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ARTICLE INFO ABSTRACT
Article history A practical chromatography-free synthesis of a popmlo-like kinase-1 inhibitor possessiag
Received unique 5,6-dihydroimidazolo[1,8pteridine structurdnas been developed. We showed tha
Received in revised form cyanoimidazole ring formation could be conductethextign temperature and obtainedhéral
Accepted 5,6-dihydroimidazolo[1,5}pteridine derivative in good yield without epimerization. Aniline
Available online derivative containing &rans 1,4-cyclohexyl diamine structure was prepared by at®gis the
makes use of defined stereocenters of commer@adilable trans-cyclohexane-1,4-diamine
Keywords selective piperazine ring formation from a primdigmine. A coupling reaction of the 3-chloro-
5,6-dihydroimidazolof1,Sjpteridine 5,6-dihydroimidazolo[1,5}pteridine derivative and the aniline derivative in the endgama:
polo-like kinase-1 inhibitor closely investigated, and good yields were achida@ti by palladiuneatalyzed amination a
chromatography-free synthesis acid-promoted coupling under benign reaction cimuit As aresult of these investigations,
trans1,4-cyclohexyldiamine polo-like kinase-1 inhibitor was successfuiptained in a practical way without concern
piperazine ring formation generation/separation of sterecisomers.
amination
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1. Introduction dihydroimidazolo[1,5]pteridine structure. Aniline 15 was

. . ) . ) synthesized starting from commercially availabletoke 9.
Polo-like kinases (PLKs) were identified as oneh# kinase  aAmino ketone 10HCI prepared by deprotection @ was

families that play an essential role in varioud-cgtle related  5ndensed with benzoic acifil to give ketonel2. Imine
processes. Amongst five known PLKs (PLK1-5), PLK1 has 5mation of12 with piperazinel3 followed by reduction using
attracted much attention as an important targetafonedicine, NaBH, providedtrans 14 as the major product aris isomerl4’

and inhibitors of PLK1 have been developed anduatatl as 55 the minor product, respectively. Hydrogenatibthe mixture
anticancer drugs in clinical studiz€Compound19 is a potent of 14 and14' provided anilinel5.

PLK1 inhibitor that has strong enzyme and cellwativities
against PLK1, and also exhibits oral bioavailagpfiit For the synthesis df9 from 8, two routes have been reported
. ) ) . (Scheme 2). In one route (Route A), compo8ndas reacted
Compound 19 is characterized by its unique 5,6- \yith aniline 15 in an acidic condition to affordl9. In the other

dihyd.roimidazolo[l,Sﬂpte.rridine core st.ructu.re, angedicinal 5 te (Route B), compound9 was synthesized by sequential
chemists have synthesizekd as described in Scheme 1 and gactions: compound was first reacted with aniling6 using a
Scheme Z.Unnatural amino acidl was converted to methyl ester palladium catalyst under a microwave condition, ahen

hydrochloric acid sal-HCI, and reductive amination @HCI
with acetone followed by any&r reaction with 2,4-dichloro-5-
nitropyrimidine 4 gave 5 (Scheme 1)Reduction of the nitro Three key issues need to be overcome for scalefupeo
group of5 led to cyclization to gives. Activation of the amide medicinal chemistry syntheses. First, the cryogesvadition
group of6 by phosphorylation was followed by addition of an (=78 °C) used for the synthesis&from 6 is difficult to perform
anion derived from7, and the subsequent acid-promotedin large-scale production. Second, constructiontfe# trans
cyclization provided in one pot8, which has the 5,6- diamine structure on the cyclohexyl ring D18 is a synthetic
challenge. In the patent filed by the medicinalrotsts,** ratio of
_ 14 to 14' synthesized froni2 and13 by reductive amination is
"* Corresponding author. not obviously mentioned. A mixture o4 and 14' was
hydrogenated, and after simple workup, the obtaicadle
. aniline 15 was used for the final coupling wighwithout further
Present address: SPERA PHARMA, Inc., 17-85, Jusohohin2- purification. Removal of the undesired cis isori®t seemingly
Chome, Yodogawa-ku, Osaka 532-0024, Japan. necessitated cumbersome workup procedures inclutbignn

E-mail addresstomomi.ikemoto@spera-pharma.co.jp (T. Ikemoto) Chromatography separation (Route A) or HPLC separatio

condensed with known amins’.

E-mail addresskazuhisa.ishimoto@takeda.com (K. Ishimoto).
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Scheme 1Medicinal chemistry synthesis 8fand15.

Reagents and Conditions: (a) SQ@NeOH; (b) acetone, NaBH(OAG)NaOAc, AcOH, THF; (ch, THF, rt; (d) 5% Pt/C, K(75 psi),
NH4VOs, P(OPhY, 5 h, rt; () LHMDS, CIPO(OEL) THF, -78°C; (f) 7, LHMDS, THF, —=78°C; (g) AcOH, THF; (h) 4 M HCl in dioxane, rt,
6 h; ()11, HATU, DIPEA, DMF, rt, 2.5 h; (jL3, cat. methanesulfonic acid, toluene, reflux withesan-Stark reflux condenser, 5 h; (k)
NaBH,, EtOH, rt, overnight; (I) Pd/C, Hballoon), MeOH/AcOH (5:1), rt, 8 h.
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Scheme 2Medicinal chemistry synthesis &9 from 8.

Reagents and Conditions: (a) conc. HCI, 2-propanot@2 days; (b) Pd(OAg) Xantphos, C£0;, N,N-dimethylacetamide/dioxane,
microwave, 160 °C, 15 min; (c) HATU, DIPEA, DMF, g h.



(Route B)® Finally, the syntheses df9 from 8 required long For preparation 06, reduction of the nitro group & using
reaction time or the use of microwave irradiationd &uffered  inexpensive iron with acetic acid was examined tddtloe use
from low yields. The acid-promoted coupling & with 15in 2-  of an expensive Pt catalysiVhen the reduction was conducted
propanol using concentrated HCI required 2 daystferreaction, using acetic acid as the solvent, rapid and hugehexm was
providing 19 in low yield (25%, Route A). The palladium- observed. During the course of investigation, additiof a
catalyzed amination & with aniline16 was conducted using the catalytic amount of AcOH was found to be sufficient for
microwave system (160 °C, 15 min), and the subsequertompletion of the reaction. The use of a catalgiimount of
coupling with18 gavel9, alsoin low yield (31%, Route B). AcOH decreased the reaction rate, which made theigeact
proceed without rapid exotherm. Also, it is notewgrtinat
addition of a small amount of water was effectiveifoproving

toragtr'?;gl|lmgg:/ Crmcaclhfg:g;?g’ rgveﬁ'tf{arfe%%?_\glogngﬁ;ge a fluidity of the reaction mixture, presumably becaugater helped
P ! u grapny p acetic acid salt ob to dissolve into the reaction mixture. The

synthesis o_f 19 tha_t add_resses these three ke_y is.sqesreaction was carried out in the presence of 4.0vegfuiron, 0.3
Er?;:/f/)r?mtahteg(i:::\?(?r/;;?ijlnsthsgs?;vir; 'Seﬁg?;{;em%fjé?gﬁj ';'S equiv of acetic ac@d, and water (50 w/w% 5)).in toluene at
standpoint of cost and efficienéywe planned to conduct the 75 *C for 3 h, leading o the reduction of the aiigroup and the
cou "F:] reaction o8 with 15 in thgvlvastpste and to obtdif in cyclization to provide 6 without notable exotherm. Upon
piing c & P, ted to b completion of the reaction, 6 M HCI was added to resction
2 niﬁg\s/?zrgg?:orgzagirés in tohn;pn?g dici\rllvsschee)r(r?iifres n(t)hes?s mixture to dissolve iron. Following extraction with@Ac, and
tﬁ/ h th thesi dified f le- 'niiy ynt it "washing with water, brine, and saturated aqueous NaHCO
ough the synthesis was moditied for scale-upu ol revisi lactam 6 was crystallized from EtOHA® and isolated in 80%
of reaction conditions for the preparation &ffrom 6. For the ield
synthesis ofl5 we adopted another synthetic route that maked €'
use of definedtrans stereocenters of commercially available Compound 7°* '° was prepared by the reaction of
trans diamine22.” Aniline 15 was envisioned to be synthesized aminoacetonitrile  hydrochloride 26HCI with N,N-
from 20 and 21 via piperazine ring formation. Aniline0 was  dimethylformamide dimethyl acetal in the presencé o
anticipated to be synthesized from anili®and22, and21was triethylamine in THF, and isolated in 67% yield Higtillation
envisaged to be prepared by chlorination of @®lsynthesized (5.6 mmHg, 90 °C). During investigation into a workup
by alkylation of diol24 with 25. procedure, we found that treatment with a pad of Nidasijel
was effective for removing byproducts generated raurihe
reaction. After the reaction was completed, the sulwsas
switched from THF to diisopropyl ether, and the migt was
passed through a pad of NH silica gel (50 w/w%2&HCI),
which removed precipitated triethylamine hydrocldersalt and

