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Abstract: We recently described a structurally novel seriésnegative allosteric modulators
(NAMSs) of the dopamine greceptor (DR) based on thieno[2 @pyrimidine 1, showing it can be
structurally simplified to reveal low molecular \gét, fragment-like NAMs that retain robust
negative cooperativity, such @& Herein, we report the synthesis and functionalfilmg of
analogues 08, placing specific emphasis on examining secondadytertiary amino substituents at
the 4-position, combined with a range of substitsieaat the 5/6-positions (e.g. aromatic/aliphatic
carbocycles). We identify analogues with diversarptacology at the IR including NAMs (9fc)

with subuM affinity (9h) and, surprisingly, low efficacy partial agoni¢®sl and9i).
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1. Introduction
The DR is a class A G protein-coupled receptor (GPCR)litated in the pathophysiology and

treatment of a number of central nervous systemS)CiNsorders, including schizophrenia (SCZ).



As such, drugs targeting this receptor have traakilly targeted the orthosteric site - where the
endogenous ligand DA binds. Clinically used antghstic drugs (APDs) targeting this site act as
D2R antagonists or low efficacy partial agonists, areltermed typical or atypical APDs based on
their propensity to cause extrapyramidal side &fednfortunately, the efficacy of these drugs is
largely limited to the positive symptoms of thisalider. Typical APDs are associated with extra-
pyramidal motor symptoms (EPS) and hyperprolactmag which are mediated by blockade of
DR signalling in the nigrostriatal and tuberoinfumaliar DA pathways, respectively. Atypical
APDs show a reduced incidence of EPS, but displlagraoff-target side-effects mediated through
the interaction with other aminergic receptors|uding metabolic disorders and weight gain.

Alternative approaches to target thegRDhave emergedia the identification of homo- and
heterodimeric complexésSuch complexes in specific tissues may provideehptarmacological
targets for compounds with distinctive functionabfiles and improved therapeutic windoWs.
Another proposition which entails targeting bindsites topographically distinct to the orthosteric
site of GPCRs might also be advantageous. Negaliwsteric modulators (NAMs) of the,R may
represent a safer therapeutic approach for theniezd of SCZ symptoms. A B NAM with
limited negative cooperativity with DA may displayntipsychotic efficacy but avoid EPS through
partial blockade of the JR akin to the action of atypical partial agonist @¥° such as
aripiprazole*? Furthermore, as a NAM will allow DA to bind, theatiotemporal pattern of DA
signalling is more likely to be maintained. FinalNAMs may display greater selectivity for the
D2R over other targets via the targeting of less wiaharily conserved sites and consequently
reduced off target toxicities. Drug-like (NAMs) &A receptors have recently been identified
including the scaffold that is the focus of theganet study>*°

Our previous study described the pharmacologichdlaton of a virtual ligand screen hit
(1, Figure 1), confirming that it binds with lowM functional affinity and exerts its effect via
negative allosteric cooperativity, primarily by mdation of dopamine signalling efficac§Based

on the scaffold o, we synthesised a small library of structural agags to further understand key
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molecular features that were responsible for change affinity and negative allosteric
cooperativity.Of several promising analogues identifi@dFigure 1) maintained lowmM affinity
(Ks = 1.92uM) and significantly attenuated DA signalling effy (3 = 0.001). This compound was
devoid of the morpholinomethyl moiety presentlprand also incorporated replacement of the ((3-
trifluoromethyl)phenyl)amino- substituent with &hN-diethylamino motif. In addition to this, our
previous work focused on assessing various substguat the 5/6-positions (e.g. phenyl,
cyclohexyl) in place of the fused cyclohexane systMoreover, we discovered that the scaffold
could be structurally simplified, to reveal a lowolecular weight fragment-like starting point that
maintainedtM affinity and negative cooperativity (MW = 20K = 4.56.M, S = 0.13) B, Figure

1). Thus, we identified an appropriate startingnpdior further structural interrogation and

elaboration of the core scaffold usidB@nd3 as our lead compounds with the aim to identifyhkig

affinity NAMs.
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Fig. 1. Promising structural analogues of 1 arising from a preliminary structure-activity
relationship (SAR) investigation. Compoundl was identified from a virtual ligand screen and
formed the basis of our previous SAR study. Compgaisignificantly attenuates DA signalling
efficacy at a concentration of 1M (Kg = 1.92/M, £ = 0.001). Compoun@ retains negative
allosteric cooperativity despite being a structyraimplified fragment-like analogue (MW: 20Kg

= 4.56uM, 8= 0.13) ofl.

To this end, we sought to investigate the influenfevarying the nature (both aliphatic and
aromatic) of the 4-amino moiety @&f(series 1, Figure 2). In addition, a second sarieompounds

was designed to further explore the effect of Biéghene substitution with respect to altering



functionality at the 4-position (series 2, Figurg Zhis would permit further refinement of the
structural determinants of,R affinity and negative cooperativity. Through thezallel synthesis of
an additional thirty-seven structural analogueg,afie have identified molecules that exert a range
of modulatory behaviour including, surprisingly,rigatives that display agonism. To confirm a
D,R-mediated mechanism of action, all compounds \agbnist profiles together with selected

NAMs were assessed for their ability to modulatefanctional readout in the absence of th&D

............................................

Series 1

E Cyclic/acyclic amine anilino
substiutents c-hexylamino
piperidino
piperazino
morpholino
pyrrolidino
£butylamino
c-propylamino !
c-propylmethylamino :
c-butylamino

Series 2

Structural changes

to fused cyclohexane
E removal of fused system !
1 | fused cyclopentane N, N-diethylamino | !
i | fused cycloheptane \\_, c-butylamino
+ | fused cyclooctane c-propylamino
' | 5-phenyl 5 N
1| 6-phenyl Q/\ | NN cyclic/acyclic
' | 5-c-hexyl e N/) aliphatic amine !
1| 6-c-hexyl substiutents |

' | 5,6-dimethyl

Fig. 2. Areas of structural modification conducted duridgRSinvestigation of 2.

2. Chemistry

The synthesis of all compounds generally followsthklished methods for the synthesisland
other related compounds previously reported byresearch grouff Each compound detailed in
this studywas easily accessed in four steps (schemes 1-4@flyBiScheme 1 depicts the synthesis
of selected analogues9a(j), beginning with Gewafd chemistry to facilitate the one-pot
construction of the ethyl 2-amino-4,5,6,7-tetralnymmzop]thiophene-3-carboxylate (5),*
followed by cyclisation with formamide 6 to afford the corresponding 5,6,7,8-
tetrahydrobenzo[4,5]thieno[2 @pyrimidinone {).® POCE was employed to convert pyrimidinone
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7 to the corresponding key intermediate chloropydime 8,8 followed by nucleophilic aromatic
substitution (RAr) with the desired amine, in the presence of igiénbase in propan-2-ol. This
methodology afforded compoundSa-j in high purity after a simple work-up and/or

chromatography.

Scheme 1. Synthesis of analogues »inodified at the 4-positién

Cl
(I) (Il) (iif)
N\\ NH B =N
H2N o 7\ )
S N
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N
, R E j 9a R'= PhNH 9f R' = NH-c-propyl
() v) 9b R' = NH-c-hexy! 9g R' = NH-c-propylmethyl
- <N - =
) 9¢ R = N-piperidino 9h R' = NH-c- butyl
j‘ 9d R'= Acmorpholino  9i R = NH-t-butyl
9e R = N-pyrrolidino 9j R'= N-Boc-piperazino
9a 10

®Reagents and conditions: (i, 8yclohexanone, morpholine, rt, ~18 h, 81%;1(#p °C, 12 h, 85%;
(iif) POClz, DMFcat) toluene, 4 h, 68%; (iv) amine, DIPEAPrOH, reflux, 1-3 h, 68-88%; (\§),
TFA, DCM, rt, 4 h, 96%.

2.1. Analogues & varied at the 4-(N,N-diethylamino) substituent

Compound was originally synthesised as an analogug tf observe the effect of simultaneously
removing the morpholinomethyl moiety whilst incoratng a 4-N,N-diethylamino) group in in the
context of retaining the tricyclic structure ofeth5,6,7,8-tetrahydrobenzol[4,5]thieno[2,3-
d]pyrimidine. As this molecule was found to be agmtNAM of DA efficacy at the ER, an
additional series of compounds was synthesiseduestigate further changes to the 4-position of
the pyrimidine ring (Scheme 1). Preliminary modifions included incorporating 6-membered
secondary aromatic and aliphatic amino substitu@ts anilino 9a) and cyclohexylamino9p)
together with 6-membered cyclic aliphatic tertiaagnine moieties, including piperidin®d),
morpholino @d) and piperazino1(Q), followed by the smaller pyrrolidino9¢) to assess the

influence of a five-membered cyclic aliphatic syst@he piperazino analogu® was obtained via
5



the SUAr reaction between commercially availai\eBoc piperazine and under microwave
conditions as outlined previously (Scheme 1) toraf®) as a crystalline solid requiring no further
purification. Standard trifluoroacetic acid-meddts-Boc de-protection followed by an alkaline
work-up furnishedlO. This molecule is unique relative to its countetpan that it will impart a
positive charge at physiological pH. Moreover, weestigated both monocyclic (cyclopropylamino
(9f), cyclopropylmethylamino9g), cyclobutylamino 9h)) and acylic aliphatic secondary amine
substituent tert-butylamino @i)). Thetert-butylamino substituent was installed to assessetfeet

of an acylic aliphatic secondary amine as a corspartoN,N-diethylamino. These syntheses were
all achieved using chemistry as previously outlif@theme 1), and successfully afforded ten
analogues9a-i, and10) in yields varying from 68-88% following\®&r of 8 with the appropriate

amine.

2.2. Fragment analogues 8f

We previously reported a low molecular weight fragm (N,N-diethylthieno[2,3d]pyrimidin-4-
amine, B)) that retains lowM functional binding affinity and negative allostecooperativity at
the DR (Kg = 4.56,M, B = 0.13, Figure 1} This molecule was originally synthesised using a
deletion strategy to examine the effect of switghirom a 5,6,7,8-tetrahydrobenzo([4,5]thieno[2,3-
d]pyrimidine to the corresponding thieno[Ziyrimidine scaffold, in conjunction with
incorporating a tertiary aliphatic amine at the g&iion. As such, we generated two additional
analogues 08 bearing 4-cyclopropylamino and 4-cyclobutylamintstituents. Their synthesis is
depicted in Scheme 2 and begins with the constmuati ethyl 2-aminothiophene-3-carboxylate
(12)"® using ethyl cyanoacetated)( and 1,4-dithiane-2,5-diol1() under modified Gewald
conditions. Refluxind.2 in neat formamide afforded the corresponding piginone (3)*8in good
yield. Subsequent chemistry as outlined previouslyluded deoxychlorination to giva4,®
followed by SAr with cyclopropylamine or cyclobutylamine to aftbthe corresponding analogues

15a and15b, respectively.
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Scheme 2. Synthesis of Thieno[2,8}pyrimidine Analogues 02*
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®Reagents and conditions: (i)s8t DMF, 45 °C, 0.5 h, 55%; (ii) formamide (nedty0 °C, 12 h,
76%; (iii) POCE, DMFcat) toluene, 100 °C 4 h, 77%; (iv) amine, DIPEArOH, 100 °C, 1-3 h,
76% (5a), 79% (5b).

