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The >N NMR chemical shifts of N’- and N°-substituted purine derivatives were investigated systematically
at the natural abundance level of the >N isotope. The NMR chemical shifts were determined and assigned
using GSQMBC, GHMBC, GHMQC and GHSQC experiments in solution. °N cross-polarization magic
angle spinning data were recorded for selected compounds in order to study the principal values of the °N
chemical shifts. Geometric parameters obtained by using RHF/6-31G** and single-crystal x-ray structural

analysis were used to calculate the chemical-shielding constants (GIAO and IGLO) which were then used
to assign the nitrogen resonances observed in the solid-state NMR spectra and to determine the orientation
of the principal components of the shift tensors. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

N-substituted analogs of natural purine nucleosides have
been extensively investigated for their biological activity,
especially as anticancer and antiviral compounds.!=® N7-
nucleoside analogs have been studied less frequently,*~”
often in context with N”/N’-glycosyl transfer.® The stan-
dard method of choice for preparing N°-alkyladenines is
the alkylation of the nucleobase in the presence of a base.
The regioselectivity of this alkylation depends on the reac-
tion conditions and on the nature of the purine base (e.g.
substitution, protective groups, aza and deaza analogs). In
most cases, the N’-regioisomer’ ! or N®-regioisomer!>!
is obtained as a side product of the N’-alkylation reac-
tion. Predicting the site of alkylation is very difficult
when protected or modified adenine is used. For exam-
ple, we recently found that the alkylation of N°-[(N,N-
dimethylamino)methylene]adenine with certain alkylating
reagents leads selectively to the N”-substituted derivatives.'
Alkylation of 2-aza- and 8-azaadenine produced the N2-
and N8-substituted side products, respectively.'®!” In addi-
tion to standard 'H and 3C NMR techniques, 'H-°N
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NMR experiments proved to be very useful in determining
the position of the alkylation in these nitrogen-rich
compounds.!>18

In comparison with adenine, guanine displays a strik-
ingly different behavior in glycosylation and alkylation
reactions. Under the usual conditions, the N°- and N’-
regioisomers form in a 1:1 ratio.””-? This fact and the
notoriously low solubility of guanine in most solvents®
render the substitution of guanine an unattractive task. A
great deal of effort has been devoted to circumventing the
above-mentioned problems®~2® and an exhaustive review
details the available synthetic methods.” The site of the
glycosylation or alkylation of guanine can be ascertained
most conveniently by using 2D-NMR (*H, ¥C) techniques.
Simple empirical rules based on the differences in the chem-
ical shift of some diagnostic *C signals have recently been
found.! Nonetheless, a study of protons and carbons con-
veys only indirect information about the nitrogen backbone,
which is certainly the most sensitive to the pattern of N° /N’-
substitution.

An extensive N NMR study of selected N7/N°-
substituted purine analogs by Remaud et al.!® indicated
considerable differences in the electronic structures between
the pairs of N”/N’ isomers. N cross-polarization magic
angle spinning (CP/MAS) spectra of adenine and guanine,
including the determination of the principal components of
the shift tensors, have been reported.”® A SN NMR study of
the tautomerism of ’N-labeled adenine derivatives has also
been published recently.?

Copyright © 2002 John Wiley & Sons, Ltd.
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This contribution aims to give a detailed description of Table 1. "N NMR chemical shifts? of purine derivatives in
the differences in the electron distribution and the chem- DMSO-dgP at 303 K
ical shielding of the nitrogen atoms of selected N7/N°-
substituted adenine and guanine derivatives. The com- Compound N-1 N-3 N7 N9 N-10 N-12 N-17
pounds were investigated by using >N NMR spectroscopy of 1 1524 2011 165.6 2505 1371 — .
the solid state and of solutions (especially by using inverse- 2 1535 1828 2492 156.6 1374 — o
detected experiments; for recent reviews see Refs 30 and 31). 3 —< 1800 1737 1614 1392 — .
Quantum-chemical calculations of the >N NMR parameters 4 238.8 2424 1442 2462 1416 1213¢ —
were also carried out. The structures of the guanine and 5a 235.6 2218 2394 153.6 1421 12099 —
adenine derivatives investigated are shown in Scheme 1. 5b 2355 2219 2391 1545 1422 12099 —
5¢ 2355 2222 2387 155.6 1421 —¢ —
RESULTS AND DISCUSSION 6a° 2483 2564 1411 2487 2021 1072 253.1
N NMR chemical shifts of compounds 1-8 observed 6b: 24912565 1389 2498 202.1 1066 —
in DMSO-ds solutions were determined and assigned 7ae 2522 2343 2466 1462 2112 1052 253.2
using gradient-enhanced 'H->N single-bond and espe- 7b 2528 2346 2474 1452 2114 1050 —
8 236.7 2248 2409 1527 816 — —

