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Structure Determination of Regioisomeric Fused Heterocycles by the Combined
Use of 2D NMR Experiments and GIAO DFT !3C Chemical Shifts
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The combined use of 2D NMR correlation experiments and
GIAO DFT *¥C NMR chemical shift calculations has allowed
a reliable and simple structural determination of regioiso-
meric heterocyclic systems that originate from the reactions
of quinolinone or coumarin derivatives with hydroxylamine.

In general, the proposed method may find application in the
regioisomeric structural determination of heterocyclic com-
pounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

It is axiomatic that chemical, biological, and pharmaco-
logical activities depend on the stereochemical structure of
a molecular system.!'! To this end isomeric features have a
particularly strong impact on a variety of molecular proper-
ties.”! Therefore the search for structure—property relation-
ships is a fundamental step in the rational design of new
compounds.['-3 This assumption has promoted the search
and development of new and more effective methods for
the structural analysis of complex systems, particularly in
solution.

In this context NMR spectroscopic methods are very at-
tractive due to the high sensitivity of NMR chemical shifts
to the nuclear magnetic environment and consequently to
structural variations. Thus, information about the structure
of new compounds can be obtained by comparison of their
chemical shifts with “fingerprints” of simple model frag-
ments. Moreover, modern 2D NMR correlation experi-
ments have changed the quality of experimental NMR in-
formation in a revolutionary way and now structure assign-
ment can be achieved through the detection of connectivit-
ies between nuclei.l! However, in practice, there are some
limitations because nuclear correlations (HMBC) are often
lost for technical and/or structural reasons. This problem
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is particularly crucial in “proton-poor” fused heterocyclic
compounds and could lead to uncertainty in the determi-
nation of molecular structures. Particularly serious prob-
lems arise from structurally closely related compounds, for
example, for isomers or when a molecule undergoes only
minimal modification of some its fragments, although this
may have a great impact on its properties. A great number
of examples relating to fused heterocyclic compounds have
been reported in the literature in which the same 1D/2D
NMR spectroscopic data have been interpreted within the
framework of different structural hypotheses!™ and only rig-
orous and time-consuming synthetic methods supported by
X-ray data allowed the right structure to be established.®!

The evaluation of NMR chemical shifts for likely hypo-
thetical structures and their comparison with experimental
data might be helpful to distinguish between “right” and
“wrong” structures. However, due to a lack of appropriate
models and reliable empirical rules widely used for simple
systems (the additive scheme),l’! this approach may be un-
successful for fused heterocyclic compounds. Thus, predic-
tion of an NMR spectrum based on fundamental physical
models without relying on empirical correlations/databases
may represent an efficient alternative.

Recently, particular emphasis has been devoted to the
structure elucidation of organic compounds through gauge-
including atomic orbital (GIAO) calculations of NMR
chemical shifts and coupling constants by density func-
tional theory (DFT) methods.[¢-35:30-81 This could represent
a powerful strategy for the interpretation of experimental
NMR spectroscopic data in relation to structure elucidation
problems. An open question with respect to computed
chemical shifts is whether a given method is sufficiently ac-
curate to capture the magnetic effects associated with regio-
chemical differences. High accuracy is required for defini-
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tive correct assignment, particularly when not all the iso-
mers are available for comparison. So, when a nearly com-
plete set of such compounds is available, the computational
method may be a useful benchmark for evaluation. In this
work we wish to report on the application of this approach
to the structure assignment of some regioisomerically fused
heterocyclic systems.

The quinolinone and coumarin derivatives 3a,b-5a,b de-
picted in Figure 1 were chosen as substrates to demonstrate
the ability of the GIAO method using the B3LYP/6-31G(d)
functional to distinguish between regioisomers using experi-
mental and theoretical chemical shift data.
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Figure 1. The chemical structures of 3a,b-8a,b.

Results and Discussion

To evaluate the computational approach, compounds
3a,b—5a.b were independently synthesized by reaction of a
bis-nucleophile (hydroxylamine) with the appropriate 3-ace-
tyl derivatives 1a,b and 2a,b under different reaction condi-
tions, as described in Scheme 1.
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Scheme 1. Reagents and conditions: (i) NH,OH-HCI, ethylene
glycol; (ii) NH,OH-HCI, Et;N, EtOH; (iii) NH,OH-HCIl, AcOH.

