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THE intensity of the v8 (vI6 in Herzberg's notation) 
vibrations near 1600 cm-l in monosubstituted benzenes,2,3 

1 Part XXXI, T. 13. Grindley, I<. F. Johnson, A. R. Katritzky, 
H. J. Keogh, and K. D. Topsom, preceding apper. 

R. T. C. Brownlee, R. E. J. Hutchinson, A. R. Katritzky, 
T. T. Tidwell, and R. D. Topsom, J .  ,41nev. Chenz. SOG., 1968, 90, 
1757. 

expressed in equation (l), provides a direct measure of 
conjugative interaction between ring and substituent. 
The conjugative resonance parameter also deter- 

3 For a summary see -4. R. Katritzky and R. D. T O ~ S O I ~ ,  
Angew. Chem. Internat. Edis., 1970, 9, 87. 
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mines the intensity of the v(C=C) stretching mode of 
monosubstituted ethylenes [equation (2)].4~5 

A,,n, = 17,600(0"R)~ + 100 

A e t h  = 2 7 , 1 0 0 ( ~ " ~ ) ~  + 80 
(1) 

(2 )  
We have now studied the CZC stretching band 

intensity of monosubstituted acetylenes. Less is known 
regarding intramolecular interactions in acetylenes than 
in either benzenes3 or ethylenes.4 The CEC bond 
length appears to be virtually unaffected by substituents.6 
Studies7 of the heats of hydrogenation of mono- 
substituted alkyl-, carboxy-, and aryl-acetylenes have 
indicated that inductive effects are more important here 
than for the corresponding ethylenes although resonance 
effects were also noted. A large number of dipole 
moment studies of monosubstituted acetylenes have 
been carried out 8*9  and correlation l o  of these data with 
dual parameter equations l1 indicates that resonance 
effects are about twice as important as inductive effects. 
Recently Rosenberg and Drenth l2 have summarised 
much of the evidence from n.m.r. chemical shifts and 
coupling constants about electronic interactions in 
acetylenes. The magnitudes of the chemical shifts 
appear to be determined chiefly by the inductive effects 
of the substituents although variable x-cloud and sub- 
stituent anisotropy as well as resonance effects cause 
perturbations. 

Some chemical evidence is also available on inter- 
actions in monosubstituted acetylenes, particularly in 
comparison with the appropriate ethylenes. Thus 
propiolic acid is decarboxylated more readilyI3 and is 
more acidic l4 than acrylic acid, and its ester is hydrolysed 
more rapidly l5 than the corresponding acrylic ester, all 
of which indicates that C-C is more electron with- 
drawing than C=C. The acidity of the terminal hydrogen 
atom is related to the electronegativity of the sub- 
stituent.16 The fact that bromine can be more readily 
added to ethylenes than acetylenes l7 has been quoted 

R. T. C. Brownlee, J. Nunday, R. D. Topsom, and A. R. 
Katritzky, J.C.S. Faraday 11, 1973, 349. 

6 A. R. Katritzky, R. F. Pinzelli, M. V. Sinnott, and R. D. 
Topsom, J .  Amev.  Chem. Soc., 1970, 92, 6861. 

6 L. Pauling, H. D. Springall, and K. J. Palmer, J .  Amer.  
Chem. Soc., 1939, 61, 927; M. J .  Collins, C. 0. Britt, and J. E. 
Boggs, J .  Chem. Phys. ,  1972, 56, 4262. 

7 M. M. Kreevoy, J -  Amer.  Chenz. SOL,  1959, 81, 1608; T. L. 
Flitcroft and H. A. Skinner, Trans.  Faraday Soc., 1958, 54, 47; 
T. Flitcroft, H. A. Skinner, and M. C. Whiting, ibid., 1957, 53, 
784. 

8 M. Charton, J .  Org. Chem., 1961, 26, 735. 
9 (u) W. Drenth, G. L. Kekkert, and B. G. Zwanenburg, Rec. 

TYUV. chim., 1960, 79, 1056; 1962, 81, 313; (b) A. Bjsrseth, Acta 
Chewz. Scand., 1972, 26, 1278; (c) M. L. Petrov, K. S. Mingaleva, 
B. S. Kupin, and A. A. Petrov, Zhztr. org. Khim., 1972, 8, 32. 

T. B. Grindley and A. R. Katritzky, unpublished results. 
l1 R. T. C .  Brownlee, S. Ehrenson, and R. W. Taft, in prepara- 

tion; C. G. Swain and E. C. Lupton, jun., J .  Amer. Chem. 
SOL, 1968, 90, 4328. 

12 D. Rosenberg and W. Drenth, Tetrahedron, 1971, 27, 3893. 
13 J. W. Baker, I(. E. Cooper, andC. K. Ingold, J .  Chem. SOC., 

l4 J .  F. J. Dippy, Chem. Rev., 1939, 25, 179. 
15 E. A. Halonen, Acta Chem. Scand., 1965, 9, 631, 1492. 
16 J .  C. D. Brand, G. Eglinton, and J. F. Morman, J .  Chem. 