cially multiple-bond chemical shift correlation experiments

(GHMQC,** GHSQC,*3%* GHMBC2*% GSQMBC®*). The a Referenced to 1M urea in DMSO-dg (77.0 ppm)¥ and liquid

chemical shifts, reported relative to liquid ammonia,” are CH;NO; (381.7 ppm),¥ and reported relative to liquid NHj.
summarized in Table 1.

Using pulsed-field gradients to select a coherence path-
way enabled us to observe very weak 'H-'°N interactions

> Commercially available deuterated solvent was used without
further purification. The chemical shifts can be affected by water
contained in the solvent.

across up to four bonds (see Fig. 1) in experiments optimized < Not observed.
for long-range couplings of 4.2-3.5 Hz (120-140 ms delay). d Very weak response.
The detection of four-bond interactions was essential for e Ref. 15.
assigning the N-1 and N-3 resonances of adenine deriva- f Adenine 235.8 (N-1), 230.1 (N-3), 80.2 (N-10).

tives 6 and 7. The cardinal asset was that the observation of
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Figure 1. "H-"°N GSQMBC spectrum of 50 mg of compound
5a at natural abundance dissolved in DMSO-dg (550 pl). The
experiment was optimized for 4.2 Hz (120 ms delay)
long-range coupling. The high-resolution proton spectrum is
plotted atop the contour plot. Data acquisition parameters are
specified in the Experimental section.

four-bond interactions allowed the chemical shifts of the N-3
atoms of the guanine derivatives (e.g. 3) to be determined.
The proton resonances of the H-10 atoms exhibit significant
line broadening due to chemical-exchange processes (see
Experimental). This chemical exchange precludes the detec-
tion of any interaction between H-10 and N-3 in long-range
optimized chemical shift correlation experiments. Using the
four-bond scalar interactions of N-3 and H-8 is the only
way to determine the N-3 chemical shifts of such a struc-
tural arrangement (see Scheme 1) using inverse-detected
experiments. The 'H NMR chemical shifts, selected 'H-°N
long-range coupling constants, and corresponding signal
half linewidths of selected guanine derivatives 1-5 are sum-
marized in the Experimental section.

The solution-phase >N NMR chemical shifts of the
guanine 6-lactam and lactim (enolate) structures indicate
that the N-1 and N-3 atoms of six-membered rings are
significantly more shielded in the lactam derivatives 1 and
2.3 The change of nitrogen atom N-1 in compounds 4 and
5 compared with the lactam nitrogen in compounds 1 and 2
induces a resonance shift of ~80 ppm. The range of 150 ppm
(N-1) for compounds 1 and 2 is characteristic of lactams
thought of as being formed from the corresponding aromatic
nitrogen heterocycles (e.g. oxoberberine®). The nitrogen
atom N-3 is 40 ppm more shielded in lactam derivatives 1and
2. The locking of the guanine moiety in the aromatic Of-acyl
(lactim) derivatives (e.g. 4 and 5) compared with the lactam
structure (1 and 2) thus induces changes in the properties
of the N-1 and N-3 nuclei approaching the properties of the
NR;-substituted adenine analogs (e.g. 8).