The structures of the quinolinone derivatives 3a—5a were
determined by 2D NMR experiments. X-ray analysis of 3a
and 5a was also carried out to provide a good reference for
regioisomeric structures (Figure 2).
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Figure 2. ORTEP drawings of compounds 3a and 5a.

In theory, three additional unknown regioisomers,
namely 6a,b-8a,b, must be taken into consideration. Thus,
for each synthesized compound six possible regioisomers
must be evaluated. 1*C NMR chemical shifts are very sensi-
tive to chemical environments and can be used to recognize
isomeric structures. Therefore, each experimental set of
chemical shifts has been compared with the estimated val-
ues for the six theoretically possible isomers.

The GIAO B3LYP/6-31G(d)//HF/6-31G calculated and
experimental '3C and N chemical shifts for 3a-8a are
summarized in Table 1. Brief inspection shows that the
most significant variations in the chemical shifts are pre-
dicted (and observed) for the quaternary carbon atoms at
the junction points (C-3a and C-9b), whereas the peripheral
C-6, C-7, and C-8 are practically unaffected. On this basis
they were not used in further analysis.”) The GIAO-calcu-
lated chemical shift values for the optimized structures of
compounds 3a-8a were then compared with experimental
13C NMR spectroscopic data for 3a—5a.

In general, the least-squares linear-fitting parameters
(R?) of the correlation plots between computed (without
scaling) and experimental chemical shift values can be em-
ployed to discriminate between the prossible structures. For
example, such a comparison is depicted in Figure 3 for all
the possible regioisomers of compound 3a, whereas the re-
sults of the linear regression analysis comparing the experi-
mental shifts to the GIAO ones for all the synthesized quino-
linones 3a-5a are summarized in Table 2. Analysis of these
4641
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Table 1. Experimental (CDCl;, 298 K) and calculated™ '3C and N NMR chemical shifts for compounds 3a-8a.

Atom 3a 4a 5a 6a 7a 8a
Exp. Calcd. Exp. Calcd. Exp. Calcd. Calcd. Calcd. Calcd.

C-1 - - - - - - 148.1 157.7
C-2 - - - - 162.7 151.5 156.3 - -

C-3 158.6 153.2 174.3 167.8 - - - - -

C-3a 108.75 106.6 107.1 104.1 128.8 128.0 135.4 149.4 144.5
C-4 158.6 150.1 158.7 150.8 157.3 147.5 143.6 143.2 146.6
C-5a 140.3 133.3 140.4 133.4 138.2 131.9 132.0 131.6 131.3
C-6 115.4 107.8 115.5 107.9 115.2 107.7 107.4 108.2 108.4
C-7 132.4 124.0 131.95 123.5 130.1 121.9 121.5 120.5 120.1
C-8 122.8 114.5 123.0 115.0 122.45 114.1 114.9 115.0 114.9
C-9 123.3 118.0 124.8 119.3 121.4 115.3 118.4 116.9 117.8
C-9a 110.65 105.5 112.2 107.5 111.3 105.7 110.2 110.5 110.4
C-9b 167.2 158.8 156.3 148.8 152.3 146.1 137.8 116.2 108.6
CH3; 10.8 11.8 12.85 11.1 14.2 12.3 12.8 12.8 12.7
N-CH;4 29.1 27.1 28.7 26.8 29.6 274 27.3 27.6 27.5
N(5) -238.3 -227.7 - -233.6 -236.6 -225.5 -225.8 -225.0 -229.6
N(x) 4.0 9.9 -16.0 0.7 -135.0 -115.0 -123.5 7.2 14.7

[a] At the GIAO B3LYP/6-31G(d)//RHF/6-31G level of theory.

data unequivocally demonstrates that such large differences
in the R? values for the “wrong” versus “right” structures
may serve to validate the correct structure.
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Figure 3. Correlation of theoretical chemical shifts versus experi-
mental ones for different regioisomers of compound 3a.

