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Abstract Density Functional Theory calculations of nine

2-substituted N-methoxy-9-methyl-9H-purin-6-amines in

the amino and imino tautomeric forms, as well as the

complexes of the same with dimethyl sulfoxide (DMSO),

were performed using two functionals (BP86 and B3LYP)

and two basis sets (SV(P) and def2-TZVP). Solid-state

structures of two of the compounds were obtained from

single-crystal X-ray diffraction techniques. It was found

that the inclusion of both an explicit hydrogen-bonding

partner (DMSO) as well as continuum solvation effects,

and vibrational corrections to energy, were necessary for

qualitative and reasonable quantitative agreement with

observed tautomeric ratios. The solution-optimized geo-

metries and X-ray structures were found to be in good

agreement. NMR spectroscopy confirmed the dependence

of the tautomeric ratios on hydrogen-bonding abilities, in

addition to the dipole moment of the solvent in question.

Natural Bond Orbital charges on the N-7 nitrogen, as well

as the tautomeric ratios were used to explain the observed

reactivities of the compounds toward N-7 alkylation.

Keywords Density functional theory � Tautomeric

equilibria � X-ray structures � Purinamines

1 Introduction

Agelasines and ageloximes are antimicrobial and cytotoxic

7,9-dialkylpurinium salts isolated from marine sponges

(Agelas sp.). More than ten such natural products are

currently known [1–9]. A general structure and some

examples are shown in Fig. 1.

We have synthesized several agelasines and analogs and

studied their biological activities, which include very

interesting antineoplastic and antimicrobial properties,

indicating that optimized compounds may have potential

for treatment of certain neglected diseases like tuberculo-

sis, malaria, and leishmaniasis [10–17]. Also worth men-

tioning is that agelasine D exhibits antifouling activity

on Balanus improvisus cyprids, but neglectable toxicity

toward the cyprids [18].

Synthesis of agelasines requires regioselective alkyl-

ation of an adenine derivative to give a 7,9-dialkylated

adeninium salt. However, alkylation on 9-substituted

adenines give mainly 1,9-dialkyl derivatives, and when

7-alkyladenines are reacted with alkyl halides, the second

N-substituent is preferably introduced on N-3. Treatment

of an N-alkoxy-9-methyl-9H-purin-6-amine 1 (Fig. 2) with

alkylating agents gives, on the other hand, the desired

alkylating pattern (Fig. 2, compounds 2) [19]. Thus, age-

lasines and analogs 3 have generally been synthesized as

depicted in Fig. 2. The reason why an N6-alkoxy group is

required for N-7 alkylation appears to be poorly under-

stood. We found that the substrates in the N-7 alkylation,

N-alkoxy-9-methyl-9H-purin-6-amines 1, exist as a mix-

ture of two tautomers; amino tautomers 1 and imino

Dedicated to Professor Pekka Pyykkö on the occasion of his 70th
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tautomers 10 [11, 20]. The tautomeric ratio and the identity

of each tautomer were determined by 1D and 2D 1H, 13C,

and 15N NMR spectroscopy techniques. To allow an imino

structure, the NH must be situated in the purine 1-, 3- or

7-position. For the compound 1a with X = H, the imino

tautomer was established to have the NH hydrogen on N-1.

For the compounds 1 where X = H on the other hand, the

placement of the NH could not be determined with

certainty, but was assumed to be in the 1-position based on

comparison of various shift values in particular C-4, C-6,

N-1, and N6, for the 2-substituted compounds 1b–1i with

the known 2-unsubstituted 1a. Amino-imino tautomeric

ratios were estimated in liquid solution (DMSO-d6) from
1H NMR data for all synthesized analogues 1a–1i, as listed

in Table 1 [20]. The amino tautomer was dominating for

six compounds (1c–1h), while the equilibrium was shifted

in favor of the imino form for the remaining three (1a, 1b,

and 1i). We also found that the ratio between the tautomers,

as well as the reactivity in the N-7 alkylation (synthesis of

compounds 2), is somehow related to the identity of the

purine C-2 substituent (X in Fig. 2) [20]. To obtain more

information on the structure and reactivity of compounds 1,

we decided to study the systems using computational

chemistry and X-ray crystallography, in addition to the

previously mentioned NMR spectroscopy [11, 20].