Soc., 1960, 2526; R. West and  C. S. Kraihanzel, J .  Amer.  Chem. 
Soc., 1961, 83. '765. 

1928, 426. 

as evidence that the cthylenic bond is more polarisable, 
and this is supported by a report that the binding 
energy lS of acetylenic x-electrons is greater than that of 
olefinic x-electrons. Plottings the pK, values of a 
limited range of 3-substituted propiolic acids against 
the normal Hammett $ara-substituent constants gives a 
good linear relation. All this evidence indicates that 
although the acetylenic bond is more inductively 
electron-withdrawing and apparently less polarisable 
than other x-systems, resonance effects are still im- 
portant and Hammett relationships should apply. 
Very recently, Charton19 has shown that many sets of 
equilibrium, reactivity, and spectroscopic data relating 
to  monosubstituted acetylenes can be correlated by the 
extended Hammett equation, and that resonance effects 
do play an important role. 
Infrared ResuZts.-Force constant calculations 2o have 

shown that the CEC stretching vibration (A-type) in 
monosubstituted acetylenes has the form (I). Nass 

R-CEC-H 
++++ 

(1) 
effects for the vibration have been shown both experi- 
mentally 21 and theoretically 22 to be unimportant if the 
atomic weight of R is greater than 10. Although 21,23-25 

Fermi resonance is unimportant for v(CEC) of most 
monosubstituted acetylenes, when the terminal hydrogen 
atom is replaced by deuterium, the C-C and C-D 
stretching bands resonate strongly.26 Because the CZC 
stretch is well separated from other vibrations, a large 
number of authors have studied the effects of sub- 
stituents on its frequency and intensity in a qualitative 
manner ; however few quantitative studies are available. 
Nyquist and Potts 27 observed that conjugative effects 
lowered the frequencies of acetylenes and Alaune et aZ.2s 
found that conjugation with C=O or C=C lowered the 
CZC frequency and increased the intensity. Jouve 29 

1' P. W. Robertson, W. E. Dasent, R. &I. Milburn, and W. H. 

l8 H. Sinn, 2. Electrochem., 1057, 61, 989. 
l9 M. Charton, J .  Org. Chem., 1972, 37, 3684. 
2O G. R. Hunt and M. Kent Wilson, J .  Chenz. Phys. ,  1961, 34, 

1301; G.  Zerbi and M. Gussoni, ibid., 1964, 41, 456; P. Klaboe, 
E. Kloster- Jensen, D. H. Christensen, and I. Johnsen, Spectro- 
chim. Acta, 1970, 26, 1567; S. J. Cyvin, J .  ilfol. Structure, 1969, 
3, 520; K. Ramaswamy and K. Srinivasan, ibid., 1970, 5, 337. 

21 P. Queignec and B. Wojtlrowiak, Compt. rend., 1966, 262B, 
486. 

22 J. K. Wilmshurst, Canad. J .  Chem., 1959, 37, 1896. 
z3 L. J. Bellamy, ' Advances in Infrared Group Frequencies,' 

hlethuen, London, 1968, pp. 66-72. 
24 R. C. Lord and F. A. L. Miller, Appl. Spectvoscopy, 195G, 

10, 115. 
25 J. Dale, in ' Chemistry of Acetylenes,' ed. H. G. Viehe, 

Marcel Dekker, New York, 1969, p. 32. 
z6 V. Hoffmann, G. Stehlik, and W. Zeil, 2. Naturforsch., 1970, 

25A, 572. 
27 R. A. Nyquist and W. J. Potts, Spectrochim. Acta, 1960, 16, 

419. 
28 (a) 2. Alaune and 2. Talaikyte, Lietuvos T.S.R. Mokslu 

Akad.  Darbai, Ser. B, 1964, 57 (Chem. Abs. ,  1965, 62, 133d); 
(b) 2. Alaune and V. Mozolis, ibid., 1963, 101 (Chem. Abs., 1963, 
59, 13,5004. 