Table 2. Correlation coefficients of least-squares linear fits (R?) of
the theoretical [GIAO RB3LYP/6-31G(d)/RHF/6-31G] versus ex-
perimental '3C NMR chemical shifts for compounds 3a-8a.

Compound R?

3a 4a 5a 6a Ta 8a
3a 0.997 0.890  0.821 0.516  0.028 0.043
4a 0919 0998 0.814 0.629 0.090 0.158
S5a 0.861 0.870  0.991 0.879  0.307  0.131

As for the '>’N NMR chemical shifts, the combined use
of correlation experiments and GIAO calculations (theory
overestimates >N chemical shifts by ca. 10-12 ppm)!'9 can
also be of diagnostic value although with some limitations.
For example, in the compounds under examination there
should be a protonated carbon atom as substituent in the
five-membered heterocyclic system in order to invoke 'H—
4642
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1SN HMBC connectivity to distinguish between structures
with the nitrogen atom vicinal to the carbon-bearing proton
(Figure 4, structures 3a,b and 5a,b-7a,b), whereas the lack
of 'H->'N  HMBC connectivity is evident in compounds
4a,b and 8a.b.
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Figure 4. 3Jy_y correlation in five-membered ring systems and cal-
culated GIAO '>N chemical shifts for 3a,b-8a,b.

GIAO "N chemical shift calculations may be helpful to
distinguish between 1,2- and 1,3-oxazole structures because
the former show characteristic chemical shifts close to
0 ppm whereas the latter resonate at lower frequencies (ca.
—120 ppm).['" Thus, compounds 5a and 6a (as well as 3a
and 7a or 4a and 8a) cannot be distinguished merely on
the basis of ’N NMR spectroscopic data and additional
arguments (e.g., consideration of the chemical shifts and
connectivities of the quaternary carbon atoms at the 3a-
and 9b-positions) are needed. We can conclude that 'SN
NMR spectroscopy is a less general method and can only
be used in conjunction with other NMR spectroscopic data.

Additional evidence for the quality of this approach was
obtained by examining isomeric structures of the coumarin

Eur. J. Org. Chem. 2008, 4640-4646



Structure Determination of Regioisomeric Fused Heterocycles

Eur

European Journal
of Organic Chemistry

Table 3. Experimental (CDCls, 298 K) and calculated® '*C and ''N NMR chemical shifts for compounds 3b-8b.

Atom 3b 4b 5b 6b 7b 8b
Exp. Calcd. Exp. Calcd. Exp. Calcd. Calcd. Calcd. Calcd.

C-1 - - - - - - - 148.7 158.3
C-2 - - - - 163.6 152.2 157.9 - -

C-3 158.6 153.2 177.0 169.0 - - - - -

C-3a 104.7 103.3 103.6 101.8 124.8 121.7 132.0 146.5 142.5
C-4 156.6 147.0 156.6 147.8 155.5 144.4 140.8 140.2 143.4
C-5a 154.2 148.0 153.4 147.4 152.8 147.2 147.6 146.5 145.3
C-6 117.7 109.8 117.9 110.0 117.6 109.7 109.3 110.0 110.4
C-7 133.8 125.2 1329 124.4 131.4 123.0 122.5 121.7 121.1
C-8 125.0 116.9 125.1 117.1 124.8 116.5 117.1 117.3 117.2
C-9 122.9 117.5 124.4 118.8 121.3 115.6 118.0 116.4 117.2
C-9a 110.7 106.3 111.2 107.4 111.5 106.6 110.8 110.9 109.9
C-9b 169.9 161.4 156.2 149.5 155.8 148.6 141.2 118.9 109.6
CH;(5) 10.4 112 12.9 11.0 14.2 12.2 12.7 12.3 12.1
N(x) -2.3 12.8 -13.2 1.6 -127.5 -115.4 -122.4 17.9 124

[a] At the GIAO B3LYP/6-31G(d)//RHF/6-31G level of theory.

analogues 3b-8b. The proposed method allowed us to
achieve a simple and safe structure determination by using
a combination of 2D NMR methods and nonempirical
chemical shift calculations.

