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I3C CP-MAS NMR of Azacycle-Thiourea 
Inclusion Compounds 
PAUL JAW, NICOLAS YUTRONIC and GUILLERMO GONZtiLEZ 

Department of Chemistry, Faculty of Sciences, Univewidad de Chile. Casilla 653, Santiago, Chile 

(Received 21 lune 1996) 

13C CP-MAS NMR spectra of thiourea host-guest 
inclusion compounds containing amines, l-azabicy- 
clo[2.2.2loctane, 1,4-diazabicyclo[2.2.2loctane, 3-aza- 
bicyclo[3.2.2]nonane and 1, 3, 5, 7 tetrazadamantane 
at 25°C are reported. Chemical shifts of the confined 
guest molecule with respect to those diluted in 
CDC13 and CCl, reveal a weaker interaction of the 
amine with the medium. The magnitude of the 
average of the 13C---14N residual dipolar interactions 
produced by the amplitude motions of the amine 
guest molecules in the channel depends on the 
strength of the host-guest hydrogen bonding. 

Keywords: 13C CP-MAS NMR, thiourea, inclusion com- 
pounds 

INTRODUCTION 

Thiourea like urea forms crystalline host-guest 
inclusion compounds in which a variety of guest 
molecules of appropriate size and shape are 
inserted in van der Waals cavities arising from 
an extensive hydrogen bond nesting of thiourea 
molecules 11 -31. Most of these compounds may 
be described as constituted by matrices with 
hexagonal, linear channels in which the guest 
species are located, Figure 1. 

The products of the classical inclusion of 
hydrocarbons in a thiourea network [41 as well 
as those of the other species containing func- 
tional groups such as amines [51 are examples of 
these kinds of compounds. 

If the guest species cannot be comfortably 
accommodated in the cavities defined by the 

/ 

FIGURE 1 Typical thiourea host structure. Cross section 
viewed along the channel axis. 
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host, the system may lead to separated phases, 
to specific Lewis acid-base adducts [6 - 71, or to 
a different kind of inclusion compound e.g., to 
lamellar structures IS]. 

Although X-ray diffraction analysis is the 
most important and indispensable tool for 
determining the nature and structural properties 
of inclusion compounds, it provides little in- 
formation about the dynamic properties of the 
confined species. Such knowledge is interesting 
for learning about both the nature of host-guest 
interactions and the projection of these com- 
pounds as biological models or as new materials 
and can be better obtained by NMR techniques. 
Since the behavior of organic molecules placed 
in environments such as those occurring within 
clathrate cavities is expected to differ from that 
of the same molecule in other phases 191, the 
comparison of the NMR properties of the guest 
species in different states may be useful for 
understanding the inclusion phenomena. 

Some systems with relatively inert guest 
species e.g., cyclohexane/thiourea and haloge- 
nated cyclohexane/thiourea are very well char- 
acterized by both X-ray and N M R  techniques. 
However, information on other systems with 
chemically more active guest species like amines 
is rather limited [5]. In order to contribute to 
both, knowledge of the structural aspects of 
thiourea/amine systems and the development 
of methods for investigating the dynamics of 
chemical species in restricted spaces, an NMR 
study of the azabicyclic compounds l-azabicy- 
clo[2.2.2loctane (quinuclidine, Q), 1P-diazabicy- 
clo[2.2.2]octane (DABO), 3-azabicycloI3.2.21 
nonane (ABN), and 1, 3, 5, 7-tetrazadamantane 
(hexamethylenetetramaine, HMTA) in solution 
and inserted in thiourea matrices has been 
performed. 

EXPERIMENTAL SECTION 

Commercially available reagents were used as 
received. The products were obtained from 

solutions of both amine and thiourea in metha- 
nol by slow solvent evaporation at room 
temperature. Hexagonal needles for the com- 
pounds with Q and ABN, and plates for DABO 
and HMTA were separated after about 48 h, 
washed with cold methanol, and dried under 
vacuum. Thiourea to amine ratios reported in 
Figure 2 were determined by both elemental 
microanalysis (Perkin Elmer 240C microanaly- 
zer) and 'H-NMR spectroscopy in dimethyl-d6 
sulfoxide solution. Products were further char- 
acterized by optical microscopy inspection, X- 
ray diffraction analysis of microcrystalline sam- 
ples, and multinuclear NMR spectroscopy. 

