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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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GAS-SOLID REACTIONS I N  O R G A N I C  SYNTHESIS 

G E R D  K A U P  A N D  D O R I S  MATTHIES 
U n i v e r s i t  o f  O l d e n b u r g  
P o s t f a c h  $503, 
D -2900  O l d e n b u r g ,  Germany 

A b s t r a c t  V a r i o u s  new b r a n c h e s  i n  t h e  f i e l d  
o f  p r e p a r a t i v e  s c a l e  o r g a n i c  g a s - s o l i d  r e a c -  
t i o n s  ( a d d i t i o n s ,  s u b s t i t u t i o n s ,  e l i m i n a t i o n s ,  
c o n d e n s a t i o n s )  a r e  e l a b o r a t e d  f o l l o w i n g  
a h i s t o r i c a l  r e v i e w .  P o l a r  g a s e s  ( H B r ,  H C 1 ,  
H I ,  HSCH3) r e a c t  a t  1 b a r  a n d  t e m p e r a t u r e s  
f r o m  40  t o  - 8 O O C  w i t h  g r a m  q u a n t i t i e s  o f  
c r y s t a l l i n e  N - v i n y l i r n i d e s ,  - a m i d e s ,  - a m i n e s ,  
a n d  S - v i n y l t h i o e t h e r s  u s u a l l y  i n  t h e  M a r k o v -  
n i k o v  o r i e n t a t i o n ,  b u t  t h e r e  i s  a l s o  a n  
e x c e p t i o n .  The p o l a r  g a s e s  H 0 a n d  NH t r a n s -  
f o r m  some o f  t h e  c r y s t a l l i n e  S d d i t i o n  3 r o d u c t s  
a n d  H 0 may b e  a d d e d  c a t a l y t i c a l l y  t o  N - v i n y l -  
p h t h a T i m i d e .  A l l  r e a c t i o n s  r u n  t o  h i g h  c o n -  
v e r s i o n  r a p i d l y  a n d  s e v e r a l  o f  t h e  h i g h l y  
s e n s i t i v e  p r o d u c t s  c a n n o t  b e  s y n t h e s i z e d  
i n  s o l u t i o n .  L i q u i d  c o m p o u n d s  l i k e  N - v i n y l -  
p y r r o l i d i n o n e  w h i c h  p o l y m e r i z e  i n  s o l u t i o n  
c r y s t a l l i z e  a n d  a d d  p o l a r  g a s e s  s m o o t h l y  
u p o n  f r e e z i n g .  P o l a r  g a s e s  a r e  a p p l i e d  t o  
c r y s t a l l i n e  c h a l c o n e ,  c i n n a m i c  a c i d ,  a n d  
s t i l b e n e s  w i t h  v a r i a b l e  s u c c e s s .  P d - d o p e d  
c r y s t a l s  a r e  h y d r o g e n a t e d .  C o n t r a r y  t o  l i t e r a -  
t u r e  r e p o r t s  c h l o r i n e  a n d  b r o m i n e  a d d  t o  
c r y s t a l l i n e  s t i l b e n e  n o n - s t e r e o s p e c i f i c a l l y  
a n d  w i t h o u t  s i g n i f i c a n t  s u b s t i t u t i o n .  T h e  
r e s u l t s  a r e  d i s c u s s e d  w i t h  r e s p e c t  t o  X - r a y  
s t r u c t u r e s  a n d  p o w d e r  d i f f r a c t i o n  p a t t e r n s .  
E d u c t  a n d  p r o d u c t  c r y s t a l s  a r e  n o t  i s o t y p i c a l .  
V a r i o u s  s o l i d  s t a t e  d e c o m p o s i t i o n s  a r e  u n -  
c o v e r e d  a n d  t h e  s y n t h e t i c  v a l u e  i s  s t r e s s e d .  

