
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

Infrared Assignment and Formation Mechanism of Trans-Anti Thymine
Dimer
G. I. Cárdenasa; K. A. Figueroaa; V. Vargasa; J. S. Gómez-Jeriaa; M. M. Campos-vallettea

a Department of Chemistry, Faculty of Sciences, University of Chile, Santiago, CHILE

To cite this Article Cárdenas, G. I. , Figueroa, K. A. , Vargas, V. , Gómez-Jeria, J. S. and Campos-vallette, M. M.(1988)
'Infrared Assignment and Formation Mechanism of Trans-Anti Thymine Dimer', Spectroscopy Letters, 21: 2, 107 — 125
To link to this Article: DOI: 10.1080/00387018808082299
URL: http://dx.doi.org/10.1080/00387018808082299

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387018808082299
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SPECTROSCOPY LETTERS, 21(2), 107-125 (1988) 

INFRARED ASSIGNMENT AND FORMATION MECHANISM OF TRANS-ANTI THYMINE DIMER. 

Keywords : Molecular v ib ra t ions ,  Force constants, Hyperf ine coup1 ing  
constants, Cyclobutadithymine. 

G.I.C&rdenas J., K.A.Figueroa., V.Vargas C.,  J.S.G6mez-Jeria and M.M. 
Campos-Val l e t t e .  

Department o f  Chemistry, Facu l ty  o f  Sciences, Un ive rs i t y  o f  Chi le.  P.O. 
BOX 653 Santiago-CHILE. 

Thymine dimers were obtained under u l t r a v i o l e t  i r r a d i a t i o n .  The 

major product i s  a t rans-an t i  dimer l i n k e d  by a cyclobutane r i ng .  The 

i n f r a r e d  assignments and the  mechanism o f  format ion o f  t h i s  dimer a re  

discussed i n  terms o f  an approximate fo rce  f i e l d  and INDO data, respec- 

t i v e l y .  

INTRODUCTION 

The r a d i a t i o n  chemistry o f  pyr imidines bases i n  aqueous s o l u t i o n  

has been ex tens ive ly  s tud ied  [ 1-6 ] . 
the  major c lass  o f  DNA l es ion  induced by the  a c t i o n  o f  f a r  and near u l -  

t r a v i o l e t  l i g h t  on b i o l o g i c a l  systems. However, data concerning the  

geometrical parameters and v i b r a t i o n a l  ana lys is  o f  the  thymine dimers 

are scarce and i t s  format ion mechanism seems t o  be very complex, 

Cyclobutadipyrimidines represent 

Thymine dimers e x i s t  i n  f o u r  d i f f e r e n t  stereochemical con f igura t ions  

[l] , depending upon the  expe- 

[3] succeeded 

t rans-an t i ,  c i s -an t i ,  t rans  syn and cis-syn 

r imental  cond i t ions  o f  preparation, [2 ]  . Weinblum and Johns 
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108 CARDENAS ET AL. 

i n  asc r ib ing  the  co r rec t  form t o  the  dimers, however they d id  no t  repo r t  

the whole i n f r a r e d  ( IR)  spectra and the  bands assignment i s  on l y  p a r t i a l l y  

discussed. Extended Huckel ca l cu la t i ons  [4  J i nd i ca te  t h a t  the  p re fe r red  

dimer conformation corresponds t o  planar bases forming an angle o f  120' 

w i t h  the  cyclobutane r i n g .  A d i f f e r e n t  quantum-mechanical study [5J using 

the f r o n t i e r  o r b i t a l s  p red ic ted  t h a t  the  most s tab le  conformer i s  the c i s -  

syn dimer. 

formation, i t  i s  s t i l l  no c lea r  i f  the d imer iza t ion  i s  induced e i t h e r  by 

cat ion-anion recombination o r  through bimolecular combination o f  exc i ted  

states 16.73. 

Due t o  the complexi ty o f  t he  reac t i on  mechanism f o r  the  dimer 

I n  t h i s  work we present p re l im inary  in fo rmat ion  about the  charac ter is -  

t i c s  o f  the chemical bond i n  t h e  thymine-thymine t rans-an t i  conformation 

i n  terms o f  t h e i r  I R  fundamental frequencies, f o rce  constants and hyper f ine  

coupl ing constants. 

d ina te  treatment and the  photoinduced mechanism o f  format ion i n  the  thymine 

dimers ser ies.  

These data w i l l  serve t o  systematize the normal coor- 

EXPERIMENTAL 

Thymine dimers were prepared as described i n  a previous pub l i ca t i on  

Grade A thymine from Calbiochem was used a f t e r  r e c r y s t a l l i z a t i o n .  

