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1. Introduction R2 R2 R2

R3 3 124 R 1 Je g3
Dihydropyrimidines (DPs) have received much attentitom N)\/'[ = Nl s —~ BN IE
synthetic and medicinal chemists owing to their dyjidal R1J<\N R R1J\N S R1)2\\N 4ca
activities and unique physical and chemical charistics' They R 3
exhibit a wide range of activities for possible okl DP 1,4-DP 1,6-DP

applications, such as calcium antagorfists)ti-MRSA agents
(emmacin)® and selective and orally bioavailable inhibitofs o Fig- 1. Tautomerism of dihydropyrimidine.
Rho kinase (ROCK1). The chemical structure of DPs is
ambiguous and complicated owing to tautomerism dmel t

isomerization of double bonds, because DPs thealgtibave . .
nine isomeric mixtures including tautomérsTautomerism in workers studied the tautomerism of 6(4)-methyl-24(henyl-

the DP system has not been sufficiently investigatedate’ A 1,4(1,6)-dihydropyrirnidingA an.d observed tW9 individual
DP is usually observed as a single compound in anRNM tautomers at50 °Cin a highly diluted CDGl solution [0.001—
spectrum. Namely, a proton transfer from one nitogtom to  0-003 M (mol [)].” On the other hand, Cho and co-workers
the other is very fast, and the NMR spectrum uguathibits an  synthesized DP derivatives having various 2-substituents and
average spectrum of two tautomers and so resembies tan o-nitrophenyl group at the 4(6)-position and obsdntke
spectrum of a single compound just like that ofimidazole individual tautomers of 2-GFand 2-SMe derivatives from 28
derivative. Therefore, it is unusual to observeasafed isomers o 70 °Cat higher concentrations (0.007-0.212 M igDg),?
of 1,4-DP and 1,6-DP (Fig. 1). _ although it is generally presumed that tautometscceometimes
Representative examples demonstrating that bottamdl1,6- |, jpserved at very low temperatures below 0 °C arfdghly
*Corresponding author. (H. Cho?.; Tel: +81-22-793B8Fax:  jyted solutiond. They reported in the supporting data that the
+81-22-795-6811 e-mail address: hcho@mail.pharmkoRCIp i of individual 1,4- and 1,6-tautomers changegularly

*Corresponding author. (S. Toyota).; Tel: +81-3-572294; e- depending on temperature and concentrdtion
mail address: stoyota@cms.titech.ac.jp :

tautomers of DPs are sometimes independently olbémvel
NMR spectra are shown in Fig. 2. For instance, Wai$ eo-
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Recently, Cho, Nishimura and co-workers reported that L
individual tautomers of 2-SMe derivative and derivativesD H™ H
. NH, COoEt AlCl3* 6H,0 HN COEL v N COEt
were also observed over some ranges of temperatuig SO- ; — }\X —_— Lo
ds and CDC} (0.012-0.050 M:° However, experimental and ° "% 07 Me 4% §TNT Me  77% MeS” "N” "Me
theoretical studies of the thermodynamics and ptigseof DPs 4 1

have not been carried out in detail.
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Fig. 2. Examples of dihydropyrimidines observed as theidividual
tautomers.

Therefore, furtherH NMR studies should be undertaken to
clarify the nature of tautomers of novel DPs at oasi
temperatures, in polar or nonpolar solvents, andseteral

concentrations. In addition, DFT (density functibrtheory)

R2 = CO,Et, SO,Ph, etc.

Scheme 1Synthesis of dihydropyrimiding

DPs 2 and 3 were synthesized as follows (Scheme 2). 2-
Methoxy derivative2 was synthesized in 51% vyield by heatihg
in MeOH. 2-Dimethylamino derivativ@ was prepared from in
four steps. Regioselective protection with a Boc ugro
(NaH/BogO) afforded5 in 90% yield, followed by methylation
(Mel/Et;N) to give6 in 87% yield. Subsequently, the substitution
reaction of 6 with dimethylamine hydrochloride under basic
condition provided7 in 50% vyield, followed by deprotection of
theN-Boc group under acidic condition to yie8dn 95% vyield?’

N COEt yoom N CO,Et
AN — K
MeS Me reflux MeO”™ N~ Me

51%

N
H
1 2

calculationsmay prove interesting to explain the cause of the

ratio of tautomers regularly changing and to deteemtheir

properties.

Hence, we will report experimental results on the lagu

changes in the ratios of tautomarandb of DPs1, 2, and3 (Fig.
3) under various conditions (temperature,
concentration) and describe the

potential maps.
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Fig. 3. Chemical structures of dihydropyrimidings3 and their tautomers.

2. Results and Discussion

2.1.Synthesis of DPE, 2, and3

DP 1 was prepared according to a modified proceduredbase
our previous method.Namely, a three-component Biginelli
reaction of thiourea, formaldehyde, and ethyl smettate using
catalyst gav

aluminum trichloride hexahydrate as a
dihydropyrimidine-2-thione4. The S'methylation reaction o#i

solvegind
findings obtainedmf
thermodynamic studies and the properties of se\Ra using
van't Hoff equations, free energy differen¢d€), enthalpy
differences AH), dipole moments (DM), and electrostatic
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Scheme 2Synthesis of dihydropyrimidinesand3.