Accurate prediction of tautomeric ratios of biologically

relevant compounds in solution is considered a challenge for

the present-day quantum chemistry. The current state of the

art of the field, as well as results of a blind test of the available

methods, has been reviewed in a recent issue of the Journal of

Computer-Aided Molecular Design. According to the over-

view presented therein [21], several of the current compu-

tational chemistry approaches are capable of predicting

tautomeric energy differences with 5–10 kJ/mol accuracy.

From among the methods described in this overview, ours is

perhaps most similar to that of Klamt and Diedenhofen [22],

but differs in some aspects: we use a simpler continuum

solvation model, explicitly include a hydrogen bond accep-

tor, and do not include additional empirical corrections.

2 Results and discussion

2.1 Computations

Our approach to prediction of tautomeric equilibria is

based on quantum-chemical computation of the corre-

sponding energy differences between the relevant tauto-

meric forms. The energy of a tautomer in a given

conformation is calculated as

E ¼ ESCFþsolv þ Ethermal

where ESCF?solv is the total energy of the compound cal-

culated with inclusion of the COSMO [23] solvation model

as well as the outlying charge correction and Ethermal is the

thermal contribution to enthalpy which includes the zero-

point vibrational energy. The full enthalpy of the system

would include an RT term, but since this is constant for all

systems and we are only calculating energy differences

between systems of identical chemical composition, it has

been omitted. The calculated energy difference between

the tautomers (DE) is used in the standard Boltzmann

distribution formula to predict the tautomeric ratio that can

be compared to the experimental values. For uniformity

of treatment, all ratios are expressed as ‘‘percent amino

tautomer’’ in this work.

Thorough conformational analysis of the systems was

performed, and the lowest energy conformers selected for
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each tautomer. All minima were checked with vibrational

analysis both in the gas phase and in solution. Bulk

solvation effects, with DMSO as the solvent, were taken

into account via the COSMO continuum model. Details of

the calculations are described in the ‘‘Experimental

section’’.

2.2 Tautomeric ratios

Amino-imino tautomeric ratios were calculated with sev-

eral DFT-based models in order to find the computationally

least demanding approach that would be able to predict the

observed tautomeric ratios of all the nine systems under

study. As a minimum requirement, the correct dominating

tautomer (amino or imino) should be predicted. A quanti-

tative (even if approximate) prediction of tautomeric ratios

was a secondary goal.

The initial DFT calculations, primarily aiming at crea-

tion of a list of minima on the potential energy surface,

were performed at the BP86/SV(P) level. The first tauto-

meric ratios were calculated from the energies of the

lowest-lying conformers and are presented in Table 1.

While the qualitative agreement with observations (that is,

whether the amino or imino form is dominating) is fair, the

wrong tautomer is predicted for 1f and 1g. The quantitative

predictions do not agree well with the experimental

observations. As a general trend, the imino tautomers

appear to be predicted too stable relative to the amino

forms. This, in turn, leads to lower Boltzmann probabilities

of the amino forms, relative to experimentally observed

abundances.

In the hope of increasing accuracy of the predictions, all

known local minima of the compounds were submitted to

BP86/def2-TZVP geometry optimizations, and the lowest

energy conformers at this level were used to recalculate the

tautomeric ratios. The results are presented in Table 1.

