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Investigation of all O-methyl ethers of 1,2,3-benzenetriol and 4-methyl-1,2,3-benzengtrid)(by H

NMR spectroscopy and density-functional calculations disclosed practically useful conformational effects
on 'H NMR chemical shifts in the aromatic ring. While the conversion of phe@pltg anisole 1)

causes only small positive changes'sf NMR chemical shifts A6 < 0.08 ppm) that decrease in the
order Hyno > Hmeta™> Hpara the experimental O-methylation induced shifts in ortho-disubstituted phenols
are largest for ks A0 = 0.194+ 0.02 ppm ( = 11). The differences are due to different conformational
behavior of the OH and OCHgroups; while the ortho-disubstituted OH group remains planar in
polyphenols due to hydrogen bonding and conjugative stabilization, the steric congestion in ortho-
disubstituted anisoles outweighs the conjugative effects and forces th@@ir; torsion out of the ring

plane, resulting in large stereoelectronic effects on the chemical shifff Bonformational searches

and geometry optimizations f@—16 at the B3LYP/6-31G** level, followed by B3LYP/6-3H+G-

(2d,2p) calculations for all low-energy conformers, gave excellent correlation between computed and
observedH NMR chemical shifts, including agreement between computed and observed chemical shift
changes caused by O-methylation. The observed regularities can aid structure elucidation of partly
O-methylated polyphenols, including many natural products and drugs, and are useful in connection
with chemical shift predictions by desktop computer programs.

Introduction 13C NMR chemical shiftd:®> Thus, the chemical shift of the
methyl groups in the planar conformation A is ab@ub6,
Conformation of the methoxy group in anisole (methoxy- changing to aboud 61 when the methoxy group is forced out
benzenel, Figure 1), its phase dependence, and the effects of of the aromatic ring plant.
substituents have been the subject of many experimental and gy contrast, effects of methoxy group rotation #h NMR
theoretical studies.The energy barrier for rotation of the  chemical shifts have not been studied, even though conforma-
methoxy group (At-OCHg) in unsubstituted anisole in the gas  tion-dependent electron density release from the oxygen atom
phase was determined to be roughly 10 kJ/frahd thus only s expected to influence chemical shifts of the aromatic ring
the planar conformation (conformation A, Figure 1), stabilized hydrogen atoms considerably and may be useful as a structural
by conjugative effects, is observed. Stable planar conformationsassignment todl.lH NMR chemical shifts of simple aromatic
are retained in the presence of a single ortho substifuent. compounds can be calculated quite accurately by use of
However, perpendicular conformation of the methoxy group empirical substituent rules or database-derived predictions
(conformation B) is imposed in 2,6-disubstituted anisoles, and incorporated in widely used desktop computer programs for
the resulting redistribution of electron density is known to affect prediction of'H NMR spectra. However, the absence of explicit
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anisole (1)

.‘.1 2

c-0-C-1-c-2=0° !
(conformation A)

—

H-O-C-1-C-2=0°
(conformation A)

c-0-C-1-C-2 = 90°
(conformation B)

phenol (2)

=

H-0-C-1-C-2 = 90°
(conformation B)

FIGURE 1. Minimum- and maximum-energy conformations of anisole
(1) and phenol 2).

correction for stereoelectronic effects of methoxy groups,
resulting from different conformational behavior of hydroxy and

Lambert et al.

calculated and observed chemical shifts. Due to the stereoelec-
tronic effects, the O-methylation induced shifts of aromatic ring
hydrogen atoms in ortho-disubstituted phehals very much
different than those in pherfo(2) itself. In this work we
demonstrate, by investigation 41 NMR spectra of a series of
model compounds, that the effects of methoxy group conforma-
tion can be easily generalized, affording a set of practically
useful rules. The experimental data are corroborated by calcula-
tions with density functional theory (DFT) meth8dyhich
reproduces the effects very well.

Results and Discussion

Synthesis and'H NMR Spectra of Model Compounds.
The complete series of methyl ethers of 1,2,3-benzene8iol (
8) and 4-methyl-1,2,3-benzenetri@-<16) were included in the

alkoxy groups, may lead to substantial differences between investigation. The latter compounds were prepared by reduction
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M.; Zywietz, A. THEOCHEM1982 7, 341-350. (0) Gerhards, J.; Ha, T.
K.; Perlia, X. Hely. Chim. Actal982 65, 105-121. (p) Schaefer, T.;
Wildman, T. A.; Peeling, JJ. Magn. Reson1984 56, 144-148. (q)
Schaefer, T.; Laatikainen, R.; Wildman, T. A.; Peeling, J.; Penner, G. H.;
Baleja, J.; Marat, KCan. J. Chem1984 62, 1592-1597. (r) Nagy, L. T ;
Jancarova, MChem. Pap1985 39, 289-294. (s) Schaefer, T.; Salman,
S. R.; Wildman, T. A.; Penner, G. KCan. J. Chem1985 63, 782-786.
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1996 100 8268-8272. (z) Dolgounitcheva, O.; Zakrzewski, V. G.; Ortiz,
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Enright, G.; Kirby, R. A.J. Chem. Soc., Perkin Trans. 1896 2687
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of 2,3,4-trihydroxybenzaldehyde or 2,3,4-trimethoxybenzalde-
hyde followed by partial O-methylation or demethylati§iThe
products were isolated by preparative HPLC and their structures
were confirmed by 1D and 2D NMR experiments.

IH NMR spectra oB—16 were recorded in chloroforrdwith
50—70 mM solutions. To ensure that the determined chemical
shifts are not influenced by intermolecular interactions, the
spectra were recorded again after dilution of the samples by a
factor of 20, which did not affect the observed chemical shifts.
The changes dH NMR chemical shifts observed upon stepwise
O-methylation of3 and 9 are shown in Schemes 1 and 2,
respectively. The absolute chemical shift values are reported in
the Supporting Information (Table S1). Whenever necessary,
heteronuclear single quantum coherence (HSQC), heteronuclear
multiple bond correlation (HMBC), and nuclear Overhauser
effect (NOESY) spectra were recorded for unambiguous reso-
nance assignments.

