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Solid-state structure of 1,2=dimethoxybenzene (veratrole) and related 
methoxybenzenes. X-Ray crystallography and 13C nuclear magnetic 
resonance tensor analysis 
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We present here the single crystal X-ray structure of 1,2-dimethoxybenzene which reveals the methoxy 
groups to be trans and twisted out of the plane by -5.0 and 8.6". Using variable spinning rate I3C CP MAS 
NMR spectroscopy, the principal shielding tensors were measured for anisole, 1,2-dimethoxybenzene, 
1,4-dimethoxybenzene and 1,3,5-trimethoxybenzene. From this work the principal elements were obtained 
for static benzene (c,, = 222, G~~ = 147 and 033 = 14) and for the substituent chemical shift of a planar methoxy 
group. The a6 initio tensors of 1,Zdimethoxybenzene were calculated by the GIAO and LORG methods 
using the X-ray data as input. The CP MAS spectrum of 1,3-dimethoxybenzene reveals that this molecule 
adopts the asymmetric planar conformation. 

Introduction 
The conformational preferences of l12-dimethoxybenzene ( 1 2 -  
DMB)? has been a subject of much controversy over the years. 
This moiety is common in natural products where there exists 
an established relationship between bioactivity and conform- 
ation.'P2 In cyclohomologues the relative orientation of the oxy- 
gens can affect the susceptibility of the benzene ring towards 
electrophilic sub~titution.~ In the present paper, the X-ray struc- 
ture and the I3C NMR tensor measurements of 1,2-DMB are 
presented and together give a clearer understanding of the 
electronic properties in this material. 

In the gas phase, photoelectron spectroscopic data for 1,2- 
DMB have been interpreted in terms of a non-planar (8, = O", 
0, = 90") conformation.2 

i2H3 
1.2-DMB 

In solution the problem still remains controversial; partition 
coefficients12 temperature dependence of the dipole m ~ m e n t , ~  
dielectric relaxation times15 the non-linear dielectric effect par- 
ameter6 and I7O NMR spectroscopy7 all require a non-planar 
conformation for 1,2-DMB. In contrast, however, 13C NMR 
shifts, spin-lattice relaxation times* and long-range 'H-'H 
coupling constants agree with the existence of 1,2-DMB as a 
planar conformer. From the average 5JH,cH3 = -0.14 Hz, the 
rruns-coplanar conformer (8, = 8, = 00) was shown to be pre- 
dominant with some torsional motions as large as 20". The 
planarity of 1 ,2-DMB was attributed to solvation effects which 

t MB, DMB and TMB refer to monomethoxy-. dimethoxy- and 
trimethoxy-benzene. 

can overcome the energy barrier between planar and non- 
planar  conformer^.^ 

In the solid state, the structure of 1,2-DMB has been charac- 
terized to be a mixture of planar and non-planar conformers 
based on multiplicities found in the low frequency methyl tor- 
sion transitions in the Raman spectrum at 130 K." This is in 
contrast to an X-ray literature survey where I,2-DMB deriv- 
atives (non-3-substituted) prefer planar The 
results of the computation of the crystal lattice energies for 
some of these derivatives suggest non-planar conformations are 
favoured in VCICIIO, but due to crystal packing, the planar con- 
formations prevail." The X-ray structure of l12-DMB.Cr(CO), 
shows the trans-coplanar l12-DMB molecule to possess an 
effective C2 symmetry with one methyl group situated slightly 
above the aromatic plane by 0.06 A.13 

Solid-state anisole (MB) has also been investigated using low 
frequency Raman spectroscopy at 130 K.I4 It was postulated 
that MB is likely to exist as two different conformers as evi- 
denced by the splitting into a doublet of the methyl torsional 
band of the deuteriated analogues. In a recent publication, the 
I3C tensors of MB were evaluated from the simulated 2D MAT 
spectrum at 205 K and found to be in agreement with ah iriitio 
calculations based on an optimized planar structure. Also a 
shoulder on the methoxy resonance in the CP MAS spectrum at 
180 K was attributed to crystal packing effects." 

Theoretical investigations into the conformational prefer- 
ences of MB and the dimethoxybenzenes are restricted by the 
lack of X-ray data which serve as reference geometries. These 
compounds have low melting points; MB (mp = -37.5 "C), 
1,2-DMB (mp = 15 "C) and 1,3-DMB (mp = -52 "C) with the 
exception of 1,4-DMB (mp = 59 "C).16 Molecular mechanics 
(MM) studies have indicated that it is difficult to describe the 
Csp2-CsP2-O-C torsion because reliable force field parameters 
are ~navai lab l~~ '~  and the hybridization state of the oxygen 
remains independent of dihedral angle. MM calculations on 
l12-DMB suggest it can exist in any or all of four conformers: 
(0", 0"), (0", 90"), (o", 180"), (90", 270").18 Recent uh initio 
molecular orbital calculations on 1.2-DMB at the STO-3G 
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Fig. 1 50.32 M H z  ''C CP MAS NMR spectrum of I.2-DMB at 260 K 

level l9 indicate that the (0", 0") conformation is stabilized by 0.5 
kcal mol- ' relative to the perpendicular one (O", 90"). 

