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Abstract

___________________________________________________________________________________________________________

Reaction of 2-aminopicolines with 2- and 4-tolyl isothiocyanates has yielded N-2-(4-picolyl)-N’-2-tolylthiourea, 4PicTu2T; N-2-(3-picolyl)-N’-4-tolylthiourea, 3PicTu4T and N-2-(4-picolyl)-N’-4-tolylthiourea, 4PicTu4T.  4PicTu2T is monoclinic, space group P21/c with a = 12.604(2) Å, b = 15.592(3) Å, c = 6.875(2) Å,  = 91.05(2)º and V = 1350.9(2) Å3 with Z = 4, for dcalc = 1.265 g/cm3.  3PicTu4T is triclinic, space group P-1 with a = 6.877(3) Å, b = 7.590(5) Å, c = 13.213(9) Å,  = 78.38(2)º, = 77.96(4)º,  = 86.36(4)º and V = 660.5(7) Å3 with Z = 2, for dcalc = 1.294 g/cm3.  4PicTu4T is monoclinic, space group P21/c with a = 7.456(1) Å, b = 13.135(3) Å, c = 13.959(3) Å,  = 104.99(3)º and V = 1320.5(5) Å3 with Z = 4, for dcalc = 1.294 g/cm3.  Intermolecular hydrogen bonding involving the thione sulfur and the NH hydrogen and the planarity of the molecule are affected by the position of substitution on the pyridine and aryl rings.  1H NMR studies in CDCl3 show the NH’ hydrogen resonance considerably downfield from other resonances in the spectrum for each thiourea.  The enthalpies of fusion of the present thioureas reflect the extent of intermolecular hydrogen bonding and are compared to other heterocyclic thioureas. 
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Introduction


The structure of N-2-(pyridyl)-N'-phenylthiourea1 has been reported following a 1H NMR study of the intramolecular hydrogen bonding between N'H and the pyridyl nitrogen for 2-pyridyl thioureas.2  A number of substituted thioureas show intramolecular hydrogen bonding between N'H and the benzoyl, alkyl or acyl oxygen.3-10  Also present is an intermolecular NH hydrogen bond (and a weaker CH hydrogen bond) with a sulfur of a neighboring molecule to form a two-dimensional network.  In addition, structures of substituted thioureas without an intramolecular hydrogen bond have been reported.11-15  More recent structural studies of substituted N-(2-pyridyl)-N'-arylthioureas include N-(2-pyridyl)-N'-tolylthioureas,16 N-2-(4,6-lutidyl)-N'-tolylthioureas,17 N-2-(5-bromopyridyl)-N'-2-(2,5-dimethoxyphenylethyl)thiourea18 and the N-2-(picolyl)- and N-(4,6-lutidyl)-N’-phenylthioureas.19  The 2-pyridyl thioureas, like the N-benzoyl-N'-thioureas,3-10 feature both intramolecular and intermolecular hydrogen bonding, but ring substituents affect the distances and angles of both types of hydrogen bonds.  Also, there is considerable difference in the planarity of these thioureas.  Here we report the 1H NMR spectra, enthalpies of fusion and crystal structures of N-2-(4-picolyl)-N’-2-tolylthiourea, 4PicTu2T, N-2-(3-picolyl)-N’-4-tolylthiourea, 3PicTu4T, and N-2-(4-picolyl)-N’-4-tolylthiourea, 4PicTu4T, which are represented in Figure 1 with their hydrogen bonding interactions.  A companion article is a similar study of N-2-(6-picolyl)-N’-2-tolylthiourea, 6PicTu2T, N-2-(6-picolyl)-N’-3-tolylthiourea, 6PicTu3T, and N-2-(6-picolyl)-N’-4-tolylthiourea, 6PicTu4T.20
Figure 1

Experimental


2-Amino-3-picoline and 2-amino-4-picoline, as well as 2-tolyl- and 4-tolyl isothiocyanate, were purchased from Aldrich and used as received.  A 2-aminopicoline was mixed with a tolyl isothiocyanate in a 1:1 molar ratio (i.e., 2 mmol) in 30 mL of 95% ethanol, and the mixture stirred with gentle warming for a minimum of 1h.  On cooling and slowly evaporating the reactant mixture (35 °C), the thioureas crystallized from solution.  The solids were filtered, washed with cold isopropanol, dried on a warm plate and then stored until required for characterization.  The yields are ca. 70 % for each of the thioureas and the melting points are as follows: 4PicTu2T, 189-91 °C; 3PicTu4T, 116-8 °C; and 4PicTu4T, 184-6 °C.  Their 1H NMR spectra were recorded in CDCl3 with a Bruker 300 MHz spectrometer and the enthalpies of fusion were obtained with approximately 3 mg samples at a heating rate of 10 º/min using a Perkin-Elmer Differential Scanning Calorimeter, DSC7.