In the simplest possible case of O-methylation of a phenol
group, the conversion of phend)(to anisole 1) causes only
a small chemical shift change ofylho (A0 = 0.08 ppm) and
Hmeta (A0 = 0.04 ppm), and has nearly no effect oRaf®
However, for the methyl ethers of 1,2,3-benzenetrB) dnd
4-methyl-1,2,3-benzenetriod), entirely different relationships
are observed (Schemes 1 and 2). Notably, O-methylation of
ortho-disubstituted hydroxyl groups caused a large shiftgaf,H
by Aé = 0.19+ 0.02 ppm (meant standard deviatiom =
11), whereas only approximately half as large a shift gf.H
was observed in the case of ortho-monosubstituted hydroxy
groups,Ad = 0.11+ 0.01 ppm ( = 4). The remaining shifts
were considerably smaller. Thus, the shift ofé upon
O-methylation of ortho-monosubstituted hydroxy groups was
Ao = —0.03+ 0.03 ppm (i = 8). The O-methylation-induced
shifts of HpetaWere likewise smallAd = 0.05+ 0.02 ppm
= 8) ando = 0.01+ 0.02 ppm = 12) for ortho-disubstituted
and ortho-monosubstituted phenol groups, respectively. It is
apparent that O-methylation-induced changes of aromatic ring

(7) (&) ChemNMR Pro incorporated in ChemDraw, v. 10.0, Cambridge-
Soft Corp., Cambridge, MA. (b) ACD/HNMR Predictor, v. 9.0, ACD/Labs,
Toronto, Canada.

(8) Abraham, R. J.; Reid, Ml. Chem. Soc., Perkin Trans2B02 1081~
1091.

(9) Geerlings, P.; De Proft, F.; Langenaeker, @hem. Re. 2003 103
1793-1873.

(10) (a) Pattekhan, H. H.; Divakar, $.Mol. Catal. A2001, 169, 185—
191. (b) Xie, L.; Takeuchi, Y.; Cosentino, L. M.; McPhail, A. T.; Lee,
K.-H. J. Med. Chem2001, 44, 664-671. (c) Carvalho, C. F.; Russo, A.
V.; Sargent, M. V.Aust. J. Chem1985 38, 777—792.
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SCHEME 1.

Changes offtH NMR Chemical Shifts of

Aromatic Hydrogen Atoms during Stepwise O-Methylation

of 1,2,3-Benzenetriol (3)
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energy for the nonplanar conformation 2fs compared td
(Tables 1 and 2) is in agreement with previous restilfs.
Solvent effects on the calculated rotational barrierd and2
were small (Table 2). For partially O-methylated polyphenol
derivatives, hydrogen bonding is expected to contribute to
relative stability of individual conformer$:16 The hydrogen-
bond enthalpy in 2-methoxyphendlq) was previously esti-
mated to be 18.4 kd/mol in vacd® diminishing to below 3
kJ/mol in polar hydroxylic solvent¥ Accordingly, the DFT
calculations identified the planar conformation A stabilized by
an intramolecular hydrogen bond as a global energy minimum
(Table 2, Figure 2), in agreement with previous theoretical end
experimental studie’$~17 Interestingly, the next most stable
conformation identified in this work, both in vacuum and in
chloroform, was that with the methoxy group perpendicular to
the aromatic ring plane (conformation C, Figure 2), which still
allows for the intramolecular hydrogen bond. The energy
difference between conformations A and Cl@fcorresponded
to the energy difference between conformations A and B of
(Table 2). Conformations without the intramolecular hydrogen
bond were considerably higher in energy, with a significant
difference between gas-phase and chloroform stability of
conformations B and D, which have a solvent-exposed hydroxy
group.

The change of the orientation of the Ar® and ArO—CHjz
bonds in anisole ) and phenol ) from planar toward
perpendicular (Figure 1) leads to systematic and significant

(11) For a review and selected recent examples of DFT chemical shift
calculations, see (a) Helgaker, T.; Jaszunski, M.; Ruu@hém. Re. 1999
99, 293-352. (b) Jolibois, F.; Soubias, O.; Reat, V.; Milon, Bhem. Eur.

J. 2004 10, 5996-6004. (c) Pihlaja, K.; Tahtinen, P.; Klika, K. D.; Jokela,
T.; Salakka, A.; Wahala, KJ. Org. Chem.2003 68, 6864-6869. (d)
Bifulco, G.; Gomez-Paloma, L.; Riccio, R.; Gaeta, C.; Troisi, F.; Neri, P.
; ; rg. Lett.2005 7, 5757-5760. (e) Roslund, M. U.; Klika, K. D.; Lehtila,
hydrogens in polyoxygenated ben.zenes.decrease in the ordegl | - Tahtinen, P.- Sillanpaa, R+ Leino, R. Org. Chem2004 69, 16—
Hpara > Hmeta & Hortho and are entirely different from those 25 (f) sefzik, T. H.: Turco, D.; Iuliucci, R. J.; Facelli, J. @. Phys. Chem.
observed in phenol, where the shifts are small and decrease imA 2005 109, 1180-1187. (g) Hennig, M.; Munzarova, M. L.; Bermel, W.;

