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Ab&wt--The IR spectra of 4H-pyridd 1.2a)pyrlmidin-done derivalives have been mvcsrigalcd in solid slate and 
differen solven1s. a1 differen 1emperatures. The experimen1al data of several ketots1er derivatives with an ester 
group in posllion 3 suggesr coupling of the CO stre1ching frequencies. The CO band of higher frequency is more 
inrenx. the separa1ion being 30-8Ocm-‘. The force constan1s of the CO bonds have been calcula1cd by the 
CNDW! melhod. ‘The resul1s of compulalron are in good accordance u-lth the expcrimenral data. the frequency 
separation ar~scs mamly from [he differen CO vibrarmns. the in1cnsltics can be explained only by frequency 
coupling 

In recent years many new 4H-pyrido( I.k)pyrimidin- 

4 one derivatives have been synthesised’ which show 

important biological activity.’ According to their ring 
system three different types of the compounds in- 

vestigated can be distinguished (I-111). 

In the course of UK structural investigations the IW 
spectra have been thoroughly studied. A remarkable 
feature of the CO stretching vibrations has been ob- 

served. the spectra of several molecules show a less 

common type of frequency coupling. In order IO study 
this interesting problem. detailed experimental in- 
vestigations and theoretical calculations have been per- 
formed and the results arc reported in this paper. 

Erperimenlol resulfs 

As rhe most interesting parl of the spectra is the region 
of 1400-180Ocm”‘. only these frequencies will be con- 

sidered. The results given in Tables 1-4 refer IO 
measurements in KBr discs. Figure I shows the spectra 
of compounds 1 and 3 between 400 and 40OOcm ’ as 

examples. 
The band assignment was given according to sub- 

stituent effects. The stretching vibration of the 4-CO 
group is shifted IO lower frequencies b) + 1 substitucnr 

cm-’ 

FIR I. The IR spectra of rhc compounds 1 and 3 in KHr drscs 
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Table I. The carbonyl bands of compounds I and II in KBr discs 
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Tabk 2. The carbonyl baods of hydrochloride sahs of compounds I and II m KBr discs 
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Table 3 IIe carbonyl bands of I-methyl compounds of I and II m KBr discs 
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Table 4. The carbonyl bands of different safurated compounds in KBr discs 
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Frequency coupling m the IK spccb of 4H-pyridof I.b)pyr1midin~4-onc dcrivawes !?uC 

effect, and IO higher frequencies by -I effect. the 

skeletal vibrations. on the other hand, arc not much 

influenced by the substituent effects. This different be- 

haviour can be used to distinguish between skeletal and 
group vibrations. 

The solid stale spectra of molecules of type I and II 
containing ester or acyl group in position 3 show radical 

changes in the considered spectral region. The frequency 

and intensity of the vrhration assigned to the 4-W group 

considerably decreases, the a~~, vibration originating 
from the ester group appears at higher frequencies with 
high intensity (Fig. 2). The latter vibration appears in the 

region 171% 1765 cm-‘. the former between 1670 cm ’ and 
17lOcm-‘. 1k separation of the IWO bands being 30- 

&l cm ‘. The large intensity difference can be explained by 

frequency coupling of the IWO CO stretching vibrations. 
Frequency coupling of IWO identical 1.3-W groups 

results in a higher-frequency symmetric and a lowcr- 

frequency antisymmetric vibration.’ This less frequent 

reversed frequency coupling occurs, e.g. (CN)?. 1.3~bu- 
tadiene. when the interaction is strong between identical 

groups. In planar open-chain systems generally the high- 

frequency symmetric band has larger intensity (e.g. 
acetic anhydride. diacyl amines),’ in cyclic anhydrides. 
(with deformed COOCO group). on the other hand, the 

low-frequency antisymmetric band has higher intensity.’ 

In our I,3-ketoestcrs the high-frequency band has larger 

intensity (Table I ). 
The large frequency separation suggcsls strong in- 

teraction between the CO bands. The strongly dclo- 
cahzed a-electron system proved by the UV spectra’ 

explains the stability of the planar form and the in- 
teraction of the CO groups. Strong interaction of the CO 

groups is only possible in the Okis form, and frequency 
coupling is observed only with this conformer. which is 

supported by the following results. 
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Fii. 2. The vC=O bands of the compound 9. (a) In KBr dtsc at 
room temperature:(b) in KRr disc ar llo”C. (c) in CHCI, solution 

al room lempcralure. 

,OC,H? 

I. X-ray diffraction measurements of compounds 3 

and 9 show that the ester C=O group is in O-cis 
position.‘.” 

2. The frequency coupling of the CO groups is stop- 
ped by heating. the separation of the band maxima is 

smaller and their intensities become equal. since the CO 

group of the ester (or acyl) substituent moves from 04s 
IO 0-frans position (Fig. 2). This process is reversible. 