Relating isotropic I3C NMR chemical shifts to electronic 
structure20*21 is more straightforward in the solid state than in 
solution where conformational averaging is eliminated. How- 
ever caution must be exercised since multiplicities can also 
originate from the presence of more than one molecule in the 
crystallographic unit cell 22 or quadrupolar nuclei.23 With the 
X-ray structures in hand, much work in this area has been per- 
formed on 1,2-dialkoxybenz-annelated crown  ether^.^^,^' 

Previous work in these laboratories revealed seven lines in the 
low temperature 13C CP MAS powder spectrum of I,2-DMB 
(Fig. 1),26 the origin of which can be attributed to (i) a single con- 
former with approximate C2 symmetry27 or (ii) two conformers 
each with C2 symmetry. Accordingly, a single crystal X-ray 
structure of 1,2-DMB was required to resolve this problem. 

To complement the solid-state structure obtained by X-ray 
and CP MAS, a shielding tensor analysis was undertaken. The 
electronic shielding of a nucleus is dependent on the molecular 
orientation relative to the external magnetic field and is 
described by the shielding tensor which has three mutually 
orthogonal principal elements, rill > > t733.28.31 ull and cZ2 
are mainly 71 shielding, the former in the direction of the C,,-H 
and Car-0 bonds while t733 is mainly o shielding in a direction 
perpendicular to the benzene plane.32 If the spinning frequency 
is reduced relative to the chemical shift anisotropy then the 
isotropic line in the CP MAS spectrum is flanked on both sides 
by sidebands spaced at the spinning frequency. The intensities 
of the spinning sidebands are related to the chemical shift 
anisotropy and provide an opportunity to recover the shift 
parameters. The Herzfeld and Berger method33 is a graphical 
mathematical resolution for this technique and is used herein to 
obtain the shielding tensors for MB, I ,2-DMB, 1,4-DMB and 

A potential drawback in relating these tensors to the 3D elec- 
tronic structure is that the parent molecule benzene undergoes a 
rapid in-plane motion at experimentally accessible temper- 
atures thereby averaging crll and ~ 7 ~ ~ .  However from our data it 
proved possible to directly calculate the tensors of static 
benzene.3e36 From this, the anisotropic substituent chemical 
shifts (SCS) of a planar methoxy group were assessed in order 
to study the 3D electronic properties of these compounds, par- 
ticularly 1,2-DMB. In addition ah initio shielding tensor calcu- 
lations on 1,2-DMB using the GIAO (gauge invariant atomic 
orbital)37 and LORG (localized orbi tal-local origin)38 
methods were performed. 

1,3,5-TMB. 

0 2  

144 5 

Fig. 2 ORTEP plot of 1,2-DMB at 150 K 

Results and discussion 
X-Ray structure of 1,ZDMB 
The ORTEP diagram (Fig. 2) shows the methoxy groups are 
twisted on the same side out of the aromatic plane C6-Cl- 
01-CM1 = 8.6" and C3-C2-02-CM2 = -5.0°.$ The near 
coplanarity of the methoxy groups permits good overlap of the 
oxygen p-type lone pairs with @so p - ~ r b i t a l s . ~ ~  Although the 
methyl groups in ortho-dimethoxy compounds (non-3- 
substituted) are usually displaced on opposite sides of the ring, 
the present situation is not unique.'"' 

The C,,-O vectors are bent towards each other presumably to 
reduce the steric repulsion between the methyl protons and 
ortko-aromatic protons4' where C6-C1-01 and C3-C2-02 are 
ca. 124.5O.g In contrast methyl vinyl ether has been shown to 
exist in the more sterically congested syn-planar conformation, 
based on vibrational electron diffraction stud- 
ies 43 and ub initio calculations. Theoretical calculations on 
methyl vinyl ether and related heteroanalogues show the syn- 
planar conformation has the lowest overall molecular dipole 
moment. The calculated 44 and experimental 45 synlanti energy 
difference was found to be 2.82 and 1.26 kcal mol-', 
respectively. 

In the packing diagram, looking down the c axis, roughly 
coplanar (23") 1,2-DMB units are arranged in a mutually per- 
pendicular fashion (Fig. 3). The closest X * * - H inter- 
molecular contacts (Fig. 4) are all within the appropriate van 
der Waals radii (Table 1). The perpendicular molecules undergo 
mutual contacts C3 H3 involving the same side of the 
aromatic plane. The other perpendicular contacts involve 
0 1  . - *  HM2C and 0 2  .*.  HMIB. There are also 
0 2  H5 and 0 1  H5 contacts between parallel 
molecules. 