The'H NMR spectra of SMe-DR and OMe-DP2 exhibited a
mixture of tautomers andb at 20 °C(293 K) in DMSOd;,
respectively. Prior to an NOE study of SMe-0Pthe singlet
(2.11 ppm) was ascribed to the 6-Me group by therbaticlear
multiple bond coherence (HMBC) correlation between @GiMe
group and 5-carbon (93.9 ppm) (Fig. 4 and Suppl¢angrdata
Fig. S1). Subsequently, an NOE (2.2%) was observedelea
the 1-NH proton (9.28 ppm) and the 6-Me group. Tkius major
tautomer was assigned as 1,4-DP. Similarly, an NOBAR &
OMe-DP 2 was found between the 1-NH proton and the 6-Me
group, and the major tautomer was assigned to b@R;4in
addition, an NOE (2.6%) was observed between the 1-Ntémpro
and 6-H in the minor tautomer 1,6-DP (Fig. 5). Howeueithe
case of NMeDP 3, the spectrum suggested a sole isomer, 1,6-
DP (Fig. 6). This should not be an average spectfiin4- and

e1,6-DP but a single 1,6-tautomer because of theepoesof NOE

(3.1%) correlations between the NH proton and the NM¢ops,

furnished HI salts of1, and following basic workup and @nd the observed NOE (1.9%) between the NH proton afd 6-

purification with SiQ chromatography gave DP

(Fig. 6), as well as the results of the theoretitatlies described
in the later section.
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Table 1.Ratios of 1,4- and 1,6-tautomersladt various
temperatures and concentrations (DM&p-

(Tf”?(zlfnﬁ)) / Ratio 1,4-DP:1,6-DP
0.012 M 0.050 M 02 M

50729 592.1.0 649101 .93 101
25/29¢ 5.51:1.0( 6.18:1.01 6.67:1.01
30/30¢ 5.32:1.0( 6.05:1.0( 6.29:1.0(
351308 4.83:1.0( 5.72:1.01 5.97:1.01
40/313 465100 538100  564:1.00
45/318 430:1.00  500:1.00  5.30:1.00
50/323 387:1.00  479:1.00  5.04:1.00
55/328 385100 448100  4.83:1.00
60/333 360:1.00 422100  4.73:1.00
65/338 347:1.00 4001100  456:1.00
701343 343100 385100  4.33:1.00
751348 312100 364100  4.02:1.00
80/353 299:1.00 343100  3.88:1.00
85/358 280:1.00  319:1.00  3.74:1.00
90/363 274100  311:1.00  3.55:1.00

Table 2. Ratios of 1,4- and 1,6-tautomers2xt various
temperatures and concentrations (DM&D-

Z}?T(Félfnﬁ)) ! Ratio 1,4-DP:1,6-DP
0.012 M 0.050 M 012 M

20729 PREH 593 L0 3,090
25/29¢ 2.69:1.0( 2.86:1.0( 3.03:1.0(
30/30¢ 2.62:1.0( 2.79:1.0( 2.91:1.0(
351308 2.57:1.0( 2.67:1.0( 2.84:1.0(
40/313 252:1.00  260:1.00  2.77:1.00
45/318 244100 255100  2.68:1.00
50/323 237:1.00 249100  258:1.00
55/328 233:1.00  237:1.00  2.49:1.00
60/333 228:1.00  231:1.00  2.42:1.00
65/338 222100 219100  2.34:1.00
701343 214:1.00 213100  2.31:1.00
75/348 206:1.00  206:1.00  223:1.00
80/353 2.00:1.00 1.99:1.00  2.17:1.00
85/358 1.97:1.00 1.90:1.00  2.10:1.00
90/363 1.90:1.00 187:1.00  2.05:1.00

2.2. Determination of the population of DP tautomers

The 'H NMR spectra ofl and 2 were measured at various
temperatures in three solvents, such as a polaers{DMSO-
ds), a less polar solvent (CD{l and a nonpolar solvent {0).
To investigate the effect of concentration, the sneaments
were independently performed at three different eatrations
(0.012 M, 0.050 M, and 0.12 M in DMS@-and CDC}, and
0.0050 M, 0.012 M, and 0.050 M ins@s). All the measurements
were carried out under an argon atmosphere in dodprevent
oxidation to pyrimidines. The ratios of 1,4- ané-DPs were
determined using integrated intensities of their Ngthals. The
data forl and2 in DMSO-ds are provided in Tables 1 and 2,
respectively, and the data from the other solvé@i3Cl; and
Ce¢D¢) at three concentrations are given in the supphtang
data. The ratios (1,4-D¥ 1,6-DP) ofl and2 regularly changed
as the temperature increased from°@0to 90°C at 0.012 M,
0.050 M, and 0.12 M in DMS@;. For instance, the ratios of the
1,4-DP to 1,6-DP ofl decreased in 0.012 M DMS®- from
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5.92:1.00 at 20 °C to 2.74:1.00 at 90°C (TableThjs trend was
also observed in the measurementsloin CDCL and GDg
(Supplementary data). Similarly, the ratios of DRB-to 1,6-DP

of 2 in DMSO+; decreased as shown in Table 2, as well as in
CDCl; and GDg (Supplementary data).

