
Theoret. chim. Acta (Bed.) 20, 364--370(1971) 
�9 by Springer-Verlag 1971 

The Carbonyl Frequency of Cyclopentanone 
as a Function of Its Distortion, 

a Vibrational Model for 2- and 7-Norbornanone 
R.  E.  DAVIS a n d  C.  R .  CHUANG PFAFFENBERGER 

Department of Chemistry, Purdue University, West Lafayette, Indiana 47907, USA 

Received August 10, 1970/November 13, 1970 

Using normal coordinate analysis, the infrared spectrum of cyclopentanone has been computed 
as the geometry is modified from the planar form to those in which the geometry about the 5-membered 
ring looks like 2-norbornanone and also like 7-norbornanone. The computed v~o of cyclopentanone 
is 1739.9 cm -1 compared to the experimental value of 1740 cm -1. 

As the cyclopentanone ring is deformed to resemble either the 2-norbornanone or the 
7-norbornanone ring system, the computed vco is too low using the force fields that give good 
agreement with experimental value for cyclopentanone. The carbonyl force constant had to be 
increased from 9.7 to 10.0 mdynes/A for the 2-norbornanone-like model and to 10.4 mdynes/,~ for 
the 7-model system to give v~o values in agreement with the experimental values. 

Mit Hilfe der Normalkoordinaten-Analyse wird das Infrarotspektrum des Zyklopentanons 
berechnet, wobei die Geometric vonder planaren Form bis zu der Form, bei der die Geometric am 
Ffinfring derjenigen des 2-Norbornanons oder auch des 7-Norbornanons ~ihnlich wird, variiert wird. 
Der berechnete Wert yon Vco des Zyklopentanons ist 1739,9cm - t ,  w~ihrend der experimentelle 
Wert 1740cm -1 betr~tgt. Bei den angegebenen Deformationen des Zyklopentanonrings wird der 
berechnete Wert yon vco zu niedrig, wenn man die Kraftfelder zugrunde legt, die ffir das Zyklopentanon 
gute tAbereinstimmung mit dem Experiment liefern. Die Carbonylkraftkonstanten muBten v o n  
9,7 auf 10,0 m dyn/A fiir das 2-Norbornanon-Modell sowie auf 10,4 m dyn/A ffir das 7-Norbornanon 
erh6ht werden, um den Weft yon vco in Ubereinstimmung mit dem Experiment zu bringen. 

Le spectre infra-rouge de la cyclopentanone a 6t6 calcul6 en employant l'analyse en coordonn6es 
normales lorsque l'on modifie la g6om&rie depuis la forme plane jusqu'aux formes ott les configurations 
sur le noyau pentagonal ressemblent/~ celles de la 2-norbornanone et de la 7-norbornanone. La fr6- 
quence vr calcul6e pour la cyclopentanone est 1739.8 cm -~ compar6e/t la valeur exp6rimentale de 
1740 cm -~. Lorsque l'on d6forme le cycle de la cyclopentanone comme indiqu6 ci-dessus, la valeur 
calcul6e de vco est trop faible si l'on emploie les champs de force qui donnent un bon accord avec la 
valeur exp6rimentale pour la cyclopentanone. La constante de force du carbonyle doit etre augment6e 
de 9,7 ~ 10,0 mdynes/• pour le mod61e analogue/t la 2-norbornanone et de 9,7/~ 10,4 mdynes/A pour 
le mod+le analogue ~t la 7-norbornanone. 

In  p r e v i o u s  p a p e r s  in the  series, the  e x p e r i m e n t a l  and  t h e o r e t i c a l  c o n s e q u e n c e s  

of  us ing  a c a r b o n y l  m o d e l ,  R 2 C O ,  for  a c o r r e s p o n d i n g  c a r b o n i u m  ion,  R z C H  +, 
h a v e  b e e n  exp lo i ted .  In  o u r  c r i t i que  [3] of  us ing  the  i n -p l ane  c a r b o n y l  f r equency ,  
Vco, as a m o d e l  for  a c a r b o n i u m  i o n  f o r m i n g  reac t ion ,  we n o t e d  tha t  the  H a l f o r d  
e q u a t i o n  rea l ly  i m p l i e d  tha t  if a l inear  r e l a t i o n s h i p  was  to be  expec ted  b e t w e e n  Vco 
and  the  C C C  angle ,  t hen  e i the r  the  c a r b o n y l  force  c o n s t a n t  m u s t  r e m a i n  c o n s t a n t  
o r  v a r y  in a l inea r  m a n n e r  wi th  the  C C C  angle  (see Eq.  (1)). In  the  p re sen t  p a p e r  
the  F G - m a t r i x  m e t h o d  is a p p l i e d  to  c y c l o p e n t a n o n e .  Fi rs t ,  the  in f ra red  f r equenc ies  
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of normal cyclopentanone have been fitted to the geometry and the force field. 
Second, the model has been deformed to resemble the cyclopentanone fragment 
in 2-norbornanone and then 7-norbornanone. Adjustments were then made in 
the force fields until the calculated frequencies fitted the experimental values for 
2-norbornanone and 7-norbornanone. 