The so lu t i on  1 x 10-2M i n  thymine, d i l u t e d  w i t h  sens i t i ze r  acetone a t  83 

percent, was degassed by sub jec t ion  t o  f i v e  freeze-pump-thaw cycles a t  

pressures below lom4 t o r r .  The tubes, sealed under vaccum, were placed 

on an a i r  cooled merry-go-round and i r r a d i a t e d  a t  room temperature f o r  

1, 2 and 12 days periods by a high pressure mercury vapor lamp, f i t t e d  

w i t h  a c y c l i n d r i c a l  Pyrex l i g h t  f i l t e r .  The p rec ip i t a tes  from several 

samples were mixea, f i l t e r e d ,  washed w i t h  acetone and water and d r i e d  

(ca.  35 percent y i e l d ) .  The i r  r o u t i n e  i n f r a r e d  and NMR spectra were 

i d e n t i c a l  t o  those published f o r  the t rans-an t i  form [3,6] . 

[2] . 
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TRANS-ANTI THYMINE DIMER 109 

The I R  spectrum was recorded between 4000 and 200 cm-' a t  room 

temperature by using a Perk in  Elmer g ra t i ng  spectrometer model 621. 

sample was used i n  the  s o l i d  s ta te .  

i n  Table 1 together w i t h  t h e i r  experimental assignments, and the ac tua l  

spectrum i s  given i n  Fig.1. 

The 

The absorpt ion f reqdencies are  l i s t e d  

VIBRATIONAL STUDY 

In f ra red  bands assignment. 

The adopted C1 geometry f o r  t he  t rans -an t i  dimer i s  shown i n  Fig.2. 

The 84 fundamental v ib ra t i ons  present I R  and Raman a c t i v i t y .  

The I R  spectrum o f  the  t rans -an t i  dimer d isp lays  a ser ies  o f  bands 

between 3500 and 2000 cm-l (F ig .1 ) .  

a re  assigned t o  the N-H s t re t ch ing  v i b r a t i o n  (vNH) i n  good concordance 

w i t h  I R  and Raman r e s u l t s  and theo re t i ca l  data i n  pyr ro le ,  thymine and 

u r a c i l ,  and i t s  deuteroder ivat ives [8-101 . The C-H s t re t ch ing  frequencies 

region (3100-2950 cm-') i s  complicated by strong Fermi resonance [ll] . 
The bands centered a t  3090 and 2980 cm-' a re  assigned t o  the  c y c l o b u t i l -  

type CH s t re t ch ing  mode (vCH) wh i l e  the  absorpt ions a t  2940 and ca. 

2837 cm-l a re  a t t r i b u t a b l e  t o  the 

v ib ra t i ons  of the  CH3 group (vasCH3 and vSCH3), i n  agreement w i t h  repor ted  

data on thymine [9] . 

The absorpt ions a t  3300 and 3180 cm-' 

asymmetric and symnetric s t re t ch ing  

I n  thymine, two bands a t  1750 and 1620 cm-' were assigned t o  the  C=O 

s t re tch ing  v ib ra t i ons  ( d o )  

t r i b u t i o n ,  t he  dimer format ion i s  acconpained by a coalescence o f  these 

bands. 

[ g ] .  As a consequence o f  an e lec t ron i c  r e d i i  

A doublet  near 1690 cm-l (Fig.1) i s  readely a t t r i b u t a b l e  t o  vCO. 

I t  might be mentioned t h a t  an empi r i ca l  assignment f o r  the  spec t ra l  

reg ion  between 1400 and 1000 cm-' i s  almost impossible because o f  the  

pronounced coup1 i n g  between several coordinates (vring, vC-CH~ and defor- 

mation modes). 
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TRANS-ANTI THYMINE DIMER 111 

H 

H 

FIG.2. Stereochemical s t ruc tu re  o f  t rans -an t i  thymine dimer. 

1 Two r i n g  s t re t ch ing  modes are  expected i n  the  reg ion  around 1370 cm- 

(Fig.1) 18-10] . 
t o  vC-CO wh i le  the  absorp t ion  observed a t  1370 cm-l i s  a t t r i b u t a b l e  t o  

vCN. 

The shoulder a t  about 1390 cm-l i s  t e n t a t i v e l y  assigned 

From a s t r u c t u r a l  view p o i n t  one can d i s t i ngu ish  fou r  c lass  o f  C-C 

bonds i n  the  dimer (Fig.2). A t  l e a s t  two p a i r s  o f  them a re  expected t o  be 

energe t i ca l l y  comparable: C - C  ( C  -C ) and C -C ( C  -C ). The asymnetric 

broad band a t  1275 cm-l and one o f  t he  maxima o f  the  double peak band a t  

1 1 2 6 7  1 6 7 1 2  
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112 CARDENAS ET AL. 

about 1110 cm-' reveal  the  dimer format ion and, i n  consequence, they are  

assigned t o  the  c y c l o b u t i l  s t re t ch ing  modes. 