2.3. Thermodynamics of tautomers of DPs from van't Hoff plots

The thermodynamics of tautomerization was analyzsdgu
van't Hoff plots by observing the equilibrium comgt& ([1,4-
DP]/[1,6-DP]) as a function of temperaturé€K). The van't Hoff
plots of1 and2 in DMSO-g at 0.012 M are shown in Figs. 7 and
8, respectively, as typical cases (other plots given in the
supplementary data). Both plots showed a nearlyatine
correlation between T/and InK, and the enthalpy difference
(AH°) and entropy differenceAf’) were obtained by least
squares fitting (experimental section 4.3). Therrttaelynamic
parameters as well as the chemical shifts of the Nitops are
compiled in Table 3.

For each entry, th&H° and AS® values are positive. This
means that 1,4-DP is enthalpically favorable to DF§-and that
the conversion from 1,4-DP to 1,6-DP results in aréase in
molecular freedom in solution. The positi&°® values (namely
K < 1) mean that 1,4-DP is more abundant than 1,6t(2P&K.
Under the same conditions, th&° value ofl is always larger
than that of2 (e.g., 4.24 and 2.48 kJ mblfor 1 and 2,
respectively, in DMSQJ at 0.012 M). ThAG® values decrease,
namely the population of 1,4-DP increases, in tft2oDMSO-
ds, CDCL, and GDg at the same concentration for each
compound. There are small effects of concentration the
tautomer population: the population of the 1,4-isormonstantly
increases with increasing concentration exceptifdn CgDe.
These results will be discussed later with the didheoretical
calculations.

2.4. DFT calculations of DP tautomers

In order to obtain further insight into the expesimal results,
we carried out DFT calculations for the two tautonwr®Ps8—
12 (Fig. 9). Compound®-11 are model compounds df-3,
respectively, where the ethyl group in the esteretyds replaced
by a methyl group for simplificatiotf. Substituent-free derivative
8 and CR-substituted derivativé2 (an analog oB: R* = CR; in
Fig. 2) were also treated as a series of compouwaitigugh the
synthesis of the corresponding ethyl esters wasagessful. The
structures of the two tautomers were optimized atMb6-2X/6-
31G(d) level, because this function tended to gieéable
thermochemical parameters for common organic comgsid
The thermodynamic parameters were obtained by audrexy
analysis of each energy-minimum structure.

2.4.1. Calculations of tautomers &f

The structural optimization o8a and 8b gave one energy-
minimum structure each, as shown in Fig. 10. Indp8mized
structures oBa and8b, the six-membered rings are almost planar
regardless of the positions of the double bondse Two
compounds have similar conformations with respedhéester
moiety: the plane consisting of the COO moiety islaoar with
the six-membered ring so as to the carbonyl oxydem is away
from the ring methyl group. These structural feasurare
common in the X-ray structures of the other 1,4-DR 4,6-DP
derivatives’ **
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Fig. 7.van't Hoff plot of1 in DMSO-ds (0.012 M). Fig. 8.van't Hoff plot of2 in DMSO-ds (0.012 M).

Table 3. Effects of solvents and concentration on thermadyin parameters for tautomerizationleind?2.

Compound  Solvert Concentration AH° AS NG © Kags" ONH® ONH®
(mol L (kJ mot?) (3 mot* K™) (kJ mot®) 1,4-DP 1,6-DP

1 DMSO-ds 0.012 9.84 £0.49 18.8+1.5 4.24 0.180 9.25 8.20
1 DMSO-ds 0.050 9.70 £ 0.49 17.2+1.6 4.59 0.157 9.25 8.20
1 DMSO-ds 0.12 8.43 +0.32 12.6 +1.0 4.69 0.151 9.25 8.19
1 CDCls 0.012 7.38 +0.57 13.7+1.9 3.31 0.263 5.89 5.16
1 CDCh 0.050 7.25+0.51 125+1.7 3.51 0.242 6.00 5.24
1 CDChk 0.12 7.93+0.39 13.2+1.3 4.00 0.199 6.15 5.37
1 CsDs 0.0050 5.12+£0.32 85+1.1 2.59 0.351 5.03 3.77
1 CsDs 0.012 4.79+£0.36 75+£12 2.55 0.357 5.06 3.79
1 CsDs 0.050 3.84 +0.28 3.3+0.9 2.85 0.316 5.23 ¢ -