h rder >H >H 8 Th rticularly lar hi Scott, L. G.; Sklenar, V.; Williamson, J..R. Am. Chem. So2006 128
the Obde Hrglo h me;]a o parah | € g?} té:u arly 1a ge.sﬂ ftsk 4 5851-5858. (h) Perez, M.; Peakman, T. M.; Alex, A Higginson, P. D.;
are observed when the O-methylated hydroxy group Is flanked jitchell, 3. C.; Snowden, M. J.; Morao, J. Org. Chem2006 71, 3103
by two ortho substituents. Thus, while the effect of O- 3110.
methylation of phenol is attributable to differences in electrone- " (iz)gESCh, M. J.; EFUngSMG- YV SChlegekH-JBJ \S/CUSGV'a,TG-KE-C:jRObe,
o . A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
gativity beMeen the hydroxy and thq mgthoxy group, the eﬁectg N. Burant, J. C.. Millam, J. M.: lyengar, S. S.. Tomasi, J.; Barone, V..
observed in substituted anisole derivatives are stereoelectroniviennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
in nature. The effect appears to be general and independent oNﬁko'TltSUji, H.; I;ada, M.; Ehar?j, M.; Toyota, K.; Fulf(uda, R.; :—'asegawa, J;
; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
whether the orthc.) substituents are OCBH, or CH. . X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Stereoelectronic Effects of Methoxy Group Rotation on Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
IH Nuclear Shieldings in DFT Calculations. Three simple Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
model compounds, anisol#)( phenol @), and 2-methoxyphenol \S/tha% eAlé; SAaI\IIDaq%rt’r;; D@”gehggiﬂég- g)-? _Z&';flizfﬁ’v%‘"&/-_ (Fi-e?l &iﬂpfg\?h'
(guaiacol,17), were studied by USQ of .BSLYP theory m_ ,Order D Ragha\;achari: K.; Foyres.ma'ﬁ, J. B, Ortlz J. V.;’Clii, Q Babou’I, A
to assess trends on thd nuclear shielding constants. Initially,  G.: Clifford, S.: Cioslowski, J.: Stefanov, B. B.: Liu, G.: Liashenko, A.:
differences between nuclear shieldings in the two conformations K’AiskAorzls P K8m$r0r’1\‘1i, L Ml?l?in' RA L';cﬁoﬁ' D. J.t;) Ke'\illth,(T;:I:I A'L-L&havr\r/w,

H H H H . A, Peng, C. Y., Nanayakkara, A.; allacombe, . Gllly P, . i
of a.mso'e (A and B, Figure 1). Were. calculated with different Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian
basis sets (Table 1). Good basis-set independence was observegs. Gaussian, Inc.: Wallingford, CT, 2004.
and further calculations were performed at the B3LYP/6-  (13) Cossi, M.; Rega, N.; Giovanni, S.; Barone, /.Comput. Chem.
311++G(2d,2p) level! Energy differences and nuclear shield- 2003 24, 669-681.

. . (14) (a) Larsen, N. WJ. Mol. Struct 1979 51, 175-190. (b) Schaefer,
ing constants for planar and nonplanar conformations arfid T.; Wildman, T. A.; Sebastian, RITHEOCHEM 1982 89, 93-101. (c)

2 (Figure 1), as well as for four low-energy conformations of Konschin, H.THEOCHEM1983 92, 173-189. (d) Bock, C. W.; Tracht-

17 (Figure 2), which represents a structural motif present in man, M.; George, PTHEOCHEM 1986 139, 63-74. (e) Politzer, P ;

: : Sukumar, NTHEOCHEM1988 179, 439-449. (f) Puebla, C.; Ha, T.-K.
many of the compounds in Schemes 1 and 2, are shown in TableT, e 5cHEM 199Q 204, 337-351. (g) Portalof% G.. Schultz, G.: Do-

2. The calculation'$ were performed for molecules in vacuum  menicano, A.; Hargittai, IChem. Phys. Lett1992 197, 482-488. (h)
as well as in chloroform, by use of the conductorlike polarized Buemi, G.Chem. Phys2002 282 181-195.
continuum (CPCM) solvent modét. (15) Korth, H.-G.; de Heer, M. I.; Mulder, R. Phys. Chem. 2002

. . . 106, 8779-8789.
The calculated rotational barriers for anisol¢ &nd phenol (16) Lithoxoidou, A. T.; Bakalbassis, E. G. Phys. Chem. 2005 109,

(2) were about 12 and 15 kJ/mol, respectively. The increased 366-377.

aFor spectra (600 MHz) in chloroforrd-
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SCHEME 2.
4-Methyl-1,2,3-benzenetriol (9}
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Changes offH NMR Chemical Shifts of Aromatic Hydrogen Atoms during Stepwise O-Methylation of

N
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CHs
‘019 OCHs
+0.01 OCH,

OCHj

16

aFor spectra (600 MHz) in chloroforrd-

TABLE 1. Energy Differences and Differences intH Nuclear Shieldings @) between Planar and Nonplanar Conformations of Anisole (1)
Calculated with Different Basis Sets

nuclear shielding differenc&o,2 ppm

atom 6-31G** 6-31%#+G(2d,2p) aug-cc-pvDZ aug-cc-pVTZ aug-cc-pvVQZz
H-2 —0.53 —0.45 —0.47 —0.39 —0.38
H-3 -0.10 —0.06 —0.02 —0.06 —0.04
H-4 —0.24 —0.25 —0.23 —0.25 -0.21
H-5 —0.08 —0.07 —0.08 —0.10 —0.05
H-6 -0.25 -0.21 -0.15 -0.10 -0.14
OCH; 0.01 0.02 0.01 0.01 0.02
relative energy,kJ/mol 12.9 12.4 13.7 13.2 13.3

a Conformation B relative to conformation A (see Figure 1).

changes of nuclear shielding of the hydrogen atoms in the with the ArO—R bond in the aromatic ring plane. The respective
aromatic ring (Table 3), whereas practically no changes are differences diminish to 0.18 and 0.21 ppm in chloroform. In
observed for the methoxy group itself (Table 2). The most 17, the out-of-plane rotation of the methoxy group caused
significant changes upon the rotation are observed fanH changes of nuclear shieldings that closely parallel those observed
that is originally syn-oriented to the OR group (H&p = in 1 (Table 2). It is therefore concluded that neither the presence
—0.45 ppm forl and —0.75 ppm for2) as well as for Hara of an ortho-oxygen atom nor hydrogen bonding influences the
(H-4; Ao = —0.25 ppm forl and—0.29 ppm for2), whereas stereoelectronic effect of the methoxy group ‘shshieldings
Hmeta(H-3, H-5) are only weakly affected (Table 3). The trends in the aromatic ring significantly.