As a first step toward a future scale-up synthessufply19

0

2. Results and Discussion

Lactam 6 was prepared from commercially availat2¢iCl
and 4 with a modified procedure (Scheme®4The reductive

amination of 2HCI with acetone using NaBHinstead of brown tarry byproducts. Following evaporation of Hwvent,7
expensive NaBH(OAg) as the reducing agent proceeded . . " . o
Xpensiv (OAg) ucng  ag ’ was obtained in 64% yield. It was possible to useothtained7

smoothly, and3 was isolated as a hydrochloric acid salt in 81% . . . o .
yield. The subsequent,&r reaction of4 with 3:HCI in toluene for the next reaction witlé without further purification, which
usiné NaHCQas the base gawein 73% yield allowed us to avoid time-consuming distillation.
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Scheme 3Retrosynthetic analysis @B.

(1) acetone 1.3 equiv
AcOH 4.0 equiv
NaBH, 1.0 equiv
THF, rt,2h
O._OMe (2) 4 M HCI in EtOAc 1.5 equiv
H,N
2+HCI

Ojv\Ofe
ﬂ\ *HCI

3+HCI

l 1.1 equiv

81%

NO, Fe 4.0 equiv H
N0, NaHCO; 2.5 equiv /I e AcOH 0.3 equiv e
1Y oAy S oAy
Cl N/ Cl toluene toluene/H,0O (50 w/w%) )\
90°C,3h 75°C,3h
4 73% 5 80% 6
Me,NC(OMe), 1.3 equiv
NEts 1.5 equiv
“CN ¢HCI Me:N.__N.__CN
26<HCI 7
67% (isolated by distillation)
64% (GC assay yield after tretment with a pad of NH silicagel)
Scheme 4Synthesis o6 and7.
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Scheme 5Precedent work and synthesis8dfom 6.

Next, the preparation d8 from 6 was investigated. There
have been some precedents for this interestingairoié ring
formation reaction (Scheme 5). Rogers-Evans anevasers
reported cyanoimidazole ring formation from an iothloride™®
Addition of an anion of287 generated by LHMDS to
iminochloride 27 gave intermediate29 and 29, and the
subsequent acid-promoted isomerization 28 to 29' and
cyclization provided0." Fryer et al. reported that addition of an
anion of methyl ester analogue 28 to an iminophosphate gave
a methoxycarbonyl imidazofé. The medicinal chemists used
these chemistries in a very excellent manner amdiwtted the
three reactions (phosphorylation, addition of, and
isomerization/cyclization) in one pot. In these wsyrkddition of

the anions to the iminochloride/iminophosphate waglacted at
—78 °C or at —30 °C, which largely restrict a mauidiring
facility for scale-up. To confirm whether this react could be
carried out under more benign conditions, we began b
examining the reaction conditions closely (Table 1)

When we conducted the addition of the anion7db 31 at
—-70 °C,8 was obtained in 56% yield (entry 1). To our sumaris
when the temperature for the addition of the anibn/ avas
increased to —35 °C and -5 °C, the yield increased2% and
77%, respectively (entries 2, 3). Next, we conductbd
phosphorylation of6 at =5 °C. Under this conditior was
obtained in good vyield (71%, entry 4) comparabl¢h® yield of
entry 3, where the phosphorylation was conducted7at °€!®



Under theses reaction conditions, phosphorylatio did not

that both the phosphorylation and the additionhef &nion of7

reach complete conversion, and 5-10% (HPLC area%® of could be performed at -5 °C. Fixing the temperaui@ the

remained unreacted. On the basis of these resultspnguded
Table 1 Synthesis 08 from 6.

(1) LHMDS, CIPO(OEY),, THF
(2) 7, LHMDS, THF, 1h
(3) ACOH, 40-50 °C, 1-2 h

phosphorylation and the addition of the aniom et -5 °C, we

H
N0
ujll\/N:[NL
A

6 (>99.5% ee)

one pot

=N
N_ —CN
N7 :C
|
Cl)\/N:[N
A

8

phosphorylation addition of
yield®  optical purity
entry | LHMDS  CIPO(OEt) temp time 7 LHMDS temp
(%) (% ee)
(equiv) (equiv) (°C) (h) (equiv)  (equiv) (°C)
1° 1.1 2 -70—-0 2.5 3 3 =70 56
2t 11 2 -70—- 0 25 3 3 -35 72
3P 1.1 2 -70—-0 2.5 3 3 -5 77
4 11 2 -5 1 3 3 -5 71 99.8
5 1.1 2 -5 1 2 3 -5 74 99.8
6 11 15 -5 1 3 3 -5 74 99.6
7 1.1 15 -5 1 2 3 -5 75 97.3
8 11 15 -5 1 2 25 -5 60 99.8
9 1.1 15 -5 1 2 2 -5 44
10 11 1.2 -5 1 2 3 -5 56 98.5

3solated yield"Compound7 isolated by distillation was used for the reaction

then tried to decrease the amounts of reagentsradhelecrease
of the amount of diethyl chlorophosphate from 2q@iie (entry
5) to 1.5 equiv did not affect the yield (75%, i), decrease to
1.2 equiv caused large yield deterioration (56%tryeri0).
Decrease of the amount 6from 3.0 equiv (entry 4) to 2.0 equiv
was found to be acceptable (74%, entry 5). In ceht@decrease
of the amount of LHMDS used for the deprotonation7dfad
crucial effects on the yields. When the amountldMDS for the

deprotonation o¥ was decreased from 3.0 equiv (entry 7) to 2.

equiv and 2.0 equiv, the yield decreased to 60% 4%,
respectively (entries 8, 9). Isolation &f was conducted by
crystallization, and typically 3-5% (HPLC assay g)ebf 8 was
included in mother liquor.

After screening the reaction conditions, we analyaptical
purity of the obtained and found that the optical purity &f
prepared under the reaction conditions of entrynd entry 10
decreased to 97.3% ee and 98.5% ee, respectivebjausible
mechanism for the optical purity deterioration issckibed in
Scheme 6. It is assumed that a strong base sudiMBS could
bring about deprotonation at theposition of the cyano group of
32 at -5 °C to give an anion, and reprotonation @& #mion
would lead to the optical purity decrease. Under riggction
conditions of entry 7 and entry 10, the total ameuwsf diethyl

optical purity decrease & We also examined the possibility of
racemization of compoun@ by treating it with 1.1 equiv of
LHMDS in THF at -5 °C for 5 h. A small portion of theaction
mixture was quenched with MeCN/20 mM aqueous,KE}
(30:70) and analyzed by chiral HPLC, which showed that
optical purity of6 (>99.7% ee) did not change during 5 h under
this reaction condition. Considering these resuhs, reaction
conditions of entry 5 were finally selected as bwest reaction
5conditions.

Aniline 15was prepared by the synthesis described in Scheme

7. MonoN-Boc protectedrans diamine33'* was prepared from
commercially availabletranscyclohexane-1,4-diamine22 by
treatment with Bog® in MeCN. The obtained crud&3
containing di-Boc byprodu@4 (approximately 3:1) was used for
condensation witi6 without purification. The condensation of
16 with 33 was carried out wusing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDEGCI)
and 1-hydroxybenzotriazole monohydrate (H®BD) in MeCN,
giving 35 exclusively without self-condensation 6. Addition
of water to the reaction mixture led to crystalliaat which
enabled isolation of35 by filtration. The obtained35 was
dissolved in MeOH, and the Boc group was deprotectéd &M
HCI. After pH was adjusted to 7.8 with 8 M NaOH, the migtur

chlorophosphate antlwere less than the total amounts under thevas treated with activated carbon. Following evaponatof

conditions of entries 4, 5, and 6. This situatioruldaesult in an
increased amount of remaining active LHMDS in thectiea
mixture and would cause the deprotonatior8afleading to the

MeOH, filtration of the resulting aqueous slurry g&@HCl in
82% vyield for 2 steps froml6. The di-Boc byproducB4 was
completely removed during isolation 2&HCI.
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66% ('H-NMR assay yield, 2 steps)

Scheme 7Synthesis ofl5.