2 DMSO-ds 0.012 4.65 +0.35 73+11 2.48 0.368 8.89 7.63
2 DMSO-ds 0.050 5.87+041 10.8+1.3 2.64 0.344 8.89 7.63
2 DMSO-ds 0.12 5.31+£0.19 8.6 £0.6 2.75 0.330 8.89 7.63
2 CDChk 0.012 491+£0.44 92+15 2.16 0.419 5.60 4.71
2 CDChk 0.050 447 £0.25 71+0.9 2.35 0.387 5.67 4.77
2 CDCk 0.12 4.86 + 0.46 73+16 2.69 0.338 5.79 4.87
2 CsDs 0.0050 1.56 £0.10 24+04 0.86 0.707 4.79 3.54
2 CsDs 0.012 1.50 £ 0.05 2.1+0.2 0.89 0.699 4.80 3.56
2 CsDs 0.050 2.06£0.13 38+05 0.92 0.691 493 3.69

a. Symbol ° refers to the standard condition (298 Ktm).

b. See footnote of Table 6 for dielectric constaftthese solvents.

c. Calculated according to the equationA@F = AH° — TAS® andAG® = -RTInK (298 K).
d. At 298 K.

e. Overlapped with other signals.
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Fig 9. Chemical structures of dihydropyrimidin@sl2 for DFT calculations.

Table 4. Calculated data for the optimized structures ofcsaers8a
and8b at M06-2X/6-31G(d) level,

E° (au) He (au) G° (au) (D)
8a —-532.481181 —532.295543 —532.344546 5.25
8b —532.481439 —532.295693 —532.345024 1.70
8b-8a —0.000257 —0.000150 —0.000478

(~0.68Y (~0.39} (-1.25}

2 n au (atomic unit) unless otherwise noted. 1 &625.50 kJ mot.
® Dipole moment in debye (D), 1 D = 3.33564%x¥0C m.

¢ In kJ mot™.

N

8b

Fig. 10. Calculated structures @&a and8b at M06-2X/6-31G(d) level and
their electrostatic potential maps (red: electriohsrblue: electron-deficient).

The thermodynamic parameters and dipole moments of

optimized8a and8b are listed in Table 4. The data indicate that
8b is slightly more stable tha8g; the energy differences are 0.39
kJ mol* in H° and 1.25 kJ mot in G°. The comparable
stabilities of the two tautomers of the parent DPengredicted
in a previous theoretical studyFrom the free energy difference
(AG®), the equilibrium constan€,qg ([8b]/[8a]) was calculated to
be 1.66 (Table 5). The thermodynamic preferencel f6+DP8b

is attributable to the extended conjugation aldregthree double
bonds. The calculated dipole moments mean 8a46.25 D) is
much more polar tha8b (1.70 D). Qualitatively, this difference
can be explained by the dipole moments of the twlarp8=0
and C=N double bonds. In 1,4-08, the dipole moments direct
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in nearly the same direction to enhance the neslgimoment.
On the other hand, the two dipole moments cancetmsbme
extent in 1,6-DR8b. The difference in molecular polarity can be
confirmed from the electrostatic maps in Fig. 10.the two
compounds, electron-rich regions are distributeduiad the
carbonyl oxygen atom and ‘smitrogen atom, and electron-
deficient regions are distributed around NH moietyisTeature
is well understood in terms of the resonance strastshown in
Fig. 11 where the C=0 and NH moieties contribute riegand
positive charges, respectively.

S
O) (0]
NI o'Me NN o Me
'k.’-‘r Ik@/
N Me N Me
H H
8a
0y 0®
HN- o'Me N0 Me
NN —
N Me N Me
8b

Fig.11.Resonance structures &d and8b.

2.4.2.Calculations for 2-substituted derivatives

Similar calculations were also carried out for theubstituted
derivatives9-12. For9 and10, we calculated structures from the
conformers shown in Fig. 12 that differ in the canfation of
the OMe or SMe group. We obtained two energy-minimum
structures oBa and9b, where the Me group in the SMe group is
nearly coplanar with the attached C=N bond in eilyeror anti
conformation. Thesynforms, 1,4-DPsyn9a and 1,6-DPsyn9b,
are much more stable than the correspondmgforms, 1,4-DP
anti-9a and 1,6-DPanti-9b, in the two tautomers. Therefore, we
can ignore the presence of tremti forms under ordinary
conditions. Theanti forms are destabilized by the steric
interaction between the Me group and the adjacent Midpy
For the methoxy derivativeR), only synforms were obtained as
energy-minimum structures. AlthoudtOb gave two structures
that differ in the conformation of the six-memberad), only the
stable one is considered in the following discussion

o 0
M
)NI\TJ\O e Nl/fJ\O,Me
Mes N e S/kN Me
H ? H
Me

syn-9a: 0 ant-9a: 23.0
O O
M
M ~

N e ©87 N e
|
Me

syn-9b: 0 ant-9b: 15.8

Fig. 12. Two energy-minimum conformers 8 and9b. Values are relative
energies to theynforms in kJ mof-



