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Complete assignments of the recently remeasured vibrational spectra of trans, 
trans-(l), eis,cts-(II), irons,cis-hexa-2,4-dienes (III) and 2,5-dimethyl-hexa-2,4-diene 
(IV) are presented on the basis of scaled quantum mechanical (SQM) force fields cal
culated previously at the semiempirical CNDO/2 level. Using the same method, SQM 
force fields and vibrational frequencies are calculated for 4-methyl-penta-l,3-diene (V) 
and írans-2-methyl-penta-l,3-diene (VI). Choice of the structural parameters of similar 
molecules (isoprene and 2,3-dimethyl-buta-l,3-diene) as reference geometry for force 
field calculations of compounds I —VI proved to be successful for trans methyl sub
stitutions and less satisfactory for cis methyl substitutions. Similar correlations are 
found between the structure and the vibrational spectra of these compounds as were 
found previously for eight other methyl derivatives of buta-1,3-diene.

Introduction

In recent years details o f the vibrational spectra of buta-1,3-diene and 
its  m ethyl derivatives drew a lo t o f a ttention . I t  was shown, by interpretation  
o f the solid phase vibrational spectra of b u ta -1 ,3-diene [1 , 2 ] and b y  ab initio  
quantum  chem ical calculations for a non-rigid m olecular model [3 , 4 ], th at  
the second stab le form o f bu ta-1 ,3-diene, at least in  the solid phase, is the  
gauche conform er rather than the cis one. Similar results were obtained for
2-m eth y l-b u ta-l,3 -d ien e (isoprene) [5]. In order to  gain further insight into  
th is possible “ gauche-effect” it  is o f interest to  study and assign the v ibra
tional spectra o f  some selected m ethyl derivatives of buta-1 ,3-diene.

V ibrational assignm ents, based on empirically corrected sem iem pirical 
quantum  chem ical force field  calculations at the CNDO/2 level, are available
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Fig. 1. Simplified chemical structures of the molecules considered in the present study: 
I =  ira/i.s.frnn,s-hexa-2.4-diene; II =  cis,cis-hexa-2,4-diene; III =  «raus,cis-hexa-2,4-diene; 

IV =  2,5-dimethyl-hexa-2,4-diene; V =  4-methyl-penta-l,3-diene; VI =  trens-2-methyl-penta-
1,3-diene

for the lowest energy planar structures o f several buta-1 ,3-diene derivatives 
(R om an numbers denote com pounds considered in  this paper, see also Fig. 1): 
cis- and frares-penta-l,3-dienes [6 ], isoprene [7], trans,trans(T), cis,cis-(II) 
and irons,cis-bexa-2,4-dienes (III) [8 ], 2 ,3-d im etbyl-buta-l,3 -d iene [6 ] and 
2 ,5-dim etbyl-hexa-2,4-diene (IV) [9]. These results suggests th at for the over
w helm ing m ajority o f  the fundam ental frequencies the calculated values, 
even  on this rather low  level of theory, do not deviate more than  20—40 cm - 1  

from  the experim ental ones. Occurrence o f considerably larger deviations 
m ight either he explained as sim ple consequence o f assum ptions in  the model 
applied, or assignm ents of the spectrum  should be reconsidered. It should also 
he m entioned th a t vibrational frequencies calculated from the force fields
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reported in R efs. [ 8  and [9] were compared w ith incom pletely  assigned  
vibrational spectra. Since then IR  and Ram an spectra of these molecules have  
been m easured again [1 0 — 1 2 ], th u s it  seemed worth-while repeating in ter
pretation  o f the new experim ental data on the basis o f th e  above-m entioned  
calculations. In  Ref. [12] the v ibrational spectra of 4-m eth y l-p en ta-l,3 -d ien e  
(V) and írím s-2-m ethyl-penta-l,3-d iene (VI) were measured for the first tim e. 
A nalysis o f these spectra, based on semiem pirical calculation  o f the v ib ra
tional frequencies, was carried out, and is also reported in  the present paper.