observed in vacuum and in chloroform are identical (Table 2).  Shijeldings in Methyl Ethers of Polyphenols.The MMFF
For1and2in vacuum, the chemical shielding obfd.changes  force field® was used to generate initial conformations of
by 0.25 and 0.45 ppm, respectively, as the-QR torsion compounds$—16 by a Monte Carlo search. All conformations
changes by 180between the two isoenergetic conformations within at least 25 kJ/mol from the calculated lowest-energy
conformation were geometry-optimized by use of B3LYP/6-

(17) (a) Vokin, A. I; Frolov, Y. L.; Medvedeyv, S. A.; Dyachkova, S. G.
Russ. Chem. Bulll993 42, 1680-1683. (b) Konijn, S. W.; Steenvoorden,
R. J. J. M,; Kistemaker, P. G.; Weeding, T.L.Phys. Chem1994 98
5399-5403. (c) Matos, M. A. R.; Miranda, M. S.; Morais, V. M. B.
Chem. Eng. Dat2003 48, 669-679.

(18) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R,;
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.XComput.
Chem.199Q 11, 440-467.
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TABLE 2. H Nuclear Shieldings @) and Relative Energies of Planar (A) and Nonplanar (B) Conformations of Anisole (1) and Phenol (2),
and Conformations A—D of 2-Methoxyphenol (17}

nuclear shielding constant ppm

anisole () phenol @) 2-methoxyphenolX7)
gas phase chloroform gas phase chloroform gas phase chloroform
nucleus A B A B A B A B A B C D A B C D

2471 2426 2439 2397 2493 2418 2447 2394

24.14 24.08 23.82 23.77 2425 2412 2395 23.83 24.80 24.58 2435 2432 24.47 2438 24.02 24.05
2451 24.26 24.22 23.94 2456 2427 2431 24.00 24.65 24.69 24.65 24.60 24.33 24.45 2433 24.35
2416 24.09 23.85 23.77 2416 2412 23.89 23.83 2456 24.84 2439 2450 2430 2453 24.09 24.17
2446 2425 2421 2395 2448 2418 24.26 2394 2450 25.07 2442 2489 24.25 2457 2414 2441
OCH; 27.87 27.89 27.77 2781 27.77 2733 27.92 2787 27.68 27.27 27.85 27.82

relative energy,kdJ/mol 0.0 12.4 0.0 115 0.0 145 0.0 15.2 00 296 112 247 00 210 102 120

a Structures were optimized with the B3LYP/6-31G** method and the energies as well as NMR shieldings were calculated at the B3HYRB{21,2p)
level in gas phase or by use of the CPCM model for chlorofdrRelative to conformation A (see Figures 1 and 2).

IIIIII
oOUhwWN

2-methoxyphenol (17) TABLE 4. Calculated Conformational Energies of Compounds
3—-16
) relative energy,kJ/mol
/ compd conformatioh gas phase chloroform
) 3 2 9.4 5.9
R 4 2 27.8 20.9
H-O-C-1-C-2=0° H-0-C-1-C-2 = 180 5 2 13.8 10.1
C-0-C-2-C-3=0° C-0-C-2-C-3=180° 6 2 7.7 8.5
{conformation A) (conformation B) 7 2 94 16.2
8 2 4.7 7.3
8 3 10.6 15.2
8 4 13.8 16.0
9 2 1.8 10.0
9 3 10.0 6.2
10 2 16.2 115
11 2 6.9 8.8
H-0-C-1-C-2=0° H-0-C-1-C-2 = 180° 11 3 13.1 9.9
C-0-C-2-C-3 = 90° C-0-C-2-C-3 = 90°

{conformation C) (conformation D) 1% g 32461 gé é
. 14 2 7.0 7.7
FIGURE 2. Four low-energy conformations of 2-methoxypherial)( 15 2 1.0 6.1
1 4 2

TABLE 3. Stereolectronic Effects of the Methoxy Group Rotation > 3 > 0
. - Y 16 2 5.3 7.2
in Anisole (1) and of the Hydroxy Group Rotation in Phenol (2) on 16 3 56 45
1H Nuclear Shieldings @)2 16 4 114 114
nuclear shielding for 16 5 124 117

C—0—C1-C2 torsion angle

2 Relative to conformation 1; the energies were calculated by use of

atom 0 3¢ 600 90 120 150 180 B3LYP/6-31H1+G(2d,2p).P The conformations are labeled according to

Anisole (1) increasing energy in the gas phase.

H-2 0 —0.17 —-0.50 —0.45 —0.36 —0.27 —0.25

e 0 08 093 o006 092 906 092 conformations were larger than 20 kd/mol, both in the gas phase

H-5 0 005 -003 —0.07 —004 —004 —0.02 and in the solvent (Table 4). The most stable conformations of

H-6 0 —-0.02 -0.11 —0.21 —-0.25 0.08 0.25 these compounds are those stabilized by intramolecular hydrogen

relative energy,kd/mol 0 4.7 111 124 111 4.7 0 bonds (Figure 3). The stable conformations4oénd 12 are
Phenol ) essentially planar, with two hydrogen bonds each; the high-

H-2 0 -0.18 -052 —0.75 —0.72 —0.53 —0.45 energy conformations of and 12 are also nearly planar but

H-3 0 -0.02 -0.09 -0.13 -0.12 —0.10 —0.09 are stabilized with only one hydrogen bond. In the most stable

H-4 0 —0.07 —0.20 —0.29 —0.20 —0.07 0 : : .