''C Assignments of 1,2-DMB 
Solid-state assignments were facilitated by the synthesis of 
~rtho-[~H] 1 ,2-DMB.46 In the CPlMAS dipolar dephased spec- 
trum of this compound [Fig. 5(b)] there are two resonances 
within 1 .O ppm of the ortho site solution value (Table 2) at half 
the intensity of the @so and methyl peaks. Clearly the reson- 

$ Atomic co-ordinates, thermal parameters and bond lengths and 
angles have been deposited at the Cambridge Crystallographic Data 
Centre (CCDC). See 'Instructions for Authors', J. C/ieni. Soc., ferkh 
fiuns. 2, 1996, Issue I .  Any request to the CCDC should quote the full 
literature citation and the reference number I88/40. 
$ In non-planar conformations the C-C-0 bond angles are signifi- 
cantly smaller 1 19.5 k 0.7".* 

2688 J Cliern. Soc., Perkin Truns. 2, 1996 
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Fig. 3 Packing diagram of 1.2-DMB 

Plure Plane AngklO 

A B 77.90(9) 

A C 23.02(7) 

A D 73.19(8) 

B C 73.19(8) 

B D 23.02(7) 

C D 77.90(9) 

\ B  

Fig. 4 
cell 

Relative orientation of the molecules within the I.2-DMB unit 

ances at 110.4, 1 12.0 ppm and 121.1, 122.8 ppm are assigned to 
the ortho and paru carbon atoms, respectively. 

It has been demonstrated in 1,2-dialkoxybenzene moieties 
that twisting out of the plane by cn. 40" has little effect on the 
puru carbon shifts whereas the ortho carbons, being more sensi- 
tive to the steric environment, are deshielded by cu. 5-6 
ppm.47*48 Similarly the methoxy carbon of anisole becomes 
deshielded as the twist angle increases, based on uh initio LORG 
ca lc~la t ions .~~ In order to assess whether these trends are 
operative, uh initio shifts were calculated for 1,2-DMB with 
the GIA03' and LORG3* methods using the X-ray data 
as input (Table 2). The results consistently show the most 
shielded ortho and methoxy carbons associated with the most 
out-of-plane 01-CM 1,  0 = 8.6". Clearly these calculated 

' 180 160 149 1 l O  160 80 80 40 20 
PPm 

Fig. 5 (a)  Normal and ( b )  dipolar dephased 13C CP MAS NMR 
spectra of urt/1u-[*H]1,2-DMB at 260 K 

Table 1 
cell 

Closest intermolecular X * - * H contacts in the 1.2-DMB unit 

Contact Numbering scheme Distance/A 

2.30 
2.70 
2.59 
2.68 
2.82 
2.88 

shielding trends in solid 1,2-DMB are not consistent with 
intramolecular effects. 

Theoretical calculations have shown the conformational 
preferences of 1.2-DMB have an impact on the geometry of the 
methoxy group and aromatic ring'' and in turn, solvation 
effects can overcome the energy difference between planar and 
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Table 2 Experimental and theoretical 13C NMR principal chemical shifts of 1,2-DMB 
~~ 

C1 C2 C3 C4 C5 C6 CMI CM2 

Solution" also 

Solid 

LORG, D95V Cis0 

61 I 

6 2 2  

6 3 3  

CIAO, 6-31G* ~ i m  

6 1 1  

6 2 2  

6 3 3  

149.1 149.1 

149.4 149.4 
209 209 
168 168 
71 71 

157.4 158.4 
236.9 240.0 
167.8 170.3 
67.4 64.8 

142.9 142.9 
201.8 198.2 
159.8 162.5 
67.2 68.1 

111.4 120.9 

112.0 122.8 
185 215 
137 139 
14 14 

117.9 128.7 
218.9 246.2 
130.7 132.4 

4.2 7.4 

102.1 113.3 
185.2 209.0 
119.6 124.1 

1.4 6.7 

120.9 

121.1 
210 
134 
19 

122.4 
237.2 
129.6 

0.4 

108.0 
204.4 
120.5 
-0.8 

1 11.4 

1 10.4 
184 
I34 
13 

112.7 
213.6 
125.5 
-0.9 

99.6 
181.8 
120.0 
-3.1 

55.0 56.9 
82 84 
68 68 
15 19 

52.8 56.8 
79.6 81.1 
70.1 75.5 
8.8 13.9 

48.8 52.3 
78.6 78.6 
68.6 73.3 
-0.7 5.1 

'' Solution: 0. I M in CDCI3. 