Compound21 was synthesized via alkylation &4 with
(chloromethyl)cyclopropane followed by chlorinatioof the
hydroxyl groups. Diol 24 was reacted  with
(chloromethyl)cyclopropane in the presence of Na KsCO; in
refluxing EtOH. After evaporation of EtOH3 was extracted
with EtOAc and washed with saturated brine, and theesblwas
switch to toluene. The obtained toluene solution28f was
treated with 2.0 equiv of SOLCAt 50 °C for 3 h. On completion
of the reaction, the reaction mixture was neutrdlingth slow
addition of 8 M NaOH. Following phase separationgfilig off
insoluble matter with a pad of silica gel, and evafion of the
solvent, the obtaine®ll (66% for 2 steps fror@4, determined by
'"H NMR) was used for the piperazine ring formation witho
further purification.

There have been many examples of piperazine ringdftion
from a primary amine by a reaction with bis(2-chigtoyl)amine

considering difference of nucleophilicity between aromatic
amino group and an alkyl amino group.

For the synthesis ofl5 from 20-HCI by the selective
piperazine ring formation, we screened several b@daslCQ,
K,COs;, NaOAc, N,N-diisopropylethylamine) and solvents (EtOH,
THF, acetone, MeCN) using 1.2 equivaifat 50°C for 3 h. The
reaction was rather slow, and in addition, generatbmany
byproducts was observed, which resulted in low comwersf
the reaction. Among the screened solvents, EtOH wasdfom
be the best solvent; the conversion exceeded 5086 vamen
EtOH was used as the solvent. As for the basgsQOKandN,N-
diisopropylethylamine gave good results. The besult was
achieved when ¥CO; and EtOH were used for the reaction with
Nal as an additive. The,3 reaction oRO-HCI with 21 using 1.0
equiv of Nal and 3.0 equiv of KO, in EtOH mainly occurred
not at the aromatic amino group, butla alkyl amino group on

derivatives'> However, preparation of a piperazine ring from anthe cyclohexyl ring, and provideti5 as expected. During the

unsymmetrical primary diamine by reacting one of irimary
amino groups selectively with  bis(2-chloroethyl)amin
derivatives without protection seems to be difficdlo the best
of our knowledge, there has been only one repoite(pathat
includes this selective piperazine ring formatioroni an
unsymmetrical primary diamine, and the reporteddyieas quite

reaction, generation of several byproducts was @bderand
HPLC assay yield was found to be moderate (67%). Pletkd
product36 (the structure was suggested by LC-MS analysis) was
identified as the most notable byproduct for tréacation, and
even under the best reaction condition, approxiiyale%
(HPLC area%) oB36 was observed. After worku@d5 was once

low (12%) We thought that protection of the aromatic aminoisolated as a hydrochloric acid salt, and thenotiissl in water

group of20-HCI was not indispensable for the reaction with

and treated with activated carbon. The activatedararwas



filtered off, and pH was adjusted to 9.0 with 25% amseNH:.
Filtration of the resulting slurry afforded put& (36: 0.4 HPLC
area%)in 37% isolated yield with 17% df5in the mother liquor.

Having obtained and 15 in hand, the last coupling reaction
of 8 with 15 was examined. Other than the patent filed by th
medicinal chemisfd there has been only one report (pateat)
describes a coupling reaction of 3-halo-5,6-dihjymdidazo[1,5-
flpteridine with an amine, and the reported yield wady
moderate (70 mg scale reaction, 529%As described previously,
the acid-promoted coupling reaction required loegction time
(>24 h) and the palladium-catalyzed amination ndetéeh
reaction temperature (microwave, 160 °C), and initexhd the
yields were quite low; therefore, more benign reactonditions
that afford the coupling product in good yield anéghly

demanded for scale-up.

Table 2 Synthesis of.9 by palladium-catalyzed amination.

FN

N\N/CN
)l\/
Cl N

N

First, we tried to conduct the coupling reactiomgsa base;
however, the reaction did not proceed well in a basidition.
When N,N-diisopropylethylamine was used for the reaction in
N,N-dimethylacetamide (DMAC) at 100 °C, the reactiod dot

roceed at all. Additionally, when @30 or t-BuOK was used
or the reaction in DMAC at 100 °C, decomposition&fvas
mainly observed with a small amounti8. Thus, we turned our
attention to the palladium-catalyzed aminatfqftable 2) and the
acid-promoted coupling reaction (Table 3).

Screening of palladium catalysts and ligands usiBgOH as
the solvent showed that the combination of Pd(@Aahd
Xantphos was good for the reaction (Table 2, enfriel. When
the reaction was conducted RBuOH using 10 mol% of
Pd(OAc)and 10 mol% of Xantphos in the presence of 2.0 equiv
of K,CQ;, the reaction reached full conversion in 1 h. HPLC
assay yield was 86%, and after worklip was isolated in 61%

1.2 equiv

FN
N._~Z—CN
N ﬁ
|
HN/I\/NIN
o A

MeO /I\ Me
F 8 F
O~ "NH Pd catalyst, ligand 07 NH
@ KoCO3 2.0 equiv
i :
() e
N 15 N
catalyst ligand temp time yield®
entry solvent
(mol%) (mol%) (°C) (h) (%)
1 Pddba (10) Xphos (10) t-BUOH reflux 3 82
2 Pd(OAc) (10) Xantphos (10) t-BuOH reflux 1 86 (61
3 Pd(dppf)Ci (10) t-BUOH reflux 4 35
4 PdC}[P(o-Tol)3]> (10) t-BuOH  reflux 4 <3
5 Pd(OAc) (10) Xantphos (10) THF reflux 5 57
6° Pd(OAc) (10) Xantphos (10) s-BuOH reflux 3 81
7 Pd(OAc}) (10) Xantphos (10)  s-BuOH 85 1 90 (78)
8 Pd(OAc) (1) Xantphos (1) s-BuOH 90 3 N.O¢

®HPLC assay yieldPlsolated yield in parenthesés.1 equiv o8 was used’Not detected.

yield (entry 2). Several kinds of other solventsevecreened for

concentrated HCI was very slow and reached as ligleé6%

the reaction. While the use of THF as the solvertrelsed the conversion after 8 h at reflux condition (Tablee8fry 1), it was
yield (57%, entry 5)s-BuOH was found to be a good solvent for found that the use of MsOH and Ts®HO largely promoted the
the reaction. HPLC assay yield reached 90%,l#hdas isolated conversion. When MsOH and Ts@HO were used for the
in 78% vyield (entry 7). Although we tried to decreab®  reaction, the conversion reached 44% and 58% &ften,
amounts of Pd(OAg)and Xantphos to 1 mol%, the reaction respectively (entries 2, 3). To achieve faster eosion, alcohols
completely stalled (entry 8). This was probably bse8 and/or  that have a higher boiling point than 2-propanolenesed for the
15 contained a small amount of impurities that deattid the reaction. When the reaction was conducted in prinagrgholi-
palladium catalyst. BuOH (bp: 108 °C), a large amount of byproduct wamém by
addition of i-BuOH to 8 (byproduct 1), and a small amount of
hydrolyzed form oB (byproduct 2) was observed, which resulted
in moderate conversion (48%, entry 4). Althoughiaeytalcohol
t-amylalcohol (bp: 102 °C) did not give byproductte reaction
in t-amylalcohol was not so fast and conversion aftem&s also
moderate (59%, entry 5). Fortunately, secondarywlakt s
butanol (bp: 100 °C) was found to be a good solfentthis
reaction. The reaction igbutanol with TsOHH,0 reached up to

In preliminary experiments of the acid prompted plog
reaction of8 with 15, several kinds of acids (concentrated HCI,
MsOH, TsOHH,0, H,SO,, HsPO,, 6 M HCI, 48% aqueous HBr,
AcOH) and solvents (alcohols, DMF, DMAC, N-
methylpyrrolidone, toluene, dioxane;BuOAc) were screened.
Among the screened solvents, alcohols gave relgtigelod
conversion. Whereas the reaction in 2-propanol 8p°C) with
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81% conversion after 8 h (entry 6). Furthermoreréase of the
amount of3 to 2.0 equiv and 2.4 equiv led to higher conversio
(entries 7, 8). We also confirmed that the reactibd not
proceed irs-BuOH without acid (entry 9).