29 P. Jouve, C o m p .  rend., 1963, 256, 5120; P. JOUVC, M. 
Teulier, and G. Levi, ibid., 1964, 258, 2545. 

Oliver, J .  Chem. Soc., 1950, 1628. 
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showed that the intensity of the X-H stretching 
vibration and the chemical shift of the acetylenic proton 
were related by a smooth curve and suggested that both 
measurements reflect the change in electron density 
around the proton on change in substituents. d-rt 
Interactions 2693431 or inductive effects 26 have been put 
forward as explanations for intensity changes for 
the C X  stretching vibration for the compounds 
R3XCXH (X = C, Si, Sn, or Ge). The intensities 
obtained by previous investigators are given in Table 1 
(converted to I.U.P.A.C. practical units).32 

TABLE 1 
Monosubstituted acetylenes : v ( E C )  integrated intensities 

from the literature 

iict. to (original 
o h  

Substitwrit intensity nnits) Units Aoba All2 
CO Prn h 5200 16 2260 47.6 
Cyclohex-3-en yl- h 5d40 I& 2460 49.6 

c 430 20.7 0.10 i 
391 19.8 

c i 1090 33.0 
C 174 13.2 

0.06 261 16.2 

car bony1 
SnEt, 
GeBgnS tl 0.09 i 
GeEt, d 0.107 1 466 21.1 
SiAfc, 0-25 
Ph,T' 0.04 i 
Ph2As c O.O&-- i 217- 14.7--- 

Cycl~hc~yl-[CH~],.- I> -- b' 7 b 99 9.9 

Ph i 

CMeOH 
PrnC I-TOII b 520 k 96 9.8 

436 It 189 13.7 
583 It 263 15-9 PI" h 

c .  0467 i 291 77.1 
684 11 254 15-9 

n-C,l-I,, c: 683 31 297 17.2 
BU" 

But l- 0.06 i 261) 16.1 
CH,GcEt, d 0.201 i 868 29.5 
I'h2P0 e 0.48- i 208G- 46.7---- 

b 

0.58 2620 50.2 
In CC14. Ref. 28a. e E. A. Gastilovich, D. N. Shigorin, 

K. V. Zhukova, and I. S. Akchurina, Russ. J .  Phys. Chenz., 
1969, 48, 1. R. Mathis, M. C. Sergent, P. Mazerolles. and 
1;. Mathis, Spectroclaina. A d a ,  1964, 20, 1407. 6 R. Mathis, 
11. Barthelat, F. Mathis, and C. Charrier, J .  Mol. Structure, 
1967-1965, 1, 481. fT. L. Brown, J .  Chem. Phys., 1963, 
38, 1049. 0 R. Ronianet and B. Wojtkowiak, Compt. rend., 1960, 
251, 364. 1 mol-l cm-*, I.U.P.A.C. standard units. lo4 :; 
1 mol-f cm-2. 

For benzenes 3 and ethylene~,~ the interaction between 
the substituent and the multiple-bonded function has 
been shown to give rise, for v8 and v2 respectively, to an 
alternating dipole (dp/dQ) during the vibration ; this is 
proportional to BOX.  In the normal mode of the C Z  
vibration for monosubstituted acetylenes, both the 
hydrogen atom and the substituent move in the same 
direction (see earlier). Treatment of a0n as a vector as 
previously leads to the relationship (3) for monosub- 
stituted acetylenes. The constant b is required because 

A = Kl[o0n(l) + bI2 (3) 
30 (a) E. A. Gastilovich, D. N. Shigorin, K. V. Zhukova, and 

0. G. Yarosh, Optics and Spectroscopy, 1967, 25, 304; (b) E. A. 
Gdstilovich, D: N. Shigorin, N. V. Komarov, and 0. G. Yarosh, 
ibid., 1965,19, 162; E. A. Gastilovich, D. N. Shigorin, and N. V. 
Komarov, ibid., 1964, 16, 24. 

E. A. Gastilovich, K. V. Zhukova, D. N. Shigorin, 0. G. 
Tarosh, and I. S .  Aknurina, Optics and Spectroscopy, 1970, 29, 22. 

32 K. S. Seshadri and R. N. Jones, Spectrochinz. Acta, 1963, 19, 
1013. 

of the variation in the form of the normal vibration. 
The iiorrnal vibration remains relatively constant for ali 
monosubstituted acetylenes, but is different for acetylene 
itself, and again different for the group of disubstituted 
acetylenes.20,33p34 By comparison the form of the 
normal vibration changes little for substituted benzenes 
and eth~1ene-s .~~~ 

EXPERIMENTAL 
The nionosubstitutecl acetylenc~s were prepared by 

literature methods as outlined in Table 2 or were commercial 
satnples purified by  distillation. The purity of the com- 
pounds was chcckecl by g.1.c. and/or m.p. determination 
and by i.r. and n.1n.r. spectroscopy. 

Spectroscopic grade carbon tetrachloride was stored over 
molecular sieves (4A). Chloroform was purified by passing 
i t  through alumina immediately prior to use. Methanol 
was dried with methylmagnesium i0dide.~6 Dimethyl- 
formamidc was purified by distillation froin calcium 
liydride and was stored over inolecular sieves. 

The spectroscopic technique when carbon tetrachloride 
was solvent was as previously de~cribed.~* When chloro- 
form-methanol (9 : 1) was the solvent, the sodium chloride 
cells were used as previously described escept that the 
2401 cm-1 band of chloroform was employed for balancing. 
Although the measurement in dimethylformamide was 
carried out in calciuni fluoride cells, the same technique 
as above was used. Integration procedures for all solvents 
werc as previously described and reproducibilities of A lP2 
were fl for all compounds. licsults are recorded in 
Table 2. 