Quantitative agreement with the experimental values did

not improve. To the contrary, the 1h now emerges as an

additional qualitatively incorrect prediction. At this level of

theory, we also checked the necessity of inclusion of var-

ious components of energy: continuum solvation effects,

zero-point vibrational energy, and thermal corrections to

the total energy. It was found that omission of any of the

components would decrease the accuracy of predictions,

thus proving the importance of all the listed energy con-

tributions. We also briefly tested the hypothesis that an

alternative nitrogen site could be protonated in the imino

tautomer. Protonation at N-3 and N-7, instead of the hith-

erto assumed N-1, was tested for the compound 1f. These

tautomers turned out to have higher energy (?46 kJ/mol

for N-3 and ?36 kJ/mol for N-7 at BP86/def2-TZVP

level). We conclude that significant protonation at these

sites is unlikely.T
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The third model that was tested was the B3LYP/def2-

TZVP. The ‘‘B3LYP_gaussian’’ variety of the well-known

functional, rather than the Turbomole default definition,

was chosen solely due to its greater popularity. Only the

lowest energy conformers as found in the previous study

were used at this step, except for 1a and 1b, where the

energy difference between the lowest conformers had been

very small (1–2 kJ/mol) at previous level of theory. No

changes in conformer ordering due to use of a different

model were observed. The predicted tautomeric ratios are

slightly improved over the BP86 results, but the 1f remains

qualitatively incorrect and the 1g and 1h are borderline

cases where the energies of the two tautomers are predicted

essentially equal, while experimentally the amino tautomer

clearly dominates.

Next, we tested the hypothesis that hydrogen bonding to

the solvent, DMSO, may be responsible for the discrepancy

between the calculated and observed tautomeric ratios.

NMR studies of the 2-ethoxy compound 1g in various

solvents indicated that hydrogen bonding between the

compound in question and the solvent, but also the polarity

of the solvent, is essential for the tautomeric ratio. As the

dipole moment of the solvent increases, the amount of the

amino tautomer also increases (Table 2). In addition to

this general increase, the percent amino tautomer is much

higher in solvents that can take part in hydrogen bonding

compared with in those that cannot. Similar NMR studies

of other compounds in the series proved problematic

because of limited solubility in certain solvents.

As a computational counterpart to these experimental

results, a molecule of DMSO at different orientations and

locations was added to the lowest energy tautomers cal-

culated previously, always oriented with either the oxygen

or sulfur atom toward the proton relevant in the tauto-

merism. The initial geometries were submitted to the same

computational procedures as described before. The BP86/

def2-TZVP level was used for refinement of the relative

orientation and position of the two molecules, and eradi-

cating the transition states primarily due to rotation of the

methyl group at N-9. Only the lowest energy geometries

were re-calculated at the B3LYP/def2-TZVP level. The

results are presented in Table 1. Sample geometries of

some complexes are presented on Fig. 3.

The inclusion of an explicit hydrogen-bonded DMSO

molecule appears to be significant in reaching quantitative

agreement with the experimentally observed tautomeric

ratios. Both of the functionals predict qualitatively correct

dominating tautomer for all cases. The B3LYP results

appear quantitatively more accurate, at the expense of at

least threefold computational cost—the non-hybrid func-

tional is easily paired with the Resolution of Identity

approximation, while the B3LYP is not. We can conclude

that inclusion of an explicit hydrogen-bonding partner

leads to a satisfactory quantitative agreement between the

predicted and calculated tautomeric ratios.

2.3 Molecular geometries

The purine ring system of the molecules is essentially

planar. A flexible part common to all molecules 1 is the

aminomethoxy group (NOCH3) at C-6. Additional flexi-

bility is possible in the substituent X at C-2, in addition to

rotation of the methyl group at N-9 which is discussed in

the ‘‘Experimental section’’.

Ignoring shallow local minima which may be artifacts of

the computational model, the –NOCH3 group at C-6 has

two distinct minima on the rotational surface: the O–CH3

part is directed either toward the N-1 (syn-configuration) or

the N-7 (anti-configuration) (Fig. 4). Independent of the

substituent X, the imino form always clearly prefers the

syn-configuration, which may be rationalized by a hydro-

gen bond between the imino hydrogen at N-1 and the lone

pairs of the oxygen of the side chain. The anti-orientation

breaks this hydrogen bond and, consistent with typical

hydrogen bond breaking energies, is 12–17 kJ/mol higher

in energy. Also NMR [11, 25, 26] and UV [25] spec-

troscopical studies of the imine 1a0 and other 6-me-

thoxyaminopurines indicate that the imines exist in the

syn-configuration.