In the initial screening of acids, concentrated Hs not
found to be effective for the reaction (entry 1).1During the
investigation, we happened to find that the reactamploying
concentrated HCI as the acid was largely acceletateatidition
of a small amount of water. When the reaction wasezhout in

conditions, taking into account that complete reatosf 3.0
equiv of TsOH was found not to be easy.

Isolation of purel9 required elaborated workup procedures.
On completion of the reactios;butanol was evaporated, and the
product was extracted with 1 M HCI and washed with EtOAc.
After pH of the aqueous extract was adjusted to ajmeately 9
with 8 M NaOH, the product was extracted with EtOAc and
washed with 5% aqueous NaHg®ollowing solvent switch to
2-propanol 19 was crystallized from 2-propanotheptane (1:3).

s-BUOH/H,O (95:5) using 3.0 equiv of concentrated HCI, theThe obtained crude product was dissolved in MeOH esated

reaction speed largely increased and became cobipamthat
of the reaction using TsOH,O (entry 11, 12). We presume that
addition of a small amount of water helpgdrochloric acid salt
of 15 formed by addition of concentrated HCI to dissdivehe
solvent, which led to acceleration of the reactibmally, the
reaction conditions of entry 12 were selected as lest
Table 3 Synthesis 0f9 by acid-promoted coupling reaction.

acid

with activated carbon (DaroG-60) at 50 °C, which was very
effective for removing red color of the crude produThe
activated carbon was filtered off, and solvent wagched to 2-
propanol, and crystallization from 2-propanol gguse 19 in
71% vyield as an off-white solid (entry 12). The da 19 was

FN FN
N_/—CN N_/Z—CN
N7 N7
/H\/N:[N O)\/NIN
N "N

15 + 8 _— 19 RO
solvent
byproduct 1 byproduct 2
(ROH: solvent)
8 acid temp time  conversion vyield®
ent solvent
(equiv) (equiv) (°C) (h) (%) (%)
1° 0.83 c.HCI (3.0) 2-propanol (bp: 82C) reflux 8 6 -
2 15 MsOH (3.0) 2-propanol reflux 8 44 -
3 15 TsOH (3.0) 2-propanol reflux 8 58 -
4 15 TsOH (3.0) i-BuOH (bp: 108°C) reflux 8 48 -
5 15 TsOH (3.0) t-amylalcohol (bp: 102C) reflux 8 59 -
6 15 TsOH (3.0) s-BUuOH (bp: 100°C) reflux 8 81 -
7 2.0 TsOH (3.0) s-BuOH reflux 10 89 85 (56)
8 2.4 TsOH (3.0) s-BUOH reflux 13 88 88 (60)
9 15 - s-BuOH reflux 8 N.D. -
10 2.0 c.HCI (3.0) s-BuOH reflux 8 26 -
11 2.0 c.HCI (3.0) s-BUOH/H,O 95:5 reflux 8 79 -
12 2.4 c.HCI (3.0) sBUOH/H,0 95:5 reflux 11 87 86 (71)

3HPLC assay yielPReagents were used based on the amoh(i&: 1.2 equiv, c.HCI: 3.0 equivilsolated yield in parentheséblot detected.

analyzed by chiral SFC, which showed that the obthirtedid
not contain three other potential sterecisome8sdlantiomer,
(R)-cis isomer, $)-cis isomer).

3. Conclusions

A practical chromatography-free synthesis &P was
successfully developed. We studied cyanoimidazoileg r
formation closely and showed that the cryogenic d@mrdwas
not imperative for the reaction provided that ajppiate care was
taken for the potential epimerization &f This result will allow
us to conduct this reaction on a large scale usingormal
manufacturing facility. An alternative synthesis 18 utilizing
the advantage of the defined stereochemistry ofncerially

availabletrans diamine22 was also developed. The piperazine

ring was successfully constructed from primary dizad0-HCI
without protection. Although the piperazine ring faton
requires some improvements to achieve higher vyiehds

synthesis providedl5 in a simple way without concern for
generation of stereoisomers. The last coupling ti@acof 3-
chloro-5,6-dihydroimidazolo[1,fpteridine 8 with aniline 15
was scrutinized to find feasible reaction conditioasd to
improve the low yields of the medicinal chemistrynthesis.
Consequently, much higher yields were achieved Hxththe
palladium-catalyzed amination and the acid-promatedpling
under benign reaction conditions. Although the gmigimoted
coupling seems to be preferable for scale-up froenviewpoint
of cost at this point, future development of thdlgohum-
catalyzed amination might enable further decredgbenamount
of a palladium catalyst and render the palladiutalgaed
amination a more cost-effective procedure. Theinbthl9 did
not include stereocisomers, andolumn chromatography/HPLC
separation was not required. These findings will leada
successful future scale-up synthesis and developaofem potent
anticancer drug candidaté9, and at the same time, will



contribute to syntheses of related 5,6-dihydroimida[1,5- 3 °C/min to 140 °C, 30 °C/min to 200 °C for 5 mRetention

flpteridine derivatives. time:7 (19.7 min).
4. Experimental section 4.3 Methyl (2R)-2-(Propan-2-ylamino)butanoate Hydhoride
(1:1) 3-HCI)

4.1 General
To a mixture of methyl [R)-2-aminobutanoate hydrochloride

All materials were purchased from commercial suppland  (1:1) (2-HCI) (14.7 g, 95.7 mmol) in THF (59 mL) were added
used without any additional purification. NH silica | ge acetic acid (23.0 g, 383 mmol) and acetone (7.282¢, mmol),
(CHROMATOREX) was purchased from Fuji Silysia Chemical and the mixture was stirred at 20-30 °C for 1 h unig
Ltd. Silica gel (Silica Gel 60, spherical) was pusde from  atmosphere. To the mixture was added sodium boritey@.62
Nacalai Tesque, Inc. Celite(No. 500) and DARCO (G-60) g, 95.7 mmol) portionwise at 10 °C, maintaining temperature
were purchased from Wako Pure Chemical Industridsl. L below 20 °C. After being stirred at 20-30 °C for,ZHe mixture
Melting points were determined on a Stanford Re$e8sstems  was cooled to 0-10 °C, and,®l (44 mL) was slowly added. To
OptiMelt MPA 100, and are uncorrected unless otherwited.  the mixture was added 8 M NaOH (54 mL), and pH was azfjust
'H and C NMR spectra were recorded on a BRUKERto 9.0-9.5, maintaining the temperature below 30 FGluene
AVANCE 600 spectrometer or a BRUKER AVANCE 500 (74 mL) was added, and the layers were separated. ofanic
spectrometer with tetramethylsilane as an interrtahdard.  layer was filtered and insoluble matter was washed twithene
Chemical shifts are shown in ppm. HPLC analysis o¢ th (7 mL). To the combined filtrate were added seedstaty of
compounds and reaction monitoring was carried out @on 3-HCI (15.0 mg) at 0-10 °C. To the mixture was added HGA
Shimadzu LC-2010(. High-resolution mass spectrometry in EtOAc (35.9 mL, 144 mmol) dropwise, and the mixturas
(HRMS) data was obtained on a Shimadzu Prominence UFLGtirred at 0—10 °C for 1 h. The resulting solids eveollected by
system with a Thermofisher LTQ Orbitrap Discovery. fReatra filtration and washed with EtOAc (29 mL) and driedvacuoat
were recorded on a Thermo Electron FT-IR Nicolet 4#DR). 50 °C to give3-HCI (15.1 g, 81%) as a white solid. Mp 155—
Data of elemental analyses, data of melting poiots36 and 157 °C;'H NMR (600 MHz, DMSOedg) & 0.92 (t,J = 7.6 Hz,
20-HCI (determined by differential scanning calorimetd&C), 3H), 1.28 (ddJ = 6.4, 4.2 Hz, 6H), 1.89 (dquid,= 14.4, 7.5 Hz,
data of HRMS for7, 23 and21, andIR spectra of7, 35, 20-HCI, 1H), 1.98-2.08 (m, 1H), 3.28 (br s, 1H), 3.78 (s, 3H)4 (br s,
23, 21 and 19 were obtained by Sumika Chemical Analysis 1H), 9.18 (br s, 1H), 9.87 (br s, 1H}C NMR (151 MHz,
Service, Ltd. DMSOg) & 9.2, 18.1, 19.1, 22.6, 49.0, 52.8, 57.3, 169.3;