Table 3 I3C CP MAS NMR principal chemical shifts of several methoxybenzenes 

C1 C2 C3 C4 C5 C6 CMI CM2 CM3 

MB 
Cis0 

6 1 1  

6 2 2  

6 3 3  

1,2-DMB 
~ I a O  

6 1  1 

6 2 2  

6 3 3  

1,3-DMB 
Cis0 

1.4-DMB 
Cis0 

6 1  1 

6 2 2  

6 3 3  

1,3,5-TMB 
= i s 0  

6 1 1  

6 2 2  

6 3 3  

159.5 
236 
I68 
75 

149.4 
209 
168 
71 

160.4 

154.0 
230 
159 
73 

162.2 
242 
168 
77 

117.4 
195 
133 
24 

149.4 
209 
168 
71 

101.1 

117.7 
1 94 
131 
28 

98.7 
155 
107 
34 

129.6 121.0 131.0 
214 - 
138 - 

I I  - 

- 
- 
- 

112.0 122.8 121.1 
185 215 210 
137 139 134 
14 14 19 

160.4 109.4 129.8 

112.0 154.0 117.7 
186 230 194 
137 159 131 
13 73 28 

162.2 87.9 162.2 
242 151 241 
168 110 168 
77 3 77 

110.2 52.8 
- - 
- - 
- - 

110.4 55.0 
184 82 
134 68 
13 15 

101.1 54.0 

112.0 54.8 
186 82 
137 67 
13 15 

93.1 54.7 
152 87 
107 65 
20 12 

56.9 
84 
68 
19 

54.0 

54.8 
82 
67 
15 

54.7 54.7 
87 87 
65 65 
12 12 

'' Possible interchange of assignments. 

non-planar conformers. Therefore packing forces are expected 
to be of sufficient relative magnitude to distort locally the mol- 
ecule and this is reflected as C P  MAS multiplicities. The inter- 
aromatic contacts are deemed to be of the C-H * * * n-type as 
found in other  system^.^'*^^ 

I3C Shielding tensor analysia 
In order to obtain shielding tensor measurements a static 
solid is required or some degree of order in the tumbling 
motions of the solid. Using variable spinning CP MAS at 260 
K the principal shielding tensors were measured for 1,2-DMB 
(Fig. 6).33 

Tensor measurements on 1,4-DMB and 1,3,5-TMB (both 
planar, X-rays known) were also measured and found to be +3 
and +2 ppm, respectively, from the literature single crystal- 
derived  tensor^.^' The C3 sites of 1,2-DMB and 1,4-DMB are 

7 Experimental and calculated 13C shift tensors and "C CP MAS spec- 
tra have been deposited as supplementary data; Suppl. Pub. 57183 (21 
pp.). For details of the British Library Supplementary Publications 
scheme see 'Instructions for Authors', J Clienr. Soc:, Perkiri Trc-rits. 2, 
1995. issue 1.  

y-eclipsed by an ortlzo methoxy group to within a 5" torsion, 
hence are expected to be iso-electronic. Indeed there is only a 1 
ppm difference between the respective principal tensors of these 
two molecules at this site (Table 3). 

Low temperature measurements were also attempted on M B 
and 1,3-DMB and it was possible to extract tensor values for 
three MB sites; C l  (ipso), C2 (orflio-frcins) and C4 (paru). Ten- 
sor comparison of these MB sites to C1 of 1,3,5-TMB, C2 of 
1,4-DMB and C5 of 1,2-DMB respectively (Fig. 7, Table 3), 
clearly support MB as a planar molecule. 

By parametrizing the observed shieldings of these four 
methoxybenzenes in terms of @so, ortlto-truns, ortlio-cis, meta, 
para relative to a planar methoxy and cp (the benzene parent) 
one may set up a series of equations. Considering the aromatic 
sites for which tensor data were experimentally determined11 

11 This parametrized incremental shielding analysis takes into account 
those sites which have similar steric environments as MB therefore the 
CI. C2 sites of 1.2-DMB and C4, C6 sites of 1.3.5-TMB are excluded 
(Fig. 7). Note the average C3, C6 and C4, C5 anisotropic values of 1.2- 
DMB are used subsequently since there is no conformational basis for 
assignments. 

2690 J Cliem. Soc., Perkiri Trans. 2, I996 
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(Fig. 7), one obtains three systems of equations each of which 
yield the shielding tensors for static benzene. The averaged 
values are oll = 222, 022 = 147, 033 = 14 with ois0 = 128, which 
are quite close to the literature values (Table 4). Subtraction of 
the benzene values from the C1, C2 and C4 sites of MB give the 
ipso, ortho-trcirts and parci shielding of a planar methoxy group. 
The differences between these and the related sites; C1 of 1,3,5- 

5 \  .8-"-.. 3 
4 

1.2-DMB 

J. 
Vr = 4.0 ~ H Z  

Vr = 1.04 ~ H Z  /I 

200 150 100 50 0 
PPm 

Fig. 6 Variable spinning rate I3C CP MAS NMR spectra of I,2-DMB 
at 260 K 

TMB, C2 of 1.4-DMB, C5 of I,2-DMB can then be averaged 
to obtain the rneta shielding. The ortlzo-cis effect was calculated 
by subtracting the benzene and met[/ values from the averaged 
C3 sites of 1,2-DMB and I ,4-DMB (Table 5). 