119 
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I20 G .  KAUPP AND D. MATTHIES 

HISTORICAL I N T R O D U C T I O N  

O r g a n i c  g a s - s o l i d  r e a c t i o n s  h a v e  a l o n g  h i s t o r y ,  
b u t  they d i d  not become very popular and t h i s  is s t r ik ing ly  
shown by two c i t a t i o n s  from review which cover 
so l id  s t a t e  r eac t iv i ty :  

Progress  i n  s tudying t h e s e  r e a c t i o n s  is g r e a t l y  hampered 
by the l a c k  o f  i n t e r e s t ,  on t h e  p a r t  o f  organ ic  chemists ,  
i n  s o l i d  state phenomena 

Morawetz (1966) 

Beaucoup de  chirnis tes  o rgan ic i ens  sernblent cons idg re r  
que 1'e'tat s o l i d e  organique est i n e r t e  vis-Z-vis des  gaz 

Lamartine (1976) 

I t  is unusual, t h a t  organic gas-solid react ions 
a r e  s t i l l  not covered by textbooks o r  laboratory manuals. 

Therefore it i s  useful to out1 ine the historical background 
o f  react ions which occur when c r y s t a l s  a r e  exposed t o  
gases and thereby give c r y s t a l l i n e  products without passing 
through a l i q u i d  phase. 

Aromatic subs t i t u t ions  according t o  Kolbe/Schmitt3 
o r  Lieberrnann4 are  known since 1860/1885 or 1870. They 
have been s tudied i n  more d e t a i l  recent ly  . 5 

A d d i t i o n s  o f  Br2 t o  c r y s t a l l i n e  compounds a r e  known 
s ince  1863 .6  Enantiomeric c r y s t a l s  o f  chalcones may reac t  
e n a n t i o ~ e l e c t i v e l y ~  and Br2 o r  C12  have been added t o  

8 9 s t i l benes  . A gas-solid ozonolysis w a s  r e p o r t e d  i n  1976 
and f i n a l l y  numerous c a t a l y t i c  hydrogenations which use 
sp i l lover  effects' ' should be mentioned here.  
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS 121 

150 OC 

gas 60bar 

m.p .29ooc 

Ko lbe/Schmitt (1860/18851 

RT 

gas Ibar 
m .  p .216OC 

0 OC 
t C l 2  - aoH / gas 1bar 

m .  p .32OC 

148) s o l i d  (32) 

Lamartine (19741 

c1 
I w / /  + 2HC1 

c1 solid 
Liebermann (18701 

C D O H .  / (yH / 

Lamartine since 1973 

Ph\- t Br2 --+ PhCHBrCHBrC02H 
C02H 

-\ 

s o l i d  gas s o l i d  

Sc hmi t t ( 1863) 

P h  + o3 + 2Ph2CO 
Ph 

Ph >=<ph 
s o l i d  s o l i d  gas 

Desvergne, Bouas-Laurant 

(1976) 

G a s - s o l i d  a c i d / b a s e  r e a c t i o n s  a p p e a r  obvious. They 

13 
More r e c e n t  are a l k y l a t i o n s  o f  p h e n o l s  ( c a t a l y t i c )  

12 work w i t h  phenols' ' and w i t h  a c i d s  . 
14 and p h e n o l a t e s  . 
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122 G. KAUPP AND D. MATTHIES 

OH 

+ N% 
gas w \ /- 

0 

alizarin m.p.289% 
solid 0 

Pfeiffer (1930) 

solid 

OH 

solid 
Curtin (1971) 

Ph 

solid 
Ph 

solid Lemartine (1972) 

t cy1 - t NaI 
solid 

10Torr 
pas  

(92) gas ") Curtin (1969) solid 

Also gas-so l id  e l im ina t i ons  were s tud ied  and t h e i r  

stereochemical outcome compared t o  s o l u t i o n  chemistry . 15 
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS 123 

NCCH2CHBrCHBrCH2CN t NH3 -3 NCCH=CH-CH=CHCN t N H d r  

c r y s t a l s  gas 3 s o l i d  s te reomers  s o l i d  

R02CCHpCHXCHXCH2C02R -t NH3 -j ROeC/\\/\\/C02R + 2NH4X 

c r y s t a l s  gas s o l i d  s o l i d  

R = CH3; PhCH2 

X = C 1 :  B r  
Lahav ,  Schmid t  (1972) 

Despi te these b e n e f i c i a l  f a c t s  and even though these 

gas-so l id  reac t i ons  are r u n  p a r t i c u l a r l y  e a s i l y  and favor-  

ab l y  i n  terms o f  eco log i ca l  aspects, i t  i s  s t i l l  d i f f i c u l t  

t o  f i n d  sponsors f o r  a broader s y n t h e t i c  development o f  

these r a t h e r  potent  react ions.  This  might be t h e  major 

reason for t he  general  delay i n  t h e  s y n t h e t i c  use o f  t h e i r  

c a p a b i l i t i e s .  