H-5 0 —002 —003 —004 000 007 009 conformation ofL3, the two ortho-disubstituted methoxy groups

H-6 0 —008 —-026 —0.30 —0.06 0.27 0.45 are rotated out of plane by about°7® the opposite faces of

relative energgkdmol 0 3.3 105 145 105 33 0 the benzene ring (Figure 3). The stable conformation &P,

- Caleul o N o ovel: and 13, identified as deep, global energy minima, can be
“ Calculated in the gas phase at the B3LYP/6-8313(2d,2p) level, oqarqed as accurate representations of actual structures present
shieldings for 0 torsion angles are set to zérBelative to conformation

A; the energies were calculated by use of B3LYP/6-8315(2d,2p). during acquisition of the experimentéd NMR data (Table S1).
The!H NMR shieldings calculated for these conformations, both
31G**. Single-point energies and th&#H NMR shielding in gas phase and in chloroform (Table 5), are plotted against
constants were calculated with the 6-3ttG(2d,2p) basis set, the experimental chemical shifts in Figure 4. The nuclear
both in the gas phase and in chloroform with the CPCM model shieldings calculated for the low-energy conformationstof
(Supporting Information, Tables $%57)12 12, and 13 correlated far better with the experimental values

For three of the compoundd,(12, and13), the differences than those calculated for the high-energy conformations (Figure
in energy between the most stable and the next most stable3).
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chemical shifts by use of the above regression equations obtained
for 4, 12, and 13. The scatter plots in Figure 5 show the
relationships between the calculated and experimental chemical
shifts of the aromatic ring hydrogens, both for the lowest-energy
conformers and for averaged chemical shifts of all conformers
having relative energies within 4 or 8 kJ/mol.

4 ) 12 13 Mean average errors for chemical shifts calculated by this
conformation 1 conformation 1 conformation 1 method are 0.11, 0.09, and 0.06 ppm for the minimum energy
conformations of3—16, conformations with relative energies
up to 4 kJ/mol, and conformations with relative energies up to
8 kJ/mol, respectively, for the gas-phase conformations. For
chloroform data, the respective errors are 0.08, 0.08, and 0.06
ppm. It is apparent that chemical shifts averaged for the
conformer ensembles with energies within 8 kJ/mol from the
calculated lowest-energy conformations give the best agreement

4 12 13 with the experimental data. Mean average errors for individual
conformation 2 conformation 2 conformation 2 conformations 0B—16 are shown in Table S8 in the Supporting
FIGURE 3. Global energy minima (conformation 1) and next lowest- I.nforma.1t|on..There is a clear tendency that Ies:s stable conforma-
energy conformations (conformation 2) of compoudd4?2, and13. tions give higher average errors. However, in many cases the

lowest-energy conformations are clearly not representative for

TABLE 5. Calculated *H Nuclear Shieldings ) for Compounds 4, the experimental data. For example, the two most conspicuous

12, and 13 — outliers in the vacuum data are the chemical shift of H-6 in
calculated nuclear shielding ppm conformation 1 of compouné and the chemical shift of H-5
experimental gas phase chloroform in conformation 1 of compount5 (Figure 5). Conformation 1
H-atom chemical shiftp conf.1 conf.2 conf.1  conf.2 of compound has two hydrogen bonds with all hydroxy groups
Compound4 in the ring plane and the_ hydroxy group at C-1 pointing toward
H-4 6.48 25.24 24.99 24.88 24.84 H-6, whereas conformation 2 6fhas all hydroxy groups rotated
H-5 6.76 2473 2497 2444 24.68 by 187, which changes the chemical shift of H-6 significantly
H-6 6.60 2480 2534 24.60 2488 (cf Taples 2 and 3). Therefore, even a small contribution from
CHs 3.88 2779 2728 2769  27.23 . . . )
c @ conformation 2 is expected to affect the average chemical shift
ompoun _ i ;
Hda 6.38 25.35 25.11 25.04 24.94 _of H_E_S significantly. For con_1p_ound1_5, conformgtlon 1
H-5 6.61 2489 2505 2461 2476 identified as a global energy minimum in vacuum, is consider-
CH;s 2.20 29.41 2952 2939  29.43 ably less stable than conformation 2 in chloroform (Table 4). It
OCHs 3.85 27.82 2734 27174 27.29 is therefore clear that conformation 1 @b is a very poor
Compoundl3 representation of the real conformer population. Conformations
H-5 6.77 2467 2519 2438 2491 1 and 2 of15 differ in the torsion angle of the methoxy group
H-6 6.62 2482 2512 2457 2490 a4t C.2 |eading to substantial error of the chemical shift of H-5.
CHs 2.18 29.48  29.01  29.44  28.95 Theref the limited ability o identi : ¢
2-OCH; 392 2768 2731 2762 2725 erefore, the limited ability to iden ify correct conformer
3-OCHs 3.83 27.73 27.43 27.68 27.35 populations that represent the actual solution situation, rather

a Calculated at the B3LYP/6-31#1+G(2d,2p) level; conformations 1 and than the ablht_y of the [_)FT caICL_llanns to rEpr_Oduce th_e
2 refer to the most stable and the next most stable conformation, respectively:Stereoelectronic effects, is the major source of discrepancies
nuclear shieldings for all compounds-16 are given in the Supporting ~ between the calculated and the experimental results.
Information (Tables S6 and S7). When averaged shieldings of all conformations within 8 kJ/