Molecular Orbital Calculafions.--'l'Iie observed i.r. in- 
tensity A of a band in I.U.P.A.C. practical units (1 mol-l 
cm-a) is given 32 by equation (4), where c is the concen- 
tration in in01 1-1 and I is the path length in cm. This 
intensity is related to  the rate of change of dipole moment 
with the normal co-ordinate (dp/dQ in e.s.u.) by equation 
(5).37 It can be shown 38 that the working equation is 
equation (6), where Ap is the change in dipole moment 
corresponding to the displacement at fractions of lo* of 
the nornialised normal co-orclinates. Calculations were 
made with f a t  f 2  x and -1-4 x 10-l' of the normal 
co-ordinate to allow dp/d(2 to be estimated. 

A = l/cE log,,(l,/I)dv I 
A = ~Vx/(2*303 X 3000~~)(dp/dQ)' ( 5 )  

dp/dQ = 776Ap x f (6) 
The calculations were performed on a PDP 9 computer 

of 16 K capacity by the standard CNDO/2 method 39 with 
the parameters suggested by Pople and Gordon. They 
were integrated to  convergence within 0.0001 electron 

33 G. Herzberg, ' Molecular Spectra and Molecular Structyre 11. 
Infrared and Raman Spectra of Polyatomic Molecules, Van 
Nostrand. Princeton, New Jersey, 1945, p. 366. 

34 G. A. Crowder, Mol. Phys., 1971, 22, 971. 
85 A. I. Vogel, ' Practical Organic Chemistry,' Iaongnians, 

London, 1962, 3rd edn., p. 169. 
36 R. T. C. Brownlee, A. R. Katritzky, and R. D. Topsoin, 

J .  Amer. Chem. Soc., 1966, 88, 1413. 
s7 T. L. Brown, Chem. Rev., 1958, 58, 581. 
38 R. T. C. Brownlee, D. G. Cameron, K. D. Topsom, -\. R. 

Katritzky, and A. J. Sparrow, J .  Mol .  Structure, 1973, 16, 366. 
3B J. A. Pople, D. P. Santry, and G. A. Segal, J .  Chsm. Phys.. 

1966, 45. S129; J. A. Pople and G. -4. Segal, ibid., 1965, 48, S136; 
1966, 44, 3289. 
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TABLE 2 

Monosubstituted acetylenes : compounds examined 

279 

v(CEC) 

Substituent 
C0,H 
COCl 
COPh 
C0,Et 
COMe 
C0,Me 
CH2Br 
CH,Cl 
CHOHMe 
CH,OH 
CHOHPh 
CH,N+-Me,Br- 
CK,S-H,Cl-,H,O 
CH,;"iMe, 
Ph 
Bun 
But 
OEt 

M.p. or b.p.6 
("C) [mmHg] 

62 [22] 
70-74 
51 $ 
57 [lo51 
86 
48 [95] 
86 
59 

110 
114-115 
49-101 [2] 

179-180 
168 1 
80 

141 
73 
39 
62 

Lit. m.p. or b.p." 

144 dd 
72-75 
50-51 f f 

("C) [mmI-Igl 

119 [745] g 

102 [742] h 
84.5-86 f 

88-90 i 
65 f 

108*5--110 
110-115 
115-116 [IS] '' 
178-179" $ 
167--168 1 
142-143 q 

82 p 

71 r 

37.8 6 

50 t 

Source 
26 
2' 

-f 
h 

f 
W 
'PI 

k 
m 
y1Z 

11 

0 

Y 
24 
?' 

S 

Y 

r- 

v/cm-l 
2132 
2120 
2101 
2119 
2100 
2128 
2129 
2132 
2113 
2121 
2118 
2126 
2133sh 
2124 
2197 
dl11 
2119 ;::: 
2154 