In the amino tautomer, N-1 is unprotonated, and the syn

and anti orientations are close in energy. The differences

between these two conformers are typically 2–5 kJ/mol,

depending on the computational model and substituent X.

In the gas phase model, the preferred orientations are in

some cases reversed relative to the solution phase, again

with differences smaller than 5 kJ/mol. Still, for all com-

pounds 1 studied, the amino tautomers in solution phase

consistently prefer the syn orientation of this side chain,

even if by a very small margin.

Table 2 Percentage of amino tautomer 1g present in different

solvents

Solvent Dipole momenta [24] H-bond acceptor % Aminoe

Benzene-d6 0.07b – 13

CDCl3 1.08c – 24

CD2Cl2 1.59c – 29

CD3OD 1.67c ? 74

Acetone-d6 2.78c ? 84

DMSO-d6 3.94d ? 92

Taken from Ref. [24]
a For non-deuterated species
b liquid
c In benzene
d Gas
e Determined by 1H NMR spectroscopy at 25 �C
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Because the inclusion of explicit hydrogen bond

acceptor increased the accuracy of energetic predictions,

the lengths of the relevant N–H bonds were studied in order

to see how the DMSO molecule affects the relevant

nitrogen–hydrogen distances. At the B3LYP/def2-TZVP

level, in the systems without explicit DMSO molecule, the

Fig. 3 Hydrogen-bonded

complexes of 1a and 1a0 with a

DMSO molecule

Fig. 4 Different orientations of

the N–O–CH3 side chain in

compounds 1a and 1a0
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N–H distances were close to 1.01 Å, irrespective of the

tautomer. There was almost no difference in the distance

between the gas and solution phases, either. The inclusion

of the hydrogen bond acceptor caused a slight lengthening

of the bond distances, the average now being 1.03 Å for the

amino forms and 1.02 Å for the imino forms. Surprisingly,

however, the imino form of 1h [X=N(CH3)2], which has

the shortest N–H distance in the isolated molecule, does

not experience a lengthening of the bond in the presence of

the DMSO molecule either, the bond remaining at 1.008 Å.

The single-crystal structures of 1e and 1i are shown in

Fig. 5. In agreement with previously acquired amino-imino

tautomeric ratios in liquid solution (DMSO-d6) [20] and

current calculated ratios, 1e has been crystallized as the

amino tautomer, with formation of dimers located on

inversion centers, while the imino form was obtained for

1i. The extra hydrogen bond donor on N11 compared to 1e

enables 1i to form extended hydrogen-bonded ribbons in

the solid state. A complete set of hydrogen bond geometry

parameters is available in the supplementary material.

The availability of experimental crystal structures makes

direct comparison with the computed structural data pos-

sible. The main geometric parameters of 1e at two different

levels of theory, and the experimental values, are presented

in Table 3. Both computational methods predict the

geometry of the molecule with good accuracy. The mean

absolute error for bond lengths is 0.011 Å for BP86/def2-

TZVP and 0.008 Å for B3LYP/def2-TZVP. The former

method tends to overestimate bond lengths (mean error

0.010 Å, only three of the 15 bonds are shorter than

experiment), while the latter has more evenly distributed

errors (mean error 0.002 Å). The syn orientation of the

–N–O–CH3 group is observed also in the experimental

structures of both 1e and 1i. The agreement between the

Fig. 5 Crystal structure of 1e
(top, T = 296 K) and 1i
(bottom, T = 150 K) with

thermal ellipsoids drawn at the

50% probability level. 1e forms

hydrogen-bonded dimers, the

partner molecule (symmetry

code: 1 - X, -Y, 1 - Z) is

depicted in gray color. Adenine

molecules in 1i form one-

dimensional ribbons, one full

neighboring molecule

(symmetry code: -0.5 ? X,

0.5 - Y, -0.5 ? Z), and a

group of three atoms of another

molecule (symmetry code:

0.5 ? X, 0.5 - Y, 0.5 ? Z) are

included in gray color. Covalent

bond lengths (in Å) are

indicated. The estimated

standard deviations (esds) bonds

are given in parentheses for

N–O and C–O bonds; for N–C

and C–C bonds they are 0.0018

-0.0019 Å (1e) or 0.0014 Å (1i)

354 Theor Chem Acc (2011) 129:349–358
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calculated geometric parameters of 1i and the corre-

sponding crystal structure is comparable to the agreement

for 1e (table available in the supplementary material).

2.4 Natural bond orbital analysis

As described above, when the field/inductive withdrawing

abilities of the C-2 substituents in compounds 1 increase,

the tautomeric ratio of 1 to 10 is shifted toward 1. Fur-

thermore, we have previously observed that the reactivity

of 1/10 in N-7 alkylation is reduced (see Fig. 2, conversion

of 1 to 2) [20]. As the N-7 nitrogen of the purine ring

system must function as the nucleophile in the alkylation of

compounds 1, a reduction in electron density may explain

the reduction in reactivity at this site. An alternative

explanation is that the reactivity is in some way directly

affected by the tautomeric structure of the purine, with the

imines being more reactive than the amines.

Hence, we performed a partial Natural Bond Orbital

(NBO) analysis [27] (only calculation of atomic charges is

implemented in Turbomole) of the electronic structures of

1a–i and 10a–i. In Table 4, we have shown the calculated

atomic charge on the N-7 in the amines 1a–i as well as in

the corresponding imines 10 based on the B3LYP/def2-

TZVP results in solution phase where hydrogen bonding is

included, and the yields of N-7 benzylated product 2. As

the methoxy substrate 1f is partially decomposed in the

reaction, this analog is not included in the table or the

following discussion. The reaction medium for the N-7

benzyations was dimethylacetamide (DMA). Although the

same solvent was not used for calculations on the sub-

strates and the reactions, both solvents in question may act

Table 3 Calculated and

experimental bond distances

and angles of the amino form of

1e

The calculated values

correspond to solution phase,

while the experimental numbers

are from solid state

Parameter BP86/def2-TZVP B3LYP/def2-TZVP Experiment

N1–C2, Å 1.3271 1.3190 1.3265(18)

C2–N3, Å 1.3241 1.3112 1.3044(18)

N3–C4, Å 1.3427 1.3369 1.3479(18)

C4–C5, Å 1.4087 1.3988 1.3832(19)

C5–C6, Å 1.4185 1.4096 1.4104(19)

C6–N1, Å 1.3479 1.3383 1.3487(17)

C4–N9, Å 1.3763 1.3676 1.3696(17)

N9–C8, Å 1.3733 1.3679 1.3575(19)

C8–N7, Å 1.3284 1.3158 1.3171(19)

N7–C5, Å 1.3756 1.3718 1.3786(17)

N9–C10, Å 1.4596 1.4580 1.4589(18)

C6–N14, Å 1.3606 1.3567 1.3327(18)

N14–O15, Å 1.3996 1.3912 1.3843(15)

O15–C16, Å 1.4471 1.4380 1.427(2)

C2–N11, Å 1.5146 1.5061 1.5114(18)

N1–C6–N14, deg 120.40 120.33 120.59(12)

C6–N14–O15, deg 118.42 118.33 120.78(12)

N14–O15–C16, deg 110.08 110.82 110.67(12)

N1–C6–N14–O15, deg -21.65 -22.12 2.7(2)

C6–N14–O15–C16, deg 109.45 107.80 87.96(2)