The calculated energies &-12 are compiled in Table 5,
where only relative energies of 1,4-DP and 1,6-DRyasen. The

free energy differences increase in the ordedlXNMe,) << 0y o®

10(OMe) < 8(H) ~ 9(SMe) <12(CF;). The value ofll is large HN _Me _Me
. . . D) O HN Z8Ne)

and negative, meaning that most molecules shoukt ex 1,6- M -o)%f‘l —  Me.® L

DP in equilibrium. In contrast, the positive valuk X means e\N N~ "Me e\N/ N/ Me

that 1,6-DP is less stable than 1,4-DP. These resmgn that |\'/|e I\Ille

electron donating groups tend to stabilize 1,6-D&tike to 1,4- 11b

DP. In 1,6-DP, the substituent at the 2-positionosded to a
terminal carbon of the three conjugated double bofitierefore,
the electron donating group should result in sizdtion by
resonance, as shown as the resonance structutkkbon Fig.
13. The dipole moment of 1,4-DP is larger than tbhtits
tautomer 1,6-DP in all the substituted derivativesliscussed for
8. As for 1,6-DP, the dipole moment &fib (4.41 D) is much N
larger than those of the other derivatives (1.429-1D). This g N
feature also supports the significant contributairnthe charge- VE;]\‘N‘
separated resonance structure mentioned previomsfact, the ‘i“%
NMe, nitrogen atom is nearly planar in the optimizedaure of J ©
11b, where the single bonds in the conjugated moiely ar
significantly shorter than the corresponding bon@idla (Fig.
14). For example, the ME—C single bond ofL1b is shorter by
0.033 A than that of1a

Fig. 13.Resonance structures 4fb.

1.392

11a 1,4-DP(NMe;) 11b 1,6-DP(NMe,)

Fig. 14.Calculated structures dflaand11b. Selected bond lengths (A) and
bond angles [°]

Table 5. Thermodynamic data and dipole moments of 2-sultetitDP derivative8-12 calculated at M06-2X/6-31G(d) levél.

AE (kJ mot?) AH° (kI moft)  AG° (kI molh)  Kaed[b]/[a]) 1(D)° o, ¢
a b
8 —0.68 —-0.39 -1.25 1.66 5.25 1.70 0.00
9 -2.84 -3.00 -1.21 1.63 3.44 1.42 0.12
1C -6.47 -5.89 -3.52 2.46 3.98 1.99 -0.10
11 -13.6 -13.6 -16.3 714 4.76 4.41 -0.43
12 1.28 1.69 2.18 0.41 4.98 1.59 0.51

3 Energies are relative valudx(1,6-DP)-a(1,4-DP), in kJ mof. Negative and positive values mean the preferehtes-DP and 1,4-DP, respectively.
® Dipole moment in debye (D), 1 D = 3.33564%3HC m.

¢ Hammett constants of the 2-substituents (Ref. 15).

Table 6. Solvent effects on standard free energy differsifd€&°) and standard enthalpy differencésif) of 2-substituted DP derivativ@s-
12 calculated at M06-2X/6-31G(d) level in kJ midl

Solvent g® 8 9 10 11 12

AH° AG° AH® AG° AH° AG° AH° AG° AH° AG°
vacuum 1 -0.39 -1.25 -3.00 -1.21 -5.89 -3.52 -13.6 -16.3 1.69 2.18
CeHs 2.27 0.68 -0.80 -1.85 0.16 -5.10 -4.60 -15.6 -18.62.46 1.96
CHCl; 4.71 1.56 0.00 -0.86 1.25 -4.36 -4.77 -16.5 -19.22.87 2.71
THF 7.58 2.00 0.50 -0.45 1.04 -3.99 —4.58 -16.7 19 3.07 2.86
Acetone 20.5 2.60 1.30 0.08 0.74 -3.48 -3.83 -17.0 -18.7 3.33 3.00
DMSO 46.8 2.83 1.63 0.27 0.68 -3.30 -3.53 -17.1 .5-18 3.42 3.00

2 Relative valuesy(1,6-DP)-a(1,4-DP).

P Dielectric constants as parameters for solventritpla
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2.4.3.Solvent effects

In order to consider solvent effects, the calcalai were
performed by adopting the polarizable continuum ehod
(PCM)!® The structures and energies of two tautomerg8-ap
(only stable conformers fdt0 and11) were calculated with the
parameters for benzene, chloroform, THF, acetond,EMSO.
The calculated free energy and enthalpy differeteteeen the
two tautomers are listed in Table 6. BotheAG® values slightly
increase with increasing solvent polarity. The pesitvalue in
DMSO means that 1,4-DP is more stable than 1,6-DPraryrtb
the value in vacuum. This tendency means that ther 1,4-DP
tautomer is more stabilized by solvation in polarents than the
1,6-DP tautomer. A similar tendency was observedilf®reven
though the solvent effect was rather small. Theesuleffects on
the free energy differences were irregular for coomats9, 10,
and11: the value in CHGlwas maximum fo® while the values
were minimum forl0 and11. In contrast, thé&H°® values change
regularly with solvent polarity. Polar solvents tetad stabilize
1,4-DP relative to 1,6-DP f@-10, and12, and vice versa fatl.
The irregular changes in the relative free energiesattributed
to entropy factors, although it is not straightforvato
understand this tendency from available data.