Crystals were grown by slow evaporation of 1:1 by volume acetone-anhydrous ethanolic mixtures at room temperature.  The colorless thiourea crystals were mounted in random orientation on a glass fiber and the structures were solved by direct methods and missing atoms were found by difference-Fourier synthesis.  The non-hydrogen atoms were refined with anisotropic temperature factors.  Hydrogens attached to nitrogens and ring carbons were refined isotropically, and the methyl hydrogens were allowed to ride on their carbons and assigned a fixed isotropic temperature factor, U = 0.05 Å2.  Scattering factors for 4PicTu2T and 3PicTu4T are from Wassmaire and Kirfel,21 calculations were done by maXus, version 2.0,22 and graphics are Platon for Windows.23  For 4PicTu4T scattering factors were taken from International Tables for X-ray Crystallography (1974, Vol. IV)24 and calculations were done with the SHELXTL PCTM program package.25  Table 1 summarizes the crystal data, collection information and refinement data for these thioureas.  

Table 1

Results and Discussion

Structural studies


The ORTEP plots of 4PicTu2T, 3PicTu4T and 4PicTu4T are shown in Figures 2, 3 and 4, respectively, and Table 2 is a list of the fractional atomic coordinates and equivalent isotropic displacement parameters.  In contrast to N-2-(3-picolyl)- and N-2-(4-picolyl)-N’-phenylthiourea, 3PicTuPh and 4PicTuPh, respectively, which have two crystallographically unique molecules per unit cell,19 the present thioureas crystallize with one unique molecule in the unit cell.  These thioureas, like other 2-pyridyl thioureas,1,16-19 are found in a conformation resulting from intramolecular hydrogen bonding of N3H (N’H) to the pyridine nitrogen, N1, in a manner similar to the benzoyl and acyl thioureas3-10 and "cis-cis" like N-phenyl-N'-phenylthiourea.11  The present 2-pyridyl thioureas have similar bond distances and angles, Table 3, with the most notable difference being the longer N2-C7 bond for 3PicTu4T, and the larger C7-N3-C8 and S1-C7-N3 bond angles for 3PicTu4T and 4PicTuT.  The previously reported 3PicTuPh and 4PicTuPh19 have similar bond distances and angles to those found here.  In comparison to thioureas with oxygen involved in the intramolecular hydrogen bond,6,7 the 2-pyridyl thioureas1,16-20 generally have a shorter N2-C7 bond, except for the 3PicTu4T of this work, and the S1-C7 bond is marginally longer for the 2-pyridyl thioureas.  

Tables 2,3, Figures 2,3 and 4 

The N3-H3…N1 intramolecular interactions, Table 4, have similar N3…N1 distances indicating that the position of substitution on the pyridyl and aryl rings does not affect the strength of this interaction, but there is a difference in the N3-H3…N1 angles.  Like these thioureas, PyTuPh1 has a non-bonding distance of 2.646(4) Å for N3-H3…N1.  However, the N3-H3…N1 angle is 132.8(2.1) °, which is smaller than the thioureas of this study and for 3PicTuPh and 4PicTuPh.19 

Table 4


As was found for N-benzoyl-N'-(4-methoxyphenyl)thiourea,7 N2H is involved in intermolecular hydrogen bonding with a sulfur from a neighboring molecule.  Using the non-bonding N…S distance as a measure of the strength of this interaction (i.e., shorter distance, stronger bond), the order is as follows: 4PicTuPh19 {average of 3.405(3)} > 4PicTu2T = 4PicTu4T > 3PicTu4T > 3PicTuPh {average of 3.754(4)}.19  The comparatively long distance found for 3PicTu4T and 3PicTuPh is indicative of the steric effect of the methyl group in this position.  3PicTuPh has the weakest intermolecular N-H…S interaction among N-(2-pyridyl)thioureas1,16-20 reported to date, which is consistent with a low melting point, 122-4 °C ° and 3PicTu4T has an even lower melting point.  Figure 1 shows that C3H3 is positioned to also interact with the same S1 of a neighboring molecule because the pyridyl ring and thiourea moiety are near coplanar.  Table 4 gives the parameters for this interaction for 4PicTu2T and 4PicTu4T.


