, 5.04
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(t, 7.57 Hz.,0®H)m, 4.58).89 Jum,1-1B5I(m, 1HXi MSIESK 6

m/z = 248 (M+ H), Anal. (C16H23NO (C2H204)1) C, H, N.

1-(2-(Cinnamyloxy)ethyl)piperidine (26, UMB363)was prepared through alkylation of

cinnamyl alcohol4 (1.82 g, 13.6 mmglwith 1-(2-chloroethyl)piperidine hydrochloride,

22 (1.00 g, 6.77 mmol) in the presence of KOH (0.95 g, 16.9 mmaol), follomieiinod2

described previouslyrield 34% (0.57 g) '"HNMR (D,;O) 4 7. 53 ( d, 3.86 F
(t, 7.61 Hz, 2H), U-67.737 ((m, ,-6L.H4)5, 7 (U5, 13B)H,) , |
(d, 3.20 Hz, 2H), & 3.88 (t, 4.97 Hz, 2H),
U 2.99 (t, 12.3%/. 5Hz,Hz2,H)2.HQ® IUm9M-1358dm, U 1.

lH); MS ESI m/z = 246 (M+ F); Anal. (C16H25NO (CzH204)1 (H20)0.25) C, H, N.

1-(2-(3-Phenylpropoxy)ethyl)azepane(27, UMB381) was prepared through alkylation

of 2-(1-azepanyl)ethanoR3 (1 g, 6.98 mmb with 1-bromo3-phenylpropane9 (1.17

mL, 7.68 mmol) in the presence of KOH (0.98 g, 17.5 mmol), followimgthod 2

described previouslytield 37% (0.68 g) mp °C;*H NMR (D,O) U-77 436 (m, 2H)
7267 .36 (m, -B.HY3 (Um,3.TH)L,0HEZ , 3 .2B9 5@tli,( 36 48 H) ,
3333.39 (m, -2H27 (@@m,3.2K), U 2. 7200 @mt10H);7. 09 +

MS ESI m/z = 262 (M+ H), Anal. (C17H27NO (CZH204)1) C, H, N.

1-(2-(Cinnamyloxy)ethyl)azepane(28, UMB389)was prepared through allegion of 2-
(1-azepanyl)ethanol23 (1.00 g, 6.98 mmolwith cinnamyl bromide8 (1.51 g, 7.68

mmol) in the presence of KOH (0.98 g, 17.45 mmol), followingthod2 described
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previously. Yield 22% (0.39 gfH NMR (D,O) U -7.34.(M 24) ,7.43(t, 7.40Hz,
2H) ,7.3Tt, 7.40 Hz,1 H) 6.71:6.78( m,  16t856.44 (m 1H) , 4.284.26 (m,
2H), U448 HB82/H)(3t46853( m, 2 H9( 4 .08 13 .H3z , -32H(m,
2H) , -1.954m, M7 , 1.651.74 (m, H); MS ESI m/z = 260 (M+ B; Anal.

(C17H25NO (GH204)1) C, H, N.

N-Benzyl2-(cinnamyloxy)-N-methylethanamine (33, UMB367)was prepared through
alkylation of N-benzytN-methylethanolamine?9 (0.99 mL, 6.05 mmglwith cinnamyl

bromide,8 (1.31 g, 6.66 mmglin the presence of KOH)(85 g, 15.1 mmol), following

method2 described previously. Yield 20(0.34 g) mp 9496°C;'H NMR (D,O) - 7.

7.55 (m, 7H), H) 73®38((n,, 1G6FE8 7Bz ( m2 -1H), 0

6. 40 (m, -41.H5)0, (im,4-A22#B)m, U231803,926Um, 2 H63,54 0
(m, 2H), HjMRESBWz =(282,(M+3); Anal. (CieH23NO (C:H:04)1) C, H,

N.