The v(C-CH3) mode i s  a t t r i b u t a b l e  t o  the  band a t  1180 cm- . 1 I n  

thymine t h i s  mode, which i s  h i g h l y  coupled w i t h  uring v ib ra t ions ,  i s  

assigned t o  the  absorpt ion a t  1203 cm-l [ g ]  . The v(C-CH3) mode i s  ener- 

g e t i c a l l y  more favoured i n  monomer than i n  dimer because o f  e lec t ron i c  

con t r i bu t i on  o f  double C=C bond and the prox imi ty  o f  the  C=O group (Fig.2).  

We assign the  bands a t  1470 and 1425 cm-' t o  the NH bending modes 

(6NH) i n  agreement w i t h  r e s u l t s  i n  the ser ies  o f  u r a c i l  de r i va t i ves  [ 10,121 . 
According t o  the  normal coordinate treatment f o r  the  pyr im id ine  d e r i v a t i -  

ves 1 9 1  , the bands a t  1450 and 1383 cm-l are ascr ibed t o  6CH3. The 6CH 

v ib ra t i ons  may be overlapped a t  ca. 1270 and 1150 cm-l by o ther  bands 

r e l a t e d  t o  vring modes [ 9 ]  . 
The absorpt ion bands due t o  the  hydrogen rocking deformation (pCH) 

and ske le ta l  deformation v ib ra t i ons  appear i n  the  region between 900 and 

250 cm-l (Fig.1).  The band a t  955 cm-', which i s  observed i n  thymine a t  

984 cm-', can be assigned t o  the  CH3 rocking v i b r a t i o n  (pCH3). Banhegyi 

e t  a l .  [ 131  assigned the  ca lcu la ted  frequency 891 cm-' t o  a r i n g  bending 

o f  the  cyclobutane molecule. 

spectrum o f  a t rans  thymine dimer contains the small peaks o f  a cyclobutane 

r i n g  system a t  about 870 cm-'. 

a t  888 cm-I as due t o  the  6(C1C6C7) mode (Fig.2).  

820 cm-' might be assigned, as i n  p y r r o l e  (826 cm-') [ a ] ,  t o  t h e  GNCC mode. 

Four absorpt ions observed a t  785, 750, 730 and 712 cm-' have been a t t r i b u t e d  

t o  the  in-plane r i n g  deformation modes (Sring). The band a t  630 cm-' i s  

r e a d i l y  assigned t o  an SCO v i b r a t i o n  i n  concordance with r e s u l t s  i n  p y r i -  

midines [ 9,101 and cyclopropenone [ 1 5 1  . The bands a t  505 and 530 cm-' 

are l i k e l y  t o  be brinq v ib ra t i ons  such as the 506 and 521 cm-' bands i n  

thymine [16] . 
t h a t  observed i n  cy tos ine  (422 an-'), u r a c i l  (427 crn-') and thymine (433 cm-'), 

Berends e t  a l .  1141 observed t h a t  the i n f r a r e d  

These r e s u l t s  a l l ow  us t o  propose the  band 

The broad band a t  about 

The band a t  407 cm-' i n  the dimer probably corresponds t o  the  
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TRANS-ANTI THYMINE DIMER 113 

which have been assigned t o  the  out-of-plane oxygen wagging (pC0) [16]  . The 

shoulder a t  395 cm-' i s  probably predominantly due t o  an out-of-plane r i n g  

deformation ( x r i ng ) .  

i n  u r a c i l  [ l o ]  and cy tos ine  spectra 1161  , i s  associated w i t h  the to rs iona l  

modes o f  the methyl group ( d H 3 ) .  

v i b r a t i o n  below 200 cm-l [13] . 

The we l l -de f ined band a t  318 cm-', which does no t  occur 

The puckering mode i s  assigned t o  a 

The i n f r a r e d  frequencies and the  experimental assignments o f  t rans-  

a n t i  thymine dimer a re  given i n  Table 1. 

Normal Coordinate treatment 

Normal-mode ca l cu la t i ons  have been c a r r i e d  out f o r  pyr im id ine  d e r i -  

va t ives  [ 9,10,17 1 and cyclobutane molecules [ 1 3 1  bu t  none has been publ ished 

f o r  t he  thymine dimers ser ies .  

f o rce  constants which account f o r  the experimental assignment f o r  the  t rans- 

a n t i  dimer. The i n i t i a l  f o rce  f i e l d  w i l l  be the  basis t o  systematize the  

normal coordinate t reatment i n  the ser ies.  