For a planar methoxy substituent the @so position is greatly 
deshielded in the crj3 direction by 60 ppm due to the o inductive 
effect of the electronegative oxygen. This carries through to the 
ortho-trans position where the t733 is still deshielding. The ortlzo- 
trans and ortho-cis isotropic values are - 10 and - 17 ppm, 
respectively. The 7 ppm extra ortlzo-cis shielding originates 
mainly from the 433 direction which is consistent with an in- 
plane steric compression of the u Car-H electrons.50 The shield- 
ing at the par0 site is due mainly to the oI1 and 022 components 
which supports the Ir-donor resonance model of a methoxy 
group. The metn effect is the smallest consistent with the 
o-acceptor and the Ir-donor behaviour of the methoxy group. 

Low temperature CP MAS on MB and 1,3-DMB 
For planar MB it is anticipated that seven lines will be resolved 
in the 210 K 13C CP MAS spectrum and indeed at 4.5 kHz this 
is observed (Fig. 8). The shoulder on the methoxy peak indi- 
cates the presence of two conformers, but without an X-ray 
study one cannot speculate any further. From the C P  MAS 
spectrum of 1,3-DMB at ca. 150 K (Fig. 9) the isotropic shifts 
are reported (Table 3). Both methoxy carbons resonate at 54.0 
ppm, a value characteristic of planarity. Utilizing the isotropic 
SCS parameters (Table 5) two of the three possible planar con- 
formers are quickly ruled out. I ,3-DMB adopts the asymmetric 
planar conformation in the solid state (Fig. 7). 

Conclusions 
In summary the solid phase spectral multiplicities of IJ-DMB 
reflect crystal packing forces and are consistent with the obser- 
vation that the asymmetric unit in the crystal is one molecule. 

The C1, C2 sites of I,2-DMB exhibit isotropic, but not 
anisotropic SCS additivity. Here the differences between the 
experimental and calculated oil, oZ2 and 033 values are 1, 10 and 
11, respectively. If anisotropic additivity were upheld, the C1- 
C2 bond would be relatively o-electron deficient, due to the 
inductive effect of the oxygens acting on the ipso and ortlio sites. 
The offsetting nature of oZ2 and 033 reveals a compensatory 
distribution of II: and o density in the CILC2 bond. Therefore 
both additive and non-additive anisotropic shifts can be ration- 
alized in a manner consistent with the 3D electronic structure. 

Experimental 
All the chemicals were purchased from Aldrich. 

Synthesis 
0vtho-[~H]1,2-DMB. All glassware was flame dried. To a sus- 

pension of Bu'OK (2.24 g, 20 mniol) in 40 ml of anhydrous 
T H F  (previously distilled over LiAIH,) was added BuLi (2.0 M 

Yo 
I 

M1\ P 

MB 1,ZDMB 1,SDMB 1,4DMB 
Fig. 7 Solid-state conformations of some planar methoxybenzenes 

1,3,5TMB 

J Chem. Soc., Perkin Trans. 2, 1996 2691 
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Table 4 I3C NMR principal chemical shifts of benzene 

CPat223K" 191 191 1 1  131 
CP at 14 K" 217 140 I 119 
CP at 20 K' 234 146 9 130 
This study 222 147 14 128 

' I  Ref. 36. Ref. 35. ' Ref. 34. 

Table 5 
methoxy group 

"C NMR principal substituent chemical shifts" of a planar 

a11 6 2 2  a 3 3  =, 
ips0 1 3 f 2  -21 f l  6 0 + 3  132 + 2 
ortlio-cis -36 f 3 - 9 f 2  - 5 f 3  - 1 7 2 2  
ortlio-trutts -27 + 2 - 14 f 1 9 f 3  -1Of2  
metu -121 - 1  + I 4 2 2  -1 + 2  
para - 8 f 2  - 9 2 1  - 3 + 2  - 7 5 2  

In ppm from solid benzene at oll = 222, aZ2 = 147, aj3 = 14 and 
a, = 128. 

4 
MB 

1 

1 4 

> . . . I  I . . , . . . , . . . , . . .  _ , .  
160 140 120 100 80 60 

PPm 
Fig. 8 "C CP MAS NMR spectrum of MB at 210 K 

in pentane, 10 ml, 20 mmol) at -78 "C. Then 1,2-DMB (1.38 g, 
10 mmol) in 20 ml tetrahydrofuran (THF) was added with a 
syringe through a septum. After 15 min of stirring at -78 "C 
the reaction mixture was quenched with D 2 0  and the reac- 
tion flask allowed to warm slowly to room temperature. After 
diluting with H,O the product was partitioned into CH2Cl, 
and the organic layer was washed with 2% KOH, saturated 
NaCl solution and dried over Na,SO,. The solvent was 
removed by rotary evaporation. The crude material was puri- 
fied by column chromatography on silica (grade 60, 230-400 
mesh) using hexane-diethyl ether, 2: 1, to give 0.89 g of 
ortl~o-[~H] 1,2-DMB, 64% yield with >95% deuterium 
incorporation. 'H NMR; S4 = 6, = 6.91; 86 = 6.88; 3&&H5 = 
3&5Hc, = 8.0 Hz; 'JHkH6 = 2.0 Hz; H-H coupling simulated by 
the LAOCOON program." 

