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studying tautomerism and intramolecular hydrogen
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ABSTRACT: Both the'*C and®N chemical shifts of a number of quinoxalines substituted in position 2 withrthe
electron excess’benzop]furanyl substituent which has in position & hydroxy or amino group could be
satisfactorily calculated by the GIAO method on the basis of HF and BlfF-nhitio structures. Thereby both the
presence of the intramolecular hydrogen bond —C2=N—O—C3— and —C2=N-**H—NH—C3—,
respectively, strongly dominating the common plane of resonance of the two heterocyclic moieties, and the
preferred enol tautomer could be studied in detail. Copyrig&000 John Wiley & Sons, Ltd.
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INTRODUCTION indicate impressively the steric/electronic state of this
kind of compound.

If the quinoxaline ring system is substituted in position 2

with n-excess heterocycles {Benzoxazolyl, 2benzo-

thiazolyl, 2-imidazolyl, 2-indolinyl and 2-benzop]fur-

anyl), the n-electron conjugation between the two No. B R

moieties proved remarkabtlelf additional substituents ’

1 H H
are introduced into position 3 of quinoxaline and position 2 CH3H
3 of the annelated heterocycle, the common plane of z Eh (?H
resonance between the two ring systems will be more or 5 CH3 OH
less sterically hindered, limiting-electron delocaliza- g :’Ih NP
tion at the same time. THEC and*®N chemical shifts of 8 CHs Nsz
the nuclei involved readily indicate both the amountef 9 Ph NHp

electron delocalization and the dihedral angle about the
C2—C2 bond. The corresponding barrier to rotation
could not be studied for several reasons: either it is too
low to make the dynamic process slow on the NMR time-
scale or the population difference of the two rotamers is N
so strongly different that the minor one could not be ©:
detected-

However, this restricted rotation could be studied in
detail by ab inito MO calculations simulating this

i : . A (enol) B (enamine)
rotational process by calculating both the dihedral angle-
dependent global minima structures and on their basis (by \ /
the GIAO method) the correspondin’C and °N \
chemical shifts of the nuclei involved.Both global NooR
minima structures and*C and >N chemical shifts @[ A .

N
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und Strukturanalytik, UniversitaPotsdam, Am Neuen Palais 10, D- C (keto)
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Table 1. Most significant geometric features of the global minima structures of 1-9 as calculated ab initio at the HF level of

theory using the 6-31G** basis set

No. 1(C2—C2—C3) 1(N1—C2—C2) 1(C2—C3—OIN) ¢(C3—C2—C2—C3) r(X—H) r(XH:**N) r(C—X)
1 131.36 117.91 — 180.0 — — —

2 129.16 114.37 — 179.6 — — —

3 130.07 115.20 — 145.0 — — —

4 129.56 117.41 128.83 180.0 0.951 2.133 1.328
da 133.36 118.97 133.36 180.0 0.942 — 1.337
5 128.13 114.61 129.16 180.0 0.952 2.033 1.325
5a 131.32 115.13 127.32 180.0 0.942 — 1.337
6 127.99 114.21 129.29 173.9 0.952 2.039 1.326
6a 131.72 116.12 126.16 138.0 0.942 — 1.342
7 131.42 118.68 128.85 179.6 0.996 2.317 1.375
8 129.89 115.40 129.52 ~179.3 0.995  2.224 1.373
9 130.03 115.46 129.16 161.5 0.996  2.297 1.387

If in position 3" of the 2'-benzoxazolylsubstituent
(compoundsA—9, Schemel) hydroxyl or amino groups
are presentfurther with intramolecularhydrogenbond-
ing, thecommonplaneof resonancstabilizingstructural
incrementhasbeenintroducted.In addition, the oppor-
tunity of tautomerisnariseSchemel, A—C). Themajor
objectiveof this work wasto studythe influenceof the
two phenomenantheground-statstructureof anumber
of 2-(2-benzoxazolyl)quinoxalinegl—9 (Schemel). For
this purpose,not only NMR spectroscopybut also ab
initio MO calculations were employed. Only these
calculations can separate the substituent effect of
additionalOH/NH, substituent®n *3C and*®N chemical
shifts and that of intramolecular hydrogen bonding,
therebyindicating both the presenceand strengthof the
correspondindiydrogenbond.