N-BenzykN-methyl-2-(3-phenylpropoxy)ethanamine (34, UMB385) was prepared
through alkylation oN-benzytN-methylethanolamine29 (0.99 mL, 6.05 mmglwith 1-
broma3-phenylpropane? (1.01 mL, 6.05 mmglin the presence of KOH (0.85 §5.13
mmol), following method2 described previously. Yield 32% (0.55 )i NMR (D;O) U

7227 .58 (m, H40HK), (in, 4-43yn, L HH 32373 .69

3383.59 (m, -B.HY3 (Um,3-2A2AJm,3 H) ,2 .8 R . 66 (t,

1.841.93(m, 2H)): MS ESI m/z = 284 (M+ B); Anal. C1gH2sNO (GH.04)1) C, H, N

47
u

3.

2H),
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2-(Methyl(phenethyl)amino)ethanol (30) A mixture of (2-bromoethyl)benzene (5.48
mL, 39.9mmol), 2-chloroethanol (1.08 mL, 13:8mol), and K;COs (18.4 g, 133nmol)

in DMF (20 mL/g) was vigorously stirred at room temperature under After
completionby TLC, H,O was added and extracted withy@t The combined organic
layers were washed with brine solution and dried oveiSRa After removal of the
solvent under reduced pressure, the crude product was purified by column
chromatographysilica gel, 3% CHCIls/MeOH/1% NHOH). Yield 64% (1.53g); MS

ESI m/z = 180 (M + H).

2-(Cinnamyloxy)-N-methyl-N-phenethylethanamine (35, UMB391) was prepared
through alkylation of2-(methyl(phenethyl)amino)ethanaB0 (0.75g, 4.18mmol)with
cinnamyl bromideg (2.47 g, 126 mmol) in the presence of KOH (0.59 g, 10.5 mmol),
following method2 described abovefield 19% *H NMR (D;0) 7.167.40 (m10H) , U
6.576.63 (M 1 H6)266.3%( m, 14H$ (d 2.97 Hz, M) ,3.6ZB.69(m, 2 H) ,
2.822.88(m, 2H) , 2.732.80(m, 4H) , 2.44i(s, 3H); MS ESI m/z = 296 (M+ B;

Anal. (C20H25NO (CzH204)1 (HZO)O.S) C! H, N.

N-M ethyl-N-phenethyl2-(3-phenylpropoxy)ethanamine (36, UMB390) was prepared
through alkylation o2-(methyl(phenethyl)amino)ethand0 (0.75 g, 4.18 mmdlwith 1-
broma3-phenylpropane? (1.91 mL, 12.6 mmol) in the presence of KOH (0.59 g, 10.46
mmol), followingmetod 2 described previously. Yield 34% (0.42 ¢t NMR (D,O) U

7317 . 43 (m, -76301(m4H )i, 3.78(t24317 Hz, M) ,3.443.60(m,4H) ,
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3.283.43 (m 2H) ,3.023.16(m, 2H) ,2.94K(s, 3H) ,2.66it, 7.45 Hz,2 H) 1.84U

193(m, 2H), MS ESI m/z = 298 (M+ T‘); Anal. (C20H27NO (C2H204)1) C, H, N.

2-(M ethyl(3-phenylpropyl)amino)ethanol (31) A mixture of1-bromo3-phenylpropane,

9 (6.07 mL, 39.9nmol), 2-chloroethanol (1.08 mL, 13/8mol), and K;COs (18.4 g, 133
mmol) in DMF (20mL/g) was vigorously stirred at room temperature undgrAfter
comgetion by TLC, H,O was added and extracted withy@t The combined organic
layers were washed with brine solution and dried oveiSRa After removal of the
solvent under reduced pressure, the crude product was purified by column
chromatographysilica ge, 1-3% CHCEMeOH/1% NHOH). Yield 71% (1.83 g); MS

ESIm/z = 194 (M + H).