The N-3 resonance shift of up to 73 ppm (for the guanine
derivative 2 vs the adenine derivative 6) is induced by the
structural changes (see Table 1). Differences of up to 60 ppm
are observed when the guanine lactam (2) and lactim (4)
structures are compared. Extending the conjugation by trans-
forming the —NH, group of the adenine into an —N=C
moiety (compounds 6 and 7) induces a downfield shift of

Copyright © 2002 John Wiley & Sons, Ltd.

15N NMR of substituted purines

the resonances of the aromatic pyrimidine nitrogens N-1
and N-3. Derivatizing the free —NH, group (compound 8
and adenine) to form the imino —N=C moiety deshields
the N-10 nitrogen atom by 120-130 ppm. The resonances
of the N-10 atoms of guanine compounds 1-5 are found
in the expected range of 137-143 ppm. Proton H-10 of
the amide group resonates at ~11.6 ppm in compounds
1 and 2 whereas the H-10 resonance in compounds 4
and 5 is found at ~10.6 ppm. Proton—nitrogen coupling
constants of 'J(H,N) = 88-91 Hz were observed for the
compounds investigated. The pyrrole-like nitrogen atoms of
the five-membered ring resonate in the range 141-166 ppm
whereas pyridine-like nitrogens exhibit chemical shifts of
238-251 ppm. The N-7 nitrogen atom is always more
shielded than the N-9 atom in structurally related com-
pounds. The directly detected >N NMR spectra of regioiso-
mers 4 and 5a are shown in Fig. 2.

In order to study the individual components of the °N
shift tensors and their differences for pairs of N’ /N°-isomers,
15N CP/MAS spectra were recorded and quantum-chemical
calculations of the chemical shifts were carried out. The
isotropic chemical shifts and the principal values of the
chemical shifts were determined as the average values from
two independent °N CP/MAS experiments measured at
different spinning frequencies. The values determined are
summarized in Table 2.

The 15N resonances of a solid-state sample of the guanine
derivative 5a were easily assigned by comparing the data
with the values obtained for a solution. The only exceptions
were the assignments of the resonances of N-1 and N-7 at
229 and 236 ppm, respectively, which cannot be based on a
straightforward comparison of the values for the solid state
and the solution. The signal with a chemical shift of 236 ppm
and a larger span of tensor components has been assigned
to N-7 of the five-membered ring according to the quantum-
chemical calculations (compare Table 4). The differences
between the values obtained for the solid state and the
solution are reasonably small (<3 ppm) for the indicated
assignments with the exception of the N-1 resonance. This
change of ~6.5 ppm could be attributed to differences in the
intermolecular interactions involving the N-1 atom in the
solid and the dissolved samples.
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Compound 4 N-12
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Figure 2. Directly detected >N NMR spectra of regioisomers
4 and 5a in DMSO-ds solutions.
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Table 2. "N CP/MAS NMR data? (relative to liquid NH3) for derivatives 5a, 6b and 7a

Compound Parameter N-1 N-3 N-7 N-9 N-10 N-12 N-17
5a Siso 229.0 220.8 236.4 153.1 144.9 119.8 —
5P 4214 428.0 487.4 242.1 214.1 —f —
820P 190.5 215.7 211.3 146.4 132.6 —f —
833° 75.1 18.8 10.5 70.8 87.8 —f —
& 288.6 310.8 376.5 133.5 103.9 —f —
nd 0.60 0.95 0.80 0.85 0.65 —f —
Span® 346.3 409.2 476.9 171.3 126.3 —f —
6b Siso 248.5 255.5 141.4 251.1 204.5 107.2 —
511P 448.0 462.5 238.0 425.6 369.2 204.1 —
820° 317.6 321.7 104.1 308.0 234.4 63.1 —
833° -19.9 —-16.0 83.9 26.7 3.6 55.8 —
& 299.2 309.7 144.0 258.2 250.2 144.6 —
nd 1.69 1.63 0.21 1.61 1.40 0.08 —
Span® 467.9 4785 154.1 398.9 365.6 148.3 —
7a Siso 261.0 233.0 244.3 147.1 216.3 112.0 257.1
5P 457.4 449.0 450.3 —f 401.4 —f 398.8
520P 347.5 273.0 273.7 —f 215.4 —f 398.8
833° -13.1 -20.1 12.2 —f 36.4 —f —23.6
& 290.2 3226 307.4 —f 275.5 —f 211.2
nd 1.84 1.36 1.27 —f 0.97 —f 298
Span® 470.5 469.1 438.1 —f 365.0 —f 4224