The greatest difference for 2-pyridyl thioureas is the angles between mean planes; the angle between the pyridyl and aryl mean planes is a convenient measure of the overall planarity for these thioureas, Table 5.  There is considerable difference in the angle between these planes among the three thioureas of this study, 4PicTu2T > 4PicTu4T > 3PicTu4T.  Among the 2-pyridyl thioureas with methyl groups on one or both rings,1,16,17,19,20 3PicTu4T is the most planar {i.e., 4.30(23)º} and N-(2-pyridyl)-N’-3-tolylthiourea, PyTu3T, is the least planar with an angle between the pyridyl and aryl planes that averages 79.4(1)º for the two unique molecules.19  Among the 2-pyridyl thioureas studied to date the angle between the pyridine ring and the thiourea moiety mean planes is less than 15º.1,16,17,19,20
Table 5

Thermal Studies


The DSC plots of these thioureas show a sharp peak due to melting followed immediately by a broader peak representing decomposition.  The enthalpies of fusion are as follows: 4PicTu2T, 53.7 kJmol-1; 3PicTu4T, 22.5 kJmol-1 and 4PicTu4T, 44.6 kJmol-1. The low value for 3PicTu4T is consistent with the very weak intermolecular hydrogen bonding due to the steric effect of the 3-methyl substituent.  Similarly, the enthalpy of fusion for 3PicTuPh is 22.5 kJmol-1 and 4PicTuPh has a value of 24.8 kJmol-1.  The 4PicTuPh value, when compared to the values for 4PicTu2T and 4PicTu4T, suggests that substitution on 2- and 4-position of the aryl ring substantially increases the strength of the intermolecular interactions.  

Spectral Studies


Selected 1H NMR spectral assignments for the three thioureas of this study are shown in Table 6.  The N3H resonance is downfield from the rest of the signals for these thioureas due to its involvement in intramolecular hydrogen bonding in solution, as well as in the crystalline state.  The greater planarity of 3PicTu4T probably causes it to have this signal furthest downfield.  Although there are not large differences in the N3H between the thioureas of this study and PyTu2T and PyTu4T, 13.494 and 13.771 ppm,16 respectively, there are significant differences in the frequencies of N2H.  For example, PyTu2T has a value of 10.013 ppm16 for N2H compared to 8.905 ppm for 4PicTu2T and PyTu4T is 10.031 ppm and 3PicTu4T and 4PicTu4T, 8.089 and 8.313 ppm, respectively.  Therefore, methyl substitution on the pyridyl ring causes the N2-H bond to become considerably less polar due to the inductive effect of the methyl group.

Table 6

Conclusion


Considerable difference exists in the planarity of these thiourea molecules, which affects some of the intra- and intermolecular hydrogen bonding parameters.  The strength of the intermolecular N2H2…S1 interaction is reduced in 3PicTh4T due to a the methyl group’s bulkiness; the Hfus is also much smaller than the values of the other thioureas of this study, as well as other 2-pyridyl thioureas.16,19,20 

Supplementary Material 

Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Center.  Copies of available material can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK, (FAX: +44-(0) 1223-336033 or E-MAIL: deposit@ccdc.cam.ac.uk).
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Table 1.  Crystallographic data for 4PicTu2T, 3PicTu4T and 4PicTu4T 
_____________________________________________________________________________________

Crystal Data
4PicTu2T
3PicTu4T
4PicTu4T

CCDC no.
163123
163124
163125

Crystal color, Habit
colorless, prism
colorless, prism
colorless, prism

Empirical formula
C14H15N3S
C14H15N3S
C14H15N3S

Formula weight
257.35
257.35
257.35

Temperature, K
293(2)
130(2)
293(2)