2.3. Single modifications to the 5,6,7,8-tetrahymnozo[4,5]thieno[2,3-d]pyrimidine moiety &f
whilst varying the nature of the 4-substituent

Our previously reported SAR study df focused on structural modifications to the fused
cyclohexane system, including switching from a B&tetrahydrobenzo[4,5]thieno[2,3-
d]pyrimidine to the corresponding thieno[ZJyrimidine, 5- and 6-aryl substitution, 5- and 6-
cyclohexyl substitution, 5,6-dimethyl substituticas well as incorporation of fused cyclopentane,
cycloheptane, and cyclooctane systéfriBhese structural modifications were mostly empibire
the presence of a 3-(trifluoromethyl)anilino sutbgint at the 4-position, and a 2-morpholinomethyl
substituent. Only the fused cyclopentane and thgcishexyl modifications preserved the allosteric
pharmacology seen with this scaffold, while the eotlstructural modifications rendered the
corresponding molecule functionally inactive. Thetudy, however, had demonstrated the
encouraging effects of incorporatidgN-diethylamino, cyclopropylamino, or cyclobutylamino
the 4-position of the pyrimidine core, increasinmdtional affinity as well as maintaining the
magnitude of negative allosteric cooperativity \whibearing the fused cyclohexane system (Series

1, Figure 2). To this end, we wanted to evaluatelgoing the structural modifications to the

8



thiophene, whilst concurrently incorporating th@rafmentioned 4-amino substituents (Series 2,
Figure 2). These compounds would further refine SR and provide insight into the design of
further high affinity NAMs. These modifications adepicted in Figure Zand their chemical
synthesis is outlined ischeme 3. All compounds were accessed using establishenhistry as
detailed in our previous work, beginning with couostion of the appropriate thiophene via
Gewald® chemistry {6a-h),*® formation of the corresponding pyrmidinone$7a-h)*® and
chloropyrimidines {8a-h),*® followed by SAr with the appropriate amine to furnish a further

twenty-four analogued9aa-hc).

Scheme 3. Synthesis of Functionalised Analoguedf

(0]
N © 0 LN R? " (i)
\\)kol R3 /‘ R3 / )

16a-h 17a-h
R 19aa R2= R®= (CH,)3, R' = N(CH,CHs), 19ea R?=H, R®= CgHs, R" = N(CH,CHjg),
(iv) R2 19ab R?= R®= (CH,)s, R' = NH-c-propyl 19eb R%=H, R®= CgHs, R' = NH-c-propyl
, / 19ac R2= R®= (CHy);, R' = NH-c-butyl 19ec R2=H, R®= CgHs, R" = NH-c-butyl
R ) 19ba R?= R® = (CH,)s, R' = N(CH,CHs), 19fa R?= CgHyq, R®=H, R'= N(CH,CHj),
19bb R2= R®= (CH,)s5, R' = NH-c-propyl 19fb R2= CgHqq, R®=H, R" = NH-c-propyl
7777777777777777777777777777777777777777777777 19bc R?= R? = (CHy)s, R'= NH-c-butyl 19fc R?= CgHyy, R®= H, R'= NH-c-butyl
118a R2=R3=(CHy);  18e R2=H, R®= CeHs ! R?= R®= (CHy)g, R" = N(CH,CHy), 19ga R?=H, R®= CgHys, R' = N(CH,CH3),
|18 R2=R%=(CHyp)s  18f RZ=CsHip R=H | R?=R®= (CH,)s, R" = NH-c-propyl 19gb R%=H, R®= CgHy4, R' = NH-c-propyl
R2=R%= (CH,)s 189 RZ=H, R®= CgHy; | R? = R® = (CHy)g, R" = NH-c-butyl 19gc R%2=H, R®= CgHyq, R' = NH-c-butyl
i\18d R2=CgHs, R®=H 18h R%=CHs, R3=CHj ! 19da R?=CgHs, R®=H, R'=N(CH,CHz),  19ha R2=R®= CHj, R' = N(CH,CHy),
””””””””””””””””””””””” ’ 19db R?=CgHs, R®=H, R'= NH-c-propyl ~ 19hb R%= R®= CHj, R" = NH-c-propyl
| 19dc R?= CgHs, R®= H, R" = NH-c-butyl 19hc R?=R®= CH3, R' = NH-c-butyl

®Reagents and conditions: (i) aldehyde or ketogen®rpholine, rt 12-24 h, 38-84%6a-h; (ii)
formamide, 170 °C, 12 h, 75-85%ya-h; (iii) POCls, DMFa) toluene, 100 °C, 3-5 h, 77-91%,
18a-h; (iv) amine, DIPEA]j-PrOH, MWI, 1-3 h, 71-93%l19aa-hc.

3. Phar macology

3.1. Functional and off-target analyses of analaga& using a BRET biosensor for cAMP

To measure the effect of these compounds uporuti@iénal response of thes® when stimulated
by DA we made use of a BRET biosensor of CAMP. ®ssay measures inhibition of forskolin-
stimulated cAMP accumulation through activationtloé long isoform of the human;R (hD, R)
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stably expressed in Flpln CHO cells and provideshaist measurement o,R Gaijj, activation to
allow estimates of functional binding affinitiescaguantify the magnitude of modulatory effetis.
Application of an operational model of allosteryth@ DA concentration-response data obtained in
the presence and absence of increasing concensatfmur test compounds yielded an estimate of
their affinity for the unoccupied receptdtd), cooperativity with DA affinity &) and modulation of
DA efficacy (8), plus the intrinsic efficacy of the allosterigdind ¢g).* Values ofa or < 1
signify negative modulatory effects with DA, andues ofa or S > 1 signify positive modulatory
effects. Logarithms of affinity and cooperativityalues are normally distributed, whereas the
absolute values (antilogarithms) are ffofThus, all interpretation of the SAR described telo
(Tables 1-3) refer to the logarithmic values. Fasee of interpretation, however, the allosteric
parameter antilogarithms are also highlighted ie thain text for selected key analogues. As
reported previously, the lead compoubdicted as a NAM at the R, with low t/M functional
affinity (Kg = 1.92puM, Table 1) The depression in the DA dose-response curve dabge
increasing concentrations ®fis characteristic of the action of a NAM of agorafficacy ang was
fixed to 0.001 when fitting these data to signifgthnegative cooperativity (Figure 3A, Table 1).

To our surprise, we identified molecules based s NAM scaffold that now appear to
display agonism. It was important, then, to conftirat these effects are;® mediated. Luciferase
assays may identify false positive ‘hits’ throughaaiety of mechanisms, for example, by inhibition
of the luciferase enzynf&?® To allow us to discriminate betweenfmediated activities and any
non-specific effects (Supplementary Figure 1)calinpounds observed to displayRDagonism in
our CAMP assay were selected for further analy&sd( 9i, 15a-b, 19ac, 19ca, 19da, 19db, 19dc,
19ec, and19ha). In addition, a number of other compounds welecsed, namely the parent NAMs
1 and?2, together with NAMh, 19bb, 19fb, and19fc. We measured their ability to modulate the
BRET signal in Flpin CHO cells transfected with BAMYEL biosensor® but not expressing the
D2R. All compounds were measured up to a concentrasfolOOuM in both the presence and

absence of forskolin (10M). DA (10 M) was also used as a control. Two compouds1Oca)
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were found to display effects independent of aroacat the DR. Importantly, the original VLS
hit (1), representative NAMs2( 9h, 19bb, 19fb, and19fc), as well as all other agonists exert an

effect dependent on the presence of the.D

4. Results and discussion

4.1. Functional analysis of 5,6,7,8-tetrahydrobdazsjthieno[2,3-d]pyrimidine analogues @f

We first examined the effect of introducing variausnocyclic/acyclic aliphatic amines to the 4-
position of the core scaffold whilst still bearitige fused cyclohexane system. This was based on
our finding that 2, bearing a 4N,N-diethylamino) substituent, displayed high negative
cooperativity. As outlined in Table 1, anilinBa] and cyclohexylamino 9b) substituents rendered
the corresponding analogues functionally inactbstitution with the smaller cyclopropylamino
substituent9f) resulted in a modest increase in functional &ffi(Kg = 0.88uM) and maintenance

of a negative modulatory effect on DA efficagy<0.03, Figure 3C). The cyclopropylmethylamino
analogue 9g) maintained a functional affinitykg = 1.19uM) similar to that of2, but more modest
modulatory effects upon dopamine efficacy € 0.29). Introduction of a cyclobutylamino
substituent $h) not only maintained this negative modulatory @ttibut acted to increase affinity
(Kg = 0.57uM, a = 0.19,5 = 0.22, Figure 3D). Conversely, ttert-butylamino analogued() lost
~50-fold functional affinity relative t@ (Kg = 92.5uM), but now, surprisingly, exerted agonists (

= 0.91). It is interesting to note that introduatiof the tert-butylamino moiety %i) abolished
negative cooperativity, whereas thgN-diethylamino substituent2] confers a high degree of
negative allosteric modulatory effects upon dopanafiicacy. These data demonstrate that the ring
size and nature of the substituent at the 4-positdce crucial for both affinity and negative
modulatory action. We found that larger 6-membergzic substituents bearing secondary amines,
both of aromatic and aliphatic nature, are notré&aéxl, whereas three- and four-membered cyclic
substituents (cyclopropylamino and cyclobutylamirgspectively) increase affinity and maintain

modulatory properties in conjunction with the fusealohexane system. We next examined the

11



effect of substituents bearing tertiary aminesrgprporating various cyclic amines. The piperidino
analogue 9c) decreased the functional affinity by 10-fokdg(= 59.3uM), and was devoid of any
modulatory effect on DA but, surprisingly, appeatedexert an intrinsic response in its own right.
However, our assay using Flpin CHO cells that doexpress the IR revealed that this is effect is
most likely an off target effect (Supplementary ¥y 1). The morpholino analogu@d] further
decreased the functional affinity, some ~65-fdf@d € 126 uM), but also displayed agonism (=
1.66) with negligible modulatory action on DA arfeet that required the expression of thgRD
(Figure 3B). Interestingly, isosteric replacemerit tbe morpholine O with NH to give the
piperazino analogu€lQ), significantly changed the pharmacology as cotraéons of10 caused
no decrease in DA maximal response, whilst actingause a limitless rightward shift in the DA
dose-response curve. Such a pattern could be temiswgith either very high negative cooperativity
with DA affinity, or conversely, a competitive mo@dé action. Accordingly, these data could also
be fit with a model of competitive antagonism ¢gA4.67 + 0.09, Schild slope: 1.06 £ 0.12, Figure
3E). If this molecule is indeed competitive with IMe speculate that the presence of the piperazino
ionisable nitrogen atom at physiological pH may eptially confer greater affinity for the
orthosteric binding pocket, consequently convertitige pharmacology from allosteric to
competitive. Decreasing the ring size by one carnatative to9c to give pyrrolidine analogu®¢),
maintained functional affinityKg = 4.23uM), and displayed robust negative allosteric moabuia

effects upon DA efficacyi(= 0.17).
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Table 1 Functional parameters derived from cAMP BRET adsaynalogues ol modified with
various amines at the 4-position

R1
=N
7\ )
S N
2, 9a-i, 10
i R* PKs (Ke, HM)? L ogrs (zs)" Loga ()° Log g (B)°
2 Lﬁ‘f 5.72 +0.13 (1.92) =30 i =30
9a HN/© nd
___________ e N
9b HNO nd
___________ o D, Y S
9 Q 4.23+0.13 (59.3) NSE =0 =0
______________ e N
O
o [ J  390:027(26) 022X0D -0 -0
______________ N e
) _ -0.76 £ 0.06
S A eeTeOlA N 017)
- 1.48+0.08
R S bt s I ~ S 003
0.06+0.14 054+ 0.08
HN
8 MWV sesotsqug o) 029
17 -0.72+0.12 -0.65 + 0.07
o SRS ) ©19) 022)
. e -0.04 £ 0.15 _ _
I A o =) N e o
H
N
10 (] 470£009 (20.0) = 3.0 =0
N
e

