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INTERPRETING AND PREDICTING THE PHOTOCHEMISTRY OF SOLID 

CYCLOPENTANONE DERIVATIVES 

S.K.KEARSLEY, NWOULDEN, W. JONES, J.M.THOMAS 

Department of Physical chemistry, University of 

Cambridge, Cambridge CB2 lEP, U.K. 

Abstract The pr inc ipa l  packing motifs observed i n  a 

family of subs t i tu ted  benzyl - benzylidene - 
cyclopentanones are r a t iona l i s ed  i n  terms of t h e  

interaction energ ies  of i so l a t ed  centrosylametric p a i r s  

of molecules. Calculation of intermolecular interactions 

energies (using a non-bonding atom-atom po ten t i a l  

approach) leads  t o  a general  understanding of the 

packing arrangements observed i n  these  compounds. 

Introduction 

S ingle  c r y s t a l s  of 2-benzyl - 5-benzylidene - cyclopentanone 

(BBCP) photodimerise i n  t he  so l id  s t a t e ,  when t h e  r e a c t i v e  

monomer u n i t s  a r e  r e l a t ed  by a centre of inversion with t h e  

double bonds approximately 4.0 R a p a r t  . This observation 

prompted the  structural  inves t iga t ion  of severa l  d e r i v a t i v e s  

of BBCP, t o  analyse the  effect of s u b s t i t u e n t s  on packing and 
2,3 various topochemical phenomena . 
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BENZYL BBCP 0 BPBrB 0 BPClB 
'bca Pbca Pbca 
31,30 S 34.25 S 30.97 S 
10,78 10,88 8.50 
8.69 a,43 11,57 

120-2' 135-6' 
PBrpCl 

S 35.22 
10.55(103) 7.95 
8.85 11 I 79 

125-70 122-3' 100-40 
PClDCl 

S 
10,52(103) 7,97(91) 
8,98 11,85 

119-20' 115-7' 104-5' 
ETHYL v; p)P;r 0 fPDC1 

bca 
17f34 S 18438 S 32.72 
10.67 1102 1 11.21(94) 

126-7' 
l!:Ei 8.73 a,29 

108-10' 116-7' 

S. K. KEARSLEY et a!. 

BpMeB 
'bca 
31,W 
8,45 
11,68 

PB r p k  

113-5' 
C l P k  

'bca 
33 I 19 
8,112 
11.79 

135-7' 

S 8.61 
11,76 
32 I 70 108-10° 

11 9 - 2 1 ' 

X 
4 

FIGURE 1. 

TABLE 1. y + 

, b  
B.NY1ld.m -Yl 

C6-ClS naotlrm dwbla bond 

Tor.lwl hrdan about bond. a mnd 8. 

SUBSTITUTED BENNLIMNE BROMO CHLORO METHYL I 

a R e a c t i v e  t o  U.V .  l l g h t  S Crystal  s t ructure determined I 
F igure 1 shows t h e  r e l evan t  atom numbering scheme used, 

along with t h e  pos i t i on  of t h e  r e a c t i v e  double bond and 

pos i t i ons  of s u b s t i t u t i o n  within t h e  molecular framework. 

Table 1 d i s p l a y s  d e t a i l s  o f  t h e  s ix t een  permutat ions f o r  the  

s u b s t i t u e n t s  H, Br ,  C1 and methyl a t  the  para-pos i t ions  X and 

Y. Also given a r e  t h e  acronyms, space  groups, cell  cons tan ts ,  

mel t ing poin ts ,  r e a c t i v i t i e s  and whether or no t  t h e  s t r u c t u r e  

has, a t  t h i s  s t age ,  been determined. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
17