The GIAO method™* has already beenemployedto
study in detail similar structural aspectsof simple
enamine3 andamidinederivatives®

RESULTS AND DISCUSSION

Influence of intramolecular hydrogen bonding on
the ground state structures of 4-9

The substitutedquinoxalines1-9 were ab initio calcu-
lated using the 6-31G** basisset at the Hartree—Fock
level of theory(in the caseof 4-9 tautomersA—9A were
considered) The most significantgeometricfeaturesof
the global minima structuresthus obtained,which are
necessarfor studyingtheabovetopic,aregivenin Table
1. The*3C and™*N chemicalshiftswerecalculateconthe
basis of theseglobal minima structuresby the GIAO
method*andaregiven,togethemith theexperimentally
obtainedvalues,in Table 2. Owing to the absenceof
electroncorrelation theseHF shieldingcalculationsamay
give only qualitatively correct results becausein 1-9
nucleiwith lone pairsand multiple bondsareinvolved.”
However,evenif the DFT method&™° do not provide

Copyrightd 2000JohnWiley & Sons,Ltd.

systematicallybetter NMR resultsthan HF,** electron
correlation could be included while being faster. The
resultsthus obtainedat the B3LYP/6—31G** level are
alsogivenin Tablesl and2.

Discussingfirst the geometric featuresof 1-9 the
physical-organic conclusions about the ground-state
structure of these compoundsprove uniform when
R3=H or CH; (1, 2, 4, 5, 7, 8) the structuresare
perfectly planar [¢(C3—C2—C2—C3) ca 180]
(Table 1); if a phenyl substituentis introducedin this
position (3, 6, 9), steric hindrancedue to this bulky
substituentincreasesand the two heterocyclicmoieties
becometwisted from the commonplane. This twist is
strongestin 3 [¢(C3—C2—C2—C3) =145°] but de-
creasesowing to the N---H—N hydrogenbond in 9
[¢(C3—C2—C2—C3) =161.5] and even more with
the strongerN---H—O hydrogenbondin 6 (¢(C3—
C2—C2—C3)=173.9]. Figure 1 shows the global
minima structuresof 3, 6 and9.

If the intramolecularhydrogenbondis not takeninto
accountthe sterictwist returnsadequatehf6a: ¢(C3—
C2—C2—C3) =138)] (Fig. 2).

The N---H—X bond distancesbehavesimilarly (cf.
Tablel); hereanotheresultis significant:ther(N- - -H—
X) valyesprovethatthe hydrogerbondin 4 and7 (e.g 4,
2.133A) is lessstablethanin 5and8 (e.g 5, 2.033A).
Obviously,themethylsubstituentn position3 of 5 and8
forces the two units together establishinga stronger
hydrogenbond; this structuralvariationis corroborated
by reducedbond anglest(C2—C2—C3) and t(N1—
C2—C2) and widenedbond anglest(C2—C3—O0/N)
(Tablel). As a further proof, the presentintramolecular
hydrogerbondin 4—-6is indicatedby stronglow-field *H
chemical shifts of the OH proton involved [6(OH)
>12ppm].

Identically, both the **C and >N chemical shifts
visualize the ground-statestructures of the studied
compounds(Table 2)—the chemical shifts calculated
are parallelto the experimentalaluesbut deviatefrom
theline of identity similarly to thatobtainedpreviously?

J. Phys.Org. Chem.2000;13: 473-479
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Table 2. Experimental and theoretical '>C and "N chemical shifts of the quinoxalines 1-9°

No. N-1 N-4 C-2 C-3 Cc-2 C-3
1 Exp. —69.2 -50.7 144.0 142.5 152.9 107.9
HF/6-31G** -99.0 -76.1 145.8 141.6 149.9 106.6
B3LYP/6-31G** —64.6 —-40.4 140.2 137.6 150.9 105.1
2 Exp. -61.3 —-53.7 144.0 151.6 153.5 109.9
HF/6-31G** -92.4 -85.1 145.5 151.9 151.7 107.8
B3LYP/6-31G** -59.9 —-44.0 139.9 148.3 152.6 106.6
3 Exp. —-58.4 -50.4 143.1 153.0 152.4 110.8
HF/6-31G** -79.8 -81.6 146.0 155.0 152.4 106.5
B3LYP/6-31G** -51.4 —42.7 139.6 149.8 152.3 106.1
4 Exp. —100.8 b 145.5 141.2 131.8 148.0
HF/6-31G** —138.7 —68.8 150.2 140.0 125.2 144.9
B3CLYP/6—316** -113.5 -35.7 142.1 136.5 130.5 146.7
4a