®Estimate of the negative logarithm of the equilibmidissociation constant as determined in an cAifetfonal assay.
PEstimate of the logarithm of the net cooperativiagtor between the modulator and dopamine as detedhin an
cAMP functional assay.Estimate of the intrinsic efficacy of the modulatod = inactive at concentrations up to 100
MM. NSE, non-specific effect, compound determineéhtabit forskolin-stimulated cAMP accumulation tine absence

of the D,R. Values represent the mean + S.E.M. from at st independent experiments performed in dugelica
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Fig. 3. Modification to the thieno[2,3-d]pyrimidine scaffold 4-substituent results in analogues
with distinct functional effects at the hD, R. (A) N,N-Diethylamino substitution confers negative
allosteric cooperativity on DA signalling efficad{2). (B) Introduction of the cyclic tertiary
aliphatic morpholino moiety confers allosteric agom ©d). (C, D) Introduction of
cyclopropylamino or cyclobutylamino substituentsthie 4-position in conjunction with the fused
cyclohexane system results in analogues with | g8vbaffinities that maintain negative allosteric
cooperativity 9f, 9h). (E) Introduction of the piperazino moietyl(Q) converts allosteric to
competitive pharmacology.F] Removal of the fused cyclohexane in conjunctioithwa
cyclobutylamino substituent converts allosteric mpiecology to agonism1bb). All data used in
these graphs are detailed in Tables 1 and 2 andorasented as mean = SEM from three

independent experiments performed in duplicate.
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4.2. Functional analysis of thieno[2,3-d]pyrimidifr@gment analogues @f

We recently reported that incorporating MyN-diethylamino substituent to the 4-position of the
thieno[2,3d]pyrimidine scaffold devoid of both the 2-morphamethyl moiety and fused
cyclohexane systems3)( resulted in a low molecular weight fragment-likAM of the DR
(Figure 1)'® As 4-cyclopropylamino and 4-cyclobutylamino subits on the thieno[2,3-
d]pyrimidine moiety conferred subM analogues with robust negative cooperativity, fimgher
examined the effect of introducing these substiti¢o the 4-position o8 in place of theN,N-
diethylamino functionality (Table 2). We found thatroducing the cyclopropylamino substituent
(15a) did not affect functional affinity, however cadse limitless rightward shift in the DA dose-
response curve in addition to stimulating a modgshist response in its own right. If cooperativity
values ofa andp were constrained to -3.0 and 0, respectively, sddcderive a value of affinity
and efficacy Kg = 21.4uM, g = 0.22, Table 2). However, this pattern of ligaaction is also
consistent with that of a competitive low efficapgrtial agonist. Furthermore, introduction of a
cyclobutylamino substituent1%b) maintained affinity but abolished modulatory etfe and
engendered agonisnKg = 7.38 uM, gz = 0.48, Table 2, Figure 3F). Thus, relatively $aibt
structural modifications significantly change phanology, from compounds which negatively
modulate the behaviour of DA from a secondary Ingdiite, to molecules that activate the receptor
with no cooperativity. Of note, the,R orthosteric agonists pramipexole and sumanircdebath

low molecular weight heterocyclic compounds bea&gnygclic secondary amines.
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Table 2 Functional parameters derived from cCAMP BRET adsayragment analogues @fwith
modifications to the 4-position

-,

HN
~N
7\
S N/)
# R pKs (Kg, UM)? L ogzs (z8)" Log a (a)° Log g (B)°
3 Li« 5.31 + 0.07 (4.6) =0 -0.89 + 0.04 (0.13)
15a 4.67 £0.08 (21.4) -0.65+0.07 (0.22) =-3.0 =0

15h F 5.13+0.19 (7.38) -0.32+0.06 (0.48) = =

®Estimate of the negative logarithm of the equilibmi dissociation constant determined in an cAMP tional assay.

PEstimate of the logarithm of the net cooperatifitgtor between the modulator and dopamine detedriiman cAMP
functional assay’ Estimate of the intrinsic efficacy of the modulatod = inactive at concentrations up to 10d.

Values represent the mean £ S.E.M. from at leasetindependent experiments performed in duplicate.

4.3. Functional analysis (cCAMP) of fused cyclohexarodified analogues &f

Our previous study revealed that incorporating auasi substituents (fused cyclopentane,
cycloheptane, cyclooctane, 5- and 6-cyclohexyrid 6-phenyl, 5,6-dimethyl) to the 5-/6-positions
of the thieno[2,H]pyrimidine generally rendered the correspondingal@gues functionally
inactive. However, these substituents were all iptesly examined on molecules also bearing 2-
morpholinomethyl and 4-(3-(trifluoromethyl)anilinsubstituents. As such, we further extended our
study to monitor the effect of incorporating favable amino substituentdN,N-diethylamino,
cyclopropylamino, or cyclobutylamino) onto the 4sfmn of the thieno[2,3pyrimidine whilst
being devoid of the 2-morpholinomethyl moiety prdsie 1, and bearing variation in the nature of
substituents at the 5- and/or 6-positions (Table 3)

4.3.1. Fused cyclopentane analogugdur previous work revealed converting the fused
cyclohexane system df to the homologous cyclopentane system had no aslverpact on
functional affinity, nor the degree of negative pertivity. Molecular docking studies conducted
using the DR crystal structure as a template suggest thatfsisetdl hydrophobic rings interact with

a hydrophobic subpocket located between helicesn® W formed by the residues 11842,
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V190°%  H394°° (where superscript numbers refer to BallesterosAdfein numbering
system’).1®?® However, these interactions were predicted for mmmds bearing a fused
hydrophobic ring in conjunction with additional stibuents located at the 2-position
(morpholinomethyl) and 4-position (3-(trifluoromgtjanilino). As these groups were now altered,
we wanted to re-examine the importance of this mygtem for such compounds. ThiN-
diethylamino analoguel®aa) displayed an increase in functional affini&g(= 0.74uM) relative to

1 and acted to negatively modulate DA signalling ceffiy (3 = 0.14, Figure 4A). The
cyclopropylamino analogud ab) maintained lowuM affinity (Kg = 6.01uM) and similarly acted
as a NAM of DA efficacy £ = 0.28). Conversely, the cyclobutylamino analoffifiac) displayed a
>15-fold decrease in functional affinitiK¢ = 102uM) and acted as an agonigg € 0.57). These
data were surprising &b, the correspondinfused cyclohexane variant t®ac, displayed sulpM
affinity at the DR and acted as a NAM of DA efficacy.

4.3.2. Larger homologous fused rings (cycloheptame cyclooctane)lncreasing the hydrophobic
ring size by one carbon relative Tovas previously shown to abolish® activity, potentially due
to the hydrophobic allosteric pocket failing to asmmodate such extended ring siZekikewise,
further expansion of the hydrophobic ring by onelisdnal carbon in the presence of the 3-
(trifluoromethyl)anilino substituent also previoysendered the corresponding analogue inacfive.
In the presence of a fused cycloheptane systemidiefothe 2-morpholinomethyl substituent,
incorporation of the 4N,N-diethylamino) groupX9ba) similarly abolished activity. However, the
cyclopropylamino analogué&9bb (Kg = 2.96 uM, S = 0.05, Figure 4B)and cyclobutylamino
analoguel9bc (Kg = 0.91uM, S = 0.06, Figure 4Cjemained NAMs of DA efficacy at the,R,
with uM and subuM affinities, respectivelyinterestingly,all cyclooctane analogues in this study
maintained activity at the 4R. The N,N-diethylamino analogu&9ca maintained lowuM affinity
(Ks = 14.5uM) and negatively modulated DA signalling efficashilst exerting a slight degree of
agonism unlike the inactive structural analodi8ba bearing the fused cycloheptane system.

However, this agonism proved to be a non-specifece(Supplementary Figure 1). To our surprise
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the cyclopropylamino analoguch displayed the highest improvement in affinity séenany
analogue ofl to date, some 10-fold compared2ocoupled with robust negative modulation of DA
signalling efficacy Kg = 0.53 uM, £ = 0.10, Figure 4D). Introduction of a cyclobutylam
substituent 19cc) had no effects on affinity comparedZand this compound still acted as a NAM
of DA efficacy Kg = 3.98uM, 5= 0.26).

4.3.3. 5-Phenyl substituted analogudsstalling a phenyl substituent at the 5-positadri in the
presence of the 4-(3-(trifluoromethyl)anilino) stibbeent had previously been shown to abolish
activity.*® Surprisingly, theN,N-diethylamino analoguel®da) not only lost >10-fold affinity, but
caused a limitless rightward shift of the DA corication response-curve, instead displaying weak
agonism. From this limited set of data, howeves, ntode of action cannot be conclusively
determined (i.e. allosteric agonist versus lowceify competitive partial agonist). In order to deri

a value of affinity and efficacy, cooperativity uak ofa andf were constrained to -3.0 and O,
respectively Kg = 60.0uM, 7z = 0.27). Additionally, both theyclopropylamino analogud 9db)
(Kg = 1.93uM, 75 = 0.32) and cyclobutylamino analogu®dc) (Kg = 137uM, 7z = 0.39) lost their
modulatory effect upon DA and instead behaved asiats.

4.3.4. 6-Phenyl substituted analogu&3onverting the fused cyclohexane systemlofo the
corresponding 6-phenyl-substituted thiophene in phesence of 3-(trifluoromethyl)anilino was
previously not toleratet? However, in the presence of M:K-diethylamino), 19ea showed
improved functional affinity kg = 0.90uM) relative tol and was a NAM of DA efficacy. The
cyclopropylamino analogu#deb also maintained affinity and negative allosteoperativity Kg

= 6.35uM, a = 0.60, 8 = 0.43). Conversely, the cyclobutylamino analod®ec no longer
negatively modulated the action of DA but instebs @cted as a weak agonikgE 4.50uM, 75 =
0.28). These data further demonstrate that theeafuthe amine at the 4-position can dramatically
affect the type of functional behaviour exertediug scaffold at the gR.

4.3.5. 5-Cyclohexyl substituted analogudstegration of a 5-cyclohexyl substituent into the

scaffold of 1 was previously shown to abolish activifyIn line with these data, thal,N-
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diethylamino analoguel@fa) was also inactive. However, despite this, anaed9fb (Ks=11.6
UM, £=0.09) andl9fc (Kg = 2.92uM, £ = 0.03, Figure 4E) were both NAMs of DA efficadytlae
D,R. These data indicate that incorporation of a 5-dyekyl substituent may be favourable
depending on the nature of substituents at the@-4apositions.

4.3.6. 6-Cyclohexyl substituted analogudsdifying the thiophene with a cyclohexyl substittiat
the 6-position of1 maintained lowuM affinity and negative allosteric cooperativify.This
substituent changed observed pharmacology from tiweganodulation of DA efficacy A) to
negative modulation of DA affinityd). However, we found that incorporating the cyckie
substituent into analogues devoid of the 2-morplooiiethyl moiety 19ga-c) abolished activity
regardless of the nature of the 4-substituent.