The regression lines for all types of hydrogen atoms of the Mol for all compounds3—16) are plotted against experimental
low-energy conformations of compounds12, and13 are chemical shifts (i.e., without prior validation of the results for
= —0.96% + 30.748, with correlation coefficierR2 = 0.997 the most reliably predicted conformations4fl2, and13) and
and mean average error (MAE) of 0.07 ppm, in the gas phaseconverted to calculated chemical shifts by use of thg resulting
and 6 = —0.914 + 29.128 R = 0.999, MAE 0.06) in regression linesd( = —0.63% + 22.440,R? = 0.876 in the

chloroform. For the aromatic ring hydrogens orf},= 0.902  9as phase) = —0.66% + 22.987,R* = 0.913 in chloroform),
(MAE 0.10) in the gas phase am? = 0.968 (MAE 0.07) in the calculated and experimental chemical shifts agree with MAE

chloroform. Thus, the calculated datg {n chloroform correlate = 0.045 ppm (gas phase) or MAE0.038 ppm (in chloroform);
better with the experimentdl values (obtained in chloroform- ~ See Figure 6.
d). Calculation of O-Methylation-Induced Shifts. The confor-

For the remaining compound3, 6—11, and14—16), energy mational behavior of an AfOR bond (R= H, CHg) in a
calculations suggest the presence of multiple conformations polyphenol is governed by three major effects. The first is
close in energy (Table 4). In some cases (compohdss, stabilization of the planar conformation by delocalization of
and 16) the relative stability of conformers changes between nonbonding oxygen electrons into the aromatic ring (Table 2).
the gas phase and chloroform (Table 4). Because the real,This is reflected by shortening of the AOCH; bond in1 from
guantitative conformer distributions f&, 5—11, and 14—16 1.382 A in the perpendicular conformation B to 1.367 A in the
cannot be reliably deduced from the calculated relative energies,planar conformation A (Figure 1), as calculated in the present
the calculated nuclear shielding were averaged for all low-energy work (the corresponding values for the-ADH bond in2 are
conformers within either 4 or 8 kJ/mol and converted to 1.389 and 1.368 A). The energy of this stabilization is at least
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FIGURE 4. (A) Relationship between observéld NMR chemical shifts §) and calculated nuclear shieldings) for 4, 12, and13in gas phase

and chloroform; solid and open symbols represent the lowest and the next-lowest energy conformations (conformations 1 and 2, respectively; cf.
Figure 3). (B) Expansions of regions corresponding to hydrogen atoms attached to the aromatic ring. Solid lines represent best fits for the most
stable conformations (see text).
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FIGURE 5. Comparison of observed and calculated chemical shifgs-df6. For compound8, 5—11, and14—16, the calculated nuclear shieldings

were converted to chemical shifts by use of the regression equations derived for all chemical shifts of compb2jraael13 (Figure 4). Calculated
chemical shifts for the minimum-energy conformations, averaged chemical shifts for all conformations with calculated energies within 4 kJ/mol,
and averaged chemical shifts for all conformations with calculated energies within 8 kJ/mol are displayed separately.

12 kJ/mol (Tables 1 and 2). The second effect is the intramo- when the OCH acceptor group is rotated out-of-plane, as the
lecular hydrogen bonding that stabilizes planar conformation energy difference between the hydrogen-bonded conformations

of the Ar—OH groups in a solvent-dependent mantéf. The

Ar—OH bond away from a planar OGldcceptor group is quite

high 516 for example, 21 kJ/mol fol7 in chloroform (Table

A and C of17 equals the energetic penalty of rotation of the
energy cost of breaking the hydrogen bond by rotation of the Ar—OCH; torsion out-of-plane irl (Table 2). The third effect
that controls the ArOR torsional angle is the steric repulsion
by neighboring ortho-substituents. As seen in Tables 4, S2, and
2). This hydrogen-bond strength appears to be largely retainedS3, the energetic penalty of retaining a planar conformation in
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FIGURE 6. Comparison of observed and calculated chemical shifts

of 3—16. Calculated nuclear shieldings averaged for all conformations
within 8 kJ/mol were converted to calculated chemical shifts by use of
the regression equations for all compounds (see text).

Calculated O-methylation shift

FIGURE 7. Comparison of observed and calculated O-methylation
ortho-disubstituted anisoles varies between about 10 kJ/mol inshifts in3—16 (cf. Schemes 1 and 2).
cases where the OGHroup acts at a hydrogen-bond acceptor
(conformation 2 of5, conformation 3 ofL1) to at least 16 kJ/ ~ of parent phenols and the corresponding methyl ethers, the
mol (conformation 4 oB, conformation 2 ofL3; Tables 4, S2,  correlation must be considered as very good (MAED.033
and S3). The balance between these three effects determine®Pm). The correlation is considerably better for compounds
the conformer distribution for a particular, partly O-methylated 9—16 (R* = 0.888, MAE 0.026 ppm) than f@—8 (R = 0.648,
polyphenol, and the resulting AIOR torsion angle determines MAE 0.044 ppm). The DFT-calculated O-methylation shift of
the IH NMR chemical shifts in the aromatic ring through Hparain ortho-disubstituted phenols is6 = 0.18=+ 0.04 ppm
torsion-dependent electron density release into the aromatic ring.(n = 11), in excellent agreement with the experimental results

Thus, the calculations confirm a very strong preference of (A0 = 0.19+ 0.02 ppm).