Table 4 Calculated NBO

atomic charges on N-7 in the

tautomers 1 and 10, the field/

inductive parameter (F) for the

substituents X and isolated yield

from N-7 benzylation of

compounds 1

a Taken from Ref. [30]
b Taken from Ref. [20]
c Calculated from NMR
d Isolated as betaine

Compound Substituent X Fa NBO charge on N-7

(amino tautomers)

NBO charge on N-7

(imino tautomers)

Yield of

2b, %

1a H 0.03 -0.481 -0.479 51

1b CH3 0.01 -0.483 -0.486 57

1c CF3 0.38 -0.477 -0.479 \2c

1d Cl 0.42 -0.476 -0.479 4d

1e NO2 0.65 -0.473 -0.473 –

1g OCH2CH3 0.26 -0.479 -0.485 52

1h N(CH3)2 0.15 -0.487 -0.487 61

1i NHCH3 0.03 -0.483 -0.486 56
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as hydrogen-bonding acceptors, and their dielectric per-

mittivities are close (46 [28] for DMSO and 39 [29] for

DMA), and their differences should not be essential for the

current purpose. The results indicate that a minimum nega-

tive charge is required on N-7 for the alkylation to occur. If

this negative charge is too low, poor yields are observed.

Similar results are seen for the other computational model

and also when no hydrogen bonding to a solvent molecule is

included. However, it must be stressed that the charge dif-

ferences found between the reactive and un-reactive sub-

strates are small, and it could not be ruled out that also other

factors not studied in here are important for reactivity.

3 Conclusions

Computations with the B3LYP hybrid functional and using

a large basis set (def2-TZVP), inclusion of continuum

solvent effects and an explicit hydrogen-bonding partner,

and taking into account of vibrational and thermal contri-

butions to energy are all necessary in order to achieve full

qualitative and reasonable quantitative description of the

tautomeric ratios of the title compounds. The computa-

tionally cheaper (using the RI approximation) BP86 func-

tional delivers only slightly worse accuracy. Models

without explicit hydrogen bond partner are qualitatively

incorrect for several of the compounds studied.

Geometries of the calculated molecules are in good

agreement with the X-ray results presented in the present

work. The syn orientation of the aminomethoxy group is

correctly predicted for the two compounds studied with the

X-ray method.

The computational description helps to shed light on the

experimental findings on the structure and chemical reac-

tivity of the systems, depending on the substituent, X. As

the field/inductive parameter of the substituent X increases,

the electron density on N-7 is reduced and the tautomeric

ratio of 1/10 is shifted toward 1. One or both of these effects

may cause the following reduction in reactivity seen in N-7

alkylation.

4 Experimental section

4.1 NMR spectroscopy

1H NMR spectra were recorded at 200 MHz with a Bruker

avance DPX 200 instrument.

4.2 Details of computations

Standard Density Functional Theory methodology was

used, with the functionals and basis sets as listed above.

Geometries were fully optimized without constraints,

except for occasional fixing of the rotation of the methyl

group at N-9 as described below.

All molecules in this study have one or more conform-

ationally flexible groups, and a conformational search was

carried out in order to find the most stable conformers.

Initial geometries of the conformer candidates were gene-

rated using a script that rotates the corresponding groups

with a 90� step. Such a small step size was chosen in order

to avoid missing any minima on the potential energy sur-

face, which are expected to occur at approximately 120�
separation. Indeed, additional shallow local minima

were occasionally observed on the rotational surface of the

–N–O–CH3 group around the C–N axis in the solution

phase. After refinement of the geometries at the BP86/

SV(P) level both in gas phase and solution, the local

minima were grouped by close values of energy and the

relevant dihedral angles. The lowest energy conformer of

each group was used for further studies.