Experimental and calculated chemical shifts for com-
pounds 3b-5b are given in Table 3. As for the quinolinone
derivatives, additional hypothetical regioisomers (6b-8b)
have also been considered. The results of the regression
analysis are summarized in Table 4. For the oxazolocouma-
rins, the “right” combinations of theoretical versus experi-
mental chemical shifts give high R? values (0.988-0.998),
whereas for the “wrong” ones the observed values are no-
tably lower and do not exceed 0.9. Thus, such an analysis
has allowed us a straightforward determination of re-
gioisomeric structures of compounds 3b—5b.

Table 4. Correlation coefficients of least-squares linear fits (R?) of
the theoretical [GIAO RB3LYP/6-31G(d)//RHF/6-31G] versus ex-
perimental '*C NMR chemical shifts for compounds 3b-8b.

Compound 3b 4b 5b 6b 7b 8b

3b 0.996 0.879 0.848 0.589 0.061  0.056
4b 0.896 0998 0.836 0.710 0.154  0.205
5b 0.891 0901 0.988 0.884 0.324 0.307

Once again the "N NMR spectroscopic data showed the
same trends as those previously discussed for compounds
3a-5a.

Finally, we wish to point out that in general 'H NMR
chemical shifts also depend on the isomeric structure, al-
though to a lesser extent because most of the protons are
far from the variable fragment. Nevertheless, the trends
shown by the experimental chemical shifts are partly repro-
duced by theory. However, these changes are very small and
may also be due to medium effects that cannot properly be
taken into account. Therefore, 'H NMR spectroscopic data
cannot really be used to validate the regioisomeric struc-
tures of these kinds of compounds.

Eur. J. Org. Chem. 2008, 4640-4646
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Influence of the Level of Theory on the Performance of the
Method

The correlation coefficients of least-squares linear fits
(R?) have been used as an index of agreement between theo-
retical and experimental chemical shifts. To distinguish be-
tween “wrong” and “right” structures there should be a reli-
ably large gap in their values for the proposed structures.
To start, we used a “basic” combination of chemical shift
calculations and geometry optimization [B3LYP/6-31G(d)//
HF/6-31G], which has proved to be reliable for other het-
eroaromatic systems.l'° For the compounds under exami-
nation this level produces reasonably high R? values (0.99—
1.00) for the “right” structures and sufficiently small values
(<0.90) for the “wrong” structures. With the aim of ver-
ifying if this differentiation depends or not on the theoreti-
cal approach used in the calculations, we tested two ad-
ditional methods of geometry optimization. It is in fact well
known that agreement between theoretical and experimen-
tal NMR chemical shifts depends on the geometry used in
the calculations.

To obtain a good geometry and hence reliable chemical
shift values for heterocyclic compounds, some authors rec-
ommend using the DFT level for geometry optimization
with diffuse functions included in the basis set. Thus, we
performed calculations on compounds 3a,b-8a,b using
the B3LYP/6-31G(d)//B3LYP/6-31G(d) combination (see
Table S1 and Table S2 of the Supplementary Information)
but no improvement in the R? values for the “right” struc-
tures was found nor an increased difference in R? between
“right” and “wrong” structures (see Table S3 and Table S4
of the Supplementary Information).

On the other hand, all NMR experiments were carried
out in chloroform and therefore to take into account me-
dium effects we also performed geometry optimizations
with solvent effects included in the framework of the polar-
ization continuum model (PCM). Calculations on this ge-
ometry afforded a slightly better correlation of the chemical
shifts (see Table S1 and Table S2 of the Supplementary In-
4643
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formation) with respect to that obtained for the HF/6-31G
geometry. For the “wrong” structure the R? values are al-
most the same as those determined by the B3LYP/6-
31G(d)//HF/6-31G combination (see Table S5 and Table S6
of the Supplementary Information). Thus, accounting for
solvent effects improves the diagnostic values of R>, but in
an insignificant way and taking into account the fact that
such calculations remarkably increase the computational
time and computer demands, inclusion of the solvent under
geometry optimization does not give any advantage. In-
deed, the B3LYP/6-31G(d)//HF/6-31G combination may be
used with confidence.