3. In the IR solution spectra (in chloroform. carbon 
tctrachloridc, dioxan. dimethylformamidc) there is no 
coupling which demonstrates the presence of the O-tram 
form (Fig. 2). 

4. DSC measurements show that the 0-ris-O-from 
isomeri7alion and the decoupling needs about 
5.0 kcallmole energy. 

The sahs of type I and II with HCI arc similar in 

bchaviour IO the corresponding bases; coupling is ob- 

served with most salts. The CO frequencies. especially 

those of the 4-CO band, arc larger in the salts than in the 
bases. This may be explained by the polarization caused 
by the anions in the crystal lattice. It could be dcmon- 
strated that derivatives showing no frequency coupling 

(compounds 13. I4 and 16 in Table 2) are in the O-rruns 
form. X-ray diffraction measurements show’ that com- 
pound 14 exists in C&frans form. In solution there is no 

coupling either with the salts or with the bases. 

With a CH,-C(XEI group in position 3 no coupling 

occurs because of the larger separation of the CO groups 

(Table I). Strong coupling was observed with molecules 
of type I and II containing a quaternary N atom in 
position I. The positive charge produces a high- 

frequency shift of both CO bands (Table 3). No de- 

coupling occurs either by heating or by solvents. II can 

be assumed that the - I effect of the dclocalizcd positive 
charge stabilizes the O-c-is form. 

There is no frequency coupling with molecules of type 

Ill (hexahydro derivatives) or with the octahydro com- 

pounds (Table 4). 

Because of the large frequency difference of the CO 
vibrattons (4-U) band l6lO- 1640 cm ‘. ester band 16% 
174Ocm ‘) coupling cannot occur with their derivatives. 

No coupling can bc observed in the spectra of 
product\ obtained by ncutraliratton of rypc II quater- 

nary salts (e.g. 21 and 22) because the I : IO double bond 
migrates IO 9: IO position. thus these derivatives are in 

fact. of type Ill. 
The IR spectra were recorded on a Zeiss UR-20 

spcctrophotometer between 400 and 4000cm ’ in KBr 

discs and different solvents. 

Theorericol colculotions 
According IO the above discussion, the most typical 

features of the CO vibrations can be summarized as 
follows: (I 1 In the solid state, IWO C=O stretching modes 
appear with a separation of 30-t3Ocm ‘, the higher 

frequency band showing higher intensity. Hy analogy 
with simpler 1.3.dicarbonyl systems, this was interpreted 
by the less frequent rypc of coupling of the IWO vi- 
brations. (2) When the substances are heated or dis- 



solved. the two C=O bands appear with approximately 
the same intensity and with smaller frequency separa- 
tion, indicating that the coupling is suspended if the two 
CO groups are out-of-plane (free rotation) or even if they 
are in 0-frons position. 

To obtain a better understanding of the situation. an 
attempt was made to estimate the separation of the CO 
frequencies and their relative intensities on the basis of 
approximate quantum chemical calculations. 

It has been shown in recent years that force constants 
can be obtained to a good approximation from oh initio 
calculations using the force method” and the results are 
acceptable on the semiempirical CNDO/Z kvcl.” This 
CKDO force method was applied to the present problem 
in a simplified form. Because of the very large computing 
time needed for a complete calculation. we have only 
calculated the C=O force constants (diagonal and in- 
teraction). These data alone are sufficient for the ap 
proximate study of the C=O vibrations with two as- 
sumptions. First, we assume that the C=O vibrations can 
be treated independently of the other vibrations in the 
molecule. Secondly, we anticipated that the coupling of 
the C=O vibrations arises from the interaction force 
constant and we neglected the kinetic coupling. (The 
latter is certainly allowed as there can be only indirect 
coupling). 

Considering the great dimensions and variety of the 
mokcuks under investigation, only one model was used 
in the theoretical calculations. but for this both con- 
formers were considered: 

O-c-is O-1ran.s n 
We think that this is a good model for the molecules of 

type I and II. even if the pyridine ring is neglected and 

the ester alkyl group is substituted by hydrogen for 
simplicity. The effect of protonation on the N, atom was 
not investigated. 

In the force method, beyond the usual quantities 
(energy. dipole moment etc.) the forces acting on the 
nucki in a given nuclear configur-tion are also calculated 
analytically from the wavefunction and then transformed 
into internal coordinates. The force constants are ob- 
tained numerically as the difference of forces when the 
molecule is distorted according to the internal coor- 
dinates. In the present case, this distortion meant making 
the CQO bonds longer and shorter by 0.02 A. The relative 
intensities are also calculated numerically from the 
squares of the dipole moment changes during the distor- 
tion. The equilibrium geometry used in the calculations 
was estimated from an X-ray study.’ We quote here only 
the most importapt parameters: the C=O bond length is 
1.225 and I. 199 A for the ring CO and for the ester 
(actually in the calculations carboxyl) C=O bond. res- 
pectively. The results of the calculations are summarized 
in Table 5. Because the force constants are very 
strongly. but systematically overestimated in the CNDO 
approximation. they were scaled by a factor of 0.381. 
This was obtained as an average value on several 
molecules” and is also supported by some recent results. 
(This scaling is not crucial in the present case as we used 
only relative values.) 

