Copyright The Royal Society of Chemistry, 1999


Supplementary Data

The molecular structures of 2-, 3- and 4-chloropyridine and chloropyrazine in the gas phase by electron diffraction and ab initio calculations
Bruce A. Smart, Carole A. Morrison, Paul M. Papathomas, Charles A. Brookman, Heather E. Robertson and David. W. H. Rankin*

Department of Chemistry, University of Edinburgh, West Mains Rd., Edinburgh, UK EH9 3JJ

Table 1 Calculated geometries from 6-311G**/MP2 calculations (re/pm). Energies (Hartrees): chloropyrazine -722.677153; 2-chloropyridine -706.659476; 

3-chloropyridine -706.656158 and 4-chloropyridine -706.657590.

Compound
Atom
x
y
z

chloropyrazine
N(1)
122.36
  -4.76
0.00


C(2)
0.00
   46.92
0.00


C(3)
-116.65
  -31.01
0.00


N(4)
-111.16
  -164.69
0.00


C(5)
12.23
  -218.19
0.00


C(6)
127.29
  -139.21
0.00


Cl(7)
-14.46
   219.42
0.00


H(8)
-214.84
   15.43
0.00


H(9)
18.65
  -326.64
0.00


H(10)
226.39
  -183.80
0.00

2-chloropyridine
N(1)
-121.08
  -6.39
0.00


C(2)
0.00
   47.96
0.00


C(3)
120.14
  -23.80
0.00


C(4)
112.22
  -16.29
0.00


C(5)
-13.98
  -223.13
0.00


C(6)
-126.67
  -140.85
0.00


Cl(7)
7.71
   221.78
0.00


H(8)
215.26
   28.19
0.00


H(9)
202.76
  -222.90
0.00


H(10)
-25.10
  -331.04
0.00


H(11)
-226.72
  -183.39
0.00

3-chloropyridine
N(1)
-119.42
  -158.95
0.00


C(2)
-118.17
  -24.96
0.00


C(3)
0.00
   50.03
0.00


C(4)
123.15
  -15.36
0.00


C(5)
122.00
  -154.93
0.00


C(6)
-0.71
  -221.82
0.00


H(7)
-214.53
   25.40
0.00


Cl(8)
-7.85
   222.92
0.00


H(9)
215.76
   41.20
0.00


H(10)
214.96
  -210.98
0.00


H(11)
-4.46
  -330.48
0.00

4-chloropyridine
N(1)
  -229.82
   0.00
0.00


C(2)
  -159.05
   114.13
0.00


C(3)
  -19.42
   120.25
0.00


C(4)
   51.16
   0.00
0.00


C(5)
  -19.42
  -120.25
0.00


C(6)
  -159.05
  -114.13
0.00


H(7)
  -217.01
   206.18
0.00


H(8)
   32.43
   215.51
0.00


Cl(9)
   224.27
   0.00
0.00


H(10)
   32.42
  -215.51
0.00


H(11)
  -217.01
  -206.18
0.00

Table 2 Geometries obtained from final SARACEN refinements (r(o/pm)