Solid-state experiments 
The 13C CP MAS spectra were acquired at 50.32 MHz on a 
Bruker ASX-200 solid-state NMR spectrometer, equipped with 
a Bruker 7 mm triple resonance MAS probe. The magic angle 
was accurately set using the 79Br resonance of KBr by maximiz- 
ing the number of rotational echoes in the free induction decay. 
The 'H 90" pulse lengths were typically 4.2 ps with a delay time 
of 60.0 s for 1,2-DMB at 260 K; 5 s for 1.4-DMB and 1,3,5- 

M1. M2 

I 

300 250 200 150 100 50 0 -50 
PPm 

Fig. 9 I3C CP/MAS NMR spectrum of I,3-DMB at 150 K 

TMB at room temperature; 2 s for MB at 210 K. The chemical 
shifts were externally referenced to the I3C resonance of tetra- 
kis(trimethylsily1)silane Si[Si( CH3),I4, which was assigned a 
chemical shift of 3.7 ppm (with respect to TMS). The spin rates 
were typically between 4 and 6 kHz and were stable to within a 
couple of Hz. The experiments achieved at various temper- 
atures for 1,2-DMB were conducted by driving the spinner with 
cold N, gas. 13C CP MAS spectra of 1,3-DMB were recorded at 
45.3 MHz on a Bruker CXP- 180 with 3.6 ps for the 90" pulse, a 
delay of 2-4.0 s and a contact time of 3.5 ms at cu. 150 K. 
Chemical shifts were measured relative to hexamethylbenzene 
(HMB) and converted to the TMS scale via a factor of 16.9 
ppm, which is the chemical shift for the CH, group of HMB. 
The 13C CP MAS dipolar diphased spectrum of ort/~u-[~H] 1.2- 
DMB was recorded with a dephasing delay of 40 ps. 

Crystallographic data 
1,ZDMB (lit. mp = 15 "C)I6 was purchased from Aldrich and 
purified by distillation. Suitable crystals in the form of needles 
were obtained by slow crystallization from anhydrous pentane 
in a freezer at - 5 "C. Further work was achieved in a cold room 
at +4 "C where the crystals were filtered by suction, washed 
with aliquots of cold pentane and kept sealed under nitrogen in 
a freezer. The mounting on the X-ray axis was achieved using 
epoxy glue which was first allowed to harden in the cold room 
for 5 min. The intensity data were obtained at - 120 "C with a 
Nonius diffractometer using the 6/26 scan mode. All atoms 
were refined anisotropically except hydrogens, which were 
refined isotropically. The protons HMlB and HM2A were 
found and the other methoxy hydrogen positions calculated. 
Weights based on counting statistics were used and all calcul- 
ations performed using the NRCNAX crystallographic soft- 
ware pa~kage.'"'~ 

Computations 
LORG. The X-ray coordinates were used as input into the 

QUANTAICHARMM 54 molecular modelling program and 
where necessary hydrogen atoms were added using CHARMM 
force field parameters. The resulting Z-matrix was then used as 
input for an ah initiu RH SCF calculation in the program 
GAMESS" using the D95V basis set. The post SCF NMR 
shielding tensor calculations were done using the RPAC 38 pro- 
gram using the no-sort option for the localization of orbitals. 

GIAO. The theoretical NMR chemical shifts were calcul- 
ated using the Gaussian 94 program 37 using 6-3 1 G* basis sets 
for all the atoms. Test calculations using much larger basis sets 
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show the 6-31G* basis set is adequate in providing relative 
chemical shifts. The ground-state wavefunctions were computed 
within the gradient corrected local density (LDA) functional 
B3LYP approximation. The Gauge Invariant Atomic Orbital 
(GIAO) method was used in the calculation of the chemical 
shielding. A recent study has shown that a combination of 
B3LYP and GIAO using 6-31G* basis set is able to provide 
reasonable chemical shifts for a variety of The cal- 
culations were performed at the X-ray determined structure. 
The results on the I3C shifts are presented relative to tetrameth- 
ylsilane (TMS) computed using a similar procedure (1 9 1.1 ppm 
relative to the bare nucleus). 

Acknowledgements 
We thank E. Brouwer (Ottawa-Carleton Chemistry Institute, 
National Research Council of Canada, Ottawa) for obtaining 
the low temperature I3C CP MAS of 1,3-DMB. We thank Dr J. 
Tse (Ottawa-Carleton Chemistry Institute, National Research 
Council of Canada, Ottawa) and C. McCague (NRC WES 
Scholarship 1994-1 996; Simon Fraser University) for perform- 
ing the lib initio calculations on 1,ZDMB using the GIAO 
method. 