For the treatment of the C=O vibrations there are two 
extreme models. First. let us assume that there are two 
individual vibrations of different frequency. According to 
the calculations the ester force constant f,j is signiti- 
cantly higher than f,, (ring CO). From elementary cal- 
culations, if WC take an experimental average C=O 
frequency of v0 = 1650cm” and use only the relative 
values of the calculated force constants for the es- 
timation of the separation. the frequency difference is 
about Av = I?Ocm ‘. As to the relative intensities, the 
calculated ratio of the absorption coefficients cl/t2 
shows (Table 5) that in this model the higkr frequency 
band should be of lower intensity. Between the 04s 

Table 5. Results of rhe quantumchemical cakulaCuns* 
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and 0-eons conformers. there is no marked difference in 
either the frequency separation or the intensity relations. 
Thus. this model would result in just the opposite of the 
experimental findings. Some care should be Iaken. (Re- 
garding Ihe difference in the calculated force constants. 
Actually. this was experimentally introduced into the 
calculations because. on the basis of the X-ray study on one 
molecule. we Icmk different C=O bond lengths; the force 
constants are, of course. very sensiIive IO this difference.) 

As the other exlremc model. lee us take two equivalent 
C=O groups. In this case the separaIion arises from the 
splitting of the symmetric and antisymmetric vibrations. 
Taking now the theoretical average value of I5 mdyn/A 
for Ihc f, force constan and again a value of 1650cm- 
for vO. the splitting arising from the coupling through f, 
is 8 cm’ ’ for the O-cis form, and much less. about ? cm ’ 
for the frons conformer. As IO Ihe intcnsirics. the cal- 
culations show that the dipole moment changes are 
directed almos1 precisely along the C=O bonds. In this 
case, the intensity ratio (assuming equivalenl C=O 
groups) can be simply calculated from the relative orien- 
ration of the C=O bonds. (In the geomcIry WC used the 
angle between the C-O vectors was 13.0” for the cis- 

form and 121.0” for the fruns form.) The result is that the 
symmetric mode is very much stronger than the an- 
tisymmctric one in the 04 conformer. while in the 
0-[runs form the intensity ratio is reversed. Ihe difT- 
erence being. however. much lets 17’ablc 0 

QuallM\cly. Ihl\ model is in .+wcmcnI HlIh the 
ehpcrimrnl the \!mmcIric \ihIion i\ of higher 
frequcnc) and rhc corrc\pondmg hand ix more inlensc If. 
a\ i1 U;IX xssumcd carllcr. the \uhst~rxc\ cxisl 111 the 
O-ci\ ftmn. II i\ ;IIW pro\4 theorc[l4) th.rt the 
coupling is much \mallcr for the O-rnrrr.~ conformer 
Howcvcr. if UC <on\idcr the rcsull\ more quantir;cGcl!. 
II I\ clear that the sphttmps arc \cr! small ;I\ compared 
urth the eqxrmcnlal valuss of W-XOcm and the ex- 
perimental intensity relations are far less extreme Ihan 
calculated. This indicates that the real siIuaIion is bet- 
ween the IWO extreme models: the individual C=O 
frequencies are obviously different bum their coupling 
through a positive f,, is also significant. 

In order to estimate the combined effect. WC assumed 
that the individual frequencies arc scpardlcd by 50 cm ‘, 
e.g. 1650 and 1700 cm ‘. rcspectit cl). Assigning Ihe cal- 
culared average force constant of I.( mdynli IO the first 
one. the corresponding force constant for the ester CO 

group is 15.92mdynlA. The coupling of these two vi- 
brations through the coupling force constant f, = 
0.07 mdyn/A can be calculated by solving a simple 
second order eigenvalue problem. The resulting normal 
vibrations arc of the form: 

Q,(u, = 1700.3 cm ‘l = 0.07544 r, + 0.99715 rz 
Q:(u: = 1649.7cm”) = ‘. 0.99715 r, t 0.07544r:. 

As anticipated. the coupling is now so small Ihat the 
addiIional frequency separation is negligible. However. 
the intensity rario is influenced significantly even by this 
small coupling. SIarting with IWO uncoupled vibrations of 
the same inlensity. the new intensity ratio. as a con- 
sequence of this coupling. is: 

r(Q,)/clQz) = 1.34. 

In accordance with the experimenr. the higher frequency 
band is the more intense one. 

In conclusion, we think that the frequency separation 
in the specIrd arises mainly from the individual 
difference of the Iwo C=O vibraIions but the intensit) 
relations can only be understood if the coupling is also 
taken into considcrarion. 
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