; . " (ATR) 2969, 2650, 2504, 1736, 1561, 1470, 1436,913814,
4.2 HPLC, Chiral HPLC, chiral SFC, and GC conditions 1264, 1219, 1165, 1117, 1011, 959, 924. 852, 788, G53, 535,

HPLC conditions. (A) Inertsil ODS-3 column, 5 pm, 156hm 455 cm’; Anal. Calcd for GH;(CINO,: C, 49.10; H, 9.27; CI,
x 4.6 mm i.d.; UV detector at 254 nm; isocratic @ntiwith ~ 18.12; N, 7.16; O, 16.35. Found: C, 49.08; H, 9.037 N5.
MeCN/50 mM aqueous K#TO“ (50:50). at 1'.0 mL/min ﬂQW rate; 44 Methyl (2R)-2-[(2-Chloro-5-nitropyrimidin-4)¢propan-2-
?fcl)u;nn.ttimperature: 25 °C. Retention timés(4.0 min), 31 yl)amino]butanoateX)

.2 min).

(B) YMC A-313 column, 5 pm, 250 mm x 6.0 mm i.d.; UV
detector at 254 nm; isocratic elution with MeCN/10 ralyleous
AcONH;, (40:60) at 1.0 mL/min flow rate; column temperature
25 °C. Retention timest5 (8.3 min),20-HCI (5.4 min),36 (41
min).

R

To a mixture of 2,4-dichloro-5-nitropyrimiding)((50.0 g,
258 mmol) and3-HCI (55.5 g, 284 mmol) in toluene (500 mL)
was added NaHCQ(54.1 g, 644 mmol), and the mixture was
stirred at 85-95 °C for 3 h undep Btmosphere. After cooling to
room temperature, the mixture was filtered and wisiel matter
was washed with toluene (50 mL). To the combinedafitrwas

Chiral HPLC conditions. (A) CHIRALCEL OJ-RH, 5 um, added HO (250 mL), and the layers were separated. To the
150 mm x 4.6 mm i.d.; UV detector at 254 nm; isocratiution  organic layer were added EtOAc (250 mL) and 1 M HCD(25
with MeCN/20 mM aqueous KJRO, (40:60) at 1.0 mL/min flow mL), and the layers were separated. The organicr layes
rate; column temperature: 25 °C. Retention tin%e€11.8 min),  concentratedn vacuo until the weight of the mixture became
ent-5 (15.1 min). approximately 100 g. To this mixture was added Zprml (250

(B) CHIRALCEL OJ-RH, 5 um, 150 mm x 4.6 mm i.d.: UV mL), and the mixture was concentraiedvacuoagain until the

; ! : ] ight of th ixt b imately 100 g. ti
detector at 254 nm; isocratic elution with MeCN/20 ralyueous Welght o1 Te MBAUre became approximaey g. o

. resulting mixture were added 2-propanol (200 mL) aee¢d
KH,PQ, (30:70) at 1.0 mL/min flow rate; column temperature tals of5 (50.0 d the mixt tirred at 20—30 °C
25 °C. Retention time® (8.2 min),ent-6 (5.7 min). crystals of5 (50.0 mg), and the mixture was stirred a

for 1 h. The mixture was cooled to 0-10 °C and efirfor 1 h,
(C) CHIRALCEL OD-RH, 5 pm, 150 mm x 4.6 mm i.d.; UV and then filtrated. Wet solids were washed with 2-pnoyH,0
detector at 254 nm; isocratic elution with MeOH at Zmin ~ (1:1, 100 mL) and drieth vacuoat 50 °C to givé (59.7 g, 73%)
flow rate; column temperature: 25 °C. Retention ting (5.0  as a yellow solid. Mp 89-91 °CH NMR (600 MHz, CDCJ) §
min), ent-8 (6.5 min). 1.07 (t,J = 7.6 Hz, 3H), 1.31 (d] = 6.4 Hz, 3H), 1.36 (d) = 6.4
, . Hz, 3H), 1.86-2.04 (m, 1H), 2.37-2.56 (m, 1H), 3.55 {Jdt
Chiral SFC condition. CHIRALPAK AD-H, 5 um, 250 mm x 131, 6.5 HZ, 1H), 3.75 (S, 3H), 378:“,: 6.8 HZ, lH), 8.63 (S,
4.6 mm id.; UV detector at 220 nm; isocratic elutiaith 1H); 3¢ NMR (151 MHz, CDG)) 5 12.0, 19.5, 21.6, 23.2, 52.5,
pressure: 100 bar; column temperature: 35 °C. Retetimes: 1572, 1543, 1513, 1466, 1439, 1374, 1345, 1311512197,
;|.9 (20.3 min),ent-19 (133 min), cis isomer af9 (9.3 min), cis 1180, 1165, 1084, 993, 912, 866, 767, 559, 4451;CHRMS
isomer ofent-19 (7.7 min). (ESI): [M+H]" caled for G,HigCIN,O, 317.1011; found,

GC condition. SUPELCO SPB5, Capillary GC Column, 30 317.1008. Optical purity: 99.9% ee (chiral HPLC caiodi A).

m x 0.53 mm id., 5 pm film; FID detector; He carr@as 45 (7R)-2-Chloro-7-ethyl-8-(propan-2-yl)-7,8-gifropteridin-
(approximately 6 mL/min); oven heating 90 °C formsin,  g(5H)-one 6)
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To a mixture of5 (20.0 g, 63.1 mmol) and reduced iron chlorophosphate (6.76 g, 39.2 mmol) dropwise atEhahd the

(24.1 g, 253 mmol) in toluene (100 mL) were added AdOH4
g, 18.9 mmol) and D (10 mL) in this order, and the mixture
was stirred at 70-80 °C for 3 h undes &tmosphere. To the
mixture was added 6 M HCI (100 mL) with vigorous stig;, and
the mixture was stirred at 70-80 °C for 1 h. Afteoling to
room temperature, the mixture was filtered and wisiel matter
was washed with 0 (40 mL) and EtOAc (40 mL). To the
combined filtrate were added EtOAc (160 mL) ang®H6E0 mL),
and the layers were separated. The agueous layeextrasted
with EtOAc (2 x 200 mL), and the combined organic tayas

mixture was stirred at =5 °C for 0.5 h. To the migtwas added

7 (4.96 g, 88.1 wt%, 39.3 mmol), and then LHMDS (1.ITMF
solution, 53.5 mL, 58.9 mmol) was added dropwisesatC, and
the mixture was stirred at =5 °C for 1 h. To the tonig was
added AcOH (30 mL) dropwise, maintaining the tempeeatur
below 20 °C, and the mixture was stirred at 40-50C3 h.
After cooling to room temperature,,®& (50 mL), EtOAc (50
mL) and THF (50 mL) were added, and the layers weparsated.
The organic layer was washed with 1 M NaOH (3 x 50 mld an
H,O (50 mL), and concentrateéd vacuountil the weight of the

washed with 10% aqueous NaCl (2 x 100 mL) and satlratemixture became approximately 30 g. EtOAc (50 mL) added,
aqueous NaHC£(200 mL). The organic layer was concentratedand the mixture was concentraiadsacuountil the weight of the

in vacuountil the weight of the mixture became approximatel

mixture became approximately 25 g. EtOAc (50 mL) wdded

60 g. EtOH (100 mL) was added and the mixture wasand the mixture was concentraiedvacuoagain until the weight
concentratedn vacuo until the weight of the mixture became of the mixture became approximately 25 g. To thgtune was

approximately 60 g. EtOH (100 mL) was added and theumg
was concentrateth vacuoagain until the weight of the mixture
became approximately 60 g. To the resulting mixiues added

added diisopropyl ether (75 mL) dropwise at 40-50 & the
mixture was stirred at 40-50 °C for 1 h. The mixtuwras
gradually cooled to 0—10 °C and stirred for 1 hd #ren filtrated.