Computational details

In  th is paper the scaled quantum  mechanical (SQM; a term  introduced  
for em pirically adjusted ab initio calculated  harmonic force fields in  Ref. [13]) 
approach w ill be used to  obtain th e  harm onic force fields. Force constants  
of 4 -m eth y l-penta-l,3 -d iene (V) and ircm s-2-m ethyl-penta-l,3-d iene (VI) were 
com puted b y  the force (gradient) m ethod o f Pulay [14] using the sem iem pirical 
CNDO/2 m ethod [15].

U se o f the geom etry of buta-1,3-diene as reference param eters for the  
sem iem pirical force field  calculation o f its next hom ologue, h exa-l,3 ,5 -trien e, 
proved to  be successful [16]. Therefore the reference geom etry param eters 
o f com pounds I —VI were taken from  molecules of sim ilar structure, iso- 
prene [17] and 2 ,3-d im ethyl-buta-l,3 -d iene [18], w ithout optim ization  o f  
any o f the transferred bond lengths or bond angles, as follow s: r(C— C) =  
=  1.491 Á , r(C =C ) =  1.349 Á, r(C— Csp3) =  1.511 Á, r ( C - H )  =  1.093 Á , 
r(Csp3 — H) =  1.123 Á, Z C = C -C  =  122°, Z H - C = C  =  120.4°, Z C = C - C H 3=  
=  120.4° and / Н — C— H =  1 0 9 °4 7 \ In  the case of the m ethyl derivatives, 
how ever, use o f these standard geom etry parameters turned out to  be suc
cessful on ly  for trans substitution; for cis substitution, in  som e m olecules 
(e.g. in  2 ,5-dim ethyl-hexa-2,4-diene) significant proton-proton interactions in  
the planar form cause im portant geom etry changes, e.g. distortion o f the  
planar carbon skeleton (see Ref. [19]), th e  neglect of w hich m akes, of course, 
som e calculated frequencies less reliable.

The directly calculated force constants, suffering from  a fairly system 
atic error, were corrected by scale factors (for details o f  the procedure, 
see R ef. [13]; shortly, a few scale factors are assigned to  th e  various typ es of 
internal coordinates). The above discussed choice of the reference geom etries 
allowed us to  utilize the earlier determ ined empirical scale factors of Ref. [6 ], 
which are as follows: 0.377 for C— C and C = C  stretchings, 0.393 for C— H  
stretchings, 1.136 for the in-plane deform ation of the C = C  — C angles, 0.812  
for the deform ation of the H — C = C  and H —C—H angles and for the wagging  
m otion o f C— CH3, 0.692 for w agging and torsion of the m ethyl groups and
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Table I

Experimental and calculated fundamental vibrational frequencies o f trans, frans-C6Hl0(I), 
cis, c£s-C6H 10(II) and trans, cis-C6H l0(III) (cm-1)

trans, trans-C eH 10 cis, c i s -C eH 10 trans, c£s-C eH I0

A s s i g n m e n t S y m .  E x p t l .  ( 1 0 ,  11 ) E x p t l .  ( 1 0 ,  1 1 ) S y m .  E x p t l .  ( 1 0 ,  1 1 )

R a m a n  I R R a m a n  I R R a m a n  I R

1. v(CCH3—H) str. A„ 3022 3038 3026 3041 A ’ 3039 3045
2. j-(SC -H ) str. 2997 3035 3005 3026 3020 3029
3. v(CH3) as.str. 2957 2983 2970 2983 2963 2963 2983
4. i>(CH3) s.str. 2915 2932 2915 2932 2916 2931
5. v(C= C) str. 1658 1642 1648 1631 1655 1656 1636
6. <5(CH3) as.def. 1451 1473 1448 1519 1450 1511
7. <5(CH3) s.def. 1380 1413 1371 1460 1375 1424
8. á(5C—H) def. 1356 1435 1416 1438
9. <5(CCH3- H )  def. 1302 1296 1262 1265 1307 1307 1340

10. v(C—C) str. 1168 1158 1145 1135 1152 1146
11. i'(C- CH3) str. 1092 1095 905 962 932 946
12. g(CH3) rock. 927 940 1028 993 1082 1100
13. <5(C=C - C) bend. 435 429 620 623 465 466 490
14. d(C=C—CHS) bend. 334 354 470 400 445a 435 417

15. v(CH3) as.str. A u 2961 2981 2974 2981 A ” 2963 2963 2981
16. <5(CH3) as.def. 1460 1448 1437 1444 1437
17. H) wag. 990 1018 982 1027 992 981 1003
18. g(CH3) rock. 979 970 943 949
19. x(CCH3—H) wag. 742 723 680 731 717 705 697
20. t(C=C) tw. 228 219 270 150 126
21. r(CH3) tors. 185“ 208 150 194 198
22. t(C -C )  tors. 110 90 80 13 100 73
23. v(CH3) as.str. B„
24. <5(CH3) as.def.