EA 

34 
224 
154 
103 
154 
178 

7 
7 
4 
7 
7 

22. 
24 

2 
1 0 
13 
15 

160 

A /  
1 niol-1 cni-2 

421 1 
3558 
2514 
2477 
2925 
2621 

121 
119 
94 

154 
117 
832 
264 aa 

97 
137 
208 
279 

7607 

1 -- 

A 112 
64.9 
59.6 
50.1 
49.8 
54.1 
51.2 
11-0 
10.9 
9.7 

12.4 
10.8 
23.1 
16.2 
9.8 

11.7 
14.4 
16.7 
87.2 

31.p. indicated by $. a Measured in CC1, unless otherwise noted. EA = amax./cZ where a,,,. is absorbance at  peakinaximurn, 
c = concentration in mol l-l, I is cell path length in cm. F. C. Schaefer, U.S.P. 2,388,660/ 
1945 (Cheun. Abs., 1946, 40, 1868 *). f I<. Bowden, I. M. Heilbron, E. I<. H. Jones, and B. C. L. Wcedon, J. CJzewz. SOC., 1946, 39. 
g W. H. Perkin, jun., and J. L. Sinionsen, J .  C h e w  SOC., 1907, 91, 834. L. 
Henry, Ber., 1873, 6, 728. R. B. Woodward and T. Singh, J .  Anzer.. Chem. SOL, 1950, 72, 494. 
1 L. Henry, Ber., 1872, 5, 569. 1'. Marszak, J. P. Guermont, 
and R. Epsztein, Mhn. sevvices chitn. Gtat (Paris), 1951, 36, 301 (Chem. ,4bs., 1954, 48, 8724g). O I<. Sato, Nipp0.c~ Kagaku Zasslti, 
1955, 76, 1404 (Chem. Abs., 1957, 51, 17,760a). 2' I<. N. Campbell, F. C. Fatora, jun., and B. K. Campbell, J. Oyg. Chem., 1952, 
17, 1141. (I Beilsteins Handbuch der Organischen, Chemie,' eds. B. Prager and P. Jacobson, Springer-Yerlag, Berlin, 1922, vol. V. 
p. 511. t Hand- 
book of Cheniistry and Physics,' ed. R. C. Weast, Chemical Rubber Co., Cleveland, Ohio, 1970, 51st edn., p. C-295. From Ralph N. 
Emanuel Limited. J. F. 
.lrens. Rec. Tvav. cAiwt., 1955, 74, 271. 

E. Baudrowski, Bey. ,  1882, 15, 2702. 

E. H. Ingold, J .  Chpm. SOC., 1925, 127, 1199. 
I I,. Henry, Bev., 1875, 8, 398. 

E. F. H. Jones and J.  T. McCombie, J .  Chem. SOC., 1942, 733. 

r B. B. Elsner and P. F. M. Paul, J .  Chew. SOC., 1951, 893. 8 I-'. Ivitzky, Bull. SOC. chiwt. Framc, 1924, 35, 357. 

v H. C. Brown, .7. Amer. Cketu. SOC., 1938, 60, 1325. w From B.D.H. Limited. r: Froin Fluka AG. 
Measured in CHC1,-MeOH (9 : 1). aa Measured in Me,N*CHO. 

density units. The normal co-ordinates were available 4O 

for fluoro- and chloro-acetylene as follo~vs, where R1 
indicates fhc C-X, .R2 the C-C, and R3 the C-I€ bond. 

R1 I<, K? 
Fluoroacetylene - 0.273 0.374 0.124 
Chloroacctylene - 0.232 0.354 0.130 

'The geometry adopted was that used by Brownlee and 
T~ift .~ '  Calculations were made corresponding to both sets 
of normal co-ordinates and the results are listed in Table 3. 

TABLE 3 
Calculated clp/dQ values for monosubstituted acetylenes 
Substitiicnt dy/dQ a clp/dQ dpfdQ dy/dQ a 

I; 112 135 121 
CHO 115 49.1 44.6 82-3 
('K ti5 56-5 <55.4 
NH, f 162 173 161 
S H ,  I62 146 1 54 
O I €  145 I32  121 138 h 

S 0, P li 37.2 37 .1  
ISF, I58 188 1 7 7  
CF, 63 49.9 46.4 
f )>It, 147 15(, 1 3 7  158 '6 
C'H,(' h 55 59.4 56.2 
Mc 1 9 52.0 49.0 26.1 j 
NMt, 189 195 380.0 
C'OA Ic 108 40.9 36.6 82.3 
I'h 19 37.2 3i.1 21.2 

a Derii-cd from equation (71. b Derived froin FCCH L 
matrix. c Derived from ClCCH L matrix. Derived from 
experimental data. COEt value. f Planar. g Non-planar. 
* OEt \due .  BOB = 0.35 (ref. 41). j Hun value. 

40 J.  L. Duncan, perwnal cc)iiimunication to J-T. J.  Keogh, 

The frequency of v(CrC) for fluoroacetylene is coa- 
siderably higher than €or other halogeiioacetylenes ; this 
probably 26 arises from interaction between v(EC)  and 
v (CF) . The normal co-ordinates also differ between chloro- 
and fluoro-acetylene. In addition to  the calculations 
reported in Table 3 we have carried out some using the set 
of normal co-ordinates for :3-~1iloropropyne,~~ but the 
results were not substantially different from those obtained 
from the other sets. These results indicate that the 
intensities are insensitive to minor changes in the normal 
co-ordinates. 