2-(Cinnamyloxy)-N-methyl-N-phenylpropylethanamine (37, UMB413) was prepared
through alkylation of2-(methyl(3phenylpropyl)amino)ethanoB1 (1.0 g, 5.17 mmgl
with cinnamyl bronde, 8 (3.06 g, 15.5 mmol) in the presence of KOH (7.26 g, 12.9
mmol), following method2 described previouslytield 19% (0.30 g) mp °C;'H NMR
(D,0) U-7.20.(h) %0H) ,6.586.63(m, 1 H6)256.34i( m,  14H%4.18(in,

2H) ,3571t 6.23Hz , 22H602.66(M, 4H) ,2.4Z2.48( m,  22:80(s, 3HY ,

C«

1.791.87(m, 2H) MS ESI m/z = 310 (M+ B); Anal. (C21H27NO (C:H204)1) C, H, N.

N-M ethyl-N-phenylpropyl-2-(3-phenylpropoxy)ethanamine (38, UMB403) was
prepared through alkylation &-(methyl(3phenylpropyl)amino)ethanoBl (1 g, 5.17

mmol) with 1-bromo3-phenylpropane? (2.36 mL, 15.5 mmol) in the presence of KOH
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(0.73 g, 12.9 mm9) following method2 described previouslyYield 27% (0.44 g);'H

NMR (D,0) U-77326 (m, -74.H)5 (Um,7.61k6) , U 3.66 (t,
6. 21, 2H) , a 3.28 (s, 2H) ,-2.0638.0mM, (4H) ,2 H) ,
7.84 Hz, -284)(m, 2H); MS .E3lIGn/z = 312 (M+'H Anal. (Co1H20NO

(C2H204)1 (H20)0.25) C, H, N.

2-(Diallylamino)ethanol (32) A mixture of diallylamine (1.27 mL, 10.3nmol), 2-
chloroethanol (0.89 mL, 10/8mol), and K;COs (14.2 g, 103mmol) in DMF (20mL/g)
was vigorously stirred at room temperature underAter completionby TLC, H,O was
added and extracted with Bt The combined organic layers were washed with brine
solution and dried over N&QO,. After removal of the solvent under reduced pressure, the
crude product was purified by column chromatograplgsilica gel, 3%

CHCIy/MeOH/1% NHOH). Yield 49% (0.71 g); MS ESI m/z = 142 (M + i

2-(Cinnamyloxy)-N,N-diallylethanamine (39, UMB402) was prepared through

alkylation of 2-(diallylamino)ethanql32 (2.00 g, 14.2 mmglwith cinnamyl bromide8

(2.79 g, 14.2 mmglin the presence of KOH (1.19 g, 21.2 mmol), followingethod?2

described aboverield 22% (0.84 g) mp °C;:'HNMR (D,0) U 7.52 (d, 3.54
7.42 (t, 7.58. 83z, ( @aH)6L.HN8 7(UnB,@-617FHH 6 (Um,6 . 131b) |
5866 . 00 ( m, -52.H5)5, (Um,5-445H8)9, (Um,4-322H2)1, (Um,3-.68H)) , U

3.44 (m, 2H); MS ESI m/z = 258 (M+'M Anal. C17H23NO (CH204)1) C, H, N.
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N,N-Diallyl -2-(3-phenylpropoxy)ethanamine (40, UMB399) was prepared through
alkylation of 2-(diallylamino)ethangl 32 (0.71 g, 5.03 mmgl with 1-bromo3-
phenylpropane9 (0.76 mL, 5.03 mmol) in the presence of KOH (0.42 g, hbvol),
following method2 described previouslyield 22% (0.29 g) *H NMR (D,O) 7.88(t,
7.36Hz,2H) ,7.2377.33(m, 3H) ,5.866.97(m,2H) ,5.566.65(m, 4H) ,3.758.85
(m, 6H) ,3.56(t, 6.56Hz,2H) ,3.32B8.37( m, 22HQ(t, 7.58Hz,2 H) 1.87-1.96

(m, 2H), MS ESI m/z = 260 (M+ T’); Anal. (C17H25NO (C2H204)1) C, H, N.