EtOH (20 mL), and KD (90 mL) was added dropwise. The Wet solids were washed with diisopropyl ether (25 raiod

mixture was cooled to 0-10 °C and stirred for lahd then
filtrated. Wet solids were washed with EtOHOH(1:2, 40 mL)
and driedin vacuoat 50 °C to givet (12.7 g, 80%) as a white
solid. Mp 200-201 °C*H NMR (600 MHz, CDC}) 5 0.94 (t,J =
7.6 Hz, 3H), 1.37 (dJ = 6.8 Hz, 3H), 1.41 (dJ = 6.8 Hz, 3H),
1.81 (dt,J = 14.5, 7.5 Hz, 1H), 1.99 (ddd,= 14.5, 7.5, 3.0 Hz,
1H), 4.28 (ddJ = 7.4, 3.2 Hz, 1H), 4.59 (spi,= 6.8 Hz, 1H),
7.71 (s, 1H), 9.80 (br s, 1HYC NMR (151 MHz, CDGJ) § 8.6,
19.8, 20.9, 27.7, 49.2, 58.6, 117.8, 139.1, 15154,4, 165.8; IR
(ATR) 3229, 2964, 1692, 1655, 1604, 1476, 1410,513@69,
1237, 1194, 1155, 1127, 1088, 1002, 932, 773, 688, 411,
401 cm% HRMS (ESI): [M+H] caled for GiH;CIN,O,
255.1007; found, 255.1007. Optical purity: 99.4% (ebiral
HPLC condition B).

4.6 N'-(Cyanomethyl)-N,N-dimethylimidoformamidg (

To a mixture of aminoacetonitrile hydrochloride 1(1:
(26:HCI) (10.0 g, 108 mmol) in THF (100 mL) were adde-
dimethylformamide dimethyl acetal (16.7 g, 141 mmahd
triethylamine (16.4 g, 162 mmol), and the mixturesvséirred at
45-55 °C for 5 h. After cooling to room temperatuhes mixture

dissolved in THF (150 mL). To the mixture was addetivated
carbon (500 mg) at 40-50 °C, and the mixture waeedtiat 40—
50 °C for 1 h. Activated carbon was filtered off amashed with
THF (10 mL). The combined filtrate was concentratedacuo
until the weight of the mixture became approximat@ly g.
EtOH (50 mL) was added and the mixture was concentiated
vacuo again until the weight of the solution became
approximately 25 g. To the resulting mixture was etiEtOH
(20 mL), and then kD (50 mL) was added dropwise at 20-30 °C.
The mixture was stirred at 20-30 °C for 1 h anchtfiktrated.
Wet solids were washed with,® (25 mL) and driedn vacuoat

50 °C to give8 (4.40 g, 74%) as a brown solid. Mp 252-253 °C
(decomp);"H NMR (600 MHz, CDCJ) & 0.84 (t,J = 7.4 Hz, 3H),
1.44 (d,J = 6.8 Hz, 3H), 1.48 (d] = 6.8 Hz, 3H), 1.84 (dquin}

= 14.6, 7.5 Hz, 1H), 1.97 (ddd,= 14.4, 7.6, 3.4 Hz, 1H), 4.68
(quin, J = 6.9 Hz, 1H), 5.11 (ddj = 8.3, 3.4 Hz, 1H), 8.02 (s,
1H), 8.36 (s, 1H)**C NMR (151 MHz, CDG)) 5 8.6, 20.1, 20.8,
30.6, 50.6, 51.6, 109.9, 113.4, 114.3, 131.6, 138341.2, 152.8,
158.2; IR (ATR) 3106, 2970, 2938, 2223, 1605, 158492,
1419, 1402, 1377, 1362, 1341, 1331, 1236, 11424,11081,
962, 755, 651, 586, 507, 463 CMHRMS (ESI): [M+H] calcd

was concentrateith vacuountil the weight of the mixture became for CiHieCINg, 303.1119; found, 303.1118. Optical purity:

approximately 40 g. Diisopropyl ether (50 mL) wasled and
the mixture was concentratéd vacuoagain until the weight of
the mixture became approximately 40 g. To the tegumixture
was added diisopropyl ether (100 mL), and the métuas
passed through a pad of NH silica gel (100-200 mes$i®) g),
followed by washing with IPE (2 x 100 mL). The comlne
filtrate was concentrateid vacuoto give7 (8.75 g, 88.1 w/w%,
64% GC assay yield) as a pale yellow oil. The oleiin was
used for the next reaction without further purifioat A small
portion of the product was purified by distillatiq.6 mmHg,
90 °C) to obtain a sample for analystsi NMR (500 MHz,
CDCL) 6 2.90 (br s, 6H), 4.18 (s, 2H), 7.44 (s, 1H¢ NMR

99.8% ee (chiral HPLC condition C).
4.8 tert-Butyl (trans-4-Aminocyclohexyl)carbamaag){*

To a mixture oftrans-cyclohexane-1,4-diamine2®) (150 g,
1.31 mol) in MeCN (2.7 L) was added (Bg®) (143 g, 657
mmol) in MeCN (300 mL) maintaining the temperaturdolw
30 °C, and the mixture was stirred at 20-30 °C fadn.3The
resulting slurry was concentratéd vacuo To the residue was
added saturated aqueous NaH(® L), and the mixture was
stirred at 20-30 °C for 1 h, and then filtrated. t\WWelids were
washed with HO (400 mL) and driedh vacuoat 50 °C to give
33(33:34 = approximately 3:1, 129 g, 46%}% a white solid. The

(126 MHz, CDC}) 6 34.6 (br s), 40.0 (br s), 41.5, 118.1, 157.5;0btained 33 was used for the next reaction without further

IR (ATR) 2917, 1639, 1489, 1432, 1415, 1377, 13260, 1233,
1114, 1066, 1042, 1017, 984, 970, 903, 865 CHRMS (ESI):
[M+H] " calcd for GH,oN3, 112.0869; found, 112.0875.

4.7 (6R)-3-Chloro-6-ethyl-5-(propan-2-yl)-5,6-
dihydroimidazo[1,5-f|pteridine-7-carbonitrileg]

To a mixture of6 (5.00 g, 19.6 mmol) in THF (50 mL) was

purification.

4.9 4-Amino-N-(trans-4-aminocyclohexyl)-2-fluoro-5-
methoxybenzamide Hydrochloride (1:2pHCl)

To a mixture of 4-amino-2-fluoro-5-methoxybenzowidal6
(65.8 g, 355 mmol), 33 (129 g, 604 mmol), N,N-
diisopropylethylamine (91.2 mL, 533 mmol) and 1-

added LHMDS (1.1 M THF solution, 19.6 mL, 21.6 mmol) hydroxybenzotriazole monohydrate (65.2 g, 426 mrmNleCN

dropwise at =5 °C, and the mixture was stirred atC%or 0.5 h

(1.32 L) was added 1-ethyl-3-(3-

under N atmosphere. To the mixture was added diethyldimethylaminopropyl)carbodiimide hydrochloride (8lg, 426



mmol), and the mixture was stirred at 40 "C for 2Th. the

layer were added N8O, (500 g, 3.52 mol) and activated carbon

mixture was added # (1.32 L) dropwise, and the mixture was (30 g), and the mixture was stirred at room tempegator 30

stirred at 20-30 °C for 1 h, and then filtrated. t\Welids were

washed with HO (526 mL) and dissolved in MeOH (1.32 L). To

the mixture was added 6 M HCI (526 mL), and the orixtwas
stirred at 40 °C for 3 h. After cooling to 5 °CM8NaOH (324
mL) was added dropwise and pH of the mixture was astjusst
7.8, maintaining the temperature below 20 °C. To rfigture
was added activated carbon (6.60 g), and the mixtasestirred
at 20-30 °C for 0.5 h. Activated carbon was filtex@ and

min. The mixture was filtrated and insoluble mattes washed
with toluene, and the combined filtrate was concéedia vacuo
To the residue was added toluene (300 mL), and tkeura was
passed through a pad of silica gel, and insolubédten was
washed with toluene (200 mL). The combined filtratasw
concentratedh vacuoto give21 (343 g, 91.6 wt% determined by
'"H NMR using diphenylmethane as an internal standi6#, for
two steps fron24, pale brown oil). The obtainetll was used for

washed with MeOH (132 mL). The combined filtrate wasthe next reaction without further purification. A dhy@ortion of
concentratedh vacuoto remove MeOH. The resulting slurry was the obtained®1 was purified by distillation (4 mmHg, 88 °C) to

stirred at 20—30 °C for 0.5 h, and then filtratédet solids were
washed with acetone (132 mL) and drieadvacuoat 50 °C to
give 20-HCI (92.0 g, 82% for 2 stepsys a brown solid. Mp
309 °C (decomp.) (DSC)'H NMR (500 MHz, DMSOds) &