Compound
Atom
x
y
z

chloropyrazine
N(1)
71.24
  -114.82
    0.00


C(2)
-1.17
 -225.38
    0.00


C(3)
-140.36
  -226.90
    0.00


N(4)
-210.23
  -113.44
    0.00


C(5)
-138.90
    0.00
    0.00


C(6)
0.00
    0.00
    0.00


Cl(7)
81.84
  -377.89
    0.00


H(8)
-196.89
  -318.90
    0.00


H(9)
-193.28
    93.28
    0.00


H(10)
57.47
    91.52
    0.00

2-chloropyridine
N(1)
76.14
  -107.73
    0.00


C(2)
0.00
   0.00
    0.00


C(3)
-139.16
   0.00
    0.00


C(4)
-203.04
  -123.75
    0.00


C(5)
-125.36
  -240.16
    0.00


C(6)
13.52
  -226.77
    0.00


Cl(7)
81.93
   153.33
    0.00


H(8)
-193.44
    94.14
    0.00


H(9)
-311.83
  -127.94
    0.00


H(10)
-171.69
  -338.48
    0.00


H(11)
78.70
  -313.93
    0.00

3-chloropyridine
N(1)
70.87
  -112.07
    0.00


C(2)
0.00
   0.00
    0.00


C(3)
-139.47
   0.00
    0.00


C(4)
-209.40
  -120.25
    0.00


C(5)
-133.56
  -237.77
    0.00


C(6)
6.12
  -228.46
    0.00


H(7)
55.48
    95.25
    0.00


Cl(8)
-223.38
   151.70
    0.00


H(9)
-319.42
  -121.36
    0.00


H(10)
-183.06
  -336.21
    0.00


H(11)
68.97
  -318.98
    0.00

4-chloropyridine
N(1)
278.16
    0.00
    0.00


C(2)
207.49
  -113.38
    0.00


C(3)
68.07
  -121.03
    0.00


C(4)
0.00
    0.00
    0.00


C(5)
68.07
   121.03
    0.00


C(6)
207.49
   113.38
    0.00


H(7)
269.08
  -204.41
    0.00


H(8)
15.74
  -217.39
    0.00


Cl(9)
-174.16
    0.00
    0.00


H(10)
15.74
   217.39
    0.00


H(11)
269.08
   204.41
    0.00

Table 3(a)  Selected interatomic distances and mean amplitudes of vibration for chloropyrazine from the SARACEN study.a
Atom pair
ra/pm

u/pm

N(1)-C(2)
132.2(3)
u1
5.0(3)

N(1)-C(6)
135.3(3)
u2
5.1 (tied to u1)

N(4)-C(3)
133.4(4)
u3
5.0 (tied to u1)

N(4)-C(5)
134.1(4)
u4
5.1 (tied to u1)

C(2)-C(3)
139.3(4)
u5
5.3 (tied to u1)

C(5)-C(6)
139.0(4)
u6
5.2 (tied to u1)

C(3)-H(8)
109.2(7)
u7
7.7(8)

C(5)-H(9)
109.3(8)
u8
7.7 (tied to u7)

C(6)-H(10)
109.3(8)
u9
7.7 (tied to u7)

C(2)-Cl(7)
173.8(2)
u10
4.4(4)

N(1)...C(3)
239.5(4)
u11
5.1(4)

N(1)...C(5)
239.6(6)
u12
5.1 (tied to u11)

N(4)...C(2)
237.2(4)
u13
5.1 (tied to u11)

N(4)…C(6)
238.9(3)
u14
5.1 (tied to u11)

C(2)…C(6)
225.5(4)
u15
5.0 (tied to u11)

C(3)…C(5)
227.1(4)
u16
5.0 (tied to u11)

Cl(7)…N(1)
263.1(6)
u17
9.0(6)

Cl(7)…C(3)
268.5(6)
u18
9.4 (tied to u17)

N(1)…N(4)
281.4(6)
u19
6.3(8)

C(2)…C(5)
264.2(3)
u20
6.0(9)

C(3)…C(6)
266.8(6)
u21
6.1 (tied to u20)

Cl(7)…N(4)
393.8(4)
u22
9.5(5)

Cl(7)…C(6)
386.5(3)
u23
9.5 (tied to u22)

Cl(7)…C(5)
437.4(2)
u24
10.0(9)

Table 3(b)  Selected interatomic distances and mean amplitudes of vibration for 2-chloropyridine from the SARACEN study.a
Atom pair
ra/pm

u/pm

N(1)-C(6)
134.7(4)
u1
5.0(3)

N(1)-C(2)
132.0(3)
u2
5.0 (tied to u1)

C(5)-C(6)
139.6(3)
u3
5.1 (tied to u1)

C(4)-C(5)
140.1(4)
u4
5.1 (tied to u1)

C(3)-C(4)
139.4(3)
u5
5.0 (tied to u1)

C(2)-C(3)
139.2(4)
u6
5.1 (tied to u1)

C(6)-H(11)
110.0(5)
u7
7.7(7)

C(5)-H(10)
109.9(6)
u8
8.2 (tied to u7)

C(4)-H(9)
110.0(5)
u9
8.2 (tied to u7)

C(3)-H(8)
109.9(6)
u10
8.2 (tied to u7)