2-(3-(4-Hydr oxyphenyl)propoxy)N,N-dimethylethanamine (UMB388) was prepared
through alkylation of cinnamyl alcohol, 4 with 1-(2-Chloroethyl)pyrrolidine
hydrochloride, followingmethod2 described aboveéH NMR (Cl,C H ) U-7.30 (N 5
2H) ,7.1587.22(m, 2H) ,3.5Qi(t 5.91 Hz, M) ,3.45(t, 6.40 Hz, H) ,2.66R.71(m,
2 H) 2.52@ 5.84Hz,2H) ,2.® 7 ( s, -1.856)m, @R1H] (5,84 MS ESI

m/z = 238 (M+ H), Anal. (C14H23N02 (CzH204)1) C, H, N.



57

Chapter 3. Opioidslacking a tyrosine mimetic. Part 2: Ring

Constrained Phenylpropyloxyethylamines
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3.1 INTRODUCTION

Opioid receptors are Brotein coupled receptors that contain seven transmembrane
domains and are primarily located in the brain and the kmioa as well a the
gastrointestinal tradiOssipov et al., 2004)There are three cled opioid receptor types

k nown (Wanrg etal., 1994) (Mansson et al., 1994a n d(Evans et al., 1992;
Kieffer et al., 1992) Each type of opioid receptor produces unique pharmacological
effects upon st i magdniats haobeen shevenrtexheit dysphmoiiae , 3
by interactingthough central nervous system (CNS) mechasidhus tremendously
limiting the use ob agonistdn a clinical settingHasebe et al., 2004J Agonists are not
effective against severe pain and are known to produce convu{§loneer et al., 1993;
Broom et al., 2002)Most commonly used opioid analgesics such as morphine, fentanyl,
and oxycodone adeaglgarsiberges et ale 99y Bteim et al., 2003)
Though there are disputable benefits to opioid treatment in a clinical setting, their use is
often limited due to a number of adverse actions including development of tolerance,
dependencéKieffer and Evans, 2002)constipation, nausea, and respiratory depression

(McNicol et al., 2003; Benyamin et al., 2008)

One of the most problematt si de effects associated wit!
(Hipkin et al.) which becomes more severe as the dosageasesedue to analgesic
tolerance(Kieffer and Evans, 2002Alvimopan (Lavine, 2008) and methylnaltrexone
(Yuan et al., 2005aree o pi oi d receptor antagolhyithet s ha\

Food and Drug Administratioas theperipherally actingagents These agents do not
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cross the BBB, thus avoiding the antagonist effect in the CNS while reversing the

unwanted side effects the GIT(Yuan et al., 2005; Lavine, 2008)

The structure of morphine is comprised of 5 rings: aromatic A, cyclohexyls B and C,
piperidine D, and epoxy BModifications to the morphinan class included removal of
rings BE in an effort to @minate undesirable effects, howevali, continue to produce
these side effectgLing and Wesson, 1990) A common structural feature among
phenylpiperidnes, benzomorphans, and mirmans is the aromaticA-ring (Casy and
Parfitt, 1986) The phenolicA-ring of morphine is thought mimic the tyrosine residue

of enkephalinand it is therefore suggested toeguirement for opioid receptor binding.
Point mutation studies support this, as the histidine located in TM VI (His Visl7)
predicted tohydrogenbonds to the €oxygen substituent on th&-ring (Kane et al.,
2006) Moreover, studies show thahé G hydroxyl substituent isgenerally associated
with high affinity and potencyAldrich, 1993) Furthermore, the dlkoxymorphinan
series shows that potency can be magnified fyalRyl substituentgFurst et al., 1993a;
Schutz et al., 2003)-or examplethe 4-phenylpropyloxymorphinara derivatve which
belongs to the Xlkoxymorpinan family, is an agonist whi@hlicits extreme potency
(24,000-fold higher in the tail flick assay and5®0-fold higher in the hot plate assay as
compared to morphinefSchutz et al., 2003) Moreover, 14alkoxymorphinans are
capable of maintaining high affinity fa@ even when there is noz@xygen function
(Spetea et al., 2004Perhaps the most interesting finding about a member of the 14
alkoxy morphinan series is that -bdethoxy metopon elicits minimal physical

dependencand tolerance and has been shown to have reduced const{atigret al.,
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2003) and respiratory depressigrurst et al., 1993ads compared to morphine. These
results indicate that it is indeed possible to develop opioids that display functional
selectivity and have reduced side effe@sakkari et al., 1992; Paakkari et al., 1993;