Therefore we t r i e d  t o  ob ta in  approximate 

a)  S t ruc ture  and coordinates. 

As the  s t ruc tu re  o f  the dimers i s  no t  known, we have taken geometrical 

parameters from r e l a t e d  molecules: thymine [ 1 8 1  , cyclobutane [ 1 3 l a n d  

psoralen-thymine monoadduct [19 ] . 
a n t i  dimer was l o c a l l y  mod i f ied  i n  o rder  t o  ob ta in  CND0/2 energy minima 

f o r  t he  C -C , C -C bond lengths, t he  d ied ra l  angle o f  the cyclobutane- 

type skeleton and the  angles between the plane o f  t he  thymine bases and 

the  cyc lobuty l  group (C2C1C12 and N C C ) (Fig.2):  the  opt imized values 

are 1.561 A, 26", 112.8' and 114.3" respec t ive ly .  

The approximate geometry o f  the  t rans-  

1 1 2  6 7  

5 6 7  

0 

According t o  Pulay e t  a l .  [20] ,  i n t e r n a l  coordinates were 

used because they a l l ow  a d i r e c t  comparison w i t h  experimental resu l t s .  

These are i d e n t i c a l  t o  those used by Banhegyi e t  a l .  [ 1 3 1  f o r  the  s t r e t -  

ching, bending and puckering modes i n  cyclobutane. 

d e f i n i t i o n  f o r  the  rock ing  deformation mode ( p )  was taken from an e x p l i c i t  

The i n t e r n a l  coordinate 
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TABLE 1. 

CARDENAS ET AL. 

1 Infrared frequencies (cm- ) and experimental assignments for trans-anti 
thymine dimer. 

Freq. Assignment Freq. Assignment 

3300 
3180 
3090 
2980 
2940 
2837 

1700 
1680 

1470 
1450 
1425 
1390 
1383 

1370 
1275 
1255 
1180 

vNH 
vNH 

vCH (ring) 
vCH (ring) 
vCH3 
vCH3 
uco 

vco 

6 NH 
6CH3 

6NH 

vc-co 

6CH3 

vCN 

vCC (cyclobutyl ) 
6CH 

vC-CH3 

1155 

1115 
1100 
955 
888 
820 

785 
750 

730 
712 
694 
630 
530 
505 
407 
395 
318 

vCC(cyclobutyl),GCH 
vCC (cyclobutyl) 
vCC (cyclobutyl) 

6 C C C  (cyclobutyl ) 
6NCC 

&ring 
6ring 
6ri ng 
6ring 
BCCC (cycl obutyl ) 
6CO 

6ring 
6ri ng 
PCO 

xring 

P C H ~  

TCH3 

formulation given by Aroca et al. [21]. As a model, we considered only 

the cyclobutane-type skeleton with the same dimer geometrical parameters. 

The internal coordinates were chosen to satisfy the requirements that they 

must be the most complete, representative and symmetrically compatible; 

the elimination of certain groups of symnetrically equivalent internal 

coordinates does not result in a loss of generality [22 1. 
case, the fourtheen internal coordinates were chosen as follows : the 

In the present 
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TRANS-ANTI THYMINE DIMER 115 

12 

FIG.3. Molecular model and i n t e r n a l  coordinates. 

changes i n  7 bonds, 3CC(D) and 4(q),  one r i n g  bending CCC(a), th ree  de for -  

mations, NCH, C C C and C C N ( B ) ,  two rock ing  coordinates ( p ) ,  and one 

in te rna l  t o r s i o n  (pucker ing) corresponding t o  the  d ied ra l  angle 

C12C1C6AC1C6C7 ( x ) .  The adopted molecular model, a non planar one o f  C1 

symnetry, and the  i n t e r n a l  coordinates are  shown i n  Fig.3. 

13 1 2 1 6  

b)  Force f i e l d .  

The ca l cu la t i on  was c a r r i e d  ou t  using the  method o f  Wilson e t  a l .  