 2
1 

Fe
br

ua
ry

 2
01

3 



I"llW'WTING AND PREDICI'ING REAcI lvITy 43 

Perusal  of  Table 1 shows t h a t  s u b s t i t u t i o n  of  t h e  benzyl 

r i n g  (X) r e s u l t s  i n  a change from orthorhombic to  monoclinic 

c r y s t a l  c l a s s  bu t  r e t e n t i o n  of  t h e  primary packing mot i f  ( a  

c e n t r e  of symmetry) r e spons ib l e  f o r  r e a c t i v i t y .  pBrBB, pClBB 

and pMeBB a r e  isomorphous r e g a r d l e s s  of  the s i z e  of t h e  

subs t i t uen t .  S u b s t i t u t i o n  on t h e  benzylidene r i n g  ( Y )  effects 

in te rchange  of b and c axes and a change i n  t h e  primary 

packing motif .  BpBrB is an except ion and has a s t r u c t u r e  

seemingly i smorphous  wi th  BBCP, b u t  comparison shows t h a t  t h e  

molecular p o s i t i o n s  wi th in  t h e  u n i t  cel l  d i f fe r  s l i g h t l y .  

Simultaneous s u b s t i t u t i o n  on both r i n g s  u s u a l l y  l e a d s  t o  

l i g h t - s t a b l e  compounds w i t h  t he  p o s s i b l i t y  of  conformational  

polymorphism, r o t a t i o n  being allowed about bonds a and (3 . For 

those  molecules for which bromine has  been s u b s t i t u t e d  onto  

the benzylidene r ing ,  c h l o r i n e  o r  methyl s u b s t i t u t i o n  onto  t h e  

benzyl r i n g  (al though having t h e  same van der  Waals r a d i i ) ,  

steer the molecule i n t o  d i f f e r e n t  s t r u c t u r a l  modes. In t h e  

case  of  pMeBB/pClBB and BpMeB/BpClB there is no d i s t i n c t i o n  

between ch lo r ine  and methyl and t h e  s t r u c t u r e s  a r e  

isomor phous. 

What has  emerged from t h i s  s tudy  i s  (i) the long molecular 

a x i s  f o r  a l l  d e r i v a t i v e s  l i es  approximately p a r a l l e l  to t h e  

C1001 a x i s  o f  the u n i t  cell  with the molecules packing i n  

discrete l a y e r s  i n  t h e  (100) plane; (ii) r e a c t i v i t y  r e s u l t s  

when the primary packing motif is g l ide - re l a t ed  

centrosymmetric p a i r s  o f  molecules i n  the (100) plane and 
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44 S. K. KEARSLEY et al. 

non-reactivity exists when the re  a r e  purely glide-related 

molecules i n  the (100) plane, see f igu re  2(a and b); and (iii) 

the g rea t e s t  value of t he  factor ised nonbonding energies  

between u n i t s  corresponds t o  the plane-to-plane in t e rac t ion  

of the inc ip i en t  dimer pair ,  The rest of t h i s  paper will 

describe the energet ics  and propert ies  of t he  i so l a t ed  

monomer pair .  

FIGURE 2. For c l a r i t y  only the benzylidene-cyclopentanone 

fragment is drawn. 

( a )  Shows the  r eac t ive  inversion/glide motif (BpBrB) 

(b) Shows the l i g h t  s t a b l e  gl ide/gl ide motif (BpClB) 
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I"RETING AND PREDICTING REACTIVITY 45 

Method 

The analysis  takes  the form of inves t iga t ing  the in t e rac t ion  

energy of a l l  possible configurations of t h e  i so l a t ed  

centrosymmetric pair  of molecules. This is expressed i n  t h e  

form of contour maps, which a r e  slices through the synthesised 

energy surface p a r a l l e l  to the  plane defined by the 

benzylidene - cyclopentanone fragment. I n  the ca l cu la t ions  

the  dispers ive energy term alone is monitored a s  a 

superposit ion of pairwise atom-atom p o t e n t i a l s  (6-exp) over 

appoximately 12 8 radius. The coulombic contr ibut ion has not  

been included fo r  several  reasons; ( i )  although it is possible 

t o  add, exp l i c i t l y ,  some contr ibut ion from the residual  

charges, we have relied upon the f a c t  t h a t  t he  parameters used 

i n  the 6-exp potent ia l  p a r t i a l l y  incorporate some coulombic 

c h a r a c t e r i s t i c s  by the very nature  of t he i r  der ivat ion,  (ii) 

t h a t  for t h i s  system t h e  coulombic contr ibut ion is small 

compared t o  the  dispers ive energy, (iii) estimating the  charge 

d i s t r i b u t i o n  r e l i a b l y  is a d i f f i c u l t  task, ( i v )  there seems 

l i t t l e  bene f i t  i n  r e f in ing  the ove ra l l  po ten t i a l  a s  the f i n a l  

o r i en ta t ions  of t h e  molecule wi th in  the c r y s t a l  will be 

primarily dependent on the packing of surrounding u n i t s  and 

(v )  t he re  was no s i g n i f i c a n t  difference t o  the outcome of the 

maps a s  a result  of including t e n t a t i v e  charge d i s t r ibu t ions .  