2.5. Comparison with the experimental data

The calculated results for a series of compoundse wer

compared with the experimental results 18f3. The fact that

NMe, compound3 exists only as 1,6-DP is consistent with the
calculation forl1, in which 1,6-DP is much more stable than 1,4-

DP (>18 kJ mot in solution). The calculations f@rshowed that
1,6-DP was more stable than 1,4-DP in vacuum andvacsa in
solution. This trend means that polar 1,4-DP is iktad by
solvation in solution compared with 1,6-DP. In fabg observed
entropy differences are large and positive esggcial polar
DMSO, and these values mean effective solvation {drDP
molecules. The observed free energy differenced faere not
always reproduced by the theoretical calculation®favhere the
calculated values are smaller by 2—4 kJ tntlan the observed
values in the three solvents. These differencesvemt the
experimental and theoretical data are larger fog tBMe
compounds (ca. 5 kJ mblfor 2 and 10) than for the SMe

concentration. The underestimation of the stabitify1,4-DP
mentioned is also attributable to intermoleculateiiactions
because this polar tautomer should form strong dgein bonds

in solution. These treatments are too difficult donventional
theoretical  calculations to reproduce the observed
thermodynamic data quantitatively.

3. Conclusion

Experimental and theoretical studies on the theymanchics
and properties of 2-substituted 6(4)-methyl-1,4%1,6
dihydropyrimidine-5-carboxylates were undertaken‘HyNMR
measurements and DFT calculations. Eand2, theH NMR
spectra revealed the presence of two tautomers trenanajor
and minor tautomers were assigned to 1,4-DPs andRs6-
based on the NOE experiments. The ratios of the awtoiners
regularly changed depending on the temperature/esyl and
concentration. In contrast, the NMeompound existed solely as
1,6-DP. The observed tautomer ratios at various éeatpres
were analyzed using van't Hoff plots to give the aiyl
differences AH°), entropy differencesAS’), and free energy
differences AG°®) for tautomerization of 1 and 2, where 1,4-DP
was found to be enthalpically favored and entropiaditfavored
relative to 1,6-DP. In general, 1,4-DP was the majoitamer
and its population increased at low temperatures,patar
solvents, and at high concentrations.

The structures and properties of these tautomerse wer
investigated by DFT calculations of analogous agives8-12
having various 2-substituents. The calculated tleynamic
data revealed the effects of 2-substituents origb®mer ratios,
and explained well the predominance of 1,6-DP for live,
compound. The calculated large dipole moments4DRs were
consistent with the preference for this polar tawonm polar
solvents due to solvation. The theoretical caléoiest tended to
underestimate the stability of 1,4-DPs relative 16-DPs. This
finding as well as the presence of concentratiorecesf is
attributable to strong hydrogen bonds of 1,4-DP ks with
other substrate and solvent molecules. Furtheulzions with
precise solvation models will reveal the role of sie

compounds X and9). These inconsistencies suggest that factorsntermolecular interactions in determining the thedynamic

stabilizing 1,4-DP should be underestimated or motdnsidered
in the theoretical calculations. This is attribuéabio the
limitations of the PCM method that lacks specifiolvation
effects such as hydrogen bonds. Intermolecularrant®ns
should be important in these molecules, which haweéarp
moieties as well as hydrogen bond donor and accepiteties:’

Weis et al. pointed out that DP derivatives form oligomers or

complexes with solvent molecules via hydrogen borils

characteristics.

Few experimental and theoretical studies on theoiaetism
have been carried out so far and our works may g@eouseful
information to researchers in the near future whao stildy the
tautomerism of dihydropyrimidines, imidazoles andheo
tautomeric heterocycles.

solutions’ The chemical shift of the NH protons is a good 4 Experimental section

indication of the formation of hydrogen bonds. T™aa ofl and
2 in Table 3 show that the deshielding of the NH pmstm polar

aprotic DMSO#ds (ca.d 9) is due to strong hydrogen bond with

solvent molecules at any concentration. If eachexuke behaves
independently as solvated species, the concentraffect on the
tautomer ratios should be absent. The presenceénefsinall
concentration effect indicates the presence of racte®ns
between solvated species or changes in the solvstide so as
to stabilize the polar 1,4-DP at high concentratidm<DCk and
C¢Ds, the chemical shifts of the NH proton§ 4.8-6.0) are
smaller than those in DMS@y; and they increase with
increasing concentration. The latter phenomenon ¢en
explained by intermolecular interactions: nametg populations
of monomer, dimer, and possibly higher oligomengehel on the