2957 2981 2970 2981 2963 2963 2982
1435 1460 1435 1436 1438 1438 1460

25. Z( 5C- H) wag. 985 950 952 979
26. g(CH3) rock. 975 967 956a 966
27. x(CCH3- H )  wag. 834 809 775 757 823“ 818 789
28. t(C=C) tw. 355 323 270 336 333 319 342
29. r(CH3) tors. 142 176 162 159 181 188

30. v(^C—H) str. B u 3018 3041 3001 3030 A ' 3020 3038
31. v(CCH3— H) str. 3008 3036 3028 3044 2998 2998 3032
32. j<(CH3) as.str. 2961 2983 2974 2983 2963 2963 2980
33. v(CH3) s.str. 2916 2931 2931 2931 2919 2932
34. v(C=C) str. 1627 1599 1609 1578 1612 1614 1590
35. d(CH3) as.def. 1443 1471 1456 1518 1444 1472
36. ő(CH3) s.def. 1378 1406 1394 1439 1373 1409
37. á (5 C -H ) def. 1302 1322 1348 1342 1280 1280 1273
38. á(CCH3^ H )  def. 1237 1247 1233 1211 1238 1238 1219
39. i>(C-CH3) str. 1070 1091 927 920 1033 1042
40. p(CH3) rock. 935 936 1060 1117 920 926
41. <5(C=C-CH.,) bend. 554 560 540 544 595 594 594
42. <5(C=C-C) bend. 159 310 318 194

а Crystalline phase.
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Table II

Experimental and calculated fundamental vibrational frequencies o f 2,5~dimethylht‘xa-2. 1 -
diene (IV) (cm-1)

Assignment Sym.
E xptl. (12)

Calcd. Assignment Sym.
Exptl. (12)

Calcd.
Ram an IR Raman IR

]. r(;C —H) str. Ag 3032 3028 31. т(С —C) tors. 13
2. r(CH3) as.str. 2996 2954 32. i>(CH3) as.str. I f 2984
3. r(CH3)as.str. 2980 2950 33. v(CR3) as.str. 2925 2952
4. n(CH3) s.str. 2965 2936 34. <5(CH3) as.def. 1445 1464
5. i'(CH3) s.str. 2912 2907 35. <5(CH3) as.def. 1435 1441
6 r(C=C) str. 1654 1646 36. p(CH3) as.rock. 1068 1021
7. <5(CH3) as.def. 1460 1527 37. @(CH3) s.rock. 982 950
8. <5(CH3) as.def. 1435 1472 38. X(JC—H)wag. 860 817
9. <5(CH3) s.def. 1380 1468 39. Z(=C(CH3)2)wag. 340 380

10. <5(CH3) s.def. 1365 1433 40. t(C=C) tw. 305 331
11. á (5C -H ) def. 1415 41. t(CH3) tors. 172 166
12. r(=C(CH3).,) s.str. 1227 1247 42. r(CH3) tors. 127 129
13. i<(C C) str. 1153 1153
14. p(CH3) as.rock. 1032 1077 43. i>( ; t i —Ы) str. u u 3024 3034
15. p(CH3) s.rock. 953 975 44. v(Cli j) as.str. 2979 2955
16. i>(=C(CH3)2 s.str. 838 863 45. i'(CH3) as.str. 2970 2953
17. ő(C=C—C) nend. 502 502 46. ?;(CH3) s.str. 2970 2953
18. p(=C(CH3)d rock 467 402 47. r(CH3) s.str. 2928 2905
19. á(=C(CH3)2) sei. 292 316 48. !>(C — C) str. 1626 1612