4.3.7. 5,6-Dimethyl substituted analogughis structural modification in conjunction withetid-(3-
(trifluoromethyl)anilino) group was previously showo abolish activity at the 4R.!® In the
presence of aN,N-diethylamino in the 4-position, howevd©ha maintained lowuM affinity (Kg

= 19.5uM) but failed to have any effects on DA binding daodction, instead displaying agonism
(s = 0.24). Conversely, the cyclopropylamino analog@i@hb) was inactive in our functional
assay, while the cyclobutylamino analog@ehc) maintained lowuM affinity and was a NAM of

DA efficacy Kg = 2.88uM, £=0.13, Figure 4F).
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Table 3 Functional parameters derived from cAMP BRET as$ay analogues of2 with
modifications to the 5/6-fused system and 4-pasitio

n =N
/\N/)

1, 19aa-c, ba-c, ca-c

R1

S

R3/ \N/

R1

S

19da-c, ea-c, fa-c,

ga-c, ha-c
i R R® R®  pKs(Ks,uM)* Logre (15)° Loga(a)® Logp (8)°
e S it cso o weo
19aa /\W,f 6.1(3;2).14 _ 0 'O'?S_f4?'°7
e szeo () 0132011 055008
19ac HM,T:D 3.9(91 6:2()).50 -o.%g ;_L?c;.zg 0 %
sy S
19bb Tﬁ% 5'5(3_3 (;)).07 0o -1.:(%(()). 6:5()).07
19bc TF:D 6-0(33 10)-13 0 -1.%5' 6;6()).09
19ca /\f 4'?‘11 41_53'13 NSE =0 3.0
19ch ”EMA 6-2«7); 39)-18 o _1'((38. i_rot)).ll
19¢c E',T:D 5-12.38%.26 o -o.?gzi(sc)).og
T e A L -
19db ﬂTwA @ H 5.7&3 39)'22 -0.4(107. ;_rzc)xog 20 o
19dc ZNM/D @\/ ’ 3.8(5:3L ;7()).52 -0.4(1(:)1. ;;9()).31 30 %
S



AN ©)\ 5.92 +0.17 -0.22 +0.10 -0.37 +0.05
Beb - wy H (6.35) (0.60) (0.43)

] A7 ©)\ 535+0.24  0.55+0.10 _ _
19ec i : (4.50) (0.28) =0 =0

90 - > O\/ H 4.93+0.16 — 4 -1.04 £0.19

ul (11.6) (0.09)
17 O\/ 5.53 £0.13 o -1.55 +£0.19
19fc -y H (2.92) = (0.03)

] J 471030 -0.61+0.11 _ _
tona Y CHs  Chs (19.5) (0.24) =0 =0
1%hb - HN CH3 CH3 nd
-
N 5.54 +0.16 -0.90 + 0.08
1%hc - HN CHs CHs (2.88) 0.13)

®Estimate of the negative logarithm of the equilibmi dissociation constant determined in an cAMP tional assay.
PEstimate of the logarithm of the net cooperatiitgtor between the modulator and dopamine detedriman cAMP
functional assay‘Estimate of the intrinsic efficacy of the modulattetermined in an cAMP functional assay. nd =
inactive at concentrations up to 1@®1. NSE — non-specific effect, compound determinedinhibit forskolin-
stimulated cAMP accumulation in the absence of BhR. Values represent the mean + S.E.M. from at ldaste

independent experiments performed in duplicate.
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Fig. 4. Various aliphatic amino substituents at the 4-position can recover allosteric
pharmacology. Most modifications to the 5- and 6-positions of ttieenopyrimidine were
previously found to be detrimental to the actiwfythe target compound. However, these activities
can be recovered and even enhanced when uNihgdiethylamino, cyclopropylamino or
cyclobutylamino substituents at the 4-positih) Fused cyclopentane with AL{N-diethylamino)
substituent 19aa, Kg = 0.74uM, S = 0.14). B) Fused cycloheptane with 4-(cyclopropylamino)
substituent 19bb, Kg = 2.96 uM, f = 0.05). C) Fused cycloheptane with 4-(cyclobutylamino)
substituent 19bc, Kg = 0.91uM, g = 0.06). D). Fused cyclooctane with 4-(cycloproylamino)
substituent19cb, Kg = 0.53uM, £ = 0.10). E) 5-Cyclohexyl with 4-(cyclobutylamino) substituent
(19fc, Kg = 2.92uM, p = 0.03). £) 5,6-Dimethyl with 4-(cyclobutylamino) substitugiiBhc, Kg =
2.88uM, p=0.13).All data used in these graphs are detailed in Talzad are presented as mean
+ SEM from three independent experiments performetlplicate.
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Our data reveal that relatively subtle structufsrgges can cause a change in pharmacology
from that of a NAM to that of a weak,R agonist. With two exceptions, the actions oflthands
described within this study are mediated througteraction with the BR. The phenomenon
whereby subtle modifications to a small moleculestéric scaffold act to modulate modes of
pharmacology, presumably via a change in recemofocmation, have been coined as “molecular
switches™® This phenomenon has been documented for allodigaicds targeting multiple GPCR
and non-GPCR targets, including muscarinic acetfioh receptors (MAChRS};*? as well as
kinas€® and phospholipad¢® allosteric ligands. Molecular switches have beeported to
encompass a number of subtle structural changesexfample, stereochemistry, ring size and
simple aryl substitution (i.e. fluongs methyl) to afford compounds with diverse pharmagwgl(e.g.
positive and negative alloseric modulators, paréiatagonists, and agonists). Indeed it is not
surprising that such changes to allosteric ligacals cause dramatic changes in pharmacology
given that similarly subtle changes to orthostdigands can convert agonists to antagonists.
However, for those compounds that displayed agonmtimer than the NAM activity ofl, the
nature of this agonism i.e. whether it is non-cottipe (allosteric) or competitive (orthosteric),
cannot be conclusively confirmed due to their loyRaffinity. Thus it is not clear whether such
compounds bind to the same allosteric sitelagand are examples of molecular switching, or
whether the relatively subtle structural change®stigated within this study confer the ability to
engage the orthosteric sitelndeed, our recent paper proposed that the afiogiinding site ofl
was in close proximity to the orthosteric site.

In summary, it is clear that the nature of substits at the thieno[2,8}pyrimidine 4-, 5- and 6-
positions play a crucial role in both binding aftynand functional activity (e.g. anilin®4) and
cyclohexylamino 9b) at the 4-position are not tolerated). Howevehngott-membered substituents
(morpholino @d) and piperazino10)) convert NAMs to agonists and competitive antastsn
respectively. Moreover, smaller acyclic and cyclt the 4-position N,N-diethylamino 2),

cyclopropylamino f), cyclopropylmethylamino9g) and cyclobutylamino9h)) are tolerated, with
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all compounds retaining modulatory activity as wasloh showing a 10-fold increase in affinity.
Decreasing the fused ring size whilst bearing y@obutylamino substituentifac) abolishes any
negative modulatory effects, and instead confemiagr. However thé,N-diethylamino (9aa)
and cyclopropylamino 10ab) counterparts retain negative modulatory actionterestingly,
increasing the ring size (cycloheptand9lc), cyclooctane 19cc)) while bearing the
cyclobutylamino substituent maintains negative ntatduy action. However, introduction of the
N,N-diethylamino substituent to the cycloheptane ajao(9ba) completely abolishes activity.
Additionally, introduction of a phenyl ring to tfeposition in the presence of any amine converts
all analoguesl@da-c) to agonists. In most cases, a cyclohexyl sulestitat this position appears
favourable {9fb-c) as these compounds retain affinity and coopetatiwhereas anN,N-
diethylamino substitueni®fa) abolishes activity. A phenyl substituent at thpdsititon, however,
is tolerated in the presence NfN-diethylamino {9ea) and cycloproylamino 10eb), yet, with
cyclobutylamino {9ec), this yields an agonist. Installing a cyclohexgbiety at the 6-position
abolishes activity forl9ga-c, whereas the activity profile of analogues bearand,6-dimethyl
substituent are highly dependent on the amine ptedehe 4-positionN,N-diethylamino {9ha) =
agonist, cyclopropylaminol®fhb) = inactive, and cyclobutylamindlghc) = NAM). All NAMs
identified were modulators of agonist efficacy, wéi®y structural modifications did not confer

modulation of agonist affinity.

5. Conclusions

In this study, we report the functional characegien of a small library of structural analogues
based on a thieno[2@pyrimidine scaffold that we have previously shotenact as bR NAMSs.
The impact of structural modification was initialgssessed with respect to the type of amine
substituent at the 4-position in the presence o #§6,7,8-tetrahydrobenzo[4,5]thieno[2,3-
d]pyrimidine moiety (series 1). Having identifiedvtaurable amines from series 1, we further

extended our study to the analysis of various swiesits in place of the 5/6-fused cyclohexane
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system in conjunction with one of three selectedham(series 2) at the 4-position. While many of
these derivatives maintained NAM activity, someapsigingly acted as R agonists. It is not clear
from the present data if this change in activitates to a switch from an allosteric to an orthoste
mode of engagement or whether these compounds tbirtHe same allosteric site yet display
distinct pharmacological effects. Future studies aeeded to address this but such efforts are
complicated by the relatively low affinity of thegands. In the presence of a fused cyclohexane
system, small cyclic aliphatic amines (cyclopropyilao, cyclobutylamino) were found to be vital
for negative modulatory action. Two of the highaBinity NAMs to arise from this scaffold were
identified, 9h (Kg = 0.57 uM, fused cyclohexane moiety) antBcb (Kg = 0.53 uM, fused
cyclopentane moiety), that contain cyclobutylamirand cyclopropylamino substituents,
respectively. Conversely, larger heterocyclic sibshts (morpholino) and acyclic aminger{-
butylamino) conferred agonism and abolished modunagtctivity ©d and 9i, respectively). In
combination with a range of different substituerds the 5/6-positions, however, small
cyclic/acyclic aliphatic amines gave a range ofl@gaes with differential functional pharmacology,
ranging from NAMs of DA efficacy, to agonists andngpounds with no apparent functional
activity. Taken together, this study demonstrates the pharmacology of analogues functionalised
at the 4-, 5-, and 6-positions of the thieno[d]@yrimidine core is difficult to predict, resulting
shallow SAR. Such observations are consistent AR studies of allosteric modulators of other

GPCR targets, highlighting the challenges assatiatth GPCR allosteric ligand design.