Conclusions

In this work we have demonstrated that the combined
use of 2D NMR correlation experiments with GIAO DFT
13C NMR chemical shift calculations allows a reliable and
simple determination of regioisomeric heterocyclic systems
that originate from the reaction of quinolinone or coumarin
derivatives with hydroxylamine. Application of the same ap-
proach to "N NMR spectroscopic data is less useful for
these compounds although it can be used in conjunction
with other NMR spectroscopic data.

In general, we believe that the proposed method may be
used to solve the problem of regioisomeric structure deter-
mination of heteroaromatic compounds. In the mean time
we realize that the presence of even low levels of saturation
in the molecules can introduce geometric ambiguity and the
potential for more than one low-energy structure.

Experimental Section

General Remarks: Melting points were measured with a Biichi 510
apparatus and are uncorrected. Compounds 1a,!'?2] 1b,[120] 24 [12¢]
2b,[12d] 33-5a,1122] and 5b,['>¢] were prepared as reported in the lit-
erature. Silica gel plates (Merck F,s4) and silica gel 60 (Merck 230—
400 mesh) were used for analytical TLC and for column
chromatography, respectively. Solvents were removed under re-
duced pressure. All 1D and 2D NMR experiments were performed
with a Varian Mercuryplus-400 spectrometer (399.95 MHz for 'H,
100.57 MHz for '3C, and 40.54 MHz for '>'N) with a 5 mm indirect
detection probe equipped with a gradient coil at 298 K. Chemical
shifts (0 in ppm) are referenced to the solvent CDCl; (6 = 7.26 ppm
for 'H and 77.0 ppm for '3C NMR) and to external CD3;NO,
(0.0 ppm) for N NMR spectra (conversion factor to NHij:
+380.2 ppm).”>111 All coupling constants are given in Hz. Assign-
ments were made by using 'H, '*C, DEPT, and NOESY 1D experi-
ments and gHSQC, gHMBC, and COSY 2D experiments. All pulse
sequences were used as provided by Varian and processing was per-
formed by using standard Varian methods.

3-Methyl-4 H-chromeno|3,4-dlisoxazol-4-one (3b): Hydroxylamine
hydrochloride (47 mg, 0.68 mmol) was added in one portion to a
stirred solution of 3-acetyl-2-oxo-2H-chromen-4-yl 4-methylben-
zenesulfonate (1b) (200 mg, 0.56 mmol) in ethylene glycol (5 mL)
and the reaction mixture was heated at reflux for 2 h. After cooling,
water was added (50 mL) and the solid obtained was filtered and
purified by column chromatography with ethyl acetate/petroleum

4644
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ether 40-70 (1:3) as eluent (R; = 0.56). Yield 44% (50 mg); m.p.
177-178 °C  (refl'?¢l 175-176 °C, from ethanol). 'H NMR
(400 MHz, CDCl3, 25°C): 6 = 7.99 (dd, 3J = 8.1, “J = 1.6 Hz, 1
H, 9-H), 7.68 (ddd, 3J = 8.7, 7.5, *J = 1.6 Hz, 1 H, 7-H), 7.48 (dd,
3J=87,% =10Hz 1 H, 6-H), 7.42 (ddd, 3J = 8.1, 7.5, 4J =
1.0 Hz, 1 H, 8-H), 2.65 (s, 3 H, 3-CHs) ppm.