Crystal size (mm)
0.32 X 0.28 X 0.20
0.26 X 0.17 X 0.05
0.32 X 0.20 X 0.20

Crystal system
monoclinic
triclinic
monoclinic

Space group
P21/c
P-1
P21/c

a, Å
12.604(2) 
6.877(3) 
7.456(1) 

b, Å
15.592(3)
7.590(5)
13.135(3)

c, Å
6.875(2)
13.213(9)
13.959(3)

, °
90
78.38(2)
90

, °
91.05(2)
77.96(4)
104.99(3)

, °
90
86.36(4)
90

Volume, Å3
1350.9(6)
660.5(7)
1320.5(5)

Z
4
2
4

Density (calcd.), mg/m3
1.265
1.294
1.294

Absorp. coeff., mm-1
0.225
0.230
2.047

Diffractometer/scan
Nonius MACH3, 
Nonius Kappa CCD, 
Siemens P3/F, ?

 range for data collection, deg
1.61 to 27.39
5.16-21.95
4.7 to 55.04

Reflections measured
3249
2289
1701

Ind. reflec.(Rint)
2985 (0.0205)
1416 (0.1413)
1550 (0.0433)

Observed reflections
1437 {I>2.0 (I)}

1295 {F>3.0(F)}

Data/restraints/parameters
2985/0/202
1416/0/201
1550/0/170

Extinction coefficient
0.00605
0
0.0017(5)

Goodness-of-Fit
1.136
0.703
1.45

R, wR
0.0589, 0.0963
0.0530, 0.0950
0.0462, 0.1306

R, wR (all data)
0.1436, 0.1448
0.1587, 0.1337
0.0553, 0.1367

_____________________________________________________________________________________

Table 2.  Fractional atomic coordinates and equivalent isotropic displacement parmeters (Å2)

________________________________________________________________





    a


   X
   y
   z
   Ueq
_______________________________________________________________

4PicTu2T

C2 
0.4864(3)
0.21728(19)
0.9693(5)
0.0417(8) 

C3 
0.5944(3)
0.2310(2)
0.9930(6)
0.0462(8) 

C4 
0.6329(3)
0.3141(2)
0.9944(5)
0.0500(9) 

C5 
0.5600(3)
0.3803(2)
0.9716(6)
0.0573(11) 

C6 
0.4545(3)
0.3608(2)
0.9481(6)
0.0562(10) 

C7 
0.3478(3)
0.1012(2)
0.9779(5)
0.0450(8) 

C8 
0.1592(3)
0.1414(2)
0.9718(6)
0.0499(9) 

C9 
0.1009(3)
0.1019(2)
0.8248(7)
0.0629(11) 

C10 
-0.0087(4)
0.0925(3)
0.8549(11)
0.0825(17) 

C11 
-0.0559(4)
0.1218(3)
1.0189(12)
0.095(2) 

C12 
0.0026(4)
0.1631(4)
1.1599(10)
0.0879(17) 

C13 
0.1106(3)
0.1722(3)
1.1373(8)
0.0688(13) 

C14 
0.7494(3)
0.3326(3)
1.0247(8)
0.0811(15) 

C15 
0.1512(4)
0.0724(3)
0.6426(8)
0.0969(18) 

N1 
0.4160(2)
0.28005(17)
0.9471(5)
0.0475(7) 

N2 
0.4495(2)
0.13183(17)
0.9717(5)
0.0429(7) 

N3 
0.2702(2)
0.15808(19)
0.9538(5)
0.0509(8) 

S1 
0.32844(7)
-0.00386(6)
1.0208(2)
0.0641(4) 

3PicTu4T

C2 
0.2809(8)
0.6031(10)
-0.0490(5)
0.0318(17) 

C3 
0.3984(7)
0.6585(9)
-0.1514(5)
0.0306(16) 

C4 
0.4705(8)
0.5232(10)
-0.2034(6)
0.0360(18) 

C5 
0.4363(8)
0.3452(11)
-0.1587(5)
0.0316(16) 

C6 
0.3235(9)
0.3039(11)
-0.0584(6)
0.0382(19) 

C7 
0.1081(8)
0.7258(10)
0.1135(5)
0.0350(17) 