C(2)-Cl(7)
174.0(2)
u11
4.5(4)

C(4)...C(6)
239.8(4)
u12
5.9(4)

N(1)...C(5)
241.2(4)
u13
5.9 (tied to u12)

N(1)...C(3)
240.7(4)
u14
5.9 (tied to u12)

C(2)…C(6)
227.2(4)
u15
5.8 (tied to u12)

C(3)…C(5)
240.7(4)
u16
6.0 (tied to u12)

C(2)…C(4)
237.8(4)
u17
6.0 (tied to u12)

C(3)…C(6)
273.4(5)
u18
5.9(7)

N(1)…C(4)
279.7(6)
u19
5.4(tied to u18)

C(2)…C(5)
271.0(2)
u20
5.9 (tied to u18)

N(1)…Cl(7)
261.1(4)
u21
7.5(4)

C(3)…Cl(7)
269.0(4)
u22
7.7 (tied to u21)

C(6)…Cl(7)
386.1(5)
u23
8.4(6)

C(4)…Cl(7)
397.3(4)
u24
8.5 (tied to u23)

C(5)…Cl(7)
444.6(1)
u25
8.9(7)

Table 3(c)  Selected interatomic distances and mean amplitudes of vibration for 3-chloropyridine from the SARACEN study.a
Atom pair
ra/pm

u/pm

N(1)-C(6)
133.3(6)
u1
4.7(4)

N(1)-C(2)
132.8(6)
u2
4.7 (tied to u1)

C(5)-C(6)
140.1(4)
u3
4.8 (tied to u1)

C(4)-C(5)
140.1(4)
u4
4.6 (tied to u1)

C(3)-C(4)
139.2(3)
u5
4.8 (tied to u1)

C(2)-C(3)
139.6(4)
u6
4.8 (tied to u1)

C(6)-H(11)
111.5(6)
u7
6.9(5)

C(5)-H(10)
111.5(6)
u8
6.9 (tied to u7)

C(2)-H(7)
111.5(6)
u9
6.9 (tied to u7)

C(3)-Cl(8)
173.5(2)
u10
5.0(3)

C(4)...C(6)
241.2(5)
u11
6.3(2) 

N(1)...C(5)
240.0(4)
u12
6.1 (tied to u11)

N(1)...C(3)
238.4(5)
u13
6.2 (tied to u11)

C(2)…C(6)
228.6(5)
u14
6.1 (tied to u11)

C(3)…C(5)
237.9(4)
u15
6.3 (tied to u11)

C(2)…C(4)
241.4(5)
u16
6.3 (tied to u11)

C(3)…C(6)
271.1(3)
u17
3.9 (7)

N(1)…C(4)
280.4(3)
u18
4.1 (tied to u17)

C(2)…C(5)
272.8(3)
u19
4.0 (tied to u17)

C(4)…Cl(8)
272.1(4)
u20
9.0(4)

C(2)…Cl(8)
269.9(6)
u21
9.0 (tied to u20)

N(1)…Cl(8)
395.0(3)
u22
7.9(3)

C(5)…Cl(8)
399.6(2)
u23
8.0 (tied to u22)

C(6)…Cl(8)
444.1(2)
u24
10.7(8)

H(9)…Cl(8)
289.4(18)
u25
14.0(12)

Table 3(d)  Selected interatomic distances and mean amplitudes of vibration for 4-chloropyridine from the SARACEN study.a
Atom pair
ra/pm

u/pm

C(3)-C(4)
139.0(2)
u1
4.1(3)

C(2)-C(3)
139.9(3)
u2
4.1 (tied to u1)

N(1)-C(2)
133.7(3)
u3
5.6(5)

C(4)-Cl(9)
174.3(3)
u4
4.2(4)

C(3)-H(8)
110.9(6)
u5
7.9(6)

C(2)-H(7)
111.0(6)
u6
7.9 (tied to u5)

C(3)...C(5)
242.1(5)
u7
5.5(5)

C(2)...C(6)
226.8(5)
u8
5.3 (tied to u7)

C(2)…C(4)
236.5(4)
u9
5.5 (tied to u7)

N(1)…C(3)
242.6(4)
u10
4.9 (tied to u7)

N(1)…C(4)
278.2(4)
u11
5.6(4)

C(3)…C(6)
272.8(4)
u12
5.4 (tied to u11)

H(8)…Cl(9)
288.4(8)
u13
15.6(13)

C(2)…Cl(9)
397.9(2)
u14
10.0(5)

C(3)…Cl(9)
270.6(2)
u15
9.6(5)

N(1)…Cl(9)
452.1(3)
u16
10.6(8)

a  See Fig. 1 for atom numbering; all other distances were included in the refinement, but are not listed here.