HF/6-31G** —-96.8 —78.8 146.9 141.0 129.7 136.5
B3LYP/6-31G** —61.7 —43.2 141.3 137.0 134.4 137.3
5 Exp. -125.6 -81.1 144.6 151.2 132.2 151.6
HF/6-31G** —139.2 —-60.0 156.5 154.7 130.9 155.9
B?,CLYP/6—316** —-115.6 —-41.0 142.3 147.5 131.2 147.7
5a

HF/6-31G** —-88.2 -87.3 146.9 151.0 130.7 137.1
B3LYP/6-31G** -55.8 —-45.7 141.5 147.3 135.4 138.1
6 Exp. —-142.2 —-78.2 144.2 150.2 131.6 151.6
HF/6-31G** -133.7 —-69.1 150.1 152.9 125.0 146.0
BSCLYP/6—316** -113.9 —-36.5 141.1 148.8 130.2 148.1
6d

HF/6-31G** —-73.5 —-84.4 145.5 155.2 131.7 133.9
B3LYP/6-31G** —48.2 —44.6 140.2 149.3 134.9 136.3
7 Exp.d -121.6 —-79.6 146.2 141.4 135.5 130.2
HF/6-31G** -127.5 —-73.8 150.1 141.0 126.7 1345
B3LYP/6-31G** —-96.7 —-40.6 142.6 137.5 130.9 131.7
8 Exp. —° —° 147.1 151.4 133.2 134.3
HF/6-31G** —-123.2 —-83.5 150.6 151.3 127.2 135.5
B3LYP/6-31G** -95.1 —44.5 143.0 148.1 131.7 1325
9 Exp. —-80.9 -51.0 145.5 151.8 133.0 134.0
HF/6-31G** -115.0 —-75.2 149.6 153.9 126.6 133.9
B3LYP/6-31G** —-93.7 —-40.2 141.6 148.9 130.3 132.8

2 1o (**N) = 50.55MHz; standard0% formamidein DMSO-dg, § = —298ppm.

® Not obtainedowing to line broadening.

¢ As calculatedfor ¢(C2—C3—OH)=18C".
9 NH, at 6 = —357.4ppm.

¢ Not obtainedowing to low solubility.

Thefollowing correlationsiey, = adcaic + b givenin Figs
3-5 were obtained.Fig. 3: HF (r =0.993; SD=1.60;
n=16; a=0.9533; b=4.933); DFT (r= 0.996;
SD=1.22; n=16; a=1.0067; b=-5.163); Fig. 4: A
(r=0.97;SD=2.81;n=16;a=1.0280;b= —7.706);B
(r=0.60;SD=8.67;n=16;a=1.1487;b = —23.929),C
(r=0.66; SD=8.20; n=16; a= 1.5559;b=—75.052);
Fig. 5: A (r=0.98; SD=1.89; n=16; a=1.0260;
b=-7.655);B (r=0.60;SD=8.77;n=16; a=0.8199;
b=18.564);C (r=0.51;SD=9.43;n=16; a=1.0631,;
b=-19.276).

The N chemicalshift of N-1 is very indicative;if we
compardirst 1-3 the sterictwist of thetwo heterocyclic
moietiesin 3 shiftsN-1 slightly to lower field because¢he
n-electron flow from the n-excessbenzop]furanoyl
moiety has been partly reduced. In 7-9 the weak
intramolecularhydrogenbond N« - -H—N shifts N-1 to

Copyrightd 2000JohnWiley & Sons,Ltd.

higherfield [e.g HF, 6 (**N) = —115to —127ppm], also
in line with the expected charge variation due to
hydrogenbondingN - -+ *(H—X). This effectis further
strengtheneth 4—6 owing to the strongemhydrogerbond
N---H—O[e.g HF, § (**N) = —133to —138ppm]. That
this progressivenigh-field shift of N-1 resultsreally from
the effect of presenthydrogen bonding was proved
independentlyby calculatingboth the structureand the
13C and '™N chemical shifts of 4a—63 in these
conformersof 4—6 the OH group was rotatedfrom the
position of intramolecularhydrogenbonding by 18C°
(thuscompletelyinterruptingthis kind of intramolecular
interaction).Theresultis againsignificant:the chemical
shift of N-1is calculatedo beonly —73.5t0 —96.9ppm,
soevenslightly downfieldfrom 1-3 probablyowingto a
larger twist [6a, P(C3—C2—C2—C3)=138&] and
reduced n-electron flow from the benzop]furanyl