2 The isotropic chemical shifts and principal values of shift tensors (ppm) summarized in this table were determined as the average
values from two independent N CP/MAS NMR experiments measured at different spinning frequencies. The isotropic chemical
shift was determined with an experimental error of £0.1 ppm; the experimental error in the determination of the principal values of
the chemical shift oscillates in the range from 40.7 to 5.8 ppm.

b 811, 820 and 833 (ppm) represent the three components of the shift tensor expressed in its principal axis system with the following rule:

811 2 822 = 833.

¢ Anisotropy parameter £ = 811 — (622 + 833)/2 (ppm).
4 Asymmetry parameter n = |62 — 833//1611 — Sisol-

¢ Span = 811 — 833.

fValue not determined.

Excellent agreement between the data for the solid state
and the solution (<2.5 ppm; see Tables1 and 2) allowed
the assignment of the solid-state resonances of adenine
derivative 6b by a straightforward comparison of these
data. The only resonances of the N-1 and N-9 atoms that
are very close to each other (A8 = 0.7 ppm in the solution)
were assigned by comparing their principal values and the
span of the tensor components. Since the span of the tensor
components of nitrogen atoms in five-membered rings is
reduced due to the greater degree of localization of the six
m-electrons® the signal at 251.1 ppm (span of components
~399 ppm) was assigned to the N-9 atom and the resonance
at 248.5 ppm (span ~468 ppm) was assigned to the N-1
atom. The agreement between the calculated (see Table 4)
and experimentally determined values of the respective
833 components is likewise significant. The corresponding
assignments are indicated in Table 2 and the SN CP/MAS
spectrum of compound 6b is shown in Fig. 3.

The differences between the data for the solid state
and the solution were much larger for the N-9 substituted
derivative 7a. However, the separation of the resonance
lines allowed relatively straightforward assignment of the
individual signals. The proximal resonances of the N-1 and

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 3. 1N CP/MAS spectrum of compound 6b. A magic
angle spinning frequency 2.5 kHz was applied and 38 000
scans were accumulated.

the N-17 atoms were easily assigned based on the parameters
of the axially symmetric shift tensor (811 = 85,) of the CN
group (see Table 2).

The geometries used as input files for the shielding
calculations were obtained by either single-crystal x-ray
structural analysis!® or quantum-chemical optimization of
the geometry or both. The shielding information was
obtained using GIAO* and IGLO** approaches. The

Magn. Reson. Chem. 2002; 40: 353-360



absolute values of the chemical shifts were calculated as
the differences between the shielding constant of a standard
(ammonia oy = 245.07)* and the shielding constant of each
given molecule:

8 = 0gt — 0}

Since the relative agreement between the observed and
calculated values is more important than the absolute shifts
in assigning resonances, the computed values were shifted
by the constant ¢ (see Table 3). The constant ¢ was found
by minimizing the root mean square deviation (RMSD)
between the observed and the calculated shift values for
all >N atoms.*® The values of s, of compound 6b obtained
by using several approaches are summarized in Table 3.