Figure 3 shows the isolated p a i r s  of molecules wi th  

var ia t ion i n  the z d i rec t ion  defining the separation of t h e  
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46 

molecular planes. Molecule A is fixed whilst molecule B is  

translated about the x-y grid maintaining the same symmetry 

operation and plane separation; thus  defining a unique contour 

map. To associate the potential  with a particular 

S. K. KEARSLEY cr af. 

FIGURE 3. Depicts the frame of reference 

monmer pair. 

of the isolated 

configuration of the molecules, it is necessary t o  designate a 

point i n  the molecule such that ,  for molecule A, t h i s  p o i n t  is 

on the origin and for molecule B, wherever Its position on the 

map gives the interaction energy. For the following s e t  of 

maps the 'potential association point' (pap) is the C5 atom 

and the origin for each map corresponds t o  the Orientation of 

the two molecules where the C5 atoms i n  each u n i t  are 

superimposed i n  the z direction. C1 and C13 define the x axis 

and t h e  l i n e  between these atoms m u s t  remain paral le l  to  the x 

axis t o  maintain the symmetry operation. The crystallographic 

orientation of the isolated pair ( + I  are  indicated on the 

contour maps. Associated with each map is a gr id ,  t o  the  same 
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INTERPRETING AND PREDICTING REACWITY 41 

scale ,  wi th  circles depicting areas  where atom-atom con tac t s  

a r e  less l ike ly ,  i.e. less than the sum of t h e i r  van der  Waal 

radi i .  Thus they may be considered as a manifestation of the 

hard sphere potent ia l ,  t h e  advantage of which is t h a t  it can 

i d e n t i f y  d i r e c t l y  the e f f e c t  of individual atom-atom 

contacts. Otherwise one bad contact  may be masked by the  

ove ra l l  summation of the pos i t i ve  energy contributions.  

Minima on the contour map r e f e r  t o  the best energet ic  

o r i en ta t ions  of t h e  isolated molecules ( A  and B) providing 

t h a t  the circle graph does not exclude the relevant  areas. 

Results and Discussion 

For t h i s  system, without exception, where the centrosynnnetric 

pa i r  motif exists within the c r y s t a l ,  t he  minimum energy 

configuration corresponds t o  t h a t  found i n  the c r y s t a l  

structure. Figure 4 shows maps fo r  BBCP, BpBrE, pClpBr and 

pMepBr. The maps for subst i tuted benzyl de r iva t ives  a r e  all 

very s imilar  t o  t h a t  of BBCP. 

( a )  The method has the  merit  of predicting the amount of 

overlap between two isolated molecules which a r e  r e l a t ed  by 

inversion or t ranslat ion.  If it is possible t o  a s ses s  the  

l ikelihood t h a t  t h i s  arrangement w i l l  occur i n  the c r y s t a l  

s t ructure ,  it ought, i n  turn to  be possible t o  deduce whether 

react ion w i l l  occzr, a s  well a s  predict ing whether there a r e  

other propert ies  r e l a t ed  t o  t h i s  packing motif. For example 

subs t i t u t ion  of hydrogen for bromine on BBCP ( t o  m i m i c  BpBrB) 
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48 S. K. KEARSLEY et al. 

(a) BBCP (4.00 b (b) BpBrB (3.80 8) 
r. 

FIGURE 4. See text  for de ta i l ec  

The g r id  increments a r e  i n  

a r e  2kJ/mol a p a r t  and t h e  n 

FIGURE 4. See text  for d e t a i l e d  explana t ion  of contour maps. 