[ 2 3 ]  and a valence fo rce  f i e l d .  We took the  fo rce  constants from 

d i f f e r e n t  sources. The valence fo rce  constants were estimated from 

CNDO/2 1241 data ( t o t a l  charges and Wiberg's index) by a simple method 

der ived from a p o i n t  charge model f o r  the  chemical bond [ 251 ; the ob- 

ta ined values a re  cons is ten t  w i t h  reported fo rce  constants i n  re la ted  mo- 

lecu les  w i t h  s i m i l a r  chemical groups [ 8,15,17,26,27] . 
mation constants were t rans fe r red  from the  ones proposed f o r  cyclobutane 

[ 13 J and pyr im id ine  de r i va t i ves  [ 9,101 . 
the rocking deformation coordinates were obtained from d i r e c t  computation 

The diagonal de for  

The fo rce  constants i nvo l v ing  
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CARDENAS E T  A L .  116 

o f  the equation Fii = "/Gii, where Ai = (wi/1303.16) 2 w i t h  wi the expe- 

r imental  frequency, and publ ished data [8,28] . 
constants which e x i s t  i n  the  fo rce  f i e l d s  o f  some o f  t he  above mentioned 

molecules [ 9,10,13,26] . 
same approximation as the  k i n e t i c  energy, i .e.  i n te rac t i ons  between v ib ra -  

t i ons  no t  i nvo l v ing  a comnon atom are  assumed t o  be zero. 

We added some i n t e r a c t i o n  

The i n i t i a l  f o rce  f i e l d  i s  b u i l t - u p  using the  

Some i n i t i a l  f o rce  constants were modif ied i n  order t o  ob ta in  the 

experimental wavenumbers and po ten t i a l  energy d i s t r i b u t i o n  (PED) o f  charac- 

t e r i s t i c  bands whose assignment i s  obvious i n  the  t rans -an t i  molecule: 

F(qg) I F(a8), F(Pl3) and f(q5,a8). 

Our F(D1) value o f  3.6 mdin i-' f o r  the C1C6 equ i l i b r i um distance 

1.537 A i s  i n  agreement w i t h  the  c o r r e l a t i o n  between CC fo rce  constants 

and the  bond length  proposed by Majoube i n  9-methylguanine [ 17 1. 
tuna te l y  d 1 C 6  appears h i g h l y  coupled w i t h  o the r  r i n g  s t re t ch ing  modes. 

b t r i e d ,  w i thout  success, t o  remove t h i s  coupl ing from the PED by 

modify ing the  i n te rac t i ons  f(D1,D2) and f(D1,D3) introduced by Banhegyi 

e t  a l .  i n  cyclobutane [ 1 3 ] .  

0 

Unfor- 

The most i n t e r e s t i n g  fo rce  constants i n  the  present study are those 

The corresponding fo rce  

i n  

concerning thymine-thymine bonds F(D2) and F(D3). 

constant values 4.5 mdyn i-' are  i n  good accordance w i t h  reported data 

cyclobutane (4.57 mdyn i-') [ 1 3 ] .  

between ca lcu la ted  and experimental frequencies we added f(D2,810), 

f(D3,Bg) and f(D3,q4), which a lso  a l lows t o  e l im ina te  the  con t r i bu t i on  o f  

GNCH t o  the mode near 1313 cm- , 

I n  order t o  reduce the d i f f e rence  

1 

We assumed F(q4) = 6.0 mdyn i-' as proposed f o r  9-methylguanine 1 1 7 1 .  

To remove the v ib ra t i ona l  coupl ing o f  vCN w i t h  s t re t ch ing  modes we introduced 

f(D3,q4). 

v ib ra t i ona l  modes. 

However, t he  PED does no t  a l l ow  t o  d i s t i n g u i s h  vCN from o the r  

When F(q7) = 5.6 mdyn i-' [10,15], t he  ca lcu la ted  frequency f o r  the 

C-CO s t re t ch ing  mode was o r i g i n a l l y  h igher  than the experimental wavenumber 
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TRANS-ANTI THYMINE DIMER 117 

(1390 cm-l): t o  ob ta in  good agreement, w i thout  modify ing the  diagonal 

value, we were constrained t o  reduce f(q7,Blo) and t o  introduce f(q7,p12). 

F(p12) 2 0.4 mdyn rd -2  i s  considered c h a r a c t e r i s t i c  f o r  methyl 

rock ing  v ib ra t i ons  [28]  . 
the experimental frequency 955 cm-'; a good approach i s  found when F(p12) 

i s  about 2.0 mdyin A rd -  . 
t h i s  high value. 

With such a value i t  was impossible t o  ad jus t  

" 2  There i s  no obvious physical  reason t o  exp la in  

Proposed values fo r  F(q5),  F(q6), F(ag), F ( B ~ ) .  F ( 8 1 0 ) ~  F ( B l l )  and 

F(p13) a re  i n  concordance w i t h  publ ished data[ 8,17,26,28]. The in te rac -  

t i o n  constants f(Dl,qg), f(Dl,q7), f(Dl,a8), f(D1,x14), f(DZ,q7), f(D3,ag) 

and f(q5,x14) were se t  t o  zero because they had no e f f e c t  on the  frequen- 

c ies  o r  on the  po ten t i a l  energy d i s t r i b u t i o n .  