RESULTS AND DISCUSSION 

As in the procedure used pre~iously,~ the A42 values 
for the CEC stretching bands for the monosubstituted 
acetylenes measured in this work (Table 2) were plotted 
against o o ~ .  This plot requires that All2 values be 
negative if ooz < -0.05: All2 is proportional to dp/dQ, 
a vector, and the different signs for A1/2 represent the 
different directions for the dp./dQ vector in compounds 
with donor and acceptor substituents. The resulting 
correlation is represented by equation (7). 

L41/2 = 217(ooB + 0.05) (Y = 0.992, 18 points) (7) 
Compounds HC'-CCH,-XH,"Cl- and HC-C-CHq- 

NMe,-'Br-, for solubility reasons, had to be studied in 
polar solvents; their intensities are larger than those 
predicted by the subsequent correlations (4)-(7) 

41 R. T. C. Brownlee and R. IT'. Taft, T .  Anzer. Chem. Sac., 
December 1969. 1970, 92, 7007. 
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probably because of hydrogen bonding with the solvent 
[see (II)]. Gastilovich et ~ ~ 1 . ~ ~ ~ 3 ~ ~  have observed that the 

R-CZC-H - * B-R 
(11) 

intensity of the CZC stretching band in monosubstituted 
acetylenes is larger in solvents where hydrogen bonds 
can form. 

-0140 -0.-30 -0.20 -0.10 - 0.10 0:20 0;30 
t-- . __ 

-64  

I 
-80 7 

I 

FIGURE 1 Square root of the observed intensity €or v(CZC) of 
monosubstituted acetylenes plotted against ooR ; (0) present 
results in CCl,, (A) present results in polar solvents, (x)  
literature results; the line shown is defined by the present 
results 

Because the CZC stretching vibration is well separated 
from other vibrations, the intensities of this vibration 
for a large number of compounds have been previously 
recorded. The plot in Figure 1 includes, with the data 
of Table 2, literature All2 values for the monosubstituted 
acetylenes for which the substituent G"R values are 
available. The line obtained is represented by equation 
(8). Correlations (7) and (8) clearly show that the square 
root of the intensity of a monosubstituted acetylene is 
directly related to the electronic properties of the 
substituent . 

A1/2 = 218(o"n + 0.05) (Y = 0.980, 37 points) (8) 
Since the acetylene bond has two r-orbitals, both 
*, T. B. Grindley, A. R. Katritzky, and R. D. Topsom, Tetva- 

hedvon Letters,  1972, 2643; T. B. Grindley, A. R. Katritzky, and 
I<. D. Topsom, J.C.S.  PevkiJi 11, 1971, 289. 

J.C.S. Perkin I1 
should interact with substituents simultaneously. 
Recently a measure of the ability of a substituent to  
interact with a n-system at  90" to its normal geometry, 
(Go&, has been de~eloped.*~ As an example, for the 
NR, substituent con applies to the normal geometry in 
aniline and (ooB)tw to  the orthogonal arrangement in 
benzoquinuclidine. Such (o0& values have been 
obtained experimentally or estimated for all the sub- 
stituents considered and are compiled along with the 
normal GOR values in Table 4. 

Equations (9) and (10) (and Figure 2) represent the 

All2 = 162[0"fi + (o0R)tw + 0.141 (9) 
(Y = 0.989, 18 points) 

(Y = 0.969, 37 points) 

correlation obtained by the assumption of simultaneous 
interaction of the substituent with both acetylene 
x-orbitals, measured by [ooR + ( O R O ) ~ ~ ] .  Comparison 
of these correlations with (7) and (8) does not allow a 
choice between the alternative treatments, although the 

A1/2 = 153[<r"R + (coB)tw + 0.141 (10) 

TABLE 4 
Q Constants 

Substituent 
KEt, 
NMe, 
NMePh 
OEt 
Snle 
Br 
SEt 
I 
C1 
CH,GeEt, 

SnEt, 
But 
Bun 
Prn 
Et 
Me 
CH,NMe, 
Ge (Bun) , 
GeEt, 
Ph  
CMe,OH 
Me,EtSi 
CH(0H)Ph 
CH (OH) Me 
CH (OH) Et 

Ph,As 
CH,OH 
Ph,P 
CMe,Cl 
Cyclopent- l-enyl 
CH (OEt) , 
CH,C1 
CH,Br 
SiMe, 
S0,Me 
CN 
C0,Me 
C0,Et 
CO,Prn 
COPh 
COCl 
COEt 
COlCfe 

C6H13n 

C5HlP 

CH(oH) C6H13 

GOR 

- 0.57 
- 0.53 
- 0.50 
- 0.44 
- 0.25 
- 0.23 
- 0-25 
- 0-22 
- 0 .22  
-0.18 
-0.lJ 
-0.11 + 0.07 
- 0.1 3 
-0.11 
-0.11 
- 0.10 
-0.10 
-0.10 + 0.04 + 0.05 
-0.10 
- 0.08 + 0.02 
- 0.08 
- 0.08 
- 0.08 
- 0.0s 
- 0.07 
- 0.06 
- 0.06 
-0.06 
- 0.05 