the hydroxy group to remain in the plane of the aromatic ring, ~ Applications. The downfield shift of Haa of 0.2 ppm
even for ortho-disubstituted phendfsin all but two cases of ~ observed upon O-methylation (and presumably upon O-al-
hydroxy group conformations in compounds 16 (Tables 4, kylation in general) of ortho-disubstituted phenols must be
S2, and S3), the hydroxy group is essentially coplanar with the regarded as a useful structure elucidation aid. Many drugs,
aromatic ring, regardless of whether the hydroxy group has oneincluding colchicine, etoposide, mescaline, podophylotoxin,
or two ortho substituents (torsion angle304.1° in gas phase  reserpine, and trimethoprim, contain a 1,2,3-trimethoxybenzene
and 4.4 4 6.2° in chloroform,n = 46). The two exceptions ~ Moiety. Their metabolism involves demethylation to give partly
are the 2-OH group in conformation 2 8find the 2-OH group ~ O-methylated 1,2,3-benzenetriol derivati¥éloreover, a vast
in conformation 3 o®. In these two cases the central hydroxy Nnumber of natural products contain partially O-methylated 1,2,3-
group is essentially orthogonal to the ring and acts as a benzenetriol moieties. Structure elucidation of such compounds
hydrogen-bond acceptor for the two flanking hydroxy groups can present a considerable challenge, requiring time-consuming
(Tables S2 and S3). The energy of these conformations, which2D NMR experiment§:?! Examples confirming the large shift
must be considered specific for the 1,2,3-benzenetriol systems,0f Hpara upon O-methylation of an ortho-disubstituted phenol
is about 6 kJ/mol higher than the energy of the conformations groupincludeisoflavarfisoflavanone8natural dibenzocycloocta-
with the central hydroxy group in the ring plane (in chloroform, ~dienes?'@ natural terphenyl3i® isoflavonesi’® acridone alka-
Table 4). In all other occurrences of the ortho-disubstituted loids?'¢ homoflavonoids}®and lignang? On the basis of the
hydroxy groups in compound3—16 (n = 21), the hydroxy observations described herein, the hydroxy and methoxy sub-
group is planar. Thus, in the case of ortho-disubstituted phenol stituents attached to C-3 and C-5 in the natural lignan rupestrin
groups, the steric congestion never outweighs the stabilizationC, recently described by Suo et & should be interchanged.
by hydrogen bonding. By contrast, the ortho-disubstituted
methoxy groups are always out-of-plane in all conformations
within 10 kJ/mol. Therefore, the O-methylation of an ortho- 1008 286, 1204-1300, (b) W, D.; Otton.'S. V.. Inaba, T Kalow, Wi
dlsqbstltuted phenol group will cause rotation of the—,QR Sellers, E. M.Biochem. Pharmacol1997, 53, 1605-1612. (c) Tateishi,
torsion angle out of plane of the benzene ring as the steric effectst.; Soucek, P.; Caraco, Y.; Guengerich, F. P.; Wood, ABihchem.

outweigh the conjugative effects, resulting in predictable (cf. Eharmagol.li?(ﬁ 53, Ellll_—%llﬁ (C\i/) vl\rjlm l\éla?rlleg,;l. M.;d de (\slriesf, JJ F"Da_lppide,
H H ., van den er, £.; Larleur, V. M.; Retel, J.; van der Greert, J.; FPIneao,
Table 3) changes of the chemical shifts. , _ H.M. Cancer Res1987, 47, 4658-4662. (e) Friis, C.; Gyrd-Hansen, N.;
A comparison between the experimental O-methylation shifts Nielsen, P.: Nordholm, L.; Rasmussen Fediatr. Pharmacol. (New Yoyk
(Schemes 1 and 2) and the O-methylation shifts calculated from 1984 4, 231-238. o
data in Figure 6 (calculated chemical shifts averaged for all (21) For selected, recent examples of natural products identified by use

: N . . of 2D NMR that exhibit the expected O-methylation shifts see (a
conformations within 8 kJ/mol, in chloroform) are shown in  gpen v. C.: Liaw, C. C.: Che%g, Y. B.: Ahm):ed, A F.: Lai?’t‘,ﬁ C.: (Li(),u’

Figure 7. Considering that the calculated O-methylation shifts S. S.; Wu, T. S.; Kuo, Y. H.; Lin, Y. CJ. Nat. Prod.2006 69, 963-966.
are differences between small numbers representinglues ~ (P) Zhang, C, Ondeyka, J. G.; Herath, K. B.; Guan, Z,; Collado, J.; Pelaez,
F.; Leavitt, P. S.; Gurnett, A.; Nare, B.; Liberator, P.; Singh, SJB\at.
Prod.2006 69, 710-712. (c) Maver, M.; Queiroz, E. F.; Wolfender, J.-L.;
Hostettmann, K.J. Nat. Prod.2005 68, 1094-1098. (d) Naidoo, D.;
Coombes, P. H.; Mulholland, D. A.; Crouch, N. R.; van den Bergh, A. J.
J.Phytochemistr005 66, 1724-1728. (e) Lin, Y.-L.; Shen, C.-C.; Huang,
Y.-J.; Chang, Y.-Y.J. Nat. Prod.2005 68, 381—-384.

(20) See, for example, (a) Kawashiro, T.; Yamashita, K.; Zhao, X. J.;
Koyama, E.; Tani, M.; Chiba, K.; Ishizaki, T. Pharmacol. Exp. Ther.

(29) (a) Allinger, N. L.; Maul, J. J.; Hickey, J. H.. Org. Chem197Q
36, 2747-2752. (b) Brewster, M.; Pop, E.; Huang, M.-J.; Bodor, N.
THEOCHEM 1994 303 25-38. (c) Shigematsu, M.; Kobayashi, T.;
Yoshitani, K.; Tanahashi, MJ. Comput. Chem. Jpr2002 1, 129-134.
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Thus, simple comparison &ff NMR chemical shift of aromatic
ring hydrogens of polyphenolic natural products and their

JOC Article

were demonstrated in a series of model compounds and
reproduced well by DFT calculations. The differences between

O-methylated analogues can provide immediate structural cluesconformational properties of ortho-disubstituted hydroxy and

or suggest a need of revision of a published structété2The
ability to extract as much information as possible from D
NMR spectra alone is of special interest in cases where 2D NMR
experiments are not readily accessible, for example, when
modern high-throughput hyphenated HPEEMR method3*

or NMR probes with microcoils for mass-limited samgfesre
used.

Since the use ofb initio methods for'H NMR spectra
predictions for large, conformationally flexible systems is
computationally and conceptually demandifgother ap-
proaches to calculation dH NMR chemical shifts acquire
growing popularity” Recognition of the fact that out-of-plane

methoxy group, resulting from a balance between electronic,
steric, and hydrogen-bonding effects, cause stereoelectronic
effects on thelH NMR chemical shifts that are useful for
determination of O-methylation patterns in polyphenols, the
structural motifs found in many natural products and some drugs.
This work demonstrates a general approach to improvement of
IH NMR chemical shift predictions by inclusion of stereoelec-
tronic effects that are identified in simple model compounds.