6. Experimental section

6.1. General methods for chemistry

Chemicals and solvents were purchased from standappliers and used without further
purification. Davisil silica gel (40—68m) for flash column chromatography was supplied3gce
Davison Discovery Sciences (Victoria, Australiapdadeuterated solvents were purchased from

Cambridge Isotope Laboratories, Inc. (USA, distidol by Novachem PTY. Ltd., Victoria,
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Australia). Reactions were monitored by thin lagaromatography on commercially available
precoated aluminum-backed plates (Merck Kiesel§eF&,). Visualization was by examination
under UV light (254 and 366 nm). A solution of myanin (in ethanol) was used to visualize
primary and secondary amines. All organic extraxbected after aqueous workup procedures
were dried over anhydrous PO, before gravity/vacuum filtering and evaporationdiyness.
Organic solvents were evaporaiedvacuoat <40 °C (water bath temperaturéd NMR and**C
NMR spectra were recorded on a Bruker Avance Nayolla400 MHz Ultrashield Plus
spectrometer at 400.13 and 100.62 MHz, respecti@tgmical shiftsd) are recorded in parts per
million (ppm) with reference to the chemical shuftthe deuterated solvent. Coupling constadits (
are recorded in Hz, and the significant multiplestdescribed by singlet (s), doublet (d), trigtgt
quadruplet (q), broad (br), multiplet (m), doubtdt doublets (dd), and doublet of triplets (dt).
Spectra were assigned using appropriate COSY, rtisiess enhanced polarization transfer
(DEPT), HSQC, and HMBC sequences. All NMR experitaemere performed in CDgto permit
comparison of the spectra of the various analogbgperiments were performed in acetale-
DMSO-ds, or MeOHd, where selected analogues lacked solubility in GDOCMS experiments
were run using one of two systems to verify reacbatcome and purity. System A was the default
unless otherwise stated. System A consisted ofdil@ving: an Agilent 6100 series single quad
coupled to an Agilent 1200 series HPLC instrumesihg the following buffers: buffer A, 0.1%
formic acid in HO; buffer B, 0.1% formic acid in MeCN. The follovgrgradient was used with a
Phenomenex Luna@n C8(2) 15 mm x 4.6 mm column and a flow rate &f @L/min and total
run time of 12 min: 0—-4 min 95% buffer A and 5% feufB, 4—7 min 0% buffer A and 100% buffer
B, 7-12 min 95% buffer A and 5% buffer B. Mass $peevere acquired in positive and negative
ion modes with a scan range of 0-100@ at 5 V. UV detection was carried out at 254 nnst&m

B consisted of the following: an Agilent 6120 serg@ngle quad coupled to an Agilent 1260 series
HPLC instrument. The following buffers were usedffér A, 0.1% formic acid in kD; buffer B,

0.1% formic acid in MeCN. The following gradient svased with a Poroshell 120 EC-C18 50 mm
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x 3.0 mm, 2.7um column and a flow rate of 0.5 mL/min and total ttme of 5 min: 0—1 min 95%
buffer A and 5% buffer B, from 1 to 2.5 min up téoGuffer A and 100% buffer B, held at this
composition until 3.8 min, 3.8-4 min 95% buffer Ada5% buffer B, held until 5 min at this
composition. Mass spectra were acquired in posdive negative ion modes with a scan range of
100-1000 m/z. UV detection was carried out at 21dl 264 nm. All retention timesg) are quoted

in minutes. System C: Analytical reverse-phase HRAS performed on a Waters HPLC system
coupled directly to a photodiode array detector fited with a Phenomenex Luna C8 (2) 100 A
column (150 mm x 4.6 mm, bm) using a binary solvent system: solvent A, 0.1%A/H.0;
solvent B, 0.1% TFA/80% C¥N/H,O. Gradient elution was achieved using 100% sol¥et
100% solvent B over 20 min at a flow rate of 1 midmAll compounds subjected to biological

testing were found to be >95% pure by HPLC at tvewelengthsX of 254 and 214 nm).

6.2. General synthetic procedures.

6.3. General procedure A for the Synthesi9a{, 15a-h 19aa-hc

In a suitable microwave reaction vessel the requatdoropyrimidine (1 equiv.) was taken upiin
PrOH. To this was added the required amine (1.ivcand the mixture irradiated under stirring at
120 °C for 1-2 h. Upon completion of the reactithre mixture was directly purified using FCC to
afford the compound. Similarly, any precipitate lcdobe collected under vacuum and washed

several time with colttPrOH to afford the desired compound.

6.3.1. N-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieh8fd] pyrimidin-4-amine4a)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 105 mg of a white
amorphous solid (84%). LCMSW(2: 281.9 [M+H]. HPLC: tg 6.244 min, >95% purity (214 &
254 nm). HRMS1f1/2: C16H15N5S requires 282.1071 [M+F]found 282.1059'H NMR (CDCLk) &

8.48 (s, 1H), 7.64 (dt] = 8.8, 1.7 Hz, 2H), 7.41 — 7.34 (m, 2H), 7.17 207(m, 2H), 3.06 (dd] =
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8.1, 3.9 Hz, 2H), 2.85 (dd, = 8.0, 3.9 Hz, 2H), 2.03 — 1.89 (m, 4HC NMR (CDCk) § 166.3,

155.0, 152.6, 138.5, 134.7, 129.1, 124.8, 124.0,31216.6, 26.5, 25.5, 22.5, 22.4.

6.3.2. N-Cyclohexyl-5,6,7,8-tetrahydrobenzo[4,5tlo[2,3-d] pyrimidin-4-amine9b)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 115 mg of a beige
amorphous solid (82%). LCMSW(2: 288.2 [M+H]. HPLC: tg 6.383 min, >95% purity (214 &
254 nm). HRMS1f1/2: C16H21N3S requires 288.1533 [M+H]found 288.1529'H NMR (CDCk) &
8.35 (s, 1H), 4.23 — 4.12 (m, 1H), 2.91 (dd; 6.8, 5.1 Hz, 2H), 2.79 (dd,= 8.1, 3.7 Hz, 2H), 2.12
—2.03 (m, 2H), 1.96 — 1.85 (m, 4H), 1.75 (ddd; 13.3, 8.8, 5.0 Hz, 2H), 1.69 — 1.61 (m, 1H)51.5
—1.42 (m, 2H), 1.32 — 1.21 (m, 3HJC NMR (CDC}) & 165.3, 156.9, 153.3, 132.9, 125.5, 116.0,

48.9, 33.3, 26.5, 25.8, 25.5, 24.8, 22.7, 22.6.

6.5.3. 4-(Piperidin-1-yl)-5,6,7,8-tetrahydrobenzdithieno[2,3-d] pyrimidine 9c)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 95.2 mg of a white
amorphous solid (68%). LCMSW(2: 274.1 [M+H]. HPLC: tg 6.478 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C1sH19N3S requires 224.1374 [M+H]found 274.1372'H NMR (CDCh) &
8.51 (s, 1H), 3.36 — 3.28 (m, 4H), 2.96 — 2.91 Zi), 2.90 — 2.85 (m) = 6.3, 1.6 Hz, 2H), 1.97 —
1.90 (m, 2H), 1.81 (dddl = 12.1, 5.9, 2.6 Hz, 2H), 1.77 — 1.71 (m, 4H),91-61.62 (m, 2H)**C

NMR (CDCk) 6 168.1, 162.9, 151.6, 134.4, 127.7, 121.5, 51.8,2%.8, 25.7, 24.4, 23.1, 22.9.

6.5.4. 4-(5,6,7,8-Tetrahydrobenzo[4,5]thieno[2,3g]imidin-4-yl)morpholine 4d)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 161 mg of a white
amorphous solid (88%). LCMSn(2: 275.9 [M+H]. HPLC:tg 5.179 min, >95% purity (214 &
254 nm). HRMS f1/2: C14H1/NsOS requires 275.1065 [M+H]found 275.1087H NMR (400

MHz, CDCk) § 8.46 (s, 1H), 3.82 — 3.77 (m, 4H), 3.36 — 3.31 4it), 2.87 — 2.77 (m, 4H), 1.91 —
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1.84 (m, 2H), 1.79 — 1.71 (m, 2HFC NMR (CDCE) § 168.39, 162.08, 151.46, 135.46, 126.9,

121.4, 66.6, 51.1, 26.7, 25.8, 22.9, 22.8.

6.5.5. 4-(Pyrrolidin-1-yl)-5,6,7,8-tetrahydrobenZgb]thieno[2,3-d]pyrimidine 9€)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 109 mg of a white
amorphous solid (82%). LCMSW(2: 260.0 [M+H]. HPLC: tg 5.270 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C14H17NsS requires 259.1112 [M+F]found 259.1138'H NMR (CDCh) &
8.33 (s, 1H), 3.72 — 3.65 (m, 4H), 2.90 — 2.81 4iv), 1.95 — 1.86 (m, 6H), 1.78 — 1.71 (m, 2H).

13C NMR (CDCE) 8 167.7, 158.8, 150.9, 132.2, 127.5, 117.9, 50.2,2%.8, 25.5, 23.3, 22.8.

6.5.6. N-Cyclopropyl-5,6,7,8-tetrahydrobenzo[4,%tio[2,3-d] pyrimidin-4-amineqf)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 105 mg of a white
amorphous solid (87%). LCMSn(2: 246.0 [M+H]. HPLC: tg 4.864 min, >95% purity (214 &
254 nm). HRMS1f1/2: C13H15NsS requires 245.0954 [M+H]found 245.0981*H NMR (CDCLk) &
8.47 (s, 1H), 5.51 (s, 1H), 2.96 — 2.89 (m, 1HB32(td,J = 5.9, 1.9 Hz, 2H), 2.78 (td,= 6.0, 1.9
Hz, 2H), 1.95 — 1.83 (m, 4H), 0.95 — 0.90 (m, 26451 — 0.57 (m, 2H)"*C NMR (CDCE) & 165.2,

158.3, 153.1, 133.4, 125.3, 116.2, 26.4, 25.4,,22%, 22.4, 7.6.

6.5.7. N-(Cyclopropylmethyl)-5,6,7,8-tetrahydrob&dz5] thieno[2,3-d] pyrimidin-4-amineqg)
General procedure A. Purification by FCC (eluent, HtOAc/PE) afforded 88 mg of a light yellow
amorphous solid (85%). LCMSW(2: 260.0 [M+H]. HPLC: tg 5.519 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C14H17N3S requires 260.1215 [M+Ft]found 260.1216H NMR (CDCk) &
8.36 (s, 1H), 5.40 (s, 1H), 2.97 — 2.91 (h% 8.0, 4.1, 1.7 Hz, 1H), 2.82 — 2.78 (m, 2H), 1-98.85
(m, 4H), 1.20 — 1.08 (m, 1H), 0.62 — 0.55 (m, 2BIB3 — 0.28 (m, 2H)**C NMR (CDCEk) &

165.27, 157.40, 153.14, 133.1, 125.5, 116.1, &84, 25.5, 22.7, 22.6, 10.8, 3.5.

29



6.5.8. N-Cyclobutyl-5,6,7,8-tetrahydrobenzo[4,5tm[2,3-d]pyrimidin-4-amine9h)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 101 mg of a white
amorphous solid (88%). LCMSW(2: 260.0 [M+H]. HPLC: tg 5.612 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C14H17N3sS requires 260.1213 [M+Ft]found 260.1213H NMR (CDCk) §
8.37 (s, 1H), 5.41 (d] = 6.2 Hz, 1H), 4.76 — 4.64 (m, 1H), 2.93 @d 5.9, 1.6 Hz, 2H), 2.81 (dd,

= 9.8, 3.7 Hz, 2H), 2.50 (dddd= 13.6, 7.7, 3.7, 2.7 Hz, 2H), 1.99 — 1.85 (m, ,6H85 — 1.76 (m,
2H). *C NMR (CDC}) & 165.51, 156.55, 153.20, 133.26, 125.42, 115.9,4%1.8, 26.5, 25.5,

22.7,22.6,15.4.

6.5.9. N-(tert-Butyl)-5,6,7,8-tetrahydrobenzo[4lb#no[2,3-d]pyrimidin-4-amineq)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 114 mg of a white
amorphous solid (85%). LCMSn(2: 262.0 [M+H]. HPLC: tg 4.623 min, >95% purity (214 &
254 nm). HRMS1f1/2): C14H19N3S requires 261.1312 [M+H]found 261.1294'H NMR (CDCh) 6
8.34 (s, 1H), 5.28 (s, 1H), 2.88 (itl= 5.9, 1.6 Hz, 2H), 2.78 (dd,= 9.8, 3.7 Hz, 2H), 1.95 — 1.82
(m, 4H), 1.53 (s, 9H)**C NMR (CDCE) & 165.1, 157.3, 152.6, 132.7, 125.2, 116.4, 52.32,29

26.5, 25.5, 22.7, 22.5.