Table 4(a) Least-squares correlation matrix (x100) for chloropyrazine.a
p1
p2
p3
p4
p5
p6
p7
p8
p9
p10
p11
p12
p13
p14
p15
p16
p17
u1
u17
u11
u19
u10
u20
u22
u24
u7
k1
k2

100
  -4
 23
12
-84
-12
-11
 -3
  2
  33
-31
 -8
 -4
-30
0
  62
-19
  49
  19
  10
   4
  -2
 0
   3
  1
   1
   6
   5


100
  10
   0
-8
   5
  -8
  -1
   0
  23
  -2
   1
   4
  -9
-27
-29
  24
   1
  11
  -1
   8
 0
  0
  13
   3
   0
   5
  -2



100
-27
-2
  -1
   2
  -1
   0
-15
  -7
  0
  -3
-96
  15
-10
-5
  13
  -2
  -3
   0
  2
   4
  -9
   0
   0
   3
   5




100
-26
-6
-11
 0
   0
26
-28
-11
-15
  26
  17
 45
 24
   8
  11
  -7
   8
  0
   2
  1
  -1
  -4
  7
  -7





100
-7
-17
   0
   0
-23
7
 5
7
  12
  18
-57
 7
-47
-13
-10
   0
   0
  -1
-7
   0
  -1
 -1
  -3






100
   2
   0
   0
-27
 4
 3
3
3
  22
 -3
-5
   1
-14
  -3
   0
   1
   3
  -7
  -1
   0
   5
   4







100
   0
   0
  15
  7
  5
  -8
   5
  -2
 -6
  26
  -7
-10
  -4
  -9
   5
   4
  5
   1
   3
-28
  -4








100
   0
   0
   0
   0
   0
  -1
  0
  -2
   2
   0
   0
   1
   0
   0
   0
   0
   0
   0
   0
   0









100
   0
   0
   0
   0
   0
   0
 1
 -2
   0
   0
   0
   0
   0
   0
   0
 0
   0
   0
   0










100
-49
-19
-31
  31
-35
 67
-12
  17
 16
-22
  3
   2
  11
   8
   8
  -3
   6
   4











100
-22
-15
-12
-28
-43
  -5
 -7
-14
  13
  -9
  0
  -2
  -2
  -7
  0
   1
   2












100
-8
  -1
-11
-14
  -5
  -4
 -4
  4
   0
   0
 -1
 -1
  -2
   1
  -2
   0













100
  -3
-10
-14
  -5
  -3
 -8
  1
   0
   0
  0
  -2
   0
   1
  -1
   0














100
-23
 19
-1
  15
 0
-5
  -1
   0
   0
  7
  1
  -1
  0
  -2















100
-22
  33
-10
 6
  9
   8
  -4
-11
  -4
   0
   2
  -7
-10
















100
-30
  35
 6
-16
 0
   3
  13
  -2
  3
  -3
  9
   8

















100
  -7
  -7
-8
-5
  -3
   4
  16
   0
   3
-10
  -2


















100
  25
  29
  8
  28
  0
  23
   7
  -8
  35
  70



















100
  45
 19
  11
-69
  12
   5
  -5
  21
  24




















100
  3
  15
-37
  16
   1
  -7
  20
  36





















100
   5
  11
   2
   4
  -2
  10
   8






















100
   0
  13
   5
  -9
  14
  45























100
  -2
   0
   0
  -5
  0
























100
-16
  -5
  18
  30

























100
  -2
   2
  11


























100
-12
-18



























100
  35




























100

Table 4(b) Least-squares correlation matrix (x100) for 2-chloropyridine.a
p1
p2
p3
p4
p5
p6
p7
p8
p9
p10
p11
p12
p13
p14
p15
p16
p17
p18
p19
u7
u1
u12
u18
u23
u21
u25
u11
k1
k2