Experimental Section

Synthesis of Compounds 9-16. 2,3,4-Trihydroxybenzaldehyde
(3 g, 20 mmol) was dissolveahil M NaOH (25 mL) and stirred

rotation of an OR group attached to a benzene ring causes arwith (CHs),SO, (4.6 mL, 50 mmol) fo 3 h at 80°C under nitrogen;

additional downfield shift of lgaraby 0.2 ppm can improve the

approximately 35 mL H1 M NaOH was added during this period

spectral predictions, regardless of whether the predictions areto maintain basic pH. The reaction mixture was stirred at room
based on tabulated substituent effects or databases of experitemperature for 12 h and was then acidifiedhwdt N H,SO, and

mental chemical shifté More importantly, similar effects are

expected to be considerable for a number of other heteroatom-

containing substituents. The assessment of stereoelectroni
effects of such substituents 8H NMR chemical shifts by the
DFT approach with simple model compounds, similarly to what
was done for the OR substituent in the present work, can be

extracted with CHCI,, to yield 2.6 g of a mixture of mono- and
di-O-methylated 2,3,4-trihydroxybenzaldehyd®&sThe mixture was
dissolved in THF (60 mL) and treated with NaBEN (5.2 g, 83

%mol) in nitrogen atmosphere, after whig N HCI (45 mL) was

added over a period of 30 min; the stirring was continued for 2.5
h, H,O (100 mL) was added, and the solution was extracted with
diethyl ethef% This yielded 2.4 g of a mixture consisting &f14

regarded as a general approach leading to improved predictionand a number of dimerization products. Compouddsd11—14

of IH NMR chemical shifts in aromatics, heteroaromatics, and
olefins.
Conclusions

The stereoelectronic effects of hydroxy and methoxy group
rotation in substituted benzenes 84 NMR chemical shifts

(22) Suo, M.-R.; Yang, J.-S.; Liu, Q.-H. Nat. Prod.2006 69, 682—
684.

(23) This conclusion is also supportedy the '3C NMR data reported
by Suo et ak? For reference values, see (a) Assoumatine, T.; Datta, P. K.;
Hooper, T. S.; Yvon, B. L.; Charlton, J. l1. Org Chem2004 69, 4140~
4144. (b) Wang, B. G.; Ebel, R.; Wang, C. Y.; Edrada, R. A.; Wray, V.;
Proksch, PJ. Nat. Prod.2004 67, 682-684. (c) DellaGreca, M.; Pinto,
G.; Pollio, A.; Previtera, L.; Temussi, Fetrahedron Lett2003 44, 2779
2780. (d) Neudorffer, A.; Deguin, B.; Hamel, C.; Fleury, M.-B.; Largeron,
M. Collect. Czech. Chem. Comm@®03 68, 1515-1530. (e) Chaves, M.

H.; Roque, N. FPhytochemistryl997 46, 879-881.

(24) (a) Clarkson, C.; Steerk, D.; Hansen, S. H.; Smith, P. J.; Jaroszewski,
J. W.J. Nat. Prod.2006 69, 1280-1288. (b). Jaroszewski, J. VPlanta
Med. 2005 71, 795-802. (c) Jaroszewski, J. WPlanta Med.2005 71,
691-700. (d) Clarkson, C.; Steerk, D.; Hansen, S. H.; Jaroszewski, J. W.
Anal. Chem2005 77, 3547-3553.

(25) (a) Jansma, A.; Chuan, T.; Albrecht, R. W.; Olson, D. L.; Peck, T.
L.; Geierstanger, B. HAnal. Chem2005 77, 6509-6515. (b) Yoo, H. D.;
Cremin, P. A.; Zeng, L.; Garo, E.; Williams, C. T.; Lee, C. M.; Goering,
M. G.; O'Neil-Johnson, M.; Eldridge, G. R.; Hu, J. &. Nat. Prod.2005
68, 122-124. (c) Gronquist, M.; Meinwald, J.; Eisner, T.; Schroeder, F. C.
J. Am. Chem. So005 127, 10810-10811.

were isolated by preparative HPLC; compouitdvas characterized
by NMR in mixture with 11. Compound16 was prepared in
approximately 50% vyield by reduction of 2,3,4-trimethoxybenzal-
dehyde (1.4 g, 7 mmol) with NaBJEN (4 g, 65mmol) by the
above-described procedure. Compouridwas prepared by dem-
ethylation of16 (0.45 g, 2.5 mmol) with BGI(1 M in CH.Cl,, 0.3
mL) in CH,Cl, under nitrogert® After 2.5 h the reaction mixture
was quenched with ice and extracted with diethyl ether, the extract
was washed with saturated aqueous sodium tetrab¥fated pure
15was isolated by preparative HPLC. The phenols (espedahy

15) were air-sensitive, their dilute solutions being progressively
oxidized to quinones and dimerization products.

Acknowledgment. Financial support to L.O. from the
Carlsberg Foundation is gratefully acknowledged. We are also
indebted to Drs. H. Franzyk and C. A. Olsen for valuable
discussions.

Supporting Information Available: General experimental and
computational procedures, experimentdl NMR shift data for
3—16 (Table S1), models and atomic coordinates of low-energy
conformers o8—16 (Tables S2-S5), calculated nuclear shieldings
for all low-energy conformers &—16in vacuum and in chloroform
(Tables S6 and S7), mean average errors of calculated chemical
shifts (Table S8), andH NMR spectra 0f9—16. This material is
available free of charge via the Internet at http://pubs.acs.org.

JO061757X

J. Org. ChemVol. 71, No. 25, 2006 9457