N-VINYLIMIDES, -AMIDES, -WINES, AND S-VINYLTHIOETHERS 

Unpolar gases (Br2,  C12, 03 ,  H2/cata lyst )  have been used 

p rev ious l y  i n  organic gas-so l id  add i t i ons .  I t  appeared 

necessary t o  f i n d  r e a c t i v e  c r y s t a l s  i n  new compound classes 

f o r  p o l a r  gases and for f u r t h e r  r e a c t i o n  types. 

When N-(2-bromoethy1)-phthalimide i s  heated t o  8OOOC 

over carbon, t h e  py ro l ysa te  then condensed i n t o  a c o l d  

t r a p ,  and f i n a l l y  warmed-up t o  room temperature w i thou t  

evaporat ion o f  t he  HBr, N-(1-bromoethy1)-phthalimide i s  
formed (84%) i n  a [1,2/2,1]-rearrangement r e a c t i o n  16 . 
Here gaseous HBr i s  added very f a s t  and e f f i c i e n t l y  t o  

c r y s t a l l i n e  N-vinylphthal imide. On t h e  other  hand, N-vinyl-  
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I24 G. KAUPP AND D. MATTHIES 

phthal imide i s  t he  product (86%) ,  i f  t h e  HBr i s  evaporated 

under vacuum dur ing t h e  warming-up per iod.  These observa- 

t i o n s  can be used for t h e  synthes is  o f  t h e  c r y s t a l l i n e  

1-bromo-, 1-chloro-, 1-iodo-, and a l s o  1,2-dibrornoethyl- 

phthal imides as powdered N-vinylphthal i rn ide r e a c t s  almost 

q u a n t i t a t i v e l y  on a gram scale with t h e  corresponding 

gases a t  1 bar for h a l f  an hour a t  room temperature (16  
h for  Br2). The products are very s e n s i t i v e  t o  hyd ro l ys i s .  

S o l i d  s t a t e  po lymer isat ion i s  suppressed. S i m i l a r l y ,  crys- 

t a l l i n e  N-vinylsacchar in reac ts  w i t h  t h e  same gases on 

CRYSTALS CRYSTALS 
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS I25 

a gram scale,  t o  g i ve  t h e  corresponding products very 

e f f i c i e n t l y .  H igh l y  r e a c t i v e  and h i g h l y  s e n s i t i v e  products 

are formed very e a s i l y  on a p repara t i ve  scale.  They may 

GAS 
\ 

0 

CRYSTALS CRYSTALS 

( X  = B r ,  C1, I) 

be used f o r  s u b s t i t u t i o n  reac t i ons  as shown here f o r  alco- 

h o l s  and l i m i t e d  q u a n t i t i e s  o f  water i n  solut ions16. The a l -  

cohols s tud ied are methanol, isopropanol ,  Z,Z,Z- t r i f luoro-  

ethanol ,  (S ) -B -c i t rone l l o l ,  and e rgos te ro l .  Phenols (e.g. 

eugenol, thymol, carvacro l )  y i e l d  the  corresponding N/O-ace- 

t a l s .  A l so  var ious aminals with corresponding s t r u c t u r e s  

have been prepared by r e a c t i n g  amides (e.g. caprolactam 1 
o r  h e t e r o c y c l i c  amines (e.g. 2-,4-aminopyridine, cytos ine,  

adenine) wi th t h e  bromides. The sacchar ine d e r i v a t i v e s  

are more s e n s i t i v e  t o  a c i d  h y d r o l y s i s  than the  phthal imide 

ones. 
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I26 

0 

G .  KAUPP AND D. MATTHIES 

/4 

0 

Our system is even more prof i tab le .  I t  reveals  t h e  
f i r s t  a l i pha t i c  gas-solid subs t i tu t ions .  If gaseous water 
is applied t o  the bromide, ch lor ide ,  o r  iodide i n  a flow 
reac tor ,  s t a b l e  c r y s t a l s  of the hemiacetal are obtained 
quant i ta t ive ly .  T h i s  herniacetal has been previously postu- 
l a t ed  a s  t o  be an extremely l a b i l e ,  presumably undetectable 
intermediate17. However, it t u r n s  out  t o  be s t a b l e  enough 
f o r  recording spec t ra  i n  so lu t ions .  In te res t ing ly  its 
c r y s t a l s  r eac t  w i t h  HC1, H B r ,  and H I  by expel l ing water 
and reforming t h e  i n i t i a l  hal ides .  Similar ly ,  an acid ca ta -  
lyzed addi t ion o f  gaseous water t o  N-vinylphthalirnide 
works equally well. On a gram s c a l e  N-vinylphthalirnide 