We ca lcu la ted  the  thymine-thymine bond d i ssoc ia t i on  energy on the  

basis o f  t he  fo rce  constant value F(D2) = 4.5 mdyn i-' and the  equ i l i b r i um 

distance re = 1.598 A by using the fo rmula t ion  given by L i p p i n c o t t  and 

Schroeder [29] . 
po la r  polyatomic molecules, leads t o  a d i ssoc ia t i on  energy f o r  the  t rans-  

a n t i  dimer o f  82.1 Kcal/mol. 

mental data f o r  s i n g l e  C-C bonds (2.83 Kcal/mol). 

This model, which has been succes fu l l y  used i n  low 

This value i s  i n  good agreement w i t h  exper i -  

The approximate fo rce  f i e l d  obtained i s  given i n  Table 2. The 

mean d i f f e rence  between ca lcu la ted  and experimental f requencies i s  l e s s  

than 5 percent (Table 3).  

o f  t he  small amount o f  experimental data compared t o  the  number o f  f o r c e  

constants. I n  fac t ,  by assuming t h a t  the  frequency d i f fe rences  between 

the trans-isomers a re  e s s e n t i a l l y  due t o  the  k i n e t i c  energy, experimental 

frequencies from the trans-syn dimer w i l l  serve t o  r e f i n e  the  proposed 

approximate fo rce  f i e l d .  

i nvo l v ing  the  non-diagonal terms, could be modif ied.  

We d i d  no t  t ry  t o  improve the  agreement because 

Thus, var ious fo rce  constants, ma in ly  those 
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CARDENAS ET AL. 

TABLE 2 

* 
Most re levan t  f o rce  constants 

Force constants Coordinates 
involved** Coordinatfs Force constant i nvol ved* 

3.60 

4.50 

4.50 

6.00 

5.18 

4.95 

5.60 

2.15 

1.05 

2.20 

2.10 

2.00 

0.40 

0.45 

0.35 

0.55 

-0.45 

-0.85 

0.20 

-0.50 

-0.49 

0.45 

0.20 

0.42 

0.40 

0.55 

-0.33 

0.37 

* Un i ts :  s t re tch ,  mdyn i-'; stretch-bend, mdyn rad- l ;  bend, mdyn A " 2  rad- 

** For numbering o f  coordinates, see Fig.3. 

c )  Spectral  assignment. 

A good agreement was found between the  most probable assignment 

obtained by the  normal mode c a l c u l a t i o n  (Table 3 )  and the  experimental one 

(Table 11, except f o r  some bands. 

Numerous normal modes invo lve  several coordinates. The thymine- 

thymine s t re t ch ing  v ib ra t i ons  were ca lcu la ted  a t  1313 and 1035 cm- 1 , 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



TRANS-ANTI THYMINE DIMER 119 

TABLE 3 

Proposed assignments f o r  some bands o f  t rans-an t i  thymine dimer 

"talc. 
* 

Assignment 

3090 

1390 

1275 

1180 

1155 

1100 

955 

888 

712 

694 

530 

505 

395 

-- 

3089 

1412 

1313 

1208 

1142 

1035 

910 

832 

711 

664 

568 

455 

426 

93 

vCH 

vC-CO, vC-CH3 

vasC6C7, vCN 

6 7  vC-CH3, 6CH, V C  C 

6CH, vC-CO, VC C 1 6  

vsC6C7, vCN 

PCH3, VC6C7 

6C1C6C7, VC1C6 

6NC6C1 

6CH3 

PCH 

6 C W  

6C2ClC13, PCH3 

puckering 

* For numbering o f  atoms, see Fig.2. 

h i g h l y  coupled w i t h  uCN v ib ra t ions .  

allowed t o  d i s t i n g u i s h  the symnetry o f  these modes (Table 3) .  

The normal modes form mat r i x  

The observed band a t  888 c m - l  i s  ca lcu la ted  a t  832 cm-' and assigned 

t o  the  cyclobutane-type r i n g  bending mode 6CCC i n  accordance w i t h  Berends 

e t  a l .  [14] . This mode i s  coupled w i t h  vC1C6 (Fig.2).  The absorpt ion a t  
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120 CARDENAS ET AL. 

1 712 cm-l, ca lcu la ted  a t  711 cm- , i s  p r e f e r e n t i a l l y  a GNCC mode. 

emp i r i ca l l y  ascr ibed the  band a t  694 cm-' t o  GCCC i n  concordance w i t h  

Banhegyi e t  a l .  [13] . 
i s  ca lcu la ted  a t  664 cm-', i s  mainly a GCH3. 