100
0
0
4
-18
-70
-20
0
1
0
-61
0
7
7
-10
8
2
0
0
0
-56
-3
5
-30
-35
2
-2
-9
-3


100
27
4
-2
-3
5
1
-1
0
12
-19
18
-23
3
1
6
0
5
0
4
-2
0
1
9
0
1
1
2



100
-13
6
8
-15
-3
2
2
55
37
-50
39
-19
11
-17
-1
-15
0
-10
5
-2
-2
-6
-1
-2
-3
-6




100
25
-6
0
1
0
0
-19
0
-1
5
-9
4
-6
-1
-2
0
0
0
-9
1
9
0
-1
-8
-1





100
10
-6
-2
1
0
-36
-3
8
-1
4
-2
2
-1
-4
-2
7
-10
-12
-8
0
0
2
9
0






100
0
0
0
0
54
-6
0
-13
2
-2
6
3
6
0
41
1
-15
31
16
-2
1
6
7







100
0
0
0
-1
0
-2
1
9
2
-11
-8
-13
0
4
-2
-6
1
6
1
4
-22
-1








100
0
0
1
0
-4
3
1
0
0
0
0
0
0
0
0
-1
0
1
0
0
0









100
0
-1
0
2
-3
0
1
0
0
0
0
0
-1
0
2
1
-2
0
-1
0










100
-2
-3
0
0
0
0
0
0
0
0
0
-1
0
0
0
0
0
-1
0











100
22
-36
15
-4
11
-3
-7
-7
1
28
12
4
27
24
-4
-2
0
-3












100
-92
93
5
-8
19
-10
0
0
-2
0
-34
-43
-27
6
5
2
7













100
-97
-17
-9
10
1
0
0
-1
-3
30
36
25
-5
-3
0
-5














100
19
7
-9
0
2
0
-4
0
-32
-45
-32
7
4
0
7















100
76
7
16
9
0
8
0
-1
-18
-4
3
1
-1
4
















100
-2
-12
-3
0
-9
6
16
-1
1
0
-4
-14
-6

















100
-5
-10
0
-10
0
-3
-8
4
0
0
0
-1


















100
-7
0
-4
-2
-3
-1
-4
1
0
3
0



















100
0
-6
0
-6
-8
-5
0
1
6
0




















100
0
-1
0
0
0
0
0
-3
-2





















100
28
11
29
23
9
38
40
67






















100
11
17
34
6
29
22
45























100
28
1
0
11
10
21
























100
32
-14
8
15
16

























100
-2
1
12
3


























100
10
8
17



























100
20
58




























100
38





























100

Table 4(c) Least-squares correlation matrix (x100) for 3-chloropyridine.a
p1
p2
p3
p4
p5
p6
p7
p8
p9
p10
p11
p12
p13
p14
p15
p16
p17
p18
p19
u7
u1
u11
u17
u24
u22
u20
u25
u10
k 1
k 2

100
-7
13
6
-1
-88
-25
0
0
0
-70
8
-47
-69
6
-27
-13
0
3
-4
-85
-42
45
0
-24
-31
12
-18
-1
-28