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

2:
47

 1
9 

Fe
br

ua
ry

 2
01

3 



GAS-SOLID REACTIONS IN ORGANIC SYNTHESIS 127 

I -+ tho (GAS) I 

@< @? 0 

0 
crystals crystals 

crystals form quantitatively the hemiacetal within 3 hours, 
16 if some per cent o f  its HBr-adduct had been added to it . 

4 \ ‘7\ - 
0 H 

solid solid 

This, of course, constitutes a new solid state catalytic 
technique. 

Prior to proceeding with further synthetic applica- 
tions, the X-ray structure o f  N-vinylphtha1imidel8 Was 

determined. A l l  angles and distances were found t o  be 
quite normal. 
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128 G .  KAUPP AND D. MATTHIES 

FIGURE 1. ORTEP drawing  o f  N - v i n y l p h t h a l i m i d e  w i t h  
bond l e n g t h s  (8 )  and 50% p r o b a b i l i t y  p l o t s  fo r  t h e r m a l  
e l l i p s o i d s .  

The m o l e c u l a r  p a c k i n g  is i n d i c a t e d  i n  t h e  s t e r e o s c o p i c  
drawing.  I t  shows i n t e r l o c k e d  p a r a l l e l  l a y e r s  and some 
compress ion  o f  t h e  s i d e  c h a i n ,  b u t  no h o l e s  and no s u f f i -  
c i e n t l y  l a r g e  c h a n n e l s  f o r  accomodat ion  o f  t h e  g a s e s  a t  
r e g u l a r  s i t es  o f  t h e  l a t t i c e .  Thus ,  t h e  X-ray s t r u c t u r e  
d o e s  n o t  g i v e  a h i n t  t o  g a s - s o l i d  r e a c t i v i t y  o f  t h i s  com- 
pound. T h i s  l a c k  o f  c o r r e l a t i o n  i s  s u b s t a n t i a t e d  even  
b e t t e r  by X-ray powder d i f f r a c t i o n  diagmms18 o f  N-vinyl- 
p h t h a l i m i d e  and N-(1-bromoethy1)-phthalimide. They l a c k  
any  s i m i l a r i t y  and t h u s  show, t h a t  t h e  e d u c t  and p r o d u c t  
crystals are  n o t  i s o t y p i c a l .  F u r t h e r m o r e ,  t h e r e  is a d d i -  
t i v i t y  o f  t h e  p a t t e r n s  a t  i n c o m p l e t e  c o n v e r s i o n s .  Undoubted- 
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GAS-SOLID REACTIONS IN ORGANIC SYNTHESIS 129 

FIGURE 2. Stereoscopic view o f  the molecular packing 
f o r  N-vinylphthalimide. 

ly, the crystal structure remains the salient feature 
for the gas-solid reactivity, but we cannot easily derive 
it from the idealizing X-ray results and thus must proceed 
empirically. 

N-vinylisatin crystals add the gases HBr, HC1, 
HSCH3 in the usual way19 to give the N-(1-X-ethyl) -isatins 
at -60(2h), -80(2h), and 20°C(21h). Remarkably even HSCH3 

adds in the Markovnikov orientation, as do the much stronger 
acids (in solution thiols tend to add anti-Markovnikov 
via radical chain mechanisms) .20 A second product (ratio 
3 : 2 )  arises via condensation of HSCH with the carbonyl 
group next to the benzene ring. This appears to be the 

3 
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I30 G .  KAUPP AND 0. MATTHIES 