Vco = 1278 + 68k - 2.20, (1) 

Veo in cm-  1 
k carbonyl force constant in mdynes//~, Halford equation [4]. 
0 CCC angle in C2CO. 

Local Mode Distortion of  Cyclopentanone to the Norbornanone Model 

The atoms were numbered as follows: 

II. ..3 ~ 

,z/~ z 

8~176 

) 
..5 

Rotate the centers 1, 4, 7 about the 1-7 axis by 7 degrees and stimulate the geometry 
of 2-norbornanone. In order to compute the new Cartesian coordinates: 

a) Move the origin from atom 14 to atom 1, defining a new set of x (~) and y(~) 
for atoms 1 to 9. 

x(! ) = x - e,  

y(ll = y _ f ,  

Z (1) ----- Z .  

b) Rotate the molecule about the z axis 0 degrees keeping atom 1 in place as 
axis 1-7 now coincides with the y(1) axis. Then 

x (2~ = (cos0) x (1) + (sin0) y m  

y(2~ = ( _  sin0) x m + (cos0) y( ' ) ,  

Z (2) = Z (1) . 
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c) Now- rotate centers t, 4, and 7 about the 1-7 (y(1) axis) by 7 degrees keeping 
1 and 7 in place. 

x ~3) = (cosy) x ~2) + ( -  siny) z (2) , 
y(3) = y(2) ,  

z (3) = (sin7) x (2) + (COST) z (2) . 

d) Now rotate the entire molecule about the z(~)-axis by 0 degrees keeping 
atom 1 in place. 

x (4) = (cos0) x(3)+ ( - s in0)  y ( 3 )  

y(4) = (sin0) x (3) + (cos0) y(3), 

Z ( 4 )  ~ _  Z ( 3 )  . 

Steps b), c), and d) can be related as multiplication of three 3 x 3 matrices. Thus 
the x, y, z coordinates can be quickly obtained. 

( os0 i) tc 0sn: t 
1 si ;0 cos0 ;sy 

0 \sin7 0 c 7/  

1 + cosZ0(cos7 - 1) 

= | (sin0 cos0) (cos7 - 1) 
/ 

\ cos 0 sin~ 

where 0 is a constant 

7 is a variable 

cos0 sin0 i )  
- sin0 cos0 

0 0 

(sin0 cos0) (cosy - 1) - cos0 sinT\ 
! 

1 + sin20 (cosy - 1) sin0 sin7 
1 sin0 siny cosy / 

0 = �89176 ') = 35~ ' , 

"2 = 15~ 30~ 45~ 54~ and 60 ~ . 

Once the x, y, z values were determined, the VcolWas computed using methods 
previously discussed [1-3]. The force constants used for the first calculation for 
cyclopentanone are listed in Tables 1-3 with y = 0 (normal, undeformed cyclo- 

Table 1. Diaoonat stretch force constants of cyclopentanone 

Coord. No. Example Meaning Value Force const. 
atom no. no. 

1 13 14 C = O  9.717 1 
2, 3 1 t4  O C - C H  2 4.071 2 
4, 5, 6 1 4 H z C - C H  2 4.472 3 
7, 8, 9, 10 1 2 C - H  (CH2) 4.882 4 
11, 12, 13, 14 4 5 C - H  (CH2) 4.524 5 

1 The (x, y, z) coordinates were obtained before we had the CART program referred to in 
Ref. [1]. The method discussed in the present paper is quite quick and elegant. Calculations on the 
cyclopentanone structure in which the ring is puckered have also been made. These very small 
geometric changes have almost no effect (less than 2 cm -~) upon the Voo, a fact already appreciated 
in our earlier calculations [1, 6]. We have used the planar cyclopentanone model as the starting 
structure of our calculations because it represents a closer model for the distorted cyclopentanones 
having the basic geometry of either the 2- or 7-norbornanone molecule. 



The Carbonyl Frequency of Cyclopentanone 

Table 2. Diagonal bending force constants of cyclopentanone 
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Coord. no. Example Meaning Value Force const. 
atom no. no. 

C 

15, 16 1 14 13 O----r 1.006 6 
C 

17 1 14 10 O = C ~ )  1.647 7 

C 

18 - 21 4 1 14 C\~--,,~/C 1.084 8 

C 

22-25  2 1 14 O C . f - ~ H  0.468 9 

C 

26 - 37 2 1 4 < CCH (CH2) 0.684 10 

H 

38, 39 2 1 3 O C - C )  0.521 11 

H 

40,41 5 4 6 <HCH (CH2) 0.531 12 

Table 3. Non-diagonal force field interactions of cyclopentanone 

Meaning Value Force const, no. 