C8 
-0.0162(8)
0.4850(10)
0.2714(5)
0.0294(16) 

C9 
-0.1162(8)
0.5833(11)
0.3471(5)
0.0380(18) 

C10 
-0.2082(9)
0.4891(11)
0.4454(6)
0.0441(19) 

C11 
-0.2090(8)
0.3040(10)
0.4710(5)
0.0384(18) 

C12 
-0.1038(9)
0.2087(10)
0.3968(6)
0.0433(19) 

C13 
-0.0114(9)
0.2975(11)
0.2986(6)
0.0386(19) 

C14 
-0.3131(9)
0.2063(10)
0.5795(5)
0.054(2) 

C15 
0.4456(8)
0.8520(9)
-0.1966(5)
0.0450(19) 

N1 
0.2475(6)
0.4337(7)
-0.0032(4)
0.0291(13) 

N2 
0.2004(6)
0.7386(8)
0.0066(5)
0.0335(14) 

N3 
0.0739(7)
0.5581(9)
0.1664(5)
0.0367(17) 

S1 
0.0565(2)
0.9175(2)
0.15747(15)
0.0416(7) 

4PicTu4T

C2 
0.0917(4)
0.1207(2)
-0.0424(2)
0.0514(8)

C3 
0.0606(4)
0.1311(2)
-0.1443(2)
0.0556(8) 

C4 
-0.1139(4)
0.1586(2)
-0.1997(2)
0.0551(8) 

C5 
-0.2493(4)
0.1740(2)
-0.1503(2)
0.0629(9) 

C6 
-0.2059(4)
0.1627(3)
-0.0495(2)
0.0655(9) 

C7 
0.3430(4)
0.0844(2)
0.1134(2)
0.0527(8) 

C8 
0.2521(4)
0.1059(2)
0.2726(2)
0.0501(8) 

C9 
0.0944(5)
0.0995(2)
0.3061(2)
0.0608(9) 

C10 
0.1039(5)
0.1043(3)
0.4057(2)
0.0660(9) 

C11 
0.2705(5)
0.1156(2)
0.4753(2)
0.0623(9) 

C12 
0.4260(5)
0.1219(3)
0.4408(2)
0.0736(10) 

C13 
0.4206(5)
0.1173(3)
0.3421(2)
0.0665(9) 

C14 
-0.1559(5)
0.1732(3)
-0.3099(2)
0.0733(10) 

C15 
0.2815(6)
0.1219(3)
0.5844(3)
0.0864(12) 

N1 
-0.0371(3)
0.13674(19)
0.00557(18)
0.0568(7) 

N2 
0.2701(4)
0.0926(2)
0.01311(18)
0.0561(7) 

N3 
0.2271(4)
0.1041(2)
0.16843(19)
0.0537(7) 

S1 
0.56663(11)
0.04930(8)
0.15332(6)
0.0692(4) 

Table 3.  Selected bond distances (Å) and angles (°) for 4PicTu2T, 3PicTu4T and 4PicTu4T.

______________________________________________________________________________

Bond distances (Å)
4PicTu2T
3PicTu4T
4PicTu4T

______________________________________________________________________________

S1-C7
1.683(3)
1.666(7)
1.680(3)

N1-C2
1.328(4)
1.319(7)
1.321(4)

N1-C6
1.349(4)
1.351(7)
1.338(4)

N2-C2
1.411(4)
1.400(7)
1.404(4)

N2-C7
1.369(4)
1.410(7)
1.368(4)

N3-C7
1.327(4)
1.334(7)
1.323(4)

N3-C8
1.431(4)
1.410(7)
1.417(4)

_____________________________________________________________________________

Bond angles (°)

_____________________________________________________________________________

C2-N2-C7
129.7(3)
130.3(5)
130.9(3)

C7-N3-C8
126.0(3)
133.1(6)
131.8(3)

N1-C2-N2
118.5(3)
118.5(5)
118.1(3)

N2-C2-C3 
117.9(3) 
117.3(6)
118.3(3)

S1-C7-N2
118.9(3)  
117.1(5)
117.3(2)

S1-C7-N3
124.2(3)
128.8(5)
127.1(2)

N2-C7-N3 
116.8(3)
114.2(5)
115.6(3)

N3-C8-C9
121.7(4)
125.9(6)
116.8(3)

N3-C8-C13  
117.0(4)
115.1(6)
125.2(3)

______________________________________________________________________________

Table 4.  Intramolecular and intermolecular hydrogen bond distances (Å) and angles (°) for 4PicTu2T, 3PicTu4Tand 4PicTu4T.