Solution, high resolution 'H and I3C NMR data 
were obtained with a Bruker AMX-300 spectro- 
meter. The 13C cross-polarization magic angle 
spinning (CP-MAS) NMR spectra were recorded 
on a Bruker MSL-100 at a frequency of 100.63 
MHz. The polycrystalline powder samples were 
spun at a frequency of 4 kHz. The numbers of 
scans varied between 200 and 1200 with 5.5 ps, 
90" pulses; 1 ms cross-polarization contact time; 
41 ms acquisition time during proton decou- 
pling; and 5 s recycle delay. The chemical shifts 
are given relative to TMS, Powder X-ray diffrac- 
tograms were recorded in the range 2" >28>50" 
on a Siemens D-5000 diffractometer using Cu-K, 
radiation (40KV, 30mA) and a graphite mono- 
chromator (A = 1.5418&. Diffractograms of the 
samples, ground to a fine powder in order to 
reduce the likelihood of the crystallites exhibiting 

DABO [ 2 / 1 1  Q 1 3 1 1 )  

FIGURE 2 Schematic molecular structures of guest species 
and thiourea/amine ratios in the respective inclusion 
compounds. 
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a preferred orientation, always show simple 
phases corresponding to the expected previously 
described host structures [5,81. 

RESULTS AND DISCUSSION 

Analytical as well as further characterization of 
the products clearly show that the heterocyclic 
amines are actually included in the thiourea 
matrix. 

The I3C CP-MAS Nh4R spectra of the solids at 
room temperature show a pattern which is 
similar to those of the corresponding amine as 
a pure liquid or dissolved in chloroform or 
carbon tetrachloride. In Table I the chemical 
shifts of amines inserted in the thiourea matrix 
are compared with those of the amine in the 
above-mentioned solvents. The influence on the 
NMR spectra of the amines of an environment as 
chloroform, able to interact by hydrogen bond- 
ing with the solutes, is indeed reflected in the 
chemical shift changes observed during transi- 
tion from the concentrate to dilute amine 
solutions in this solvent. 

The influence of hydrogen bonding on the 13C 
chemical shifts may in general be understood by 
the sigma electron push-pull effects [lo] as 
described in the following scheme, which shows 

( A )  -H c 

H H 

SCHEME 

the charge displacements, in our case from Q(a) 
and toward ABN(b), produced by the acceptor 
or donor solvents via hydrogen bonding asso- 
ciation. Interestingly, the 13C-chemical shifts of 
the amines inserted in the thiourea correspond 
to free amines or at least to amines undergoing 
interactions with a medium weaker than those 
dissolved in either CDC13 or an inert solvent as 
CCk. Therefore, thiourea channels in these cases 
appear to be perfect van der Waals cavities. 
According to the isovalent hybridization concept 
[lo], the interaction of the basic quinuclidine 
nitrogen atom with the acidic solvent should 
induce an increment of s-character of the C, 
hybrid orbitals directed toward its neighbors, 
but the N-atom produces a high field shift of its 
l3C-hrMR signal. The relatively low chemical 
shift of the C, in the quinuclidine inserted in the 
thiourea matrix points to poor host-guest inter- 

TABLE I 13C-NMR Chemical Shifts of Azacycle Compounds. Comparison of the Chemical Shifts in the Thiourea Inclusion 
Compounds with those in CDC13(1% p/va and saturedb) and CCl, Solutions 