The best results were obtained when the geometry was
optimized by using the RHF/6-31G™ method and then
the chemical shielding calculated by the B3LYP/6-31G**
(see RMSD of 6b in Table 3). This approach was applied to
compounds 6 and 7. Since the large numbers of atoms in 4
and 5a required unacceptably long computational time (did
not converge after several weeks), the geometries of 4 and
5a were calculated by using the semiempirical AM1 method.
All calculations were performed with an isolated molecule
and no effects of the nearest neighbors were included.”
Selected parameters of the °N shift tensors are summarized
in Table 4. The orientations of the individual components
of the shielding tensors are in excellent agreement with the
findings already published.*

The nitrogen atom N-3 is significantly shielded, by
~20 ppm, in all the N°-isomers of both the adenine and
guanine derivatives (compare values for 1 vs 2, 4 vs 5 and
6 vs 7).1% According to the solid-state NMR measurements
and ab initio calculations, the change in the isotropic N-3
chemical shift is associated predominantly with the change
in the 8,; component of the shift tensor (6b vs 7a; see Table 2).

15N NMR of substituted purines

The orientation of this &, component was determined by
quantum-chemical calculations to be approximately radial
to the virtual direction of the free pair of electrons. Since
the component in this direction is dominated by the orbitals
lying in the plane perpendicular to its direction the change
in shielding must be associated with changes in the on_c—7*
transitions (see Fig. 4).

On the other hand, ab initio calculations indicate that the
change in the isotropic chemical shift of N-3 could also be
associated with a change in the §;; component (see Table 4).
Clearly, an extensive study will be required in order to clarify
the contribution of the §;; component.

In conclusion, several facts should be highlighted. The
experimental results show that the ®N chemical shifts in
purines are very sensitive to structural changes. Even for
the nitrogen atom N-3 at the same position of the purine
skeleton the difference in the chemical shift in solution can
be as much as 73 ppm (guanine derivative 2 vs adenine
derivative 6). Comparing the guanine lactam and lactim
structures, differences of up to 60 ppm (2 vs 4) have been
observed. The change in the chemical shielding of the N-3
nitrogen atom for an N’ /N? pair of regioisomers is associated
predominantly with a change in the on_c—7* transition that

Figure 4. Schematic representation of the electron orbitals
(the darker lobes are perpendicular to the plane of the
molecule) making the largest contribution to the 2o
component of the shift tensor of the N-3 atom.

Table 3. Ab initio calculated values of ®N chemical shifts (ppm)? for compounds 4-7

Compound N-1 N-3 N-7 N-9 N-10 N-12 N-17 RMSD c

4° 227.1 238.7 133.9 267.2 142.1 125.5 — 10.9 0.4
5aP 235.7 221.0 257.6 143.2 130.0 125.6 — 10.0 0.4
6a“ 2421 265.4 136.1 254.2 205.5 98.7 246.5 6.6 18.1
6b° 241.8 265.8 137.8 253.3 207.3 97.1 — 6.7 18.1
6b 238.6 265.7 136.8 252.4 210.1 99.3 — 7.3 2.7
6b° 2454 268.2 133.9 258.6 203.0 93.9 — 8.3 14.1
6bf 242.8 268.0 132.7 257.5 206.1 95.9 — 8.1 -0.7
7a“ 2413 227.2 253.5 144.4 213.1 102.5 256.4 6.2 18.1
7b¢ 2409 229.0 250.7 146.0 213.6 101.2 — 59 18.1

2The chemical shifts were calculated as the differences between the shielding constant of a standard

(ammonia = 245.07)** and the shielding constants of a given molecule: §; = 245.07 — 0;. The chemical shifts

were shifted by the constant c. The constant ¢ was found by minimizing the root mean square deviation (RMSD)

between the calculated values and the data observed in solution for all nitrogen atoms.*> The same constant ¢ was

applied for all molecules calculated at the same level.
b Geometry AM1; shielding B3LYP/6-31G**.
¢ Geometry RHF/6-31G**; shielding B3LYP/6-31G**.
4 Geometry RHF/6-31G**; shielding IGLO II.
¢ Geometry x-ray; shielding B3LYP/6-31G**.

f Geometry x-ray; shielding IGLO II.