1.29-1.53 (m, 4H), 1.84-1.92 (m, 2H), 2.01 (bdd; 10.4 Hz,

obtain a sample for analysif&d NMR (500 MHz, CDC)) §;

0.06-0.19 (m, 2H), 0.47-0.59 (m, 2H), 0.85 @t 8.1, 6.5, 5.0
Hz, 1H), 2.49 (dJ = 6.6 Hz, 2H), 2.96 (tJ = 7.3 Hz, 4H), 3.54 (t,
J = 7.3 Hz, 4H);"*C NMR (126 MHz,CDCJ) § 3.9 (2C), 9.2,
42.0 (2C), 56.5 (2C), 59.8; IR (ATR) 3079, 30016292817,

2H), 2.92 (dddJ = 11.4, 7.5, 4.1 Hz, 1H), 3.60-3.72 (m, 1H), 1462, 1447, 1299, 1251, 1102, 1051, 1019, 936, 8a8, 765,

3.77 (s, 3H), 5.61 (s, 2H), 6.40 @z 13.2 Hz, 1H), 7.03 (d] =
6.9 Hz, 1H), 7.32-7.54 (m, 1H), 8.30 (br s, 3HE NMR (126

726, 661 crit; HRMS (ESI): [M+HT calcd for GH1CIN,
196.0654; found, 196.0630. A small portion of tH#tained23

MHz, DMSO-dg) 6 29.6 (2C), 30.4 (2C), 47.6, 49.1, 56.3, 99.8was purified by distillation (3 mmHg, 134 °C) to alst a sample

(Jcr = 29.0 Hz), 108.3%0cr = 13.9 Hz), 111.4%)cr = 5.0 Hz),
142.4, 142.9 % = 12.6 Hz), 156.0%c = 239.4 Hz), 163.3
Cler = 2.5 Hz); IR (ATR) 3428, 3310, 2926, 1622, 160341,
1510, 1319, 1256, 1217, 1169, 1022, 874, 853, 789, cm";
HRMS (ESI): [M+H] calcd for G,H»FN;O, (free form),
282.1612; found, 282.1610. A sampleteft-butyl {trans-4-[(4-
amino-2-fluoro-5-methoxybenzoyl)amino]cyclohexylfbamate
(35) for analysis was prepared by the reactio@®HCI with 1.0
equiv of BogO in EtOAc/5% aqueous NaHGata for35: Mp
248 °C (DSC)*H NMR (500 MHz, CDCJ) § 1.22-1.38 (m, 4H),
1.44 (s, 9H), 2.01-2.08 (m, 2H), 2.08-2.16 (m, 2H353br s,
1H), 3.88 (s, 3H), 3.90-3.99 (m, 1H), 4.26 (s, 2H)34kr d,J =
6.3 Hz, 1H), 6.36 (dJ = 13.2 Hz, 1H), 6.50 (br dd,= 15.0, 7.7
Hz, 1H), 7.44 (dJ = 6.9 Hz, 1H);*C NMR (126 MHz, CDCJ) &
28.4 (3C), 31.8 (2C), 32.1 (2C), 48.0, 49.0, 569,2, 100.7
(Jer = 30.2 Hz), 108.9%cr = 11.3 Hz), 111.8%)cr = 3.8 Hz),
141.1 e = 12.6 Hz), 143.2, 155.3, 156.4)4- = 239.4 Hz),

for analysis. Data fo23 '"H NMR (500 MHz, CDC}) &; 0.08—
0.16 (m, 2H), 0.45-0.60 (m, 2H), 0.89 (tit= 8.1, 6.6, 5.0 Hz,
1H), 2.45 (dJ = 6.6 Hz, 2H), 2.73-2.79 (m, 4H), 3.57-3.71 (m,
4H); °*C NMR (126 MHz,CDC)) 5 4.0 (2C), 8.8, 56.0 (2C), 59.6,
59.6 (2C); IR (ATR) 3347, 2939, 2876, 2820, 10388,8873,
828 cm’; HRMS (ESI): [M+H] calcd for GHgNO,, 160.1332;
found, 160.1335.

4.11 4-Amino-N-{trans-4-[4-(cyclopropylmethyl)pipem-1-
yl]cyclohexyl}-2-fluoro-5-methoxybenzamidé)

To a mixture of2-HCI (10.0 g, 31.5 mmol), }CO; (13.1 g,
94.8 mmol) and Nal (4.72 g, 31.5 mmol) in EtOH (50 nalgs
added?1 (7.40 g, 37.7 mmol), and the mixture was stirredCat
30 °C for 15 h. To the mixture were added EtOAc (50,nTIHF
(50 mL) and HO (100 mL), and the layers were separated. To
the organic layer were added 10% aqueous NaCl (90amd.)12
M HCI (13 mL) maintaining the temperature below 3Q &nd

163.1 {Jor = 2.5 H2); IR (ATR) 3497, 3468, 3317, 2941, 1686, the layers were separated. The aqueous layer wasrtoaedn

1620, 1508, 1450, 1366, 1315, 1275, 1261, 1213711672,
1020, 766, 727, 652 ¢h HRMS (ESI): [M+H] calcd for
CigH2oFN30,, 382.2137; found, 382.2131.

4.10 2-Chloro-N-(2-chloroethyl)-N-
(cyclopropylmethyl)ethanamingl)

To a mixture of 2,2-iminodiethan@4 (400 g, 3.80 mol) in
EtOH (4 L) were added Nal (684 g,
(chloromethyl)cyclopropane (413 g, 4.57 mol), andiC®; (789
g, 5.71 mol), and the mixture was stirred undemusefbr 5.5 h.
After cooling to room temperature, the resultingidolwere
filtered off and washed with EtOAc. The combined fiktravas

vacuoto remove EtOH and THF. To the resulting aqueousrlay
was added activated carbon (1.00 g), and the mixtasestirred
at 20-30 °C for 0.5 h. Activated carbon was filteftl and
washed with HO (20 mL). To the combined filtrate were added
EtOAc (50 mL) and THF (50 mL). To the mixture was atlde
25% aqueous NH (18 mL) dropwise maintaining the
temperature below 30 °C, and the layers were separatee

4.57 mol), organic layer was washed with saturated aqueous Nach(j,

dried over MgSQ@ and concentrated vacuo To the residue was
added EtOH (60 mL), and 15% HCI in EtOH (40 mL) was added
dropwise at 20-30 °C. The resulting slurry was ira¢ 20—

30 °C for 1 h, and 5-10 °C for 1 h, and then fikch Wet solids

concentratedn vacuo To the residue were added EtOAc (8 L) were washed with EtOH (15 mL), and dissolved y®H65 mL).

and saturated brine (1.6 L), and the layers weraraggd. The
aqueous layer was extracted with EtOAc (2 x 4 L), anthe
combined organic layer was added,81@, (400 g, 2.82 mol),
and the mixture was stirred at room temperaturd@min. The
mixture was filtrated and insoluble matter was washeth

EtOAc. The combined filtrate was concentraied/acuoto give
2,2'-[(cyclopropylmethyl)imino]diethan®3 (472 g, pale yellow