49. d(CH3) as.def. 1460 1534
20. v(CH3) as.str. A u 2942 2983 50. á(CH3) as.def. 1449 1470
21. r(CH3) s.str. 2925 2905 51. <5(CH3) s.def. 1386 1452
22. á(CH3) as.def. 1437 1466 52. á(CH3) s.def. 1377 1417
23. <5(CH3) as.def. 1435 1442 53. ä(5C -H ) def. 1320 1347
24. g(CH3) as.rock. 1070 1025 54. r(=C(CH3)2) as.str. 1171 1243
25. x( ;C- H) wag. 988 986 55. g(CH3) as.rock. 1052 1052
26. g(CH3) s.rock. 840 868 56. p(CH3) s.rock. 960 970
27. *(=C(CH3)2) wag. 446 425 57. r(—(CH3)2) s.str. 814 842
28. r(CH3) tors. 205 229 58. p(=C(CH3)2) rock. 546 526
29. t(CH3) tors. 185 197 59. Ő(=(CH3)2) sei. 453
30. t(C=C) tw. 100 115 60. á(C = C -C ) bend. 205 199

torsion around C = C , 0.598 for w agging of the С—H  bonds and 1.302 for 
torsion around the central C—C bond.

The calculated and the experim ental frequencies together w ith  the  
characterization o f th e  normal m odes based on the M -m atrix m ethod [20] 
are given in  Tables I —IY.

Results and Discussion

Instead  of listin g  the force constants of com pounds I —VI, we focus 
our attention  on the vibrational frequencies calculated from  the respective  
SQM force fields by use of W ilson’s G F-m ethod [21]. The set of internal coor
dinates and the SQM force fields can be obtained from  the authors upon  
request.
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Table Ш
Experimental and calculated fundamental vibrational frequencies of 4>-methylpenta-l,3-diene

(V) (cm -1)

Assignment Sym.
E xp tl. (12)

Calcd. Assignment Sym.
Exptl. (12)

Calcd.
R am an IR Ram an IR

1. v(=CH 2) as.str A ' 3088 3094 3080 22. g(=C H 2) rock. 942 956
2. v(C— H) str.a 3054 3039 23. v(=C(CH3)2) s.str. 812 812 832
3. v(C H str.b ЗОЮ ЗОЮ 3031 24. á (C = C -C ) bend. 525 521 513
4. p(=C H 2) s.str. 2984 3012 25. p(C=(CH3)2) rock. 435 428 434
5. v(CH3) as.str. 2973 2974 2983 26. <5(C=(CH3)2) sei. 360 360 414
6. p(CH3) as.str. 2963 2980 27. á(C = C— C)bend. 257
7. v(CH3) s.str. 2912 2930 2932
8. p(CH3) s.str. 2912 2930 2931 28. i>(CH3) as.str. A ” 2973 2974 2982
9. f(C=C) s.str. 1657 1662 1643 29. i>(CH3) as.str. 2963 2981

10. r(C=C) as.str. 1601 1605 1586 30. á(CH3) as.def. 1382 1389 1399
11. <5(CH3) as.def. 1452 1454 1516 31. <5(CH3) as.def. 1379 1384
12. <5(CH3) as.def. 1444 1443 32. g(CH3) as.rock. 1068 1070 1056
13. <5(= CH2) sei. 1415 1420 1470 33. x(C— H) wag.a 995 996 1020
14. <5(CH3) s.def. 1382 1389 1407 34. * (C -H ) wag.b 975 976 977
15. <5(CH3) s.def. 1379 1397 35. *(=C H 2) wag. 895 900 923
16. ő(C—H) def.a 1332 1334 1377 36. £(CH3) as.rock. 862 864 887
17. Ő(C H) def.b 1290 1295 1343 37. z(=C H 2) tw. 657 660 647
18. vf— C(CH3)2) as.str. 1215 1218 1225 38. x(=  C(CH3)2) wag. 440 440 388
19. v(C—C) str. 1147 1152 1167 39. r(CH3) tors. 235 226 233
20. p(CH3) s.rock. 1060 1060 1077 40. z(=C(CH3)2) tw. 133 122
21. e(CH3) s.rock. 1015 1000 41. r(CH3) tors. 200 208 182

42. t(C—C) tors. 112 115

a The H atom is attached to the third carbon atom. 
bThe H atom is attached to the second carbon atom.