Isatin q0+". -+qo 
/ 

X - Br ,C l ,SCY ,H 

f i r s t  organic gas-solid condensation. Again, t he  reac t ions  
r u n  t o  completion without intermediate melting. H i g h l y  
i n t e re s t ing  i s  the gas-solid hydrogenation of N-vinylisatin 
t o  give both N-ethylisatin and N-ethyldioxindol (45OC, 
2 d ,  1 bar ,  74% and 16%, resp . ) .  Doping o f  the c rys t a l s  
w i t h  t r aces  of Pd is  necessary for  the  reac t ion  t o  occur, 
which remains present in the preparation'' even a f t e r  
two c rys t a l l i za t ions ,  but i s  absent a f t e r  sublimation. 
The Pd is  uniformely d is t r ibu ted  w i t h i n  t he  c r y s t a l s ,  
a s  f a r  a s  a microscopic inspection can t e l l .  T h i s  c a t a l y s i s  
technique i s  t o t a l l y  d i f f e ren t  from the  sp i l lover -ef fec t  
of Lamartine . 10 

The X-ray s t ruc tu re  of N-vinylisatin18 again shows 
no s t r i k i n g  pecu l i a r i t i e s  i n  terms o f  bond lengths  and 
bond angles. Both crystal lographic  d i f f e ren t  species  give 
the  same parameters w i t h i n  two standard deviat ions.  
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS 131 

FIGURE 3 .  ORTEP drawing o f  N - v i n y l i s a t i n  with bond 

lengths ( A )  and 50% p r o b a b i l i t y  p l o t s  f o r  thermal e l l i p s -  

o ids.  

Again, t h e  packing p a t t e r n  does n o t  show ho les  or 
s u f f i c i e n t l y  l a r g e  channels f o r  t h e  accommodation o f  t h e  

r e a c t i v e  gases. The smal lest  diameter found from n i t r o g e n  

center  t o  n i t r o g e n  center  being 3.2 A .  Thus, again the re  

i s  no X-ray s t r u c t u r e / r e a c t i v i t y  c o r r e l a t i o n  and ‘ t h i s  

i s  again f u l l y  substant ia ted by X-ray powder diagrams 

which show t h a t  t h e  c r y s t a l s  o f  N - v i n y l i s a t i n  a re  not 
i s o t y p i c a l  w i t h  those o f  N-ethyl-  or N-( l -bromoethy1)- isat in 

a t  var ious amounts o f  t ransformat ion.  The new c r y s t a l s  

assume immediately t h e  same c r y s t a l  m o d i f i c a t i o n  as i s  

found a f t e r  p u r i f i c a t i o n  and r e c r y s t a l l i z a t i o n .  
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132 G. KAUPP AND D. MATTHIES 

FIGURE 4 .  Stereoscopic view of t h e  molecular packing 
f o r  N-vinylisatin. 

A major  benefit o f  organic gas-solid reactions is 
shown by transformations of N-vinylpyrr~lidinone.~~ This 
compound polymerizes very rapidly as a liquid or in solution 

OLIGOMERS 
H@ 

7- POLYMERS 

LIQUID 
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GAS-SOLID REACTIONS IN ORGANIC SYNTHESIS I33 

w i t h  t r aces  of acids present ,  so the use of qas-sol id  

techniques i s  unavoidable, i f  i t s  monomeric adduct with 
HC1 or  HBr a r e  t o  be synthesized. Upon freezing below 
- 2 O O C  l i q u i d  N-vinylpyrrolidinone c r y s t a l l i z e s .  Several  
grams o f  these c r y s t a l s  reac t  rapidly w i t h  HC1 o r  HBr 

(1 bar,  2 h )  a t  ra ther  low temperatures and thereby quanti-  
t a t i v e l y  give the c r y s t a l l i n e  N-(1-halogenoethyl)-pyrroli- 
dinones. 