To the mixture was added activated carbon (600 g, the
mixture was stirred at 20—30 °C for 0.5 h. Activatedbon was
filtered off, and washed with 4@ (10 mL). To the combined
filtrate was added 25% aqueous NEB.1 mL), and pH was
adjusted to 9.0. The resulting slurry was stirredat30 °C for 1
h and then filtrated. Wet solids were washed witH13 mL)
and driedin vacuoat 50 °C to givel5 (4.73 g, 37%)as a white

oil). The obtained23 was used for the next reaction without solid. Mp 184-185 °C*H NMR (600 MHz, CDCJ) 5 0.10 (q,J

further purification. To a solution 023 (300 g, 1.88 mol) in
toluene (3 L) was added thionyl chloride (448 g,73mol)
dropwise maintaining the temperature below 10 °C, #rel
mixture was stirred at 50 °C for 3 h. After coolibg room
temperature, the mixture was neutralized by slowtemtdof 8 M
NaOH (1.2 L), and the layers were separated. To thanarg

= 4.9 Hz, 2H), 0.45-0.57 (m, 2H), 0.82-0.92 (m, 1H20%1.31
(m, 2H), 1.43 (qdJ = 12.5, 3.0 Hz, 2H), 1.97 (br d,= 12.5 Hz,
2H), 2.16 (br dJ = 11.3 Hz, 2H), 2.25 (d] = 6.8 Hz, 2H), 2.27—
2.32 (m, 1H), 2.64 (br s, 8H), 3.87 (s, 3H), 3.89—-3195 1H),
4.27 (s, 2H), 6.36 (dl = 13.2 Hz, 1H), 6.50 (br dd,= 14.9, 7.7
Hz, 1H), 7.45 (dJ = 7.2 Hz, 1H);*C NMR (151 MHz, CDCJ) &
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3.9 (2C), 8.3, 27.3 (2C), 32.3 (2C), 48.7, 49.0)(&3.7 (2C),
56.0, 62.7, 63.8, 100.6J¢r = 31.7 Hz), 108.9%cr = 12.1 Hz),
111.7 {Jce = 3.0 Hz), 141.0%0ce = 13.6 Hz), 143.1, 156.4) =
238.6 Hz), 163.0%)r = 4.5 Hz); IR (ATR) 3481, 3346, 2937,
2809, 1738, 1619, 1512, 1451, 1309, 1236, 12140,11605,
871, 836, 797, 766, 729, 584, 523 EnMHRMS (ESI): [M+H]
calcd for G,H3,FN,O,, 405.2660; found, 405.2659.

4.12 Synthesis of 4-{[(6R)-7-Cyano-6-ethyl-5-ffan-2-yl)-5,6-
dihydroimidazo[1,5-f]pteridin-3-yllamino}-N-{trans-{4-
(cyclopropylmethyl)piperazin-1-yl]cyclohexyl}-2-fiuws5-
methoxybenzamidé&g) by coupling oB with 15 using a
palladium catalyst

To a mixture of15 (1.00 g, 2.47 mmol)8 (823 mg, 2.72
mmol) and potassium carbonate (683 mg, 4.94 mmol¥-i
butanol (10 mL) were added Xantphos (143 mg, 0.2470knm
and palladium(ll) acetate (55.5 mg, 0.247 mmol)d ahe
mixture was stirred at 85 °C for 1 h. After coolibg room
temperature, O (15 mL) and 6 M HCI (3 mL) were added, and
the mixture was filtered through a pad of Célitdlo. 500, 2.00
g). To the filtrate was added EtOAc (10 mL), and theets were
separated. To the aqueous layer was added 8 M NaOHin(9).5
and pH was adjusted to 9.5. The resulting aqueoyey hvas
extracted with EtOAC/THF (3:2, 25 mL). The organicdayas
washed with 25% aqueous NILO mL) and saturated aqueous
NaCl (10 mL). The organic layer was filtrated to remo
insoluble matter, and the filtrate was concentratedacuo To
the residue was added 2-propanol (10 mL), and thxéurei was
concentratedn vacuo.To the residue was added 2-propanol (5
mL), and the mixture was stirred at 20—30 °C for, Jamd then
filtrated. Wet solids were washed with 2-propanol (R)rand
H,O (2 mL), and driedh vacuoat 50 °C to givel9 (1.30 g, 78%)
as a pale yellow solid. Mp 240-242 °&4 NMR (600 MHz,
CDCly) 6 0.07-0.14 (m, 2H), 0.47-0.55 (m, 2H), 0.81-0.92 (m,
4H), 1.21-1.35 (m, 2H), 1.44-1.50 (m, 5H), 1.54J¢, 6.8 Hz,
3H), 1.76-1.87 (m, 1H), 1.93 (dtd,= 14.2, 7.3, 3.4 Hz, 1H),
1.99 (br dJ = 12.5 Hz, 2H), 2.15-2.22 (m, 2H), 2.26 (&5 6.8
Hz, 2H), 2.28-2.34 (m, 1H), 2.65 (br s, 8H), 3.90-3196 1H),
3.97 (s, 3H), 4.79 (spd,= 6.8 Hz, 1H), 5.08 (dd] = 8.3, 3.4 Hz,
1H), 6.61 (br ddJ = 14.9, 7.7 Hz, 1H), 7.58 (d,= 6.8 Hz, 1H),
7.86 (s, 1H), 7.96 (s, 1H), 8.30-8.37 (m, 1H), 8.43](d 15.1
Hz, 1H); *C NMR (151 MHz, CDG)) § 3.9 (2C), 8.3, 8.8, 20.2,
21.4, 27.3 (2C), 30.6, 32.3 (2C), 48.8, 49.1 (Z9)1, 50.6, 53.7
(2C), 56.3, 62.7, 63.8, 104.9¢ = 36.2 Hz), 109.2, 109.8, 111.1
(Clor = 4.5 Hz), 112.2%0c = 13.6 Hz), 114.0, 130.8, 133.0,
133.2 {Jcr = 13.6 Hz), 141.2, 143.7, 152.4, 155'6f = 238.6
Hz), 157.2, 162.5%0cr = 4.5 Hz); IR (nujol) 3406, 2227, 1637,
1623, 1607, 1550, 1521, 1501, 1490, 1447, 1313512252,
1204, 1176, 1154, 1065, 1022, 1007, 964, 875, "86; ¢-IRMS
(ESI): [M+H]" caled for GgHasFN;O,, 671.3940; found,
671.3943. Optical purity: >99.9% ee (chiral SFC dtod).

4.13 Synthesis of 4-{[(6R)-7-Cyano-6-ethyl-5-f@n-2-yl)-5,6-
dihydroimidazo[1,5-f]pteridin-3-yllamino}-N-{trans-{4-
(cyclopropylmethyl)piperazin-1-yl]cyclohexyl}-2-fiuwne5-
methoxybenzamidé&g) by coupling oB with 15 in an acidic
condition

To a mixture ofl5 (3.00 g, 7.42 mmol) anfl (5.39 g, 17.8
mmol) in sBUuOH/H,O (95:5, 30 mL) was added concentrated
hydrochloric acid (2.25 g, 22.3 mmol), and the mnigt was
stirred at reflux for 11 h. After cooling to roorniperature, the
mixture was concentrated vacuo To the residue were added
EtOAc (45 mL) and 1 M HCI (60 mL), and the layers were
separated. The organic layer was extracted with 1 M (8C
mL). To the combined aqueous layer was added 8 M N&DH (
mL) and pH was adjusted to 9. The resulting aqueayer lwas

Tetrahedron

extracted with EtOAc (60 mL). The organic layer was veash
with 5% aqueous NaHCQO(3 x 60 mL) and concentratad
vacua To the residue was added 2-propanol (30 mL), éed t
mixture was stirred at 40-50 °C for 1 h. The mixtwras
gradually cooled to 0-10 °C and stirred for 1 td #ren filtrated.
Wet solids were washed with 2-propaneieptane (1:3, 9 mL)
and dissolved in MeOH (60 mL). To the mixture was adde
DARCO® (G-60, 600 mg), and the mixture was stirred at 40—
50 °C for 1.5 h. DARCO was filtered off, and the filtrate was
concentratedn vacuo To the residue was added 2-propanol (15
mL), and the mixture was stirred at 40-50 °C for .1The
mixture was gradually cooled to 0-10 °C and stifimdL h, and
then filtrated. Wet solids were washed witheptane (9 mL) and
driedin vacuoat 50 °C to givel9 (3.54 g, 71%)s a pale gray
solid.
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