0.0 
- 0.04 
- 0.02 + 0.03 

+ 0.10 
+0.16 
t-0.18 
f-0.18 

0.19 
j 0 . 2 1  
+ 0-2 1 

0.22 

0.07 a 

Ref. 
b 
b 

b 
b 
b 
d 
b 
b 

C 

1: 

f 
f 
g 
b 

i 
b 
b 
h 
i 
i 
b 

k 
I 

j 

i 
j 
j 
m 
I6 
7P.Z 
12 

0 

P 
1L 
k 
4 
b 
b 
b 
b 

h 
b 

b 

Y 

S 

(GOB) tw  
-0.13 
-0.23 
-0.13 
- 0.23 
- 0.05 
- 0.23 
- 0.05 
- 0.22 
-0.21 
-0.10 
- 0.10 
-0.10 + 0.07 
-0*13 
- 1.10 
-0.10 
- 0.10 
- 0.10 
-0-10 + 0-03 
$- 0-05 
- 0.06 
- 0.12 
+ 0.02 
- 0.10 
-0.11 
-0.11 
-0.12 
- 0.05 
- 0-10 

0.02 
-0.10 

0-0 
0.0 

- 0.10 
- 0.10 
4- 0.03 

0.07 
+0.10 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Ref. 
w 
w 
W 
Y 

3' 

3.' 
2 

aa 
an 
aa 
z 
'I 

aa 
an 

na 
7 

bb 
nu 

na 
nu 

aa 

an 

c 

n n 

CC 

CG 
aa 
nil 

aa 
aa 
z 

dd 
dd 
dd 
dd 
dd 
rld 
rid 
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TABLE 4 Contintieti. 

Substituent O'R Ref. (5'R)tw Ref. 
COC,H,, + 0.22 t 0.0 dd 
C H O  0.34 b 0.0 dd 
CO,H 0.28 b 0.0 dd 
CH,N+Me,Br - + 0.03 21 -0.10 aa 
CH,N+D,Cl- 0.00 b - 0.10 aa 
Yh,PO +0-07 V + 0.07 z 

a S0,Et taken equivalent to  S0,Me. b Ref. 2. By 
analogy with NHPh (GOB = 0.504) (ref. 2). d Assumed 
equivalent to  SMe since steric interactions are small here; see 
-4. R. Katritzky, R. F. Pinzelli, and R. D. Topsom, Tetra- 
hedron, 1972, 28, 3441. 8 Equivalent to  CH,SiMe, (ref. 5). 

Value for SnMe, 
(footnote 4). k Ref. 5. Taken for GeEt, to  be equal to or 
for Ge(Bun)3 to be slightly smaller than ooa for Gehle, (footnote 
q). 3 By modification of CH,OH value (0.06) (ref. 5). As 
for SiMe, (footnote 4). 8 Estimated from CH,OH, by con- 
sidering o,(Ph). *$ J. M. Angelelli, K. T. C. Brownlee, A. K. 
Katritzky, R. D. Topsom, and L. Yakhontov, J .  Amev. Chem. 
SOC.. 1969, 91, 4500. Estimated from CH,Cl in same way 
as for CHROH ( j ) .  Taken to be the same as CH=CH2 
(ref. 2). p By analogy with CH(O.CH,), group (ref. 2). N. C. 
Cutress, A. R. Katritzky, C. Eaborn, D. R. If.  Walton, and 
R. D. Topsom, J .  Oi~ganometaZlic Chem., 1972, 48, 131. r As 
for C0,Et. 8 A. R. Katritzky, K. F. Pinzelli, and R. D. 
Topsom, Tetrahrdron, 1972.28, 3449. As for COMe. G. P. 
Ford and A. R. Katritzky. unpublished results. K. F. 
Johnson and -4. R. Katritzky, unpublished results. W By 
analogy with benzoquinuclidine; see N. C. Cutress, T. B. 
Grindley, A. R. Katritzky, M. V. Sinnott, and R. D. Topsom, 
J.C.S. Perkin 11, 1972, 2255. z Taken as the same as for OMe 
(ref. 42). 81 Estimated to  be >-0.075 observed for SBut; 
A. R. Katritzky, R. F. Pinzelli, and R. D. Topsom, Tetra- 
Iirdvon, 1972,28, 3441. p Substituent taken to  have cylindrical 
symmetry. For u-substituted alkyl groups, (5OR)tw is taken 
to be equal to boR for the corresponding alkyl group in which 
the substituent has been replaced by a hydrogen atom. 
bb Ref. 43. ec Estimated from relationship between box and 
(GO&. for NR,, where (o'& = (o"R)Alk (footnote w), to be 
equal to the value for the element in Group IV  in the samc 
row of the Periodic Tablc (footnote 4). 

Taken to  be equal to P r n  value (ref. 2). 