3-Methyl-4 H-chromeno|4,3-c]isoxazol-4-one (4b): A solution of hy-
droxylamine hydrochloride (47 mg, 0.68 mmol) and Et;N (90 pL,
0.68 mmol) in ethanol (7 mL) was stirred for 10 min at room tem-
perature. 3-Acetyl-2-oxo-2H-chromen-4-yl 4-methylbenzenesulfo-
nate (1b) (200 mg, 0.56 mmol) was subsequently added and the
solution was heated at reflux for 3 h. Removal of the solvent left a
yellow solid, which was suspended in a saturated NaHCOj solution
(10 mL) and extracted with CH,Cl, (3 X 10 mL) in a separating
funnel. The organic phase was dried with sodium sulfate and the
solvent removed under reduced pressure. The solid was purified by
column chromatography with ethyl acetate/petroleum ether 40-70
= (1:3) as eluent (R = 0.53). Yield 53% (60 mg); m.p. 170-172 °C
(refI'2%1 180-182 °C, from ethanol). 'H NMR (400 MHz, CDCl;,
25°C): 6 = 8.09-8.06 (m, 1 H, 9-H), 7.60-7.56 (m, 1 H, 7-H), 7.37—
7.33 (m, 1 H, 8-H), 7.36 (d, 3J = 8.0 Hz, 1 H, 6-H), 2.89 (s, 3 H,
3-CH;) ppm.

2-Methyl-4 H-chromeno|3,4-d|[1,3]oxazol-4-one (5b): M.p. 195-
196 °C, from ethanol (ref.'2°1 196-197 °C, from ethanol). '"H NMR
(400 MHz, CDCl3, 25°C): 6 = 7.81 (dd, 3J = 8.2, “J = 1.6 Hz, 1
H, 9-H), 7.58 (ddd, 3J = 8.4, 7.2,4J = 1.6 Hz, 1 H, 7-H), 7.50-7.47
(m, 1 H, 6-H), 7.40-7.37 (m, 1 H, 8-H), 2.71 (s, 3 H, 2-CH3) ppm.

Crystallographic Data: Data sets were collected with a Oxford Dif-
fraction KM4 Xcalibur2 diffractometer. Graphite-monochromated
Mo-K,, radiation (4 mA/-40 kV) and a KM4 CCD/SAPPHIRE de-
tector were used for cell parameter determination and data collec-
tion. The integrated intensities, measured by using the w-scan
mode, were corrected for Lorentzian and polarization effects.!'’]
The structures were solved by direct methods using SIR9714! and
refined by full-matrix least-square fits on F> with SHELXL97.113]

X-ray Crystal Structure Analysis for 3a: Formula C,,H;(N,O,, M
= 212.22, colorless crystal, monoclinic, space group P2l/a, a =
6.994(5), b = 11.232(5), ¢ = 13.130(5) A, a = 90.000(5), f =
101.750(5), y = 90.000(5)°, ¥ = 1009.8(9) A3, Z = 4, T = 293(2) K,
# = 0.098 mm!, F(000) = 448. 4343 reflections were collected in
the range 3.96° < 0 < 25.70°. The final R index was 0.0553 for
reflections having 7> 2a(1).

X-ray Crystal Structure Analysis for 5a: Formula C,H(N,O,, M
= 212.22, colorless crystal, monoclinic, space group P2l/a, a =
8.344(3), b = 13.174(3), ¢ = 9.337(2) A, a = 90.000Q2), f =
103.070(3), 7 = 90.000(2)°, ¥ = 999.8(5) A3, Z = 4, T = 293(2) K,
1 = 0.099 mm~!, F(000) = 448. 8110 reflections were collected in
the range 4.48° < 0 < 23.26°. The final R index was 0.0695 for
reflections having 7> 2q4(1).

CCDC-689483 and -689484 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Computational Details: The ab initio quantum chemical calcula-
tions were performed by using Gaussian 98!l on an IBM PC com-
patible computer. Full geometry optimizations to a minimum en-
ergy were executed at the ab initio HF/6-31G level unless otherwise
noted. Chemical shifts were determined by the GIAO method
within the DFT framework by using a hybrid exchange-correlation
functional, B3LYP, at the 6-31G(d) level of theory. Geometry opti-
mization with solvent effects was performed within the framework
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of the polarization continuum model (PCM). All values are refer-
enced to calculated shieldings for TMS.

Supporting Information (see also the footnote on the first page of
this article): Calculated '*C and '>’N NMR chemical shifts for the
regioisomers 3a,b-8a,b (Tables S1 and S2), correlation coefficients
of least-squares linear fits (R?) of the theoretical versus experimen-
tal '3C NMR chemical shifts for the regioisomers 3a-8a (Tables S3
and S5) and 3b-8b (Tables S4 and S6).
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