6.5.10. tert-Butyl-4-(5,6,7,8-tetrahydrobenzo[4tB¢ino[2,3-d] pyrimidin-4-yl)piperazine-1-
carboxylate 9j)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 244 mg of a white
amorphous solid (84%).CMS (m/2: 375.2 [M+H]. HPLC: tg 7.500 min, >95% purity (214 &
254 nm).H NMR (CDCk) § 8.45 (s, 1H), 3.53 (dd, = 6.1, 4.1 Hz, 4H), 3.30 — 3.25 (m, 4H), 2.82
(ddd,J = 9.2, 7.8, 3.7 Hz, 4H), 1.90 — 1.83 (m, 2H), 1-71.69 (m, 2H), 1.41 (s, 9H)*C NMR

(CDCl) 6 168.5, 162.3, 154.9, 151.6, 135.6, 127.0, 12104,,88.5, 26.7, 25.8, 23.1, 22.8.
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6.5.11. 4-(Piperazin-1-yl)-5,6,7,8-tetrahydroben¥g|thieno[2,3-d]pyrimidine 10)
tert-Butyl-4-(5,6,7,8-tetrahydrobenzo[4,5]thieno[2]pyrimidin-4-yl)piperazine-1-carboxylate

(163 mg, 435umol) was dissolved in DCM. To this solution was eddrifluoroacetic acid (5.00
mL, 65.3 mmol) and the reaction mixture was stira¢d.t. for 3 h. The solvents were evaporated
and the residue the residue was taken up.@ 0 mL) and added to a separating funnel. The
agueous solution was washed with@{3 x 30 mL), and the aqueous phase made alkaline fgth t
addition of 2 M NaOH solution. This phase was tleatracted with DCM (3x 30 mL) and the
organic extracts collected and dried over anhydid®SO, to afford 115 mg of the corresponding
amine free base as a white amorphous solid (96@M$. (M/2): 274.9 [M+H]. HPLC: tg 4.623
min, >95% purity (214 & 254 nm). HRMSn(2): Ci4H1sN3S requires 275.1334 [M+H] found
275.1334XH NMR (CDCh) & 8.52 (s, 1H), 3.41 — 3.34 (m, 4H), 3.07 — 3.03 4ir), 2.95 — 2.91
(m, 2H), 2.90 — 2.85 (m, 2H), 2.05 (s, 1H), 1.92.90 (m, 2H), 1.84 — 1.78 (m, 2HyC NMR

(CDCl) 6 168.3, 162.5, 151.5, 135.0, 127.2, 121.4, 51.9,4%.8, 25.8, 23.0, 22.8.

6.5.12. N-Cyclopropylthieno[2,3-d]pyrimidin-4-ami(Esa)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 77.1 mg of a white
amorphous solid (76%). LCMSn{2: 191.9 [M+H]. HPLC: tg 3.290 min, >95% purity (214 &
254 nm). HRMS f1/2): CoHgN3S requires 192.0587 [M+Ff] found 192.0590H NMR (CDCk) &
8.55 (s, 1H), 7.35 (d] = 5.2 Hz, 1H), 7.27 (d] = 6.0 Hz, 1H), 5.92 (s, 1H), 3.03 — 2.97 (m, 1H),
0.99 — 0.93 (m, 2H), 0.74 — 0.68 (m, 2HIC NMR (CDC}) & 167.3, 158.6, 153.9, 122.8, 118.4,

116.2, 24.6, 8.2.

6.5.13. N-Cyclobutylthieno[2,3-d]pyrimidin-4-ami(Esh)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 85.1 mg of a white
amorphous solid (79%). LCMSn{2: 206.0 [M+H]. HPLC: tg 3.952 min, >95% purity (214 &
254 nm). HRMS 11/2): C14H17N3S requires 206.0744 [M+H]found 206.0746H NMR (CDCL) 5
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8.50 (s, 1H), 7.27 (d1 = 5.9 Hz, 1H), 7.17 (d]1 = 6.0 Hz, 1H), 5.53 (d] = 5.9 Hz, 1H), 4.81 - 4.71
(m, 1H), 2.57 — 2.46 (m, 2H), 2.07 — 1.92 (m, 2HR5 — 1.75 (m, 2H}*C NMR (CDCE) & 166.7,

156.3, 154.2, 123.0, 117.2, 116.1, 46.4, 31.7,.15.3

6.5.14. N,N-Diethyl-6,7-dihydro-5H-cyclopenta[4 JEiEno[2,3-d]pyrimidin-4-aminel9ag

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 115 mg of a white
amorphous solid (78%). LCMSW(2: 248.1 [M+H]. HPLC: tg 5.295 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C13H17NsS requires 248.1217 [M+H]found 248.1216'H NMR (CDCh) &
8.35 (s, 1H), 3.59 (ql = 7.1 Hz, 4H), 3.06 — 2.99 (m, 2H), 2.94 (dbit 8.2, 6.6, 1.8 Hz, 2H), 2.44
— 2.34 (m, 2H), 1.19 () = 7.0 Hz, 6H).**C NMR (CDCE) & 173.3, 159.4, 151.3, 138.2, 136.0,

116.0, 43.7, 32.4, 29.8, 28.1, 13.1.

6.5.15. N-Cyclopropyl-6,7-dihydro-5H-cyclopenta[dtiteno[2,3-d]pyrimidin-4-amine 19ab
General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 105 mg of a white
amorphous solid (77%). LCMSW(2: 232.1 [M+H]. HPLC: tg 4.629 min, >95% purity (214 &
254 nm). HRMS1f1/2: C12H13N5S requires 232.0903 [M+F]found 232.0903'H NMR (CDCLk) &
8.49 (s, 1H), 5.28 (s, 1H), 2.98 {t= 7.2 Hz, 4H), 2.92 (td] = 6.6, 3.7 Hz, 1H), 2.57 — 2.47 (m,
2H), 0.97 — 0.91 (m, 2H), 0.64 — 0.58 (m, 23C NMR (CDCE) 6 170.7, 157.7, 153.2, 138.9,

134.2,133.1, 29.5, 29.2, 27.9, 23.8, 7.6.

6.5.16. N-Cyclobutyl-6,7-dihydro-5H-cyclopenta[4tbgno[2,3-d]pyrimidin-4-aminel©@ag

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 90.1 mg of a white
amorphous solid83%). LCMS M/2): 246.1 [M+H]. HPLC: tg 5.373 min, >95% purity (214 &
254 nm). HRMS1f1/2: C13H15NsS requires 246.0466 [M+F]found 246.0464'H NMR (CDCLk) &

8.37 (s, 1H), 5.16 (d] = 6.7 Hz, 1H), 4.77 — 4.65 (m, 1H), 3.06 — 2.96 &), 2.60 — 2.45 (m,
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4H), 1.99 — 1.86 (m, 2H), 1.84 — 1.75 (m, 2C NMR (CDCh) § 155.8, 153.2, 138.6, 134.3,

113.1, 45.9, 31.8, 29.5, 29.2, 27.9, 15.2.

6.5.17. N,N-Diethyl-6,7,8,9-tetrahydro-5H-cyclorefgdt5]thieno[2,3-d] pyrimidin-4-aminel9bg
General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 99.4 mg of a white
amorphous solid (86%). LCMSW(2: 276.0 [M+H]. HPLC: tg 6.323 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1sH21N5S requires 276.1526 [M+F]found 276.1529'H NMR (CDCLk) &
8.40 (s, 1H), 3.36 (q] = 7.1 Hz, 4H), 2.98 — 2.93 (m, 2H), 2.82 — 2.78 @H), 1.87 — 1.80 (m,
2H), 1.68 — 1.62 (m, 2H), 1.56 (dd#i= 11.4, 6.0, 2.8 Hz, 2H), 1.03 &= 7.1 Hz, 7H)}*C NMR

(CDCl) 6 166.3, 161.7, 150.9, 138.2, 132.6, 121.6, 44.8,30.4, 28.7, 27.6, 27.4, 12.3.

6.5.18. N-Cyclopropyl-6,7,8,9-tetrahydro-5H-cyclpted4,5]thieno[2,3-d]pyrimidin-4-amine
(19bb

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 101 mg of a white
amorphous solid (88%). LCMSW(2: 274.2 [M+H]. HPLC: tg 5.709 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C1sH1oN3S requires 274.1374 [M+H]found 274.1372'H NMR (CDCk) &
8.48 (s, 1H), 5.53 (s, 1H), 2.97 — 2.90 (h% 5.7, 3.4 Hz, 4H), 2.90 — 2.84 (m, 4H), 1.93 861(m,
2H), 1.82 (tdJ = 11.7, 7.2 Hz, 2H), 0.97 — 0.89 (m, 2H), 0.64.570(m, 2H).2*C NMR (CDCE) &

164.2, 158.4, 152.8, 137.37, 130.2, 117.5, 30.8823 29.0, 27.1, 26.4, 24.2, 7.7.

6.5.19. N-Cyclobutyl-6,7,8,9-tetrahydro-5H-cyclotagp,5] thieno[2,3-d] pyrimidin-4-aminel(9bg
General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 100 mg of a white
amorphous solid (88%). LCMS1(2: 274.0 [M+H]. HPLC: tg 5.908 min, >95% purity (214 &

254 nm). HRMS1f1/2): C1sH19N3S requires 274.1371 [M+H]found 274.1372'H NMR (CDCh) 6
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8.35 (s, 1H), 5.40 (d] = 6.3 Hz, 1H), 4.74 — 4.63 (m, 1H), 3.04 — 2.99 PH), 2.87 (dd,) = 6.7,
4.3 Hz, 2H), 2.55 — 2.45 (m, 2H), 2.03 — 1.69 (®H)L *C NMR (CDCE) § 164.4, 156.5, 152.8,

136.9, 130.2, 117.1, 46.4, 31.8, 30.4, 30.4, ZB(2, 26.4, 22.5, 15.5.

6.5.20. N,N-Diethyl-5,6,7,8,9,10-hexahydrocyclopktthieno[2,3-d] pyrimidin-4-amineX9cg
General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 113 mg of a white
amorphous solid (79%). LCMSW(2: 290.2 [M+H]. HPLC: tg 7.076 min, >95% purity (214 &
254 nm). HRMS1f1/2: C16H23N3S requires 290.1689 [M+F]found 290.1685'H NMR (CDCLk) &
8.57 (s, 1H), 3.43 (q] = 7.1 Hz, 4H), 3.05 — 3.01 (m, 2H), 2.93 — 2.89 @H), 1.78 — 1.71 (m,
2H), 1.57 (ttJ = 8.4, 6.2 Hz, 2H), 1.49 — 1.42 (m, 2H), 1.16 £11(m,J = 8.3, 3.6 Hz, 2H), 1.09 (t,
J = 7.1 Hz, 6H).2*C NMR (CDC}) 5 168.0, 162.4, 151.2, 138.5, 129.8, 121.6, 45.53,331.2,

27.9, 26.2, 25.4, 24.6, 12.3.

6.5.21. N-Cyclopropyl-5,6,7,8,9,10-hexahydrocydalg;5]thieno[2,3-d]pyrimidin-4-amine
(19cbh

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 75.2 mg of a white
amorphous solid (77%). LCMSW(2: 274.2 [M+H]. HPLC: tg 5.709 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C1sH19NsS requires 274.1374 [M+H]found 274.1372'H NMR (CDCh) &
8.52 (d,J = 3.2 Hz, 1H), 5.57 (s, 1H), 3.01 — 2.94 (m, 1”B7 (dd,J = 12.3, 5.1 Hz, 4H), 1.75 —
1.66 (M, 4H), 1.57 — 1.48 (m, 2H), 1.38 — 1.27 ), 0.99 — 0.92 (m, 2H), 0.62 — 0.57 (m, 2H).