(H (s) SCH (s)) 0.073 13 
(H(s) SCH(s)) 0.029 14 
CC (s) SCC (s) 0.138 15 
(C common) 
CC (s) S < CCH (b) 0.312 16 
(C-C common) 
CC (s) S < CCH (b) 0.312 17 
(C-C common) 
CC (s) S < CCC (b) 0.404 18 
< CCH (b) S < CCH (b) inter. -0.021 19 
(C-C common) 

< CCH (b) S < CCH (b) inter. -0.015 20 
(CH2, C -C  common) 
CCH (b) S < CCH (b) inter. 0.038 21 
( C H 2 ,  CH common) 

pen t anone ) .  The  in i t ia l  choice  of force c o n s t a n t s  was based  u p o n  our  p rev ious  
c o n s t a n t s  used  for d ie thyl  k e t o n e  [5] which  in  t u r n  are re la ted  to those  of ace tone  
a n d  n - p e n t a n e  [6, 7]. 

2-Norbornanone Model  

In  T a b l e  4 the  resul ts  are l isted wi th  7 va lues  of 0 ~ 15 ~ 30 ~ 45 ~ 54o44 , ( n o r m a l  
2 - n o r b o r n a n o n e )  a n d  60 ~ As 7 increases,  the  c o m p u t e d  v~o d rops  f rom 1739.87 c m -  1 
(exper imenta l  is 1740 c m  -1)  to 1734.12 c m - 1 .  The  p red ic ted  va lue  of the 2 -nor -  

25 Theoret. claim. Acta (Berl.) Vol. 20 
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Fig. 1. Plot of the computed Vco versus the angle ? in the distorted cyclopentanone which resembles 
2-norbornanone 

17~ 

17~C 

177C 

176C 

~co 
17,~3 

1740 

i 

~-~0=I01 

1730 

1720 

0 
go 

60 

Fig. 2. Plot of the computed v~o versus the angle 6 in the distorted model of cyclopentanone which 
resembles 7-norbornanone 

bornanone model would be 1734.6 cm -1 and in poor agreement with the experi- 
mental value of 1753 cm- 1. Thus we conclude that geometry alone does not shift 
the Vr but that force field constants must also change. Indeed as Table 4 shows, the 
kco must be increased to 10.0 mdyne/• to fit the experimental frequencies. The 
diagram (Fig. 1) shows that the two experimental points (1740 cm-1 (? = 0)  and 
1753 cm- 1 (? = 54~ lie on different parametric curves. 
25* 
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A plot of Vr versus kco has a slope of 65 cm-1/mdynes/A at a 7 value of 0 ~ 
and at 60 ~ It can be noted that the Halford constant [4] was determined to be 
68 c m -  1/mdynes/A using a tetratomic model, R2CO. While a change of 3 in this 
constant is small, it should also be noted that the kco is changed from 9.7 to 
10.0 mdynes//~. Combining the change in the Halford constant as well as the 
change of kco means that the "Vr can "wander" by as much as 30 c m -  1. 

Another troublesome feature in the use of Vr to predict estimated angles can 
be immediately appreciated from Table 4. If kr = 9.7, changing 7 from 15 ~ to 30 ~ 
causes a shift of 1.51 cm-1.  If kr = 10.3, the shift is 1.42 cm -1. The slope changes 
by almost 10 % while the frequency shifts only 1.5 cm-1 or so. A plot of Vr versus 
is not linear but curves downward (Fig. 1). The slope of curvature changes as kco 
changes. 

7-Norbornanone Model 

If the C1,-O13 atoms are distorted about  atoms C1 and C10, the normal 
cyclopentanone molecule becomes the 7-norbornanone model. Now define the 
angle 5 as the angle between the 1-14-10 plane and the 1-4-7-10 plane. The results of 
calculation are presented in Fig. 2. Not  only are the curves of definite curvature, 
but the kr must be increased to 10.4 to fit the experimental value [8] of 1773 c m -  1. 
See Table 5. 

A plot of Voo versus kco with 6 = 54~ ' has a slope of 65 c m -  1/mdynes/A. 
A few calculations have been performed on 2-methylcyclopentanone and 

2,4-dimethylcyclopentanone [9]. The results do not change the conclusions of 
the use of the simpler model. An at tempt was made to use the entire 2-norbornanone 
molecule and fit the infrared spectra [9] ; however, the computer time required on 
the IBM 7094 was so tremendous (over 2 hours) per single trial that the project 
was modified using the simpler model system. 

Conclusion 

The results of this study reinforce the conclusions made in our earlier studies- 
namely, that the carbonyl vibrational frequency is a function not only of the 
detailed geometry (angles and bond lengths) and masses of the atoms, but of the 
entire force field which has been shown to change from molecule to molecule. 
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