J. Phys.Org. Chem.2000;13: 473-479
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Figure 1. Global minima structures of the 3-phenyl-
substituted quinoxalines 3, 6 and 9 as calculated at the HF/
6-31G** level of theory

moiety. Similar consideratiorapply to the **C chemical
shifts; the most sensitiveis C-3. With the introduction
and (later) increasedstrength of the intramolecular
hydrogenbond N- - -H—X, it shifts from 107-110opm
(in 1-3 to 130-134ppm (in 7-9 and finally to 148—
152ppm(in 4—6). Thatalsothis low-field shift of C-3 [in
line with the expectedchargevariationdueto hydrogen
bondingN ™+ *(H—X)], which is mainly dependenbn
the substitueniX, wascausedy hydrogenbondingwas
also corroboratedby the results calculatedfor 4a—6a
Only 134-137ppmwasobtainedor thechemicalshift of
C-3; thechemicalshift differencefrom thevaluesin 1-3
resultsfrom the OH substituenteffect, which will be
about20 ppm*? Thechemicalshiftsof N-4, C-2,C-3and
C-2 arelesscharacteristicallyinfluenced.

Tautomerism of 4-9

In addition to the enol form A of 4-9 the substituted

Figure 2. Optimized structures of the 3'-OH-3-phenyl-
substituted quinoxaline with (6) and without (6a) an intra-
molecular N1+ *H—0O—C3’ hydrogen bond as calculated at
the HF/6-31G** level of theory

quinoxalinescould alsopreferboth the enaminoform B

and the keto form C (Schemel). The tautomeric
equilibria A = C andB = C which were expectedo

be slow on the NMR time-scale have been studied
alreadyby examiningthe chemicalshift of C-2, which

should be strongly shifted to high field due to sp®

hybridization in C; thus C was excluded from the
tautomericequilibrium present:*® The tautomericequi-
librium A = B, howeverwhichis expectedo befaston

the NMR time-scale cannotbe examinedadequatehby

NMR spectroscopybecausethere is no unequivocal
proof. Only chemical shifts, e.g of C-3,*** and
substituenteffects could be relatedto referencecom-
poundswith frozentautomerismThatis why alsoboth
the enaminoform B andthe ketoform C (Schemel) in

additionto A werecalculatedfor 4-9 in thesameway as
mentionedearlier. Theresultsaregivenin Tables3 and4.

Only the DFT resultsare given becausenly herecould
electroncorrelationbe considered.

Evaluatingfirst the formation energies(Table 4), as
expectedA provedto bemorestablethanB andC, which
was alreadyruled out for severalexperimentalreasons
just mentioned. For the calculations, molecules in
vacuumwere consideredjf the solventhad beentaken
into account, the coincidence of experimental and

Table 3. '3C and '°N chemical shifts (§ ppm) of 4-9 in tautomeric forms B and C as calculated ab initio at the B3LYP/6-31G**

level of theory

B C

No. N-1 N-4 C-2 C-3 Cc-2 C-3 N-1 N-4 C-2 C-3 c-2 C-3

4 —263.4 344 1242 1414 1264 1731 499 -394 1452 136.6 88.8 188.1
5 —-256.5 —-49.3 1223 1542 1296 168.3 —39.2 433 146.0 1496 91.8 190.3
6 -257.7 -355 1251 152.0 1259 1728 -369 —-38.8 1458 153.1 91.9 191.9
7 —-268.8 —-48.2 1199 1454 1291 1565 —-61.2 -51.8 1414 1317 68.2 162.1
8 —-253.3 —-499 1248 1515 1272 1571 399 441 1473 150.1 92.1 172.4
9 —-252.1 —-419 12377 1525 1261 1575 486 —-36.6 1455 151.8 89.7 171.0

Copyrightd 2000JohnWiley & Sons,Ltd.
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Table 4. Formation energies AE (kJ mol™") as calculated ab
initio on the B3LYP/6-31G** level of theory of 4-9 in the
tautomeric forms A-C