4.1.General

Melting points were determined on Yanaco micro mgltin
point apparatus and uncorrected. IR spectra weresured on
SHIMADZU FTIR-8300 spectrometerH NMR spectra were
recorded on a Varian Mercury (300, 400 MHz) or a Bruk
AVANCE 1l 600 (600 MHz) with tetramethylsilane (0 ppm),
CD;0D (3.30 ppm), DMSQl; (2.49 ppm), or €Dg (7.15 ppm),
as an internal standard. The abbreviations of sigatierns are
follows: s, singlet; d, doublet; t, triplet; g, qtetr m, multiplet;
br, broad.”*C NMR spectra were recorded on a Varian Mercury
(75, 100 MHz) or a Bruker AVANCE IIl 600 (150 MHz) with
CD;OD (49.0 ppm) or DMSQIs (39.7 ppm) as an internal
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standard. Mass spectra were recorded on a JMS-DXB08; J acetic acid (36uiL, 0.629 mmol) in CHCI, (3 mL) was stirred
700 or JMS-T100GC spectrometer. Flash columnat rt for 63 h. To complete the reaction, dimethyjlze
chromatography was performed on silica gel 60N (KaAd0-60  hydrochloride (156 mg, 1.91 mmol), and triethylaei(0.270
pm) using indicated solvent. Reactions and fractiools mL, 1.94 mmol) were added, and the reaction mixivae heated
chromatography were monitored by employing pre-abaibca  at reflux for 9 h. EtOAc (15 mL) and saturated NaH@Queous
gel 60 ks4plates (Merck). solution (5 mL) were added, and the organic layer segmarated.
The organic layer was washed with brine (5 mL), aneddover
anhydrous Nz50O, and concentrated under reduced pressure.
The residue was purified by flash silica gel column
4.2.1.Ethyl 6-methyl-2-(methylthio)-1,4-dihydropyrimidine-5- ~ chromatographyrf-hexane-EtOAc (5:1 to 1:1)] to give (99.4
carboxylate and ethyl 4-methyl-2-(methylthio)-1,6- mg, 0.319 mmol, 50%) as a colorless dil. NMR (CDCk) &
dihydropyrimidine-5-carboxylatel) 1.28 (3H, tJ=7.2 Hz), 1.47 (9H, s), 2.34 (3H, s), 2.98 (3H, brs),

A mixture of thiourea (1.98 g, 26.0 mmol), 37% fotdenyde 315 (3H, brs), 3.42 (1H, brs), 4.18 (2HJg; 7.2 Hz), 5.07 (1H,
aqueous solution (1.62 g, 20.0 mmol), ethyl acaitsie (2.60 Prs)- To a solution of (99.0 mg, 0.318 mmol) in CRI, (2 mL)
mL, 20.6 mmol), and aluminum trichloride hexahyerét83 mg, Was added trifluoroacetic acid (0.5 mL, 6.53 mmdlyta The
2.00 mmol) in EtOH (40 mL) was heated at reflux fdn.GAfter ~ réaction mixture was stirred at rt for 44 h, and 1NdOH
cooled in ice bath for 1 h, the precipitate was eméd by @adqueous solution (10 mL) and EtOAc (15 mL) were addee.
filtration. The filtrate was washed with EtOH, and driedgive ~ Organic layer was separated, and the aqueous layeextiacted
the dihydropyrimidine-2-thiond (1.74 g, 8.69 mmol, 43%§H  With EtOAc (10 mL x 2). The combined organic layers aver
NMR (DMSO-dg) & 1.18 (3H, tJ = 7.2 Hz), 2.16 (3H, s), 3.87 Washed with water (5 mL), brine (5 mL), dried over ydtous
(2H, s), 4.06 (2H, @) = 7.2 Hz), 8.96 (1H, S), 9.95 (1H, s). To a N&SQ, and concentrated under reduced pressure ta3y€8.8
suspension oft (1.74 g, 8.69 mmol) in MeOH (17 mL) was MJ, 0.302 mmol, 95%) as colorless crystals. Anadytample of
added Mel (1.40 mL, 22.5 mmol) at rt, and the reactmixture 3 Was obtained ?ly recrystallization-fexane-EtOAc). Mp 69-72
was heated at reflux for 3 h. CHO30 mL) and saturated .C: IR (KBr) cm™ 3505, 2985, 1670, 1601, 1507, 1204, 1089;
NaHCQ;, aqueous solution (15 mL) were added, and the azgani  NMR (DMSOd) & 1.15 (3H, t,J = 7.2 Hz), 2.10 (3H, s),
layer was separated. The organic materials werectattavith 2,90 (6H, s), 3.89 (2H, 5), 3.98 (2H, X 7.2 Hz), 6.86 (1H, s);
CHCl; (30 mL), and combined organic layers were washed with C NMR (DMSOde) 4. 14.9, 23.2, ?7-5' 41.4,60.3, 954, 157.8,
brine (10 mL), and dried over anhydrous ,8@, and 1623, 168.9; HRMS-CInf2): [M7] calcd for GoHiNiO,
concentrated under reduced pressure. The residupusiéied by ~ 211.1321; found, 211.1323. Exact structure assignm#3 as a
flash silica gel column chromatography [@H#-EtOAc (10:1 to  Sole isomer (1,6-isomer) was made using NOE experintieet
1.5:1)] to givel (1.44 g, 6.72 mmol, 77%) as a pale yellow solid. NOE (3.1%) was observed between 2-N\jeotons (2.90 ppm)
Mp 113-115 °Cr-hexane-CHG); IR (KBr) cmi: 3318, 1668, and 1-NH proton (7.14 ppm), and the NOE (1.9%) was gbder
1647, 1171H NMR (0.012 M, 20°C in DMSQ¥) & 1.17 (3t 6-CH; protons (3.89 ppm) and 1-NH proton (7.14 ppm). Afisuc
and 3H,t,J=7.2 Hz), 2.11 (3Hs), 2.13 (3, s), 2.26 (31 5),  ItS Structure was determined to be 1,6-isomer @)ig.