Table TV
Experimental and calculated fundamental vibrational frequencies of trans-2-methylpenta-lA-

diene (VI) (cm-1)
E xp tl. (12) Exptl. (12)

Assignment Sym. -------------------------- - Calcd. Assignment Sym . -------------------------  Calcd.
R am an IR Ram an IR

1. v( CH2) as.str. A ' 3083 3090 3079 22. v(C—CH3) t.str. 935 940 955
2. p(C— H) c.str. 3025 3034 3039 23. p(C—CH3) c.str. 825 847
3. ^>(CCH3—H) str. 3025 3034 3035 24. Ő (C =C-C) s.bend. 536 530
4. p(=CH2) s.str. 3010 3010 3011 25. <5(C=C-CH3) t.bend. 448 444 424
5. r(CH3) t.as.str. 2990 2983 26. á (C = C -C H 3) c.hend. 360 350 351
6. v(CH3) c.as.str. 2990 2983 27. <5(C=C—C) as.bend. 195
7. p(CH3) c.s.str. 2945 2932
8. v(CH3) t.s.str. 2919 2930 2932 28. r(CH3) c.as.str. A ” 2972 2978 2982
9. z(C=C) s.str. 1660 1665 1648 29. n(CH3) t.as.str. 2972 2978 2980

10. p(C=C) as.str. 1610 1615 1600 30. <5(CH3) c.as.def. 1437 1435 1481
11. <5(CH3) c.as.def. 1458 1524 31. <5(CH3) t.as.def. 1430a 1471
12. Ő(CH3) t.as.def. 1448 1447 1501 32. ^>(CH3) c.as.rock. 1035 1044
13. á(=C H 2) sei. 1413 1446 33. p(CH3) t.as.rock. 1035 1021
14. d(CH3) c.s.def. 1378 1380 1469 34. ^(C—H) c.wag. 964 1002
15. <5(CH3) t.s.def. 1365 1360 1464 35. X(=C H 2) wag. 882 888 904
16. á (C -H ) c.def. 1317 1328 36 X(CCH3- H )  wag. 815 815 829
17. r(C -C ) c.str. 1305 1305 1360 37. t(=C H 2) tw. 685 682 690
18. <5(CCH3- H )  def. 1277 1273 38. x(CH3) c.wag. 494 492 524
19. í<(CH3) t.s.rock. 1102 1099 1114 39. t(CH3) t.tors. 220a 209
20. p(CH3) c.s.rock. 1016 1020 1041 40. r(C =C ) t.tw. 189
21. é>(=CH2) rock. 993 1013 41. r(CH3) c.tors. 200 184 178

42. т(С—C) tors. 120 109

a Crystalline phase. The abbreviations t. and c. stand for terminal and central, respectively.
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It can be said, in general, that the calculated vibrational frequencies 
corroborated the assignm ents o f the experim ental spectra o f Refs. [10— 12]. 
In som e cases, where the experim ental assignm ents were am biguous or dif
ferent frequencies were assigned to  the same ty p e  o f vibration, the present 
calculations allowed to choose among the proposed bands. In other cases it  
was possible to  refine the interpretation of certain experim ental bands. In  the  
following we discuss only those normal m odes for w hich the assignm ent has 
been m odified or whose interpretation requires extra attention . N ote that 
relatively  large deviations o f the calculated frequencies from the experim ental 
ones m ay result from tw o sources: (a) deficiences o f the present calculation;
(b) some experim ental data were obtained in th e  solid rather than  in the  
gas phase.

In the follow ing discussion, assignm ents o f the vibrational spectra of 
each m olecule w ill be presented separately.

Trans, irens-hexa-2,4-diene (I )

A ssignm ents o f the vibrational spectrum  o f I presented here differ 
from the experim ental interpretation [1 0 , 1 1 ] m ainly for the stretching  
vibrations o f the = C — CH3 bonds and for the rocking vibrations g(CH3) 
(see Table I).