No. A B C

4 0.0 7.5 30.9
5 0.0 38.1 30.5
6 0.0 5.0 29.3
7 0.0 72.4 70.3
8 0.0 41.0 64.4
9 0.0 42.2 59.4

calculatedresultswas expectedo be evenbetter** The
13C and N chemical shifts also proved very useful
(Tables 2 and 3). Experimental and theoretically
calculated **C and >N chemical shifts of all atoms
involved in the six-memberedring fragment of the
intramolecularhydrogenbond moiety (N1—C2—C2—
C3—XH) areonly in conformity in caseof tautomerA
(Table2). In the caseof B thedeviationsaredramatic;N-
1is calculatedto be morethan150ppmupfield,e.g C-2
ca 20ppmupfieldand C-3 ca 30 ppm downfield,ruling
outcompletelythe latter conformerfrom participatingin
the presenttautomericequilibrium. Figures3-5 showa
comparisorof experimentakndcalculated-*C chemical
shiftsfor 1,4 and7; in Fig. 3 thereis fair coincidenceof
thetwo calculationmethodsmployedn reproducinghe
13C NMR spectrumof 1. Figure 4 and 5 for 4 and 7,
respectively,impressivelycorroboratedhat only tauto-
mer A dominateghe presentautomericequilibria. Only
in the caseof these'*C chemical shifts is there fair

(1]

coincidencebetweentheory and experiment(identical
resultswereobtainedfor 2, 3, 6, 8 and9).

EXPERIMENTAL

The ab initio calculationswere carried out with the
Gaussiar94 progrant® usingthe 6-31G** basisset° at
the Hartree—Foclandthe B3LYP DFT level 1”18

The NMR chemicalshifts were calculatedusing the
‘gauge-including’ atomic orbital (GIAO) method* as
the differencein the NMR chemicalshifts of the carbon
and nitrogen atomsin the moleculesand a reference
compound.The GIAO methodis implementedin the
Gaussiar94 program*> The calculationsof the chemical
shifts of the referencecompound(TMS for **C and
nitromethaneor *°N) andthe quinoxalineswere carried
out at the samelevel of theoryin orderto make valid
comparisons.

The chemicalshiftsof 1-9werecalculatedwith the 6—
31G** basisset at the HF level and using the DFT-
B3LYP method”*8in orderto find the bestfit of the
theoreticalandexperimentalesults.Especiallythe large
deviationsof the >N chemical shifts from the line of
identity andthe insensitivity of N-4 °N chemicalshifts
on hydrogenbondingandtautomerisnof 1-9inducedus
to extendthe calculationsto the DFT methodbecause
electroncorrelationeffectsare probablyimportant™®

Thequantum-chemicatalculationsvereprocesseon
SGI Octane(2 x R 12000) and SGI ORIGIN (24 x R
10000)computersat PotsdaniJniversity.

140.0

12000

=—#— Experiment

—&— HF
—b— BILYP

B0

3 Ca ci ca ca Clo L) 2 cr

oy cy CF 4 Cy e cr

Figure 3. Comparison of experimental and theoretical >C chemical shifts of 1 as calculated at the HF/6-31G** and B3LYP/6—

31G** |evels of theory
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2000

1900

17000

150.0

130.0
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—&— A/ B3LYP
— %—-B/BILYP
--=+--C/BILYP

on.o

0.0 T T T T T T T T
C1o (s 2 C3 cz cE cY cy Cs

ca cr ca Cé cT iy C5

Figure 4. Comparison of experimental and theoretical '>C chemical shifts of 4A—C as calculated at the B3LYP/6-31G** level of

theory

CONCLUSIONS
The global minima conformations of a number of

differently substituted 2-(2-benzop]furanyl)quinazo-
lines (1-9 werecalculatedab initio usingthe 6—-31G**

1800

basissetatthe HF andB3LYP DFT levelsof theory.On
the basisof the globalminimastructureghe **C and**N
chemical shifts of the nuclei involved were also
calculatedusingthe GIAO method.On the basisof the
results of thesecalculations(formation energies,geo-

L&0.0

——#—Experiment
=l A/ BILYP

100.0 A

= -%=B /BILYF
r= - O BILYP

0.0

6.0

[ad 1] (] c2 3 X 3 oo cy 5

[ cr 4 Co cT .y CF

Figure 5. Comparison of experimental and theoretical '>C chemical shifts of 7ZA—C as calculated at the B3LYP/6-31G** level of

theory
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metric features,chemical shifts) in comparisonwith

experimental NMR parameters,both intramolecular
hydrogenbondingwithin andtautomerisnof the present
molecules could be studied in detail. Intramolecular
hydrogenbonding betweenthe two heterocyclic moi-

eties,additionallyto n-electrondelocalization stabilizes
the moleculesby reducingthe dihedralangle aboutthe

C2—C2 bond;theenolform is the preferredtautomerof

thesecompounds.

Especiallythe calculated**C and >N chemicalshifts
prove very valuable estimates for elucidating the
presence of intramolecular hydrogen bonding and
tautomerism.
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