We have 

However the PED shows t h a t  t h i s  frequency, which 

The band a t  505 cm-l, ca l cu la ied  a t  455 cm-', i s  due t o  a r i n g  

bending v i b r a t i o n  i n  agreement w i t h  Beetz e t  a l .  [16] . 
assigned the  band a t  530 cm-l t o  the same mode; nevertheless our ca l cu la t i ons  

suggest t h a t  t h i s  v i b r a t i o n  is a t t r i b u t a b l e  t o  an pCH mode i n  concordance 

w i t h  the  r e s u l t  o f  a normal coordinate ana lys is  f o r  p y r r o l e  [ 8 ] .  

our ca l cu la t i ons  suggest t h a t  t h e  shoulder a t  395 cm-' i s  an out-of-plane 

r i n g  deformation. 

coupled w i t h  p(CH3). 

These authors 

F i n a l l y  

This mode, which invo lves  t h e  CO group, appears s l i g h t l y  

REACTION MECHANISM FOR THE TRANS-ANTI DIMER FORMATION. 

The format ion mechanism o f  the  thymine dimers has been s tud ied  by 

means o f  ESR and pulse rad io l ys i s ;  although In fan te  e t  a l .  [3O] reported 

t h a t  t he  mechanism involves rad i ca l  species, they ne i the r  submitted any 

rea l  evidence about the  dimer fo rmat ion  nor i t s  s p e c i f i c  con f igura t ion .  

It has been proposed t h a t  the  thymine ca t i on  and anion rad ica ls ,  it and 

?, are  formed by a b iphoton ic  process [ 311 . Jia-Shan e t  a l .  [ 6  ] 
suggested t h a t  the d imer iza t ion  may be induced e i t h e r  by cat ion-anion 

recombination o r  through bimolecular combination o f  exc i ted  s ta tes  (f). 
I n  order t o  g i ve  f u r t h e r  i n s i g h t  i n t o  the  thymine dimers formation, 

we c a r r i e d  ou t  a p re l i rn inar  theo re t i ca l  study on the  format ion mechanism 

o f  the t rans  conformers. 

s t ruc tu re  o f  t h e  most probable thymine rad i ca l s  invo lved i n  d i f f e r e n t  

dimer format ion mechanisms [ 2,6,30,31,33-361 . 
s i m i l a r  t o  the  proposed one i n  thymine [ l 8 ]  except f o r  t he  replacement o f  

the  C=C double bond (1.327 i) by a C-C s ing le  bond length  (1.54 i). The 

r e l a t i v e  s t a b i l i t y  follows the  order i-> i' >it. 

INDO method [32] was used t o  charac ter ize  the  

Input  geometries were taken 

Net charges, sp in  dens i t i es  
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TRANS-ANTI THYMINE DIMER 

TABLE 4 

121 

Net charges (9 ) .  sp in  dens i t i es  ( p n )  and hyper f ine  coupl ing constants 

(a )  (Gauss) f o r  precursors o f  the  t rans -an t i  dimer format ion 

i- i' .. 
T 

Atom* q P6 a q Pn a q P" a 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

-0.055 
0.370 

-0.284 
0.504 

-0.134 
-0.036 
0.002 
0.062 

-0.290 
0.126 

-0.378 
0.122 

-0.020 
0.006 
O.GO6 

0.030 
0.017 
0.002 

-0.005 
0.011 
0.030 
0.033 
0.012 
0.009 
0.002 
0.002 
0.013 
0.002 
0.058 
0.058 

24.36 
-14.25 

0.81 
-3.81 
4.03 

24.89 
17.64 
10.09 
8.14 
0.84 
1.48 
6.88 
0.79 

31.28 
31.28 

-0.326 
0.407 

-0.299 
0.496 

-0.198 
-0.072 
-0.061 
0.132 

-0.501 
0.069 

-0.479 
0.064 

-0.068 
-0.080 
-0.080 

-0.001 -0.40 
-0.001 -0.38 
0.001 0.51 

-0.001 -0.72 
0.001 0.29 
0.033 27.30 

-0.027 -14.54 
-0.002 -1.68 
0.002 1.76 

-0.002 -1.13 
-0.000 -0.00 
-0.003 -1.74 
-0.001 -0.74 
0.010 5.35 
0.010 5.35 

0.035 0.026 
0.399 -0.017 

-0.236 -0.004 
0.517 -0.007 

-0.018 0.021 
0.215 -0.011 
0.069 0.003 
0.032 -0.009 

-0.215 0.009 
0.176 0.001 

-0.293 0.003 
0.194 -0.016 
0.024 0.003 
0.054 0.044 
0.054 0.044 

21.56 
-13.84 

-1.64 
-5.75 

7.88 
-8.86 

1 .77  
-7.27 
8.02 
0.46 
2.92 

-8.82 
1.36 

23.73 
23.73 

* For numbering o f  atoms, see Fig.4.  

and hyper f ine  coup l ing  constants a re  co l l ec ted  i n  Table 4. 

l e c u l a r  s t ruc tu re  o f  T, T- and i' are  shown i n  Fig.4. 