*C NMR (CDCb) 6 164.9, 157.9, 152.9, 136.6, 127.5, 116.3, 31.8,2%4.8, 26.1, 25.2, 23.9, 7.7.

6.5.22. N-Cyclobutyl-5,6,7,8,9,10-hexahydrocyclapkb]thieno[2,3-d] pyrimidin-4-aminel9cg
General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 122 mg of a white

amorphous solid (86%). LCMSW(2: 288.2 [M+H]. HPLC: tg 6.266 min, >95% purity (214 &

34



254 nm). HRMS1f1/2): Ci¢H21N5S requires 288.1531 [M+Ft]found 288.1531*H NMR (CDCL) §
8.39 (s, 1H), 5.48 (d] = 6.6 Hz, 1H), 4.80 — 4.67 (m, 1H), 2.95 — 2.9Q @H), 2.90 — 2.85 (m,
2H), 2.57 — 2.47 (m, 2H), 1.98 — 1.86 (m, 2H), 1-86.74 (m, 4H), 1.74 — 1.65 (m, 2H), 1.57 —
1.49 (m, 2H), 1.35 (dt) = 10.7, 6.1 Hz, 2H)**C NMR (CDCE) & 165.1, 156.1, 152.8, 136.3,

127.5, 115.9, 46.1, 31.8, 31.6, 29.9, 27.8, 26612,25.3.

6.5.23. N,N-Diethyl-5-phenylthieno[2,3-d]pyrimiddhamine 19dg

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 94.1 mg of a white
amorphous solid (86%). LCMSn(2): 283.9 [M+H]. HPLC:tg 6.1389 min, >95% purity (214 &
254 nm). HRMS1f1/2: Ci¢H17N3S requires 284.1213 [M+F]found 284.1216'H NMR (CDCLk) &
8.55 (s, 1H), 7.44 — 7.38 (m, 4H), 7.37 — 7.32 {#), 7.18 (s, 1H), 3.16 (¢, = 7.1 Hz, 4H), 0.89
(t, J = 7.1 Hz, 6H)*C NMR (CDC}) § 170.1, 160.9, 152.11, 136.8, 136.4, 128.4, 12R1,6,

120.5, 115.6, 43.7, 12.3.

6.5.24. N-Cyclopropyl-5-phenylthieno[2,3-d]pyrimmelt-amine 19db

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 98.3 mg of a white
amorphous solid (86%). LCMSn(2: 267.9 [M+H]. HPLC: tg 5.308 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1sH13N5S requires 268.0830 [M+Ft]found 268.0903'H NMR (CDCL) &
8.60 (s, 1H), 7.51 — 7.47 (m, 3H), 7.43 — 7.38 2i), 7.07 (s, 1H), 5.11 (s, 1H), 2.87 — 2.80 (m,
1H), 0.80 — 0.74 (m, 2H), 0.29 — 0.24 (m, 2kC NMR (CDCE) § 166.9, 158.6, 154.4, 136.2,

134.7,129.3, 129.1, 128.9, 120.5, 114.27, 233, 7.

6.5.25. N-Cyclobutyl-5-phenylthieno[2,3-d]pyrimiedramine 19dg
General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 85.1 mg of a white
amorphous solid (75%). LCMSW(2: 281.9 [M+HJ. HPLC: tg 6.183 min, >95% purity (214 &

254 nm). HRMS1f1/2): C16H15NsS requires 282.1059 [M+F]found 282.1059'H NMR (CDCh) 6
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8.48 (s, 1H), 7.54 — 7.49 (m, 5H), 7.46 (d& 6.7, 2.7 Hz, 2H), 7.07 (s, 1H), 5.10 {&& 5.5 Hz,
1H), 4.62 — 4.50 (m, 1H), 2.37 — 2.27 (m, 2H), 1-78.59 (m, 2H), 1.57 — 1.44 (m, 2HJC NMR

(CDCl) 6 166.9, 156.4, 154.2, 136.2, 134.7, 129.4, 128.88,7, 120.0, 113.9, 45.7, 31.2, 15.2.

6.5.26. N,N-Diethyl-6-phenylthieno[2,3-d]pyrimiddhamine 19eg

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 96.8 mg of a white
amorphous solid (84%). LCMSn(2: 284.0 [M+H]. HPLC: tg 6.080 min, >95% purity (214 &
254 nm). HRMS1f1/2: CieH17N3S requires 284.1213 [M+F]found 284.1216'H NMR (CDCLk) &
8.41 (s, 1H), 7.65 — 7.61 (m, 2H), 7.48 (s, 1HI57= 7.40 (m, 2H), 7.37 — 7.32 (m, 1H), 3.794q,
= 7.1 Hz, 4H), 1.36 (t) = 7.1 Hz, 6H).**C NMR (CDC}) 5 168.9, 156.9, 153.2, 138.1, 134.1,

129.2, 128.4, 126.3, 116.8, 116.4, 44.2, 13.4.

6.5.27. N-Cyclopropyl-6-phenylthieno[2,3-d]pyrimmelt-amine 19ebh

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 99.1 mg of a white
amorphous solid (90%). LCMSW(2: 267.9 [M+H]. HPLC: tg 5.407 min, >95% purity (214 &
254 nm). HRMS 1f1/2: CisH13NsS requires 268.0830 [M+H] found 268.0903'H NMR (401
MHz, CDCh) & 8.53 (s, 1H), 7.65 — 7.61 (m, 1H), 7.49 (s, 1H3A7- 7.38 (m, 1H), 7.37 — 7.32 (m,
1H), 5.79 (s, 1H), 3.06 — 2.99 (m, 1H), 1.01 — (86 1H), 0.74 — 0.70 (m, 1H}°*C NMR (101

MHz, CDCk) 6 166.8, 158.2, 153.9, 140.7, 133.6, 129.2, 1288,41, 117.7, 113.3, 24.6, 8.2.

6.5.28. N-Cyclobutyl-6-phenylthieno[2,3-d]pyrimiedramine {9eq
General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 108 mg of a white
amorphous solid (92%). LCMSW(2: 281.9 [M+H]. HPLC: tg 5.940 min, >95% purity (214 &

254 nm). HRMS1f1/2): C16H15NsS requires 282.1058 [M+F]found 282.1059'H NMR (CDCh) 6
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8.48 (s, 1H), 7.65 — 7.62 (m, 2H), 7.45 — 7.39 @), 7.37 — 7.31 (m, 2H), 5.47 (d,= 7.2 Hz,
1H), 4.83 — 4.72 (m, 1H), 2.63 — 2.41 (m, 2H), 2:07.95 (m, 2H), 1.87 — 1.77 (m, 2HJC NMR

(CDCl) 6 166.1, 155.9, 154.1, 140.9, 133.6, 129.2, 1288,3], 117.6, 112.5, 46.4, 31.7, 15.3.

6.5.29. 5-Cyclohexyl-N,N-diethylthieno[2,3-d]pyrdm-4-amine {9fa)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 115 mg of a white
amorphous solid (81%). LCMSW(2: 290.2 [M+H]. HPLC: tg 7.189 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1H23N5S requires 290.1689 [M+Ft]found 290.1685'H NMR (CDCL) &
8.58 (s, 1H), 7.02 (s, 1H), 3.47 @= 7.1 Hz, 1H), 3.17 — 3.06 (M,= 2.9 Hz, 1H), 1.98 (dd] =
12.7, 1.3 Hz, 1H), 1.89 — 1.82 (m, 1H), 1.81 — 1(8 1H), 1.48 — 1.20 (m, 1H), 1.13 §t= 7.1
Hz, 1H).*C NMR (CDC}) 5 169.8, 163.3, 151.6, 141.6, 119.9, 117.3, 45.01,3B1.8, 26.9, 26.2,

12.4.

6.5.30. 5-Cyclohexyl-N-cyclopropylthieno[2,3-d] pyidin-4-amine 19fb)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 87.8 mg of a white
amorphous solid (88%). LCMSW(2): 274.2 [M+H]. HPLC: tg 6.073 min, >95% purity (214 &
254 nm). HRMS1f1/2: C16H15NsS requires 274.1375 [M+H]found 274.1372*H NMR (CDCLk) &
8.55 (s, 1H), 6.87 (s, 1H), 5.57 (s, 1H), 3.07992m, 1H), 2.59 (dd] = 13.5, 5.5 Hz, 1H), 2.06 (t,
J = 11.0 Hz, 2H), 1.95 () = 10.5 Hz, 2H), 1.83 (d] = 12.7 Hz, 1H), 1.50 — 1.38 (m, 4H), 1.30
(ddd,J = 13.7, 12.5, 4.9 Hz, 1H), 1.01 — 0.95 (m, 2HJ30- 0.56 (m, 2H)**C NMR (CDC}) &

167.7, 158.6, 153.5, 139.7, 115.6, 115.3, 40.9,3%.7, 25.9, 24.1, 7.7.

6.5.31. N-Cyclobutyl-5-cyclohexylthieno[2,3-d] pyraim-4-amine 19fc)
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General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 115 mg of a white
amorphous solid (81%). LCMSn(2: 288.2 [M+H]. HPLC: tg 6.820 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1H21N5S requires 288.1531 [M+Ft]found 288.1529'H NMR (CDCLk) &
8.43 (s, 1H), 6.85 (s, 1H), 5.51 (M= 6.3 Hz, 1H), 4.79 — 4.69 (m, 1H), 2.74 — 2.66 {iH), 2.60 —
2.50 (m, 2H), 2.15 (dJ = 8.2 Hz, 2H), 2.02 — 1.90 (m, 4H), 1.91 — 1.81 &H), 1.53 — 1.40 (m,
5H), 1.34 (ddd,) = 12.5, 8.2, 3.5 Hz, 1H}3C NMR (CDCE) & 167.8, 156.6, 153.5, 139.8, 115.2,

46.2, 41.0, 33.9, 31.7, 26.8, 26.0, 15.4.

6.5.32. 6-Cyclohexyl-N,N-diethylthieno[2,3-d]pyrdm-4-amine {999

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 113 mg of a white
amorphous solid91%). LCMS M/2: 290.0 [M+H]. HPLC: tg 6.559 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1H23N5S requires 290.1683 [M+Ft]found 290.1685'H NMR (CDCL) &
8.37 (s, 1H), 6.96 (dl = 1.0 Hz, 1H), 3.73 (q] = 7.1 Hz, 4H), 2.83 (tJ = 11.2, 3.5 Hz, 1H), 2.10
—2.04 (m, 2H), 1.89 — 1.82 (m, 2H), 1.79 — 1.71 {i), 1.55 — 1.35 (m, 4H), 1.32 (t= 7.1 Hz,
6H), 1.30 — 1.19 (m, 1H}*C NMR (CDCE) § 167.9, 156.6, 152.5, 146.9, 115.4, 115.3, 44.083,4

35.1, 26.4, 25.9, 13.6.