References 
1 M. Shamma and J. L. Moniot. Isoqiiinoline crlkuloids reseurcli, 1972- 

2 G. M. Anderson I l l .  P. A. Kollman. L. N. Domelsmith and 

3 G. Baddeley and N. P. H. Smith, J. Clieni. So<-., 1961, 25 16. 
4 L. M. DiBello, H. M. McDevitt and D. M. Roberti, J. Pliys. Clieni., 

5 D. M. Roberti and C. P. Smyth, J. Ant. Client. Soc., 1960.82, 2106. 
6 M. Dutkiewicz and J. Koput, J. Mol. Struct., 1995,354, 153. 
7 M. A. Wysocki, P. W. Jardon, G. J. Mains, E. J. Eisenbraun and 

D. W. Boykin, Mugii. Res. Client., 1987,25, 331; J. C. Facelli, A Mol. 
Struct. (THEOCHEM), 1992,276.307. 

1977, Plenum Press, New York, 1978. 

K. N. Houk, J. Ani. Client. Soc., 1979, 101, 2344. 

1968.72, 1405. 

8 A. Makriyannis and S. Fesik, J. Am. Client. Soc., 1982. 104,6462. 
9 T. Schaefer and R. Laatikainen, Cun. J. Clieni.. 1983.61, 224. 

10 H. Konschin, H. Tylli and B. Westermark, J. Mol. Struct., 1983,102, 

1 1  W. Hummel, K.  Hum1 and H. B. Burgi, Helv. Chini. Actn. 1988, 71, 

12 J. Caillet, Aeta Cr?vtullogr.. Sect. B, 1982,38. 1786. 
13 J.-C. Boutonnet. J. Levisalles, F. Rose-Munch and E. Rose, A Orgurto- 

14 H. Konschin, H. Tylli and C. Grundfelt-Forsius, J. Mol. Sfriict., 

15 J. C. Facelli, A. M. Orendt. Y. J. Jiang, R. J. Pugmire and 

16 R. C. Weast and D. R. Lide, CRC Handbook of' Clieniistry und 

17 H. Dodziuk, H. v. Voithenberg and N. A. Allinger. Tetrahedron, 

18 H. Dodziuk, Pol. J. Client., 1983,57,535. 
19 H. Konschin, J.  Mol. Struct. (THEOCHEM), 1988, 168,293. 
20 D. J. Craik and R. T. C. Brownlee, frog. P1iy.x Org. Client.. 1983, 14, 

1. 
21 S. Fliszar, G. Cardinal and M. Beraldin, J. Am. Client. Soc., 1982, 

104,5287. 
22 G. H. Penner and R. E. Wasylishen, Cun. J. Clieni., 1989, 57, 525; 

G. R. Hays, J. Clieni. Soc., Perkiri Truns. 2. 1983, 1049: 
J. E. Balimann. C. J. Groombridge, R. K. Harris, K. J. Packer, 
B. J. Say and S. F. Tanner, Pliil. Truns. R. Soc. London A .  1981,299. 
643. 

23 N. Zumbulyadis, P. M. Henricks and R. H. Young, J. Clieni. Pliys., 
198 1,75, 1603; J. G.  Hexem, S. J. Opella and M. H. Frey, J. Ant. Clieni. 
Soc.. 198 I ,  103, 224. 

24 G. W. Buchanan, A. B. Driega, A. Moghimi, R. A. Kirby and 
T. D. Bouman, Cun. J. Client., 1993, 71, 1983. 

25 G. W. Buchanan, S. Mathias. Y. Lear and C. Bensimon, Ccrn. A 

279. 

1291. 

nietull. Client., 1985, 290. 153. 

1981,77, 51. 

D. M. Grant, J. Pliys. Cliem.. 1996, 100, 8268. 

Pliysics, CRC Press, Boca Raton. 1990. 

l982,38,281 I .  

Clieni.. 1991, 69. 404; G. W. Buchanan. R. A. Kirby and J. P. 
Charland, J. An?. Clieni. Soc., 1988, 110. 2477; P. S. Belton, 
S. F. Tanner, K.  M. Wright, M. P. Payne. M. R. Truter and J. N. 
Wingfield, J. Clieni. Soc., Perkiri Truns. 2 ,  1985, 1307. 

26 G. W. Buchanan, A. B. Driega and C. I .  Ratcliffe. A Mcrgn. Res., 
1993,31, 1094. 

27 G. W. Buchanan, M. Gerzain and C. Bensimon. J Mol. Strirct., 
1995,354,227. 

28 M. M. Maricq and J. S. Waugh. J. Clieni. Pliy-s., 1979. 70, 3300. 
29 J. C. Facelli. D. M. Grant and J. Michl. A N .  Client. Res., 1987, 20, 

152. 
30 M . Mehring, NMR Busic Pririciples und Progre.s.s: High Resolirtion 

NMR Spectroscopy of' Solids, ed. P. Diehl, E. Fluck and R. Kosfeld. 
Springer-Verlag, New York, 1976, ch. 1 .  