King etal., 2003)

On the basis of these findings, we theorizattboth a basic amine and alkoxy group
such aphenylpropyloxy group alone are required for opioid activity, and the aromatic A
ring, that was historically considered essential, is not redq@€asy and Parfitt, 1986)

By removing the Aring, this allows the skeleton to adopt an alternate binding mode with
the receptor interacting with differemesidues, thereby potentialcausing alternate
receptor trafficking event@ignatova et al., 1999%nd postreceptor mechanisms, all of
which are involved in the development of toleralieeffer and Evans, 2002)In our
previous studies (Chapter, @e showed that phenylpropyloxyethylamines are capable of
binding toe opioid receptors and we identifi¢ide N-phenethyl analog,-Ecinnamyloxy}
N-methytN-phenethylethamaine as the optimaN-substituent analog with an affinity of
1680 nM In an effort to investigatéhe optimal configuration between the basic amine
and the phenylpropyloxy grouponstrainingrings B, C, and Dbf 4,5-epoxymorphinans
were incormorated Investigatiors were mitially focused on the synthesis of ring
constrained phenylpropylethylamines containing Mienethyl substituent which were
then furtheroptimized by incorporating theptimal N-subgituent, phenethylwhich

confesincreased affinity angotency.
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3.2 CHEMISTRY

3.2.1 Bring Cisand Trans Analogs

From Scheme 3,1it is evident thatis configuration occurs at positions 9 and 14 of 14
phenylpropybxymetopon The trans conformer43 was initially prepared, to confer the
configuration ad determine appropriate experimental proceduieschweileirClarke
methylation reactiorfOverman and Sugai, 1988&)as utilizedin the first step to obtain

the dimethyl substituted ami outlined below in Scheme 3.Compound41 formed

an imine with formaldehyde (HCHO), followed by reduction to a secondary amine using
formic acid. Inthe presence of excess formic acid (HCOOQ#t)s reaction repeats until a
tertiary amine is produced. The last step of this synthesis was acliesedling to a
known methodRist et al., 2001)o givecompound 43 and44. The resuing compounds
were obtained as a crude product in-8&% yield. The final produst 43 and 44, were

made into oxalate salin 10% and 7%yields, respectively

ﬁQ
WNH,

W\
HCHO 2
HCOOH Br
OH reflux

8 1,2=CH=CH

\/V\/‘Q 9 1,2 = CH,-CH,

43 1,2 = CH=CH
44 1,2 = CH,-CH,

DM

Scheme 3.1 Synthesis oftrans-N,N-dimethyl2-(szphenylpropay) cyclohexanamine
andtrans-2-(cinnamyloxy}N,N-dimethylcyclohexanamine
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The N-phenethyl analog7 was synthesized as shown in Scheme 3.2. CompéGincs
synthesized in 70% yield by addition Rfmethytphenethylamine to epoxidd5 under
the S2 conditons(Rogers et al., 1989)lkylation with 1-bromo3-phenylpropane in the
presence of NaH gave the desired produ€tThe resulting compound was converted

into an oxalate salt in 6% yield.

Scheme 3.2 Synthesis © transN-methytN-phenethy2-(3-phenylpropoxy)
cyclohexanamine

As shown in Scheme 3.3, thiephenylpropyl substituent was introduced from an epoxide
ring-opening reactiofRogers et al., 1989with 3-phenylpropylaine under reflux
conditions. The resulting compourtB, was N-methylated usingeschweiler Clarke
methylatiofOverman and Sugai, 1988escribed previously to give compoudd in
52% vyield The finalstep was achieved via a previously described alkylation mgRisid

et al., 2001)resulting in targe60. This compund was afforded in 33% vyield as an

oxalate salt.

Do LB O O

~HCOOR
reflux

49

Scheme 3 Synthesis of transN-methyt2-(3-phenylpropoxyiN-(3-phenylpropyl)
cyclohexanamine




































































































































































































