6.5.33. 6-Cyclohexyl-N-cyclopropylthieno[2,3-d] pyirdin-4-amine 19gb

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 84.8 mg of a white
amorphous solid (87%). LCMSn(2: 274.0 [M+H]. HPLC: tg 5.986 min, >95% purity (214 &
254 nm). HRMS 1f1/2: CisH19N5S requires 274.1369 [M+F]found 274.1372*H NMR (CDCLk) &
8.49 (s, 1H), 6.94 (s, 1H), 5.63 (s, 1H), 2.97 (4, 6.7, 3.6 Hz, 1H), 2.81 (td,= 10.9, 3.2 Hz,
1H), 2.06 (dJ = 10.6 Hz, 2H), 1.87 — 1.81 (m, 2H), 1.74 Jd; 12.7 Hz, 1H), 1.52 — 1.33 (m, 4H),
1.31 — 1.20 (m, 1H), 0.97 — 0.91 (m, 2H), 0.70640(m, 2H).**C NMR (CDC}) & 157.65, 153.3,

149.7, 116.5, 111.8, 40.2, 35.01, 26.3, 25.9, Bi 1.
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6.5.34. N-Cyclobutyl-6-cyclohexylthieno[2,3-d]pyraim-4-amine 1990

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 101 mg of a white
amorphous solid (88%). LCMSW(2: 288.0 [M+H]. HPLC: tg 6.377 min, >95% purity (214 &
254 nm). HRMS1f1/2: C1H21N5S requires 288.1528 [M+Ft]found 288.1529'H NMR (CDCLk) &
8.43 (s, 1H), 6.80 (dl = 1.0 Hz, 1H), 5.31 (d] = 7.2 Hz, 1H), 4.80 — 4.67 (m, 1H), 2.86 — 2.77 (m
1H), 2.55 — 2.45 (m, 2H), 2.11 — 2.04 (m, 2H), 2-03.91 (m, 2H), 1.89 — 1.71 (m, 5H), 1.53 —
1.33 (m, 4H), 1.32 — 1.20 (m, 1H¥C NMR (CDCk) & 165.36, 155.53, 153.38, 149.88, 116.4,
111.1, 46.3, 40.2, 35.0, 31.8, 26.4, 25.9, 15.3.

6.5.35. N,N-Diethyl-5,6-dimethylthieno[2,3-d]pyroim-4-amine {9ha)

General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 82.3 mg of a white
amorphous solid (71%). LCMSn(2: 236.0 [M+H]. HPLC: tg 5.322 min, >95% purity (214 &
254 nm). HRMS 1f1/2): C1oH17N3S requires 236.1212 [M+H]found 236.1216'H NMR (CDCh) &
8.50 (s, 1H), 3.46 (gl = 7.1 Hz, 4H), 2.43 (d] = 0.8 Hz, 3H), 2.41 (d] = 0.7 Hz, 3H), 1.12 (] =

7.1 Hz, 6H).2°C NMR (CDCk) § 167.2, 162.0, 151.1, 131.3, 124.9, 122.3, 44.89,118.7, 12.3.

6.5.36. N-Cyclopropyl-5,6-dimethylthieno[2,3-d]pyidin-4-amine 19hb)

General procedure A. Purification by FCC (eluenf, EtOAc/PE) afforded 101 mg of a white
amorphous solid (93%). LCMSW(2: 220.1 [M+H]. HPLC: tg 5.322 min, >95% purity (214 &
254 nm). HRMS1f1/2: C11H13NsS requires 220.0898 [M+Ft]found 220.0903'H NMR (CDCLk) &
8.49 (s, 1H), 5.65 (s, 1H), 2.98 — 2.91 (m, 1H%12(s, 6H), 0.97 — 0.91 (m, 2H), 0.63 — 0.58 (m,

2H).*°C NMR (CDCk) & 164.6, 158.4, 153.2, 130.2, 122.9, 117.2, 24.5,1B.5, 7.7.

6.5.37. N-Cyclobutyl-5,6-dimethylthieno[2,3-d] pyithm-4-amine {9hc)
General procedure A. Purification by FCC (eluent, EtOAc/PE) afforded 85.5 mg of a white
amorphous solid (73%). LCMSW(2: 234.0 [M+H]. HPLC: tg 5.940 min, >95% purity (214 &

254 nm). HRMS1f1/2): C16H15NsS requires 234.1056 [M+FH]found 234.1059'H NMR (CDCh) 6
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8.37 (s, 1H), 5.55 (d] = 5.9 Hz, 1H), 4.81 — 4.59 (m, 1H), 2.54 — 2.48 BH), 2.46 (s, 3H), 2.41
(d,J = 0.6 Hz, 3H), 1.98 — 1.86 (m, 2H), 1.86 — 1.76 @H). *C NMR (CDC}) & 164.8, 156.5,

153.1, 129.8, 123.0, 116.8, 46.2, 31.8, 15.4, 1iB%,.
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6.6. Pharmacological Characterisation

6.6.1. Materials

Dulbecco’s modified Eagle’s medium, Flp-In CHO selhnd hygromycin B were purchased from
Invitrogen (Carlsbad, CA). Fetal bovine serum (FB8as purchased from ThermoTrace
(Melbourne, VIC, Australia). All other reagents wegourchased from Sigma Aldrich (St. Louis,

MO).

6.6.2. Cell culture and transfection for CAMP assay
Flpln CHO cells stably expressing the human dopaniin receptor (or WT Flpin CHO cells for
off-target screening assay) were maintained in DM&Nplemented with 5% foetal calf serum

(FBS) and 0.2 mg/mL hygromycin at 37 °C in a huffiredi incubator supplied with 5% GO

6.6.3. CAMP measurement (interaction & off-targesay)

The cellular cAMP levels were measured with the O/l BRET-based biosensor for cAMP.
One day after transfection, cells were trypsiniged seeded in white 96-well microplates. The cells
were then cultured for an additional day, rinse@éwvith Hank's Balanced Salt Solution (HBSS)
and were then incubated in fresh HBSS. Ramnilla luciferase RLug substrate coelenterazine-h

was added to reach a final concentration pib

Interaction assay:Flpin CHO cells stably expressing the human dopani), receptor were

stimulated with dopamine in the presence of [ forskolin (final concentration). For the
antagonism assay, the allosteric antagonists wadeda30 min prior to stimulation. The BRET
signals were measured using a BMG Lumistar cow@emin after stimulation. The BRET signal
(BRET ratio) was determined by calculating theaati the light emitted at 535 £ 30 nm (YFP) to

the light emitted at 475 + 30 nm (RLuc).
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Off-target assay using non-h[R-expressing Flp-In CHO cell§he allosteric antagonists (1-100
uM), and dopamine (10M) were added 30 min prior to stimulation in thegence or absence of
10 uM forskolin (final concentration). The BRET signalere measured using a BMG Lumistar
counter 30 min after stimulation. The BRET sigrBRET ratio) was determined by calculating the

ratio of the light emitted at 535 + 30 nm (YFP)he light emitted at 475 £ 30 nm (RLuc).

6.6.4. Data analysis
Computerized nonlinear regression, statisticalyames and simulations were performed using Prism

6.0 (GraphPad Prism 6.0b Software, San Diego, CA).

6.6.5. Analysis of functional data
All concentration-response data were fitted toftil®wing modified four-parameter Hill equation

to derive potency estimatés.

(Emax—Basal).[A]"!

E = Basal + AT+ ECET (1)

where E is the effect of the system, nH is the sldbe and E§; is the concentration of agonigt][
that gives the midpoint response between basahemndmal effect of dopamine or other agonists
(Emay), Which are the lower and upper asymptotes ofésponse, respectively.

To determine the mode of interactionlofnd analogues df at the DR in relation to the agonist
dopamine, data were fit to both a competitive aldsegeric model and the best fit compared
statistically. A logistic equation of competitivganist-antagonist interaction was globally fitted t
data from functional experiments measuring therattgon between dopamine and all analogues of

1
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(Emax—Bottom)
(B] s\ NH
1+/10_pECSO[1+(10‘KB)] \
v )

Response = Bottom +

(2)

Wheres represents the Schild slope for the antagonistpadepresents the negative logarithm of

the molar concentration of antagonist that makegdessary to double the concentration of agonist
needed to elicit the original submaximal responsioed in the absence of antagonist. The same
data describing the interaction between all anaegifl and dopamine were also analyzed using a

complete operational model of allosterism and agjoraccording to equation®s:

E = Em(ta[Al(Kp +aB[B])+7p[BIK A)™" 3)
([AIKp+K AKp+K a[B]+a[Al[BN™ +(14[A](Kp+af[B))+p[BIK )"

Where E, is the maximum possible cellular response, [A] 4B¢§l are the concentrations of
orthosteric and allosteric ligands, respectiv&ly,andKg are the equilibrium dissociation constant
of the orthosteric and allosteric ligands, respetyi, za andzg (constrained to -100) are operational
measures of orthosteric and allosteric ligand aéfjc(which incorporate both signal efficiency and
receptor density), respectively,s the binding cooperativity parameter betweenatteosteric and
allosteric ligand, angs denotes the magnitude of the allosteric effecth&f modulator on the
efficacy of the orthosteric agonigka was constrained to 617 nM, and represents a vaiue
functional affinity determined by an operational deb of agonism applied to concentration-
response data of dopamine in the presence of siageaoncentrations of the alkylating agent
phenoxybenzamine. For compounds that caused aetimightward shift of the dopamine dose-
response curve but no decrease iEdata were fit using an operational model of addsm

where Lo@ was constrained to O to represent neutral coapiyawvith dopamine efficacy. For
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compounds that produced an unlimited decreaseeimtaiximal response of dopamine Jogas
constrained to -3.

For each of the compounds the two equations (rspdetre then compared for their fit
using an extra-sum-of-squarEstest. All of the data points and values shown i figures and
tables are the mean + S.E.M. of at least threerapaxperiments performed in duplicate unless

otherwise stated.

Associated Content

Supporting Information:

'H & 3C NMR spectra are included for all compounds degiidh Figures 3 & 49d, 9f, 10, 15b,
19aa, 19bb, 19bc, 19ch, 19hc), together with compounds found to non-specificaihibit cCAMP
accumulationqc & 19ca). Reverse-phase analytical HPLC traces and higblugon mass spectra

are included for key compounds highlighted in ti&Crgraphic @d, 9h, 9i, 19fc).

Author information
Corresponding Authors

*B.C.: phone, +61 9903 9556; e-mail, ben.capuano@monash.ed

*J.R.L.: phone, +61 3 9903 9095; e-mail, rob.lane @nottinghamk

Author Contributions

Notes The authors declare no competing financial interest

Acknowledgments

This research was supported by a National Health\vedical Research Council (NHMRC) Project

Grant Number APP1049564.

44



ACCEPTED MANUSCRIPT

45



Abbreviation list

cAMP, cyclic adenosine monophosphateRDdopamine Rreceptor; RBR, dopamine Breceptor;
dopamine, DA; GPCR, G protein-coupled receptor; EBS&rapyramidal symptoms; NAM,
negative allosteric modulator; PAM, positive alergt modulator; VLS, virtual ligand screening;
SAR, structure-activity relationship; CHO, chinebamster ovary; BRET, bioluminescence
resonance energy transfer; FBS, foetal bovine seHB$S, hank's balanced salt solution; SEM,
standard error of mean; DMN,N-dimethylformamide, POGJ| phosphorus oxychloride:PrOH,

isopropyl alcohol; EtOAc, ethyl acetate; DCM, dmfdmethane; MWI, microwave irradiation.
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Highlights

e Structural changes furnished allosteric fragment-like cores with improved ligand efficiency
e Substituents at the thieno[2,3-d]pyrimidine core are crucial for binding and function at the D,R

e Subtle variations cause a change in pharmacology from that of a D,R NAM to that of a weak D,R
agonist