100
34
12
-5
0
-6
0
0
0
18
-14
30
30
-5
-27
-12
-7
0
-1
6
7
15
0
2
-10
2
0
1
1



100
-16
24
-2
6
-3
0
-2
4
-32
-48
-42
20
-29
-4
11
-1
2
-9
-8
8
-1
7
4
-4
0
-4
0




100
7
-4
4
0
0
0
-31
5
-10
-16
0
0
10
2
0
0
-4
-7
-14
1
-9
5
-2
1
0
0





100
-3
-12
0
0
0
14
22
-52
-47
-6
-3
-8
-7
0
1
-13
-23
-25
-3
-5
14
2
-14
0
-21






100
11
0
0
0
64
-7
46
64
-9
8
10
-2
-3
8
78
40
-36
0
16
21
-12
18
0
26







100
1
0
1
0
-13
6
8
-6
13
-7
-9
0
-9
21
9
-23
4
24
41
-9
18
-5
29








100
0
0
0
-2
-1
0
0
0
0
0
0
0
0
0
2
0
0
-2
0
0
0
0









100
0
0
1
-2
-2
0
5
2
0
0
0
0
0
-3
0
0
2
0
1
0
1










100
0
0
-2
-1
1
1
-3
0
0
0
0
2
0
0
0
0
0
0
0
1











100
39
44
57
-8
-30
8
-1
-3
10
63
33
-21
-1
15
9
-9
9
-1
14












100
26
7
10
-56
-23
-1
0
3
-6
-8
-7
-1
-10
-5
0
-4
0
-7













100
94
0
-18
-2
-1
0
-1
45
32
-2
1
4
-1
-2
12
4
20














100
-10
-1
8
-3
-1
1
63
42
-10
1
11
4
-4
15
3
24















100
-6
12
-3
-2
-3
-5
-8
-10
-1
0
9
-3
3
1
2
















100
-11
-9
-1
-3
19
4
-27
1
14
17
-1
5
3
7

















100
-9
3
1
9
14
12
-1
-5
0
0
-1
-2
0


















100
2
0
-1
0
-1
0
-2
1
-5
0
2
-1



















100
-1
-2
-1
2
-1
-1
3
1
0
-2
0




















100
-4
-9
-7
-2
-6
-8
0
-11
-6
-20





















100
62
-23
5
34
34
-13
45
7
66






















100
9
7
27
9
-10
44
8
62























100
3
-3
-60
0
9
3
13
























100
-3
3
0
8
1
11

























100
19
-4
26
0
0


























100
5
26
5
39



























100
-5
3
-8




























100
7
69





























100
12






























100

Table 4(d) Least-squares correlation matrix (x100) for 4-chloropyridine.a
p1
p2
p3
p4
p5
p6
p7
p8
p9
p10
u1
u5
u3
u4
u7
u16
u11
u15
u14
u13
k1
k2

 100
 -58
 -20
 -13
 -19
  -2
  71
 -53
  -6
   0
  -15
   0
  12
  -9
 -30
  -4
   2
   6
  -6
   0
   6
 -18


 100
 -25
  24
  31
   2
 -34
  20
 -29
  -1
  33
   0
  12
  9
 -14
   2
 -9
   -4
  10
  -2
  -8
  18



 100
 -17
 -20
   0
  21
 -42
   8
   1
 -21
  -3
 -55
 -3
 -9
  0
  10
 -12
 -3
   -1
   0
 -2




 100
  -6
   0
 -35
  -8
   5
  -2
   2
   0
  9
   0
  -5
   1
   3
  -2
  -3
  10
   7
   -1





 100
   0
 -5
   -2
  -5
   2
  2
   1
  16
  12
   -4
   7
 -12
  10
  15
  -2
 -15
  15






100
  -4
   3
  -1
   0
   0
   -1
   0
   0
   4
  -1
   0
  -2
   0
   0
   0
   0







 100
 -83
  22
   3
 -26
  2
 -11
  -7
 -51
   2
   3
 -10
  -1
  -8
   0
 -9








 100
  -11
  -2
  12
   0
  22
  6
  59
  -2
 -5
  11
   1
  2
  0
  7









 100
   4
   5
   0
  -5
  -2
   6
  11
   6
 -20
  -2
  -5
   4
   0










100
  0
   0
  0
   0
  -1
  -1
   0
  -4
   0
  -1
   1
   0











 100
   -9
  22
  39
  17
  10
 -10
  16
  22
  0
   7
  64












100
   7
  -8
  -3
  -1
  -3
  -3
  -3
   0
 -4
 -12













100
  18
  19
   6
  3
  23
  14
  3
   8
  42














100
  18
   8
   7
  18
  17
   0
   2
  51















100
   4
   5
  25
  9
   1
   8
  35
















100
   3
   2
 -15
   1
   1
  16

















100
 -42
   3
  -4
   4
  19


















100
  11
  13
   5
  33



















100
  -2
   7
  33




















100
   3
   2





















100
   8






















100

a k1 and k2 are scale factors.

1