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 4. Ab initio calculated? values of the >N chemical shifts (ppm) for compounds 5-7

Compound Parameter N-1 N-3 N-7 N-9 N-10 N-12 N-17
5a° Siso 235.7 221.0 257.6 143.2 130.0 125.6 —
11 401.1 390.9 482.6 219.2 2325 189.3 —
2 290.4 268.8 297.0 121.2 97.5 98.2 —
833 15.7 3.1 —6.9 79.3 60.1 89.3 —
Span® 385.4 387.8 489.5 139.9 172.4 100.0 —
6ad Siso 2421 265.4 136.1 254.2 205.5 98.7 246.5
811 434.8 484.7 2215 449.6 365.8 188.6 4035
82 3263 343.0 118.9 307.5 251.2 76.2 396.9
833 -8.1 —4.4 95.1 326 26.3 58.5 -33.8
Span® 4429 489.1 126.4 417.0 339.5 130.1 437.3
6bd Siso 241.8 265.8 137.8 253.3 207.3 97.1 —
11 4238 476.2 214.1 4385 363.1 176.3 —
2 317.5 334.7 114.8 399.4 243.1 67.7 —
833 -16.0 135 84.4 21.8 15.8 47.3 —
Span® 439.8 489.7 129.7 416.7 347.3 129.0 —
7ad Siso 241.3 227.2 253.5 144.4 213.1 102.5 256.4
811 416.4 398.3 465.6 214.3 381.3 180.7 404.7
82 322.0 309.1 296.8 125.9 2445 67.4 403.1
833 144 -25.8 2.0 929 13.4 59.4 —-38.6
Span® 4308 4241 467.6 121.4 367.9 121.3 4433
7b4 Siso 2409 229.0 250.7 146.0 213.6 101.2 —
11 4243 4108 468.4 224.1 391.6 187.5 —
2 330.6 319.6 303.0 141.7 253.4 76.6 —
833 5.3 -16.6 7.5 99.3 22.8 66.3 —
Span® 429.6 4274 460.9 124.8 368.8 121.2 —

2 The chemical shifts were calculated analogously to the procedure described in footnote a to Table 3 (geometry RHF/6-31G**;
shielding B3LYP/6-31G**) with the exception of compound 5a (geometry AM1; shielding B3LYP/6-31G**). The constant ¢ was

obtained as described in footnote a to Table 3.
b Span = 311 — 533.

cc=04.

de=18.1.

dominates the &,, component of the shift tensor. However, a
better understanding of the factors determining these large
changes in the chemical shifts must await the development
of a comprehensive collection of °N shift tensor data.

Our research on purine analogs is still in progress, and the
effects of protonation and metal complexation on the NMR
parameters of biologically related purines will be reported
in forthcoming papers.

EXPERIMENTAL

Purine derivatives 1-8 were prepared according to the
procedures described in the literature.!52146

All solution-phase NMR spectra were recorded using
a Bruker Avance DRX 500 spectrometer operating at
frequencies of 500.13 MHz (*H) and 50.68 MHz (*N). The
temperature of the measurements was 303 K. Samples were
prepared by dissolving 50 mg of the purine in 550 ul
of DMSO-ds. The N resonances were referenced to the
signal of 1M urea in DMSO-ds (77.0 ppm) and liquid
CH;3NO; (4 mm coaxial tube in a 5 mm tube with DMSO-
ds) (381.7 ppm).¥” The pulse conditions were 90° pulse,

Copyright © 2002 John Wiley & Sons, Ltd.

duration 8.2-9.0us for 'H, 20.5ps for ®N (5 mm triple-
resonance inverse probehead {'H/BB/*C} equipped with
a self-shielded z-gradient coil). Computer processing was
performed with Bruker XWINNMR software.

GHSQC and GSQMBC spectra were measured in the
phase-sensitive mode (processed using the echo—antiecho
protocol? %) and with magnetic field gradients. GHMQC
and GHMBC spectra were processed in the magnitude mode.
A gradient pulse duration of 1ms and a post-gradient
recovery delay of 100 us were used. The gradient ratios
were 4.8:52.8:44.8 Gem™! for the 'TH-"N GHSQC and
GSQMBC experiments and 42:18:30 G cm™! for the 'TH-°N
GHMQC and GHMBC experiments. The delay for evolution
of single- and multiple-bond couplings was set to 5.5 and
120-140 ms, respectively (with 2—32 transients accumulated
per 1 increment). Directly detected '>'N NMR spectra were
observed for samples prepared by dissolving 300 mg of the
purine in 2.5 ml of DMSO-ds; and using a BBO probehead
(10 mm diameter) with a 15 us N pulse.