Compound Medium State 13C-Chemical Shifts 
C, c, c, 

Q 

ABN 

DAB0 

TU 
CDCLa 
CDCl," 
cc14 
TU 

CDCl," 
CDQb 

CCL 

TU 
CDC13" 
CDC1,b 
ccl, 

48.27 
47.83 
47.79 
47.92 

52.20 
55.83 
55.77 
54.57 

47.42 
47.37 
47.39 
47.92 

27.80 
26.76 
26.76 
27.37 

30.97 
32.84 
32.79 
31.57 

21.74 
20.76 
20.88 
21.33 

25.63 
25.38 
25.34 
24.41 
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actions. By similar arguments, the interaction of 
the ABN N-H proton with a donor environ- 
ment should induce a reduction of the charge 
density seen by the *3Ca nucleus leading to low 
field shifted NMR resonances. According to that, 
ABN-host interactions are lower than those 
observed in dilute solutions. The chemical shift 
values for DAB0 inserted in thiourea are similar 
to those in CDC13 and somewhat lower than in 
CC&, indicative that the host-guest interactions 
in this case are larger than the cases discussed 
above. The behavior of 2(TU)(HMTA), which 
appears to be different, is discussed below. 

Furthermore, the MAS l3C-NMR spectra of 
the compounds show a relatively broad reso- 
nance (line width %140-200 Hz) at about 180- 
182 ppm corresponding to the carbon of the 
thiourea molecule; similar chemical shift values 
have been reported previously [l  1 I for hydro- 
carbon/ thiourea systems. l3C-NMR measure- 

I I I 

ments of pure crystalline thiourea and of 
thiourea in CDC13 solution show single reso- 
nance lines at 180.8 and 184,5 ppm, respectively. 

For I3C nuclei directly bonded to nitrogen 
(I4N, I =  l), MAS frequently gave powder pat- 
terns consisting of approximately 1:2 (or 2:l) 
doublets because the I3C-I4N residual dipolar 
interaction is not averaged to zero by M A S  
NMR[131. The axis of quantization of the 14N 
nucleus is tilted from the direction of the static 
magnetic field as a consequence of the interac- 
tion between the I4N nuclear quadrupole mo- 
ment and the electric field gradient at the I4N 
nucleus [ll, 121. As shown in Figure 3, which 
reproduces the 13C CP-MAS NMR spectrum of 
the 3(thiourea)-quinuclidine inclusion com- 
pound, high amplitude motions of the amine 
guest molecules in the channel average the 
residual dipolar interactions between C and 
I4N to less than 10 Hz, showing the spectrum as 

13 

1 t I I I , I 1 J 

2 LO 200 120 ao LO 0 
160 Ppm 

FIGURE 3 
to the carbon of the thiourea molecule. 

I3C CP-MAS NMR spectrum of the 3(TU) (Q) at room temperature. Resonance line at about 179.80 ppm is assigned 
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only a single sharp line for C, and the typical 
asymmetric doublet is not observed. However, 
for the more symmetrical DABO guest, higher 
l3C---l4N residual dipolar interactions are ob- 
served, probably due to the additional nitrogen 
atom, but splitting is not observed (Fig. 4). 
Similar behavior has been observed for DABO 
not included at 355 K, but at lower temperature, 
the doublets arise 1141. 

As Table I1 shows, 3-azabicyclo[3.2.2lnonane 
appears to be the guest with the largest interac- 
tion in respect to the others. Typical thiourea 
chlatrates and an incipient doublet give rise 
(Fig. 4), this can be due to the larger size of the 
amine or the weaker host-guest interaction. 

For the compound 2(TU)(HMTA), I3C--l4N 
residual dipolar interactions are apparently 
maximal, so quantitative measurements were 
unsuccessful. In this last compound, in contrast 
to the typical thiourea inclusion compound, 
there is extra hydrogen bonding between the 
host and guest molecules. The hexamethylene- 
tetramine molecules are indeed intercalated in a 
layered network formed by bidimensional nest- 

JL PfW - 
60 t O  
PPM 

FIGURE 4 13C CP-MAS NMR spectra of the amine guest 
confinated in the thiourea host recorded at 298 K at 100.63 
MHz. aABN, 'Q, 'DABO. 