Ref. 42. 

second is theoretically preferable, and is supported by 
considerat ion of disubstituted acetylenes .43 

The above correlations may also be formulated as 
relationships between A and dolt terms as previously.2* 
For example equation (11) correlates intensity values 

(Y = 0.987, 18 points) 

from the present results with Coo= + (CJOR)~,~ + 0.1512, 
and is used as a working equation. 

Bock and Seid1,44 on the basis of photoelectron 
spectra, have concluded that the SiR, group interacts 
with both the orthogonal orbitals of the acetylene bond, 
However their basic assumption 44 that the CH2-SiMe3 
group has no mesomeric effect is incorrect; 45 CH,SiMe, 
has o0n -0.20. 

Bogatkin et ~ 1 . ~ ~  have recently observed that the 
i.r. intensities for the CEC stretch for compounds 
R1R2R3SiCX-H, where R1, R2, and R3 are various alkyl 
or aryl groups decreased as the electron donating ability 

A = 26,250[0°1: + (oo& + 0.1512 100 (11) 

4; T. R. Grindley, K. I;. Johnson, A. R. Katritzky, H. J. 
Keogh, C. Thirkettle, and R. D. Topsom, following paper. 

44 H. Rock and H. Seidl, J .  C h e m  Soc. (B),  1968, 1158. 
45 For a summary, see N. C. Cutress, A. R. Katritzky, C. 

Tkborn. D. R. M. IValton, and K. D. Topsom, J .  OrganometaZZic 

46 R. -4. Bagatkin, 0. V. Svcrdlova, and Y. A. Gindin, J .  Getz. 
C h t 3 ~ ~ ,  1972, 43, 131. 

CL,tnt. IC'.S.S.R.I. 1971. 41. 2245. 

of the groups R increased. They concluded that, 
whatever the substituents on silicon, the organosilicon 
group accepts electrons from the triple bond. This 

$ 2  
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FIGURE 2 Square root of the observed intensity for v(CEC) of 
monosubstituted acetylenes plotted against (TOR + ( C T ' R ) ~ ~ ;  
(0)  present results in CCl,, (A) present results in polar solvents, 
(x)  literature results; the line shown is defined by the present 
results 

conclusion is compatible with the relationship developed 
here. 

CaZcuZations.-The use of molecular orbital methods to  
calculate the changing dipole moment during vibration 
permits the direct calculation 4 9 3 8 9 4 7 , 4 8  of the absolute 
intensity provided that the form of the normal co- 
ordinate is known. The CND0/2 molecular orbital 
method39 has been used most widely and while the 
approximations in the scheme have been criticised, the 
charge densities and dipole moments appear t o  be 
calculated a c ~ u r a t e l y . ~ ~  We have previously reported 

47 R. T. C .  Brownlee, A. K. Katritzky, M. V. Sinnott, M. 
Szafran, R. D. Topsom, and L. Yakhontov, J .  Amev. Chem. Soc., 
1970, 92, 6850. 

48 See also for example, G. A. Segal and R f .  L. Klein, J .  Chem. 
Phys., 1967, 47. 4236; G. A. Segal, R. Bruns, and W. B. Person, 
ibid., 1969, 50, 3811; T. P. Lewis and I. W. Levin, Theov. Chim. 
Acta, 1970, 19, 55; N. B. Colthup and M. K. Orloff, Spectrochim. 
Acta, 1971, 27A, 1299; I. W. Levin, J .  Chem. Phys., 1971, 55, 
5393; R. Bruns and W. B. Person, ibid. ,  p. 5401. 

13. G. Tesaitis, 1. Amer. Chem. SOC., 1971, 93, 3849. 
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FIGURE 3 Plot of experimental vs. calculated ap/aQ values for 
monosubstituted acetylenes; the line shown has unit slope 

good agreement between nieasured intensities and 
calculations of the absolute values for the v8 and v19 
ring vibrations of a series of mono- and di-substituted 

benzenes4' and for the v(C=C) vibration of a series of 
iiionosubstituted ethylenes.* Using available normal 
co-ordinates we have calculated the rate of change of 
dipole moment with normal co-ordinate (ap/aQ) for the 
C-C stretching vibration for a series of monosubstituted 
acetylenes by the CNDO method as described above. 

The results of these calculations are presented in 
Table 3 and plotted against the experimental values in 
Figure 3. The calculated values depend to some extent 
on the set of normal co-ordinates chosen, as expected; 
Figure 3 shows a plot of the values calculated by using 
the co-ordinates for chloroacetylene. The strong aniso- 
tropy of the matrix elements in the CNDOIB calculations 
on substituted acetylenes may present a problem here,50 
but the electron density and dipole moment values have 
been shown9b to be reasonable. Certainly, the general 
agreement of calculated and measured intensities 
provides further support both for the CND0/2 approach 
and for the method adopted. 
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