Schematic mo- .. . 
Net charges and sp in  dens i t i es  exp la in  q u i t e  we l l  the  s t r u c t u r e  o f  

rad i ca l s  displayed i n  Fig.4. 

y - i r rad ia ted  DNA the  r e l a t i o n  between the  amount o f  an ion ic  and c a t i o n i c  

species should be i n  the range 1:l t o  3 : l .  The hyper f ine  coup l ing  cons- 

tan ts  are i n  accordance with experimental data [ 311 ; p a r t i c u l a r l y ,  t he  

Graslund e t  a l .  [35] i nd i ca ted  t h a t  i n  
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TRANS-ANTI THYMINE DIMER 123 

w i d t h  of  t h e  s i n g l e t  observed i n  DNA (27 G)[33] equals  t h e  w i d t h  o f  t h e  

thymine a n i o n  d o u b l e t  (Tab le  4).  

Under exper imenta l  c o n d i t i o n s  s tud ied ,  thymine t r a n s - a n t i  d imer  p re -  

dominated. 

way o f  a concer ted  a t t a c k  o f  e x c i t e d  t r i p l e t  thymine T on ground s t a t e  

monomer. I n  f a c t ,  such a mechanism i s  unacceptable on  a t h e o r e t i c a l  view- 

p o i n t  f o r  any photo-induced c y c l o a d d i t i o n  i n v o l v i n g  t h e  t r i p l e t  s t a t e .  

A reasonable a l t e r n a t i v e  mechanism seems t o  be t h e  p h o t o i o n i z a t i o n  o f  

thymine f rom i t s  e x c i t e d  t r i p l e t  s t a t e  [31]  : t h e  spec ies  produced by loss 

of an  e l e c t r o n  i s  cons idered a c a t i o n  r a d i c a l  it and t h e  r e s u l t  o f  t h e  

T h i s  r e s u l t  suggests t h a t  t h e  r e a c t i o n  does n o t  proceed b y  .. 

e l e c t r o n  at tachment  i s  an a n i o n  r a d i c a l  T-. 

e l e c t r o n  r e a c t s  w i th  t h e  'TI c a t i o n  t o  fo rm thymine. 

s t e p  i s  t h e  recomb ina t ion  o f  r e a c t a n t s  it and i- 
a n t i  o r  t rans -syn  conformat ions ( F i g . 4 ) .  

t han  m o n o t e r t i a r y  r a d i c a l s  T-T. 

I t  i s  a l s o  expec tab le  t h a t  t h e  

I t seems t h a t  t h e  n e x t  

t o  fo rm T-T i n  t h e  t r a n s -  
t -  

These p recu rso rs  a r e  more s t a b l e  
. .  

t -  
The most p robab le  s t r u c t u r e  f o r  t h e  T-T t r a n s  conformers was found 

7 12 1 when C6C1C12 and C C 

95"and 1.56 A r e s p e c t i v e l y .  

T-T t r a n s - a n t i  and 7.52 D f o r  T-T t rans-syn.  As i n  a con fo rma t iona l  equ i -  

l i b r i u m  t h e  most p o l a r  form i s  favoured  by i n c r e a s i n g  t h e  d i e l e c t r i c  cons- 

t a n t s  o f  t h e  medium [ 3 7 ]  , one would expect  t o  o b t a i n  more t r a n s - s y n  d imer  

( p  = 7.73 D), as observed a t  low s e n s i t i z e r  c o n c e n t r a t i o n  ( h i g h  d i e l e c t r i c  

cons tan ts  o f  t h e  s o l u t i o n )  [ 2 1  . 
w i l l  be s t r u c t u r a l l y  favoured under  exper imen ta l  c o n d i t i o n s  he re  used i .e. 

s o l u t i o n  o f  l ower  d i e l e c t r i c  c o n s t a n t  (83% acetone) .  

C angles and C1C12 bond l e n g t h  (F ig .2 )  were equal  t o  
0 

C a l c u l a t e d  d i p o l e  moments ( p )  a r e  2.14 D f o r  
t -  t -  

Thus,the t r a n s - a n t i  dimer (u  = 1.92 D) 

The above r e s u l t s  a l l o w e d  us t o  propose t h e  photochemical  mechanism 

o f  thymine t r a n s  d imers f o r m a t i o n  d i s p l a y e d  i n  F ig .4.  
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