TABLE 11 I3C-MAS NMR Spectra. Width of the C,, Reso- 
nance Line of Azacycle Compounds inserted in Thiourea 

Inclusion Compound C,Line Width (Hz) 

10 
171 
80 

FIGURE 5 The supramolecular structure of 2(TU)(HMTA), 
view in the directional plane of the layered arrangement of 
thiourea molecules in which the hexamethylenetetramine 
molecules are intercalated. 

ing of thiourea molecules, thus each hexamethy- 
lenetetramine is tethered to two different 
thiourea molecules through H-bonds (Nhost-- 
NPest=3.073& [81, Figure 5. Thus, the amine- 
thiourea hydrogen bonding is the dominant 
cause of the restricted motion that gives rise to 
the larger residual dipolar splitting in the MAS 
NMR spectrum. 

Acknowledgements 

Research partially financed by Grants FONDEC- 
YT 194-0588, and 2950022 and DTI, Universidad 
de Chile Q3287 and Fundacion Andes (32510. 
We thank Prof. E. Ruiz-Hitzky and Mrs. Isabel 
Sobrados, Instituto de Ciencia de Materiales de 
Madrid (CSIC), for MASNMR measurements, 
performed within the scope of the agreement 
Universidad de Chile-CSIC. 

References 

111 Takemoto, K. and Sonoda, N. (1984). Inclusion Corn- 
pounds of Urea, Thiourea and Seleneurea, Inclusion 
Compounds, (Eds. Atwood, J. L. Davies, J. E. D. and 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



168 P. JARA et ul.  

MacNicol, D. D.) pp. 47-67, Academic Press, New 
York, vol. 2. 

[21 Bishop, R. and Dance, I. (1988). Top. Curr. Chem., 149, 
137. 

[31 Lenne, H. U. (1954). Acta Crystallogr., 7, 1. 
141 Harris, K. D. M. and Thomas, J. M. (1990). J. Chem. SOC. 

Furuduy Trans., 86, 1095. 
[51 Yutronic, N., Gonzrilez, G. and Jara, P. (1992). Bol. SOC. 

Chil. Quim., 37, 39. 
161 Hollingsworth, M. D., Santarsiero, 8. D. and Harris, K. 

D. M. (1994). Angew. Chem. Int.  Ed. Engl., 33, 649. 
171 Hollingsworth, M. D. and Santarsiero, 8. D. (1991). 

Chem. Muter., 3, 23. 
[81 Mak, T. C. W., Lau, 0. W., Ladd, M. F. C. and Povey, D. 

C. (1978). Acta Cryst., 834, 1290. The informed N.. .N 
length value and Figure 5 were obtained of our own X- 
ray diffraction data. 

[91 Gelerinter, E., Luz, Z., Pouko, R. and Zimmermann, H. 
(1990). I .  Phys. Chem., 94,5391; Muller, K. (1992). I. Phys. 

Chem., 96, 5733; Clement, R., Gourji, M. and Guibe, L. 
(1971). Molec. Phys., 21, 247. 

1101 Purcell, K. F. and Kotz, J. C. (1978). lnorganic Chemistry, 
W. B. Saunders Company, Philadelphia; Gonzllez, G., 
Bogdanov, B., Yutronic, N. and Manzur, J. (1982). 
Spectrochim. Acta, 38A, 591; GonzAez, G. and Yutronic, 
N. (1983). Spectrochim. Acta, 39A, 269; GonzAez, G., 
Yutronic, N. and Jara, M. (1990). Spectrochim. Actu, 46A, 
1729. 

[ I l l  Aliev, A. E. A. and Hams, K. D. M. (1993). J. Am. Chem. 
SOC., 115, 6369. 

[12] Roziere, J., Belin, C. and Lehman, M. S. (1982). 1. Chem. 
Commun., 388; Hollingsworth, M. D. and Palmer, A. R. 
(1993). 1. Am. Chem. SOC., 115,5881; Jara, P., Yutronic, N. 
and Gonzrilez, G. (1995). J. lnc. Phenom., 22, 203. 

[13] Harris, R. K. and Olivieri, A. C. (1992). Mugn. Reson. 
Chem., 24, 435. 

[14] Haw, J. F., Crook, R. A. and Crosby, R. C. (1986). 
1. M a p .  Reson., 66, 551. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1