Vibrational analysis of the obtained stationary points

was always performed. In case of imaginary eigenvalues of

the Hessian, the corresponding vibrational mode was

visualized and geometry changed in order to obtain a true

minimum on the potential energy surface. During this

process, it was observed that the methyl group at N-9 has

an extremely low barrier for rotation. A difference between

energy maximum and minimum in the order of 1 J/mol

(0.001 kJ/mol) was observed for several systems. At the

default convergence criteria of the Turbomole package, the

geometries often converged to a transition state along this

rotational mode. Increasing the strictness of convergence

criteria by 10 times both in the SCF procedure and in the

geometry optimization, as well as using a denser (‘‘m5’’)

integration grid in the DFT step, usually led to a true

minimum geometry. In a few cases, to reach a stationary

point with all non-imaginary eigenvalues, we had to fix the

dihedral angle of the N-9-methyl group at 10� intervals and

performed constrained optimizations of such structures.

The lowest energy structure with all non-imaginary

eigenvalues was chosen for further work.

Bulk solvation effects were taken into account via the

COSMO [23] continuum model. Default parameters, opti-

mized atomic radii as defined in Turbomole, and the

dielectric permittivity of 46 for DMSO were used.

The vibrational frequencies necessary for the Ethermal

calculations were computed for the gas phase, using a gas

phase optimized geometry of the same tautomer (and

conformer) as was used for the solution phase calculation.

Use of the gas-phase derived contributions to free energy

avoids double counting of the terms related to change of

free energy in the gas-phase to liquid transition.

All modelling was performed with the Turbomole

[31, 32] package, version 5.10. The total energies in

Hartree are available in the electronic supplementary
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material. Final optimized geometries of the systems are

available from the authors upon request.

4.3 X-ray crystallography

Compounds 1e and 1i were synthesized as described before

[20], and crystals suitable for X-ray crystallography were

obtained by storing the reaction mixture at 2–5 �C over night.

X-ray data collections with APEX2 [33] were carried out

at ambient temperature for 1e and at 150 K for 1i with an

Apex II single-crystal CCD-diffractometer and MoKa radi-

ation (k = 0.71069 Å), using a 0.55 9 0.46 9 0.32 mm

block-shaped specimen for 1e and a 0.65 9 0.40 9

0.22 mm block-shaped specimen for 1i. For both com-

pounds, data integration and cell refinement was performed

with SAINT-PLUS [34], with subsequent absorption cor-

rection by SADABS [35] and structure solution as well as

least-squares refinement (on F2) with SHELXTL [36].

Positional parameters were refined for the H atoms involved

in strong hydrogen bonds, other H atoms were positioned

with idealized geometry and C–H distances fixed to 0.98

(CH3, 1i), 0.96 (CH3, 1e), or 0.93 Å (CH, 1e). Free rotation

was permitted for the methyl groups. Uiso values were set to

1.2Ueq of the carrier atom (NH and CH) or 1.5Ueq (CH3).

The nitro group of 1e has one major (shown in Fig. 5) and

one minor position with occupancies 0.907(11) and

0.093(11), respectively. A common isotropic parameter was

refined for the two O atoms of the minor nitro group orien-

tation, while the associated N atom received the same set of

anisotropic parameters as the corresponding N atom of the

major orientation.

The solid-state structures of 1e and 1i determined by

single-crystal X-ray diffraction have been deposited at the

Cambridge Crystallographic Data Centre, deposition num-

bers are CCDC 789455 and CCDC 789456, respectively.

Additional experimental details are available in the elec-

tronic supplementary material.

1e: C7H8N6O3, M = 224.19, triclinic, P�1, a = 7.936(3)

Å, b = 8.159(3) Å, c = 8.679(4) Å, a = 107.561(4)�,

b = 90.460(4)�, c = 115.571(4)�, Z = 2, Nobserved =

1,824, R[F2 [ 2r(F2)] = 0.039, wR(F2) = 0.112, CCDC

789455.

1i: C8H12N6O, M = 208.24, monoclinic, P21/n, a =

7.6562(3) Å, b = 10.7744(4) Å, c = 11.7194(4) Å,

b = 94.194(1)�, Z = 4, Nobserved = 2,621, R[F2 [ 2r(F2)] =

0.049, wR(F2) = 0.149, CCDC 789456.
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