_________________________________________________________________________

Thiourea
D
A
D-H
H...A (Å)
D-H...A (Å)
((D-H...A) (°)

Intramolecular







4PicTu2T
N3
N1
0.89(4)
1.88(4)
2.646(4)
142(4)

3PicTu4T
N3
N1
0.81(6)
1.98(6)
2.631(8)
137(6)

4PicTu4T
N3
N1
0.81(3)
1.94(3)
2.630(3)
142(3)

Intermolecular







4PicTu2Ta
N2
S1#1
0.88(3)
2.57(4)
3.437(3)
167(3)


C3d
S1#1
0.95(3)
2.84(3)
3.675(4)
147(2)

3PicTu4Tb
N2
S1#1
0.94(7)
3.07(7)
3.657(5)
122(5)


C13
S1#2
0.85(6)
2.94(6)
3.694(9)
148(4)

4PicTu4Tc
N2
S1#1
0.79(4)
2.72(4)
3.438(3)
152(3)


C3
S1#1
0.93(4)
2.996(1)
3.679(3)
131.5(2)

__________________________________________________________________________

a) #1: 1-x, -y, 2-z.

b) #1: -x, 2-y, -z; #2: x, -1+y, -z.

c) #1: 1-x, -y, -z

d) C-H…S interactions are listed if the H…X distance is < 3.0 Å.

Table 5.  Mean plane data and angles between planes for 4PicTu2T, 3PicTu4T and 4PicTu4T.  

________________________________________________________________________________________

Compound
Plane
No.
Mean Plane Deviation
Atom with greatest deviation
Plane/Plane
Angle

________________________________________________________________________________________

4PicTu2T
N1-C2-C3-C4-C5-C6
1
0.0014
C6, 0.0024(0.0031)
1/2
9.71(0.07)


N2-C7-S1-N3
2
0.0052
C7, 0.0090(0.0031)
2/3
73.38(0.12)


C8-C9-C10-C11-C12-C13
3
0.0089
C12, 0.0118(0.0038)
3/1
67.03(0.15)

3PicTu4T
N1-C2-C3-C4-C5-C6
1
0.0075
C2, 0.0127(0.0037)
1/2
8.13(0.19)


N2-C7-S1-N3
2
0.0004
C7, 0.0008(0.0043)
2/3
7.97(0.20)


C8-C9-C10-C11-C12-C13
3
0.0118
C11, 0.0200(0.0042)
1/3
4.30(0.23)

4PicTu4T
N1-C2-C3-C4-C5-C6
1
0.0041
C2, 0.0057(0.0020)
1/2
4.53(0.09)


N2-C7-S1-N3
2
0.0023
C7, 0.0040(0.0024)
2/3
21.72(0.06)


C8-C9-C10-C11-C12-C13
3
0.0004
C13, 0.0007(0.0025)
1/3
21.38(0.07)

_________________________________________________________________________________________

Table 6.  Selected 1H NMR assignments for 4PicTu2T, 3PicTu4T and 4PicTu4T.  

_______________________________________________________

Compound
N3H(N’H)
N2H(NH)
C6H
Ref

____________________________________________________

4PicTu2T
13.417
  8.905
  8.003
this work

3PicTu4T
13.777
  8.089
  8.064
this work

4PicTu4T
13.571
  8.313
  8.058
this work

____________________________________________________________________________________

Legends for Figures

Figure 1.  Representations of 4PicTu2T, 3PicTu4T and 4PicTu4T showing intramolecular hydrogen bonding.  

Figure 2.  ORTEP diagram of 4PicTu2T with atom numbering scheme and displacement ellipsoids at 50% probability level.

Figure 3.  ORTEP diagram of 3PicTu4T with atom numbering scheme and displacement ellipsoids at 50% probability level.

Figure 4.  ORTEP diagram of 4PicTu4T with atom numbering scheme and displacement ellipsoids at 50% probability level.
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