31 K. A. K. Ebraheem and G.  A. Webb, Progre.~s in NMR 
Spectroscopy, 1977, 11, 149. 

32 C. M. Carter, J. C. Facelli, D. W. Alderman and D. M. Grant, 
J. Clieni. Soc., Firruduy Truris. I ,  1988, 84, 3673. 

33 J. Herzfeld and A. E. Berger, J. Clieni. Pliys.. 1980. 73, 6021 . 
34 H. Strub, A. J. Beeler, D. M. Grant, J. Michl, P. W. Cutts and 

K. W. Zilm, J. Ant. Clieni. So(.., 1983, 105. 3333. 
35 M. Linder, A. Hohener and R. R. Ernst, J Mcign. Res., 1979, 35, 

379. 
36 A. Pines, M. G. Gibby and J. S. Waugh, Clieni. P1iy.s. Lett., 1972, 15. 

373. 
37 Gaussian 94, Revision B.3, M. J. Frisch, H.  B. Schlegel. 

A. Al-Laham, V. G. Zakrzewski, M. Head-Gordon, G. W. Trucks. 
P. M. W. Gill, B. J. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, 
G. A. Peterson, J. A. Montgomery, K.  Raghavachari, J. V. Ortiz. 
J. B. Foresman, C. Y. Peng. P. Y. Ayala, W. Chen, M. W. Wong. 
J. L. Andres, E. S. Replogle. R. Gomperts. R. L. Martin, D. J. Fox, 
J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, G. Gonzalez and 
J. A. Pople, Gaussian Inc.. Pittsburgh, Pa 1995. 

38 T. D. Bouman and Aa. E. Hansen, K. L. Bak, T. B. Pedersen and 
R. A. Kirby. RPAC Moleculur Properties PackagegP. Versiori 11.0. 
University of Copenhagen, Denmark, 1995. 

39 M. A. Wysocki, F! W. Jardon, G.  J. Mains, E. J. Eisenbraun and 
D. W, Boykin, Mugii. Res. Clieiii.. 1987, 25, 331. 

40 P. J. Roberts, N. W. Isaacs, F. H. Allen, W. D. S. Motherwell and 
0. Kennard, A m  Crptallogc, Sect. B. 1974,30, 133. 

41 P. A. Luhan and A. T. McPhail, J. Clieni. So(:, Perkir? Trcins. 2, 1972. 
2006. 

42 P. Cahill, L. P. Gold and N. L. Owen, J Clieni. Plys., 1968, 48, 1620. 
43 N. L. Owen and H. M. Seip, Clieni. Pliys. Lett., 1970, 5, 162. 
44 D. Bond and P. v. R. Schleyer, J. Org. Client., 1990.55, 1003. 
45 J. R. Durig and D. A. Compton, J. Client. Plijx, 1978, 69, 2028. 
46 T. Matsumoto, H. Hakigi and K. Suzuki, Tetruhedron Lett., 1991, 

32,4337; M. Schlosser, Pure Appl. Clieni.. 1988.60, 1627. 
47 Y. A. Simonov. A. A. Dvorkin, M. S. Fonari. T. I.  Malinowski, 

E. Luboch, A. Cygan, J. F. Biernat, E. V. Ganin and Y. A. Popkov. 
J. Inclusion Plienoni. und Mol. Recogn. Clieni.. 1993. 15, 79. 

48 In the I3C C P  MAS of benzo-12-crown-4 the ortlio and para carbons 
resonate at 117.0 and 121.9 ppm, respectively; M. Gerzain, 
unpublished observations. 

49 M. C. Etter and G. M. Vogta. J. Magn. Res.. 1991,93,609. 
50 M. S .  Solum, J. C. Facelli, J. Michl and D. M. Grant, J. Ant. Clieni. 

51 S .  Castellano and A. A. Bothner-By. J. Client. Pliys., 1964.41, 3863. 
52 E. J. Gabe, Y. Le Page, J.-P. Charland, F. L. Lee and P. S. White, 

53 Scattering Factors from Iiiternational Tubles fbr X-ray Crystul- 

54 QUANTAKHARMM developed by Molecular Simulations Inc. 
55 M. S. Schmidt, K. K. Baldridge, J. A. Boatz. S. T. Elbert. 

M. S. Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, 
K.  A. Nguyen, S. J. Su, T. L. Windus, M. Dupuis and J. A. Mont- 
gomery, J. Coniptrt. Client., 1993, 14, 1347. 

56 J. R .  Cheeseman, G. W. Trucks, T. A. Keith and M. J. Frisch, 
J% Clieni. Pli-vs., 1996, 104, 5497. 

SOC., 1986,108,6464. 

A Appl. Crystullogr., 1989,22, 384. 

logrupliy, Kynoch Press, Birmingham, 1974, vol. 1V. 

Paper 61034395 
Received 17th Mcry 1996 

Accepted 19th August 1996 

X Cltern. Soc., Perkin Trans. 2, 1996 2693 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
96

. D
ow

nl
oa

de
d 

by
 W

as
hi

ng
to

n 
St

at
e 

U
ni

ve
rs

ity
 L

ib
ra

ri
es

 o
n 

27
/1

0/
20

14
 0

3:
05

:2
3.

 
View Article Online

http://dx.doi.org/10.1039/p29960002687