The g r id  increments a r e  i n  tngstroms,  contour i n t e r v a l s  

a r e  2kJ/mol a p a r t  and t h e  number i n  b r a c k e t s  is t h e  plane 

I explana t ion  of contour maps. 

Ilngstroms, contour i n t e r v a l s  

umber i n  b r a c k e t s  is t h e  plane 

separat ion.  

d i d  reproduce the map of BpBrB and, a s  a consequence, t he  

c o r r e c t  s p a t i a l  r e l a t i o n s h i p  of t h e  double bonds. Furthermore 

any conformational polymorphs s imi l a r  t o  pClpBr a r e  l i k e l y  t o  
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INTERPRETING AND PREDICTING REACTIVITY 49 

, 
i nve r s ion /g l ide  g l  i d e / g l i d e  

I Br C 1  Me F 

be unreac t ive  even though they  may pack i n  the p o t e n t i a l l y  

r e a c t i v e  motif; t h e  maps show t h a t  t h e  double  bonds a r e  t o o  

f a r  a p a r t  for r eac t ion  to ensue. 

( b )  The method has  d i agnos t i c  value and can be used i n  

conjunct ion with o the r  forms o f  molecular packing analyses .  

BpClB 

BpBr B 

BBC P 

pBr BB 

pClBB 

pMeBB 

pMepBr 

pMepMe 

pC1 pBr 

77.6 

82.2 

83.5 

82.2 

80.8 

84.4 

81.1 

78.3 

68.4 

g l i d e / g l i d e  

inve r s ion /g l ide  

inve r s lon /g l ide  

inver  s i o n / g l i d e  

inver  s ion /g l ide  

inve r s ion /g l lde  

lnver  s i o n / g l i d e  

g l  i de /g l  ide  

inv er s ion /g l  i d e  

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Compound Frac t ion  of LE Motif Reac t iv i ty  

The above t a b l e  g ives  t h e  f ' raction ( a s  a percentage)  of  t h e  

l a t t i c e  energy cont r ibu ted  by each p a r t i c u l a r  motif. It shows 

t h a t  the competing g l l d e / g l i d e  packing motif c o n t r i b u t e s  

marginal ly  less to  the l a t t i c e  energy i n  comparison to  the 

lnve r s ion /g l lde  motif ,  bu t  a s  a consequence ensures  a better 

i n t e r l a y e r  con tac t  i n  t h e  C 1001 d i r ec t ion .  Also t h e  t r a n s i t i o n  

c o r r e l a t e s  d i r e c t l y  with s u b s t i t u e n t  s i z e  . 4 
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50 S. K. KEARSLEY er al. 

The r e su l t i ng  theo re t i ca l  maps fo r  chlor ine and methyl a r e  

very  s imilar  t o  t h a t  of the bromine de r iva t ive  implying t h a t  

these should adopt isomorphous crystal structures (as 

observed i n  pXBBCP derivat ives) .  One explanation for the f a c t  

t h a t  t h i s  is not observed may be t h a t  subs t i t uen t s  smaller 

than bromine cannot be close-packed s u f f i c i e n t l y  i n  the 11007 

direct ion and, t o  do so, the molecules would have t o  be 

displaced from t h e  optimal plane-to-plane o r i en ta t ion  i n  the 

(100) plane. Thus the non-reactive gl ide/gl lde motif would 

become energet ical ly  more s t a b l e  i n  comparison t o  a per turbed  

inversion/glide motif. It seems t h a t  a s u b t l e  change i n  volume 

of subst i tuent  i n  t h i s  posi t ion is enough t o  make the 

molecules adopt a d i f f e r e n t  packing s t ructure .  

We conclude, therefore,  t h a t  for the centrosymmetric 

primary packing motif, subs t i t u t ion  w i t h i n  the 

(geometrically) remote benzyl group has  l i t t l e  effect on 

s t ruc tu re  and react ivi ty .  Subst i tut ion wi th in  the benzylidene 

ring, however, d i r e c t l y  affects the plane-to-plane contacts  of 

t he  incipient  dimer and depending on the type of subs t i t uen t  

may r ad ica l ly  change t h e  ove ra l l  c r y s t a l  structure. 
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INTERPRETING AND PREDICTING REACTIVITY 51 
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