The band at 1092 cm - 1  in the Raman spectrum  is rather intensive and 
strongly depolarized, which is characteristic o f the sym m etric stretching of 
the = C —CH3 bonds (i>n ). The 1070 cm - 1  frequency (r39) is also reassigned; 
it  is the antisym m etric stretching vibration o f the = C H — CH3 bonds.

As to the sym m etric rocking vibration of the CH3 groups (v12), such  
bands are usually  weak and depolarized, which is indeed observed [1 0 , 1 1 ] 
in  the experim ental spectrum . The band at 935 cm - 1  was assigned as the anti
sym m etric rocking vibration o f the CH3 groups (vi0) because it shows the  
expected  hybrid contour o f A /В  type.

The band at 142 cm - 1  is chosen for the sym m etric torsional vibration  
of the CH3 groups (B g, j>29). This band was assigned as a crystalline la ttice  
vibration in  R ef. [11]. H ow ever, since the corresponding vibration of A u 
type (i>21) is predicted by our calculation quite correctly, it  should be expected  
that the calculated value o f v2g does not deviate sign ificantly  from the measured  
one either. I t  should also be noted that la ttice  vibrations of th is molecular 
series are situated  usually in a lower spectral region.

As a final remark, we note that the 1302 c m - 1  band in the Ram an  
spectrum  (A g, v9) should be attributed to  the deform ation vibration of the  
term inal C— H  bonds, since it  is strongly polarized.
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Cis, cis-hexa-2,4-diene (II)

I t  is rather obvious from the geom etry m odel of th is com pound that 
rela tively  large differences should be presum ed am ong some o f the measured  
and calculated vibrational frequencies of II. Large deviations o f the cal
cu lated  frequencies from the experim ental ones belonging to  vibrations of 
th e  m ethyl groups in  cis positions are indeed observed (see Table I): (a) the 
calcu lated  v6 frequency in  II (and also in trares,cis-hexa-2,4-diene, III) is 
strongly  overestim ated; (b) the deform ational vibration <5(C=C—CH3) is 
sign ificantly  underestim ated, b y  som e 70 cm " 1 (v14). I t  should also be pointed  
ou t th a t an im aginary value was obtained for the force constant o f the tor
sional coordinate around the central C— C bond. To avoid obtaining a negative  
frequency, in the course of the solution  o f the vibrational problem  this value  
w as substituted  by the corresponding diagonal elem ent o f the force constant 
m atrix  of I. Thus the vibrational frequency obtained is m eaningless (v22 in 
T able I). (Note that the same procedure was applied for IV, see v31 in  Table II).

M ethyl substitution  o f buta-1,3-diene in cis positions results in  an 
increase of the frequencies o f th e  in-plane deform ation vibrations of the  
central C—H bonds (v8 and v37). This feature is excellently  predicted by theory.

Appearance of tw o Ram an bands in  the crystal spectrum  o f II at 1268 
and 1278 cm - 1  is due to  D avy d o v  splitting. This makes im possible to  assign  
th e  band at 1278 cm - 1  to  ő (5 C— H ), v8, as it  was done in  R ef. [11]. This is 
further supported b y  the fact th a t the corresponding B u vibration is at 
1348 cm -1 , i.e. it is increased in com parison w ith  the analogous vibration  
o f b u ta -1 ,3-diene.

In the present work the band at 905 cm - 1  is assigned as the sym m etric  
stretch ing vibration o f the C— CH3 bonds (rn ). A lthough the calculated value  
deviates from the experim ental one b y  57 cm “ 1, the assignm ent is supported  
b y  the in tensity  and the depolarization nature of the experim ental band.

As to the band at 1028 c m - 1  (v12), it  is assigned as an in-plane rocking 
vibration . U nfortunately, the in ten sity  and the degree o f depolarization of 
th is  band does not allow us to  decide i f  this band belongs to  an A g or a B a 
ty p e  vibration.

There are some difficulties in explaining the Ram an bands at 470 and 
270 cm -1 , as the degree o f depolarization of these bands are 0.9 and 0.2, 
respectively .