The N CP/MAS NMR spectra of solid samples were
measured using a Bruker DSX 200 NMR spectrometer at
a frequency of 20.28 and 200.14 MHz for N and 'H,

Magn. Reson. Chem. 2002; 40: 353-360



respectively. Samples were placed in a 7 mm ZrO, rotor.
The number of data points was 2K and the MAS frequency
was 3-1 kHz. The strength of the B; field (for °N and 'H)
for cross-polarization and the 'H high-power decoupling
were set to 32.9 and 62.5 kHz, respectively. The number of
scans accumulated for the N CP/MAS NMR spectra was
22000-64000. A repetition delay of 4 s was used. The CP
contact pulse was 1 ms. The N resonance was calibrated
indirectly by using liquid CH;NO, (§ = 381.7 ppm)*” and
solid NH,Cl (§ = 40.7 ppm) externally. The parameters of
the N shift tensor were calculated from the amplitudes
of the spinning side bands by using the program package
WIN-FIT (Bruker-Franzen Analytik). Owing to the relatively
low signal-to-noise ratio (samples with the natural isotopic
abundance of ’N were used) the values of the principal
elements of the chemical shift tensor and the parameters
of the CSA were determined with an experimental error of
approximately £5 ppm. The isotropic chemical shifts were
determined with an accuracy of +0.1 ppm.

Molecular geometries obtained by single-crystal x-ray
analysis!® and/or ab initio optimization (RHF/6-31G**)
were used for the quantum-chemical calculations. The
shielding information was obtained by using the GIAO
(BBLYP/6-31G**) method implemented in the Gaussian
94% and the IGLO (IGLO 1II) approach incorporated in the
deMon/NMR?! code. All calculations were performed on
SGI Power Challenge computers with R10000 processors in
the supercomputing centers in Brno and Prague.

"H NMR in DMSO-dg [atom number, half linewidth (Hz),
'H, ®N coupling constant]: compound 1: 5.51 [H-11, 3.8], 8.33
[H-8, 2.9, 2J(H8,N7) = 7.3 Hz, ?J(H8,N9) = 11.6 Hz], 11.53
[H-10,5.5],12.14 [H-1, 6.9]; compound 2: 4.87 [H-11, 3.2], 7.94
[H-8, 2.3, 2J(H8 N7) = 12.2 Hz, 2J(H8,N9) = 8.1 Hz], 11.63
[H-10,9.8], 12.09 [H-1, 9.7]; compound 3: 5.18 [H-12,2.3], 5.81
[H-11,2.7],9.85 [H-8,1.8],12.10 [H-10, 9.1]*, 12.67 [H-1, 42.1]*
(asterisks indicate values that may be exchanged); compound
4: 520 [H-11, 3.7], 855 [H-8, 2.4, ?J(H8,N7) = 7.1Hz,
2J(H8,N9) = 12.3 Hz], 10.58 [H-10, 3.7]; compound 5a: 5.16
[H-11, 3.6], 8.44 [H-8, 2.3, >J(H8,N7) = 12.8 Hz, 2J(H8,N9) =
8.6 Hz), 10.67 [H-10, 3.7]; compound 5c: 5.02 [H-11, 4.0],
8.44 [H-8, 2.6, 2J(H8N7) = 12.5Hz, 2J(H8N9) = 7.8 Hz],
10.66 [H-10, 3.9]; compound 8: 5.06 [H-11, 10.4], 6.17
[H-12, 13.3], 7.28 [H-10, 6.3, 'J(H10,N10) = 90 Hz], 8.08
[H-8, 3.0, 2J(H8,N7) = 12.1 Hz, ?J(H8N9) = 8.3 Hz], 8.14
[H-2,2.7].
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