2.35 (3H, s), 3.92 (2K, s), 4.04 (2Mand 2, q,J = 7.2 Hz),

4.10 (2H, s), 8.22 (1M, s), 9.27 (1A s); "C NMR (average 4 3 Thermodynamic Analysis.

spectrum of tautomers in GOD) & 13.4, 14.7, 18.1, 46.7, 60.9,

96.9, 150.1 (br), 157.6 (br), 168.2; HRMS-EWZ): [M*] calcd An NMR sample at 0.050 M was prepared by dissolutibn o
for CgH14N,0,S, 214.0776; found, 214.0770. 7.0 mg ofl in 0.65 mL of DMSOds, CDCk C¢Ds. or CD;OD.
For CDCE, the solvent was passed through a short alumina
before use to remove acidic impurities. The sofutand the
sample tube were purged by argon gas before theunazasnt.
NMR samples at other concentrations and those? ofere
similarly prepared. TheH NMR spectra were measured at
variable temperatures (0-90 °C, 5° intervals). Aftdre
thermometer reached the set temperature, the samaglé&ept at
the conditions for at least 10 min before the mezment. The
populations of the two tautomers were determined hy t
intensities of NMR signals due to NH protons. The mria the
population ratios in Tables 1, 2, and S1-S4 werienattd to be
within 3%. It was confirmed that the ratios were niééced by
using DMSOd; dried over MS 4A. In CBDD, the exchange
between the two tautomes was so fast on the NMR tiale Htat
only averaged signals were observed.

4.2.Synthesis of compouniis4

4.2.2 Ethyl 2-methoxy-6-methyl-1,4-dihydropyrimidine-5-
carboxylate and ethyl 2-methoxy-4-methyl-1,6-
dihydropyrimidine-5-carboxylate?}

A solution ofl (447 mg, 2.09 mmol) in MeOH (10 mL) was
heated at reflux for 3 h. After concentration undeduced
pressure, the residue was purified by flash silieh gplumn
chromatography [CKCl,-MeOH (50:1 to 20:1)] to giv@ (213 g,
1.07 mmol, 51%) as a colorless solid. Mp 89-90 0t (
recrystallized because of its instability); IR (§Bem™: 2988,
1699, 1510, 1229, 10844 NMR (0.012 M, 20°C in DMSQ;

& 1.16 (38H, t,J=7.2 Hz), 1.17 (3, t,J = 7.2 Hz), 2.10 (3F

s), 2.13 (3H, s), 3.58 (3/ s), 3.68 (3H, s), 4.00 (2H, s), 4.03
(2H" and 2H, q,J = 7.2 Hz), 4.09 (28 d, J = 0.6 Hz), 7.66
(1H*, s), 8.92 (18 s);°*C NMR (average spectrum of tautomers
in CD;OD) ¢d 14.7, 18.4, 45.8, 54.3, 60.8, 96.8, 151.5 (6h.2 The observed equilibrium constants € [1,4-DP]/[1,6-DP])
(br), 168.3; HRMS-CI 1fV2): [(M+H)"] caled for GH1sN,Os, and the temperature$/K) were used for the van't Hoff plot:
199.1083; found, 199.1074.

In K = -AH°/RT+ AS/R,
4.2.3.Ethyl 2-(dimethylamino)-4-methyl-1,6-dihydropyrimidine-
5-carboxylate §) where AH° is the standard enthalpy differenceAS- is the
Dihydropyrimidine 3 was prepared fromt for four steps Standard entropy difference, aRds the gas constant. The free
according to the procedure in reference 9. A mixnfré (200  energy differencesG® were calculated by the equationAt® =
mg, 0.636 mmol), dimethylamine hydrochloride (156,m.91 —RTINK or AG® = AH® — TAS. The original data and the

mmol), sodium hydrogen carbonate (160 mg, 1.91 mnaoid thermodynamic parameters are shown in Table 3 ahdedan
Supplementary data.
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4.4.DFT calculations

Calculations were carried out with Gaussian 69pftogram
on a Windows computer. The structures were optimizgedhe
hybrid DFT method at the M06/6-31G(d) level. Thegfrency
analysis gave no imaginary frequency for each snRetigimum
structure, and gave thermodynamic parameters. c&loglations
of each energy minimum structure in several sokentre

carried out by the PCM SCRF methcat the same level. The

PCM using the integral equation formalism varidEFPCM™)
is the default of the SCRF method. The detailech dzt the
calculations are shown in Tables and Figures inpfupentary

data.
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