In  Ref. [11] the frequency at 162 cm - 1  was assigned to  the A u sym m etry  
species. This frequency is active in  the Ram an spectrum , so w e assign it to  
th e  torsional vibration of the CH 3 group (v29); thus it  belongs to  species B g.
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Trans, cis-hexa-2,4-diene (III)

The above-m entioned deviations o f the calculated frequencies from the  
experim ental ones, w henever they are applicable, can also be observed for III. 
As expected for the m ethyl group in  trans position, the assumed m olecular 
model provides a good description o f th e  experim ental spectrum  (see Table I).

2 ,5-D im ethyl-hexa-2,4-diene (ГУ)

The non-adequacy of the assum ed molecular m odel of IV and the know n  
weaknesses o f th e  theoretical m odel used  have their consequences on the  
calculated spectrum  (Table II): (a) an im aginary value is obtained for the  
diagonal force constant o f the torsional coordinate around the central С— C 
bond, in analogy w ith  II; (b) an artificial increase is observed for some defor- 
m ational frequencies o f the CH3 group (v7 and vi9). H ow ever, the other ca l
culated frequencies, as w ill be shown, can successfully be used for the in ter
pretation of the vibrational spectra o f ГУ.

Calculation o f the frequencies o f  th e  stretching vibrations of the C— CH 3 

bonds (v12 and v5i) shows that sp litting betw een the sym m etric and the an ti
sym m etric stretchings is not too large. Accordingly, the band at 1227 c m - 1  

in  the Ram an spectrum  was chosen as v12, and the band at 1171 cm - 1  in  the  
IR  spectrum  was selected as vu . The relatively  large deviation betw een the  
calculated and the selected experim ental fundam ental for v5i shows the lim i
tations of frequency calculations at th e  CNDO/2 level.

The present calculations resulted in  reassignm ents o f the sym m etric  
rocking and scissoring vibrations, v18 and v19, respectively; e.g. the band at 
292 cm - 1  in  the R am an spectrum is assigned to  the sym m etric scissoring  
vibration.

It follow s from  our previous experience th at d ifficulties m ay arise in  
the assignm ent o f the wagging vibrations o f the central C-—H bonds and o f  
the rocking vibrations of the —CH3 groups. Thus it  is appropriate to  note  
that the present assignm ents of vibrations % and t26 are based on results 
of the present calculations.

Based also on the present calculations, assignm ents o f the bands at 340 
and 305 cm - 1  have been revised (v3g and v40, respectively).

The 127 cm - 1  band in  the R am an spectrum  of IV (i>42) is attributed to  
the B g typ e torsional vibration of th e  CH3 group. I t  lies quite close to  th e  
analogous vibration of I. The frequency at 100 cm -1 , measured in the IR  spec
trum, has been reassigned as the antisym m etric tw isting vibration around  
the C = C  bond (v3n).
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4-M ethyl-pcnta-l,3 -d iene (У)

A theoretical vibrational analysis has been performed for the first tim e  
for У. It can be seen from Table I I I  th a t all vibrational frequencies o f  V 
appear in spectral regions similar to  th ose o f buta-1 ,3-diene and its eight 
m eth yl derivatives [6 — 9]. It should also be noted that regions o f the v ibra
tion a l frequencies characteristic o f th e  m eth y l derivatives o f bu ta-1 ,3-diene  
are narrower th an  regions determ ined for other derivatives, including chloro- 
and m ixed chloro- and m ethyl derivatives [10]. This helps, o f course, to  m ake 
a more detailed analysis of the spectra o f  new  m ethyl derivatives of buta-
1 ,3-diene.

As it  was observed during the com parison of the experim ental and  
theoretical v ibrational spectra of the previously discussed molecules, the  
stretching vibration  o f the C—CH3 bond and the positions of the rocking  
vibrations, g(CH3), o f V must be reassigned, while the calculated sym m etrical 
deform ational v ibration  of the CH3 group ( fn ) is considerably overestim ated.

The calculations performed m ade possib le to  choose betw een the experi
m ental frequencies, suggested as tw o  alternative assignm ents in Ref. [12], 
in the case of v№, r26 and v37.

Based on the calculations, the 1215 c m “ 1 line in the Ram an spectrum  
is assigned as the asym m etric stretching vibration of the = C (C H 3) 2 group.

The vibrational spectra of V m ust obviously  show the difference betw een  
th e  chem ical nature o f  the two central C— H  bonds. A lthough there is only  
a sm all difference betw een the appropriate stretching vibrations, the in-plane  
bending and the out-of-plane w agging vibrations of these bonds, it  still can  
be seen that th e  vibrational frequencies referring to C3— H are higher than  
th e  fequencies o f  C2 — H.

T rans-2-m elliyl-penta-I,3-diene (VI)

There are at least tw o facts w hich suggest that the real geom etry o f  
VI m ight differ appreciably from the geom etry model applied in  the present 
stu d y: (a) m ethyl substitution  took place in  cis position; (b) calculation con
siderably overestim ates the vibrational frequencies of ő(CH3)c |ntr. (vn ) and  
0(CH3)“ m. (v12). In  spite of these d ifficu lties, the present assignm ents o f the  
vibrational spectrum  o f VI m ostly confirm  th e  analysis presented in Ref. [12], 
so only those few  exceptions where th e y  differ require further discussion. 
The experim ental and the theoretical fundam ental vibrational frequencies 
o f V are presented in  Table IV.

The strongly polarized band at 1305 c m - 1  in the Ram an spectrum  can  
be described as th e  stretching vibration o f the central C— C bond (j>17), while
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the 1317 cm - 1  IR  band possessing hybrid A /В  ty p e  contour is assigned to
H )c e n tr .  ( p16) .

According to  the present calculations, th e  rocking vibration o f the  
term inal CH3 group and the stretching o f the C — CH 3 bond m ix considerably. 
N evertheless, the strongly polarized band at 935 c m - 1  can be best described  
as v(C— CH3) (v^), in  agreem ent w ith  data obta ined  earlier for cis-penta-
1 ,3-diene [6 ].

A ssignm ent o f the tw istin g  vibration  (v40) and th e  torsional m otions of 
th e  CH3 groups (v3g and v41) is rather problem atic: th e  three calculated frequen
cies are in  the in terval of 178— 209 cm -1 , while there are only tw o experi
m ental bands reported in  th is IR  region, at 184 and 220 cm -1 . Furthermore, 
th e  band at 2 2 0  cm - 1  in  the liquid  phase is a shoulder on the contour of a 
stronger band. In the absence o f the third band, on ly  a later high-resolution  
experim ent m ight result in  the correct positioning o f  these normal modes.

The bands at 685, 448 and 360 cm - 1  in the R am an spectrum  were also 
reassigned as the tw isting  vibration  o f the = C H 2 group (i»37), and the defor
m ation vibrations o f the term inal and central C = C — CH 3 m oieties (v25 and v26), 
respectively.

Conclusion

The repeated analysis, based on sem iem pirical quantum  chem ical force 
field  calculations at the CNDO/2 level, o f the n ew ly  m easured vibrational 
spectra o f  2 ,5-dim ethyl-hexa-2,4-diene and of the structural isomers of hexa-
2 ,4-diene resulted in  reassignm ents o f some experim ental frequencies and 
corroborated the correlations betw een the structures and vibrational spectra 
of these m olecules. For 4 -m eth y l-penta-l,3 -d iene and tr<ms-2 -m ethyl-penta- 
1 ,3-diene a theoretical vibrational analysis, based again on similar sem i
em pirical quantum  chem ical force field  calculations at the CNDO/2 level, 
was perform ed for the first tim e. A ssignm ents of th e  experim ental vibrational 
spectra o f these com pounds connect these spectra w ith  th e  earlier found  
structural and spectral regularities in th is series o f m olecules.

Note added in proof:
After submitting this paper, we learned about the paper of X. Jing, J . Wang and 

Zh. Feng, Spectrochim. Acta, 44A, 1391 (1988), in which the vibrational spectra of irans.tra ns- 
C6H 10 and trans,cis-CeH i0 were measured and the vibrational problems were solved using 
modified valence-type force fields. The majority of the experimental vibrational fundamentals 
of this paper coincide with the data of Refs. [10] and [11]. Their assignments of the funda
mentals agree, in most cases, with ours. The exceptions are: v4, vs, vn , v2l, v25, vt0 and viX for 
trans,trans-C6H10; the theoretical frequencies a t 2869, 2868, 1251, 804, 760 and 321 cm-1 
for trans,cis-C6H 10.
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