These adducts a r e  by f a r t o o  reac t ive  t o  be handled 
a t  room temperature. Therefore, s t a b l e  der iva t ives  have 
t o  be prepared a t  low temperatures. The h i g h  v e r s a t i l i t y  
of t h e i r  subs t i t u t ions  is shown by the react ion w i t h  pyrro- 
l idinone,  wh ich  r eac t s  a t  -80 or  -5OOC i n  CH2C12 t o  

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

2:
47

 1
9 

Fe
br

ua
ry

 2
01

3 



134 G. KAUPP AND D. MATTHIES 

P 

700 
T 

m- 

g ive  68% o f  t he  symmetric product. Upon warming t h e  bromide 

t o  room temperature, i t  does not  m e l t  bu t  expels HBr and 

forms the  s u b s t i t u t e d  enamide i n  a complicated s o l i d  s t a t e  

react ion.  0 
0 

X 
X - X 

X - X 
X X  - X X  

-t 
1 1 1 1 1 1 1 1  I 1 1 1  I I 

10 90 60 70 90 110 130 (minl 

(mbar) 

X 
X 

X 

Q3 0 
crystal 

t HC1 
gas 

-50 OC ___, 

Q-c' 0 

crystal 

FIGURE 5. 
-50°C as shown by decrease in pressure. 

Gas uptake for HC1 and N-vinylpyrrolidinone at 
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS 135 

I n  t h e  solid-gas reac t ions  o f  N-vinylpyrrolidinone 
t h e  c r y s t a l s  a r e  very compact (not  powdered as  usual) .  
I t  is in t e re s t ing  t o  note tha t  the gas uptake i s  r a the r  
smooth and does not show any induction period (Figure 5 ) .  

Further c r y s t a l l i n e  enamides, enamines and a l s o  
S-vinylthioethers reac t  w i t h  H C 1  and HSCH3 gas. Some o f  

them a r e  shown here i n  order t o  demonstrate t h e  high syn- 

+ HX 2h 

crystal 

+ HCl ---+ 
2h 

crystal crystal 

+ HSCH, _I* 4OoC a s w S C H 3  
5d 

0 &@Ph 
cry8 t a  1 
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I36 G .  KAUPP AND D .  MATTHIES 

t h e t i c  p o t e n t i a l .  Again a l l  r e a c t i o n s  a re  r u n  a t  1 b a r  
i n i t i a l  p r e s s u r e .  As u s u a l  Markovnikov o r i e n t a t i o n  i s  
o b s e r v e d  e x c l u s i v e l y .  However, t h e  S - v i n y l t h i o e t h e r  t o  
HSCHj a d d i t i o n  c o n s t i t u t e s  the  f i r s t  example o f  a g a s - s o l i d  
a d d i t i o n  w i t h  &-Markovnikov o r i e n t a t i o n .  None o f  t h e  
i s o m e r i c  p r o d u c t  is o b s e r v e d .  

I t  i s  o b v i o u s  t h a t  c r y s t a l l i n e  v i n y l i c  e t h e r s  and 
s u l f o n e s  s h o u l d  he  i n c l u d e d  i n  f u r t h e r  s t u d i e s  and t h a t  
d i a s t e r e o m e r i c  s e l e c t i v i t i e s  w i t h  c h i r a l  s u b s t r a t e s  s h o u l d  
b e  i n v e s t i g a t e d  a s  well. 

CHALCONE A N D  C I N N A M I C  ACID 

As t h e  a d d i t i o n s  of p o l a r  g a s e s  t o  c r y s t a l s  o f  v i n y l i c  

compounds worked so  s u c c e s s f u l l y ,  and i n  o r d e r  t o  s u b s t a n -  
t i a t e  e a r l y  r e p o r t s , ”  t h e  s t u d i e s  were e x t e n d e d  t o  c h a l c o n e  
and  c innamic  a c i d  (oc-modif icat ion) .  

19 

a t  room t e m p e r a t u r e  (1 b a r )  w i t h i n  o n e  week t o  a n  e x t e n t  
o f  72 and 88%, r e s p .  The c r y s t a l l i n e  p r o d u c t s  are h i g h e r  
m e l t i n g  t h a n  t h e  s t a r t i n g  material. The r e g i o s e l e c t i v i t y  
o f  t h e  a d d i t i o n  d o e s  n o t  d i f f e r  f rom t h a t  i n  s o l u t i o n  
( C H 2 C 1 2 ) .  I n  t h i s  system the  a d d i t i o n  o f  Br2 by t h e  c r y s t a l s  

B o t h ,  HC1 and HBr are  added by c r y s t a l l i n e  c h a l c o n e  

Ph-CHICH-COPh t HX + PhCHXCI-bCOPh 
(crystal 1 (gas 1 (crystal 1 

! -NH&1 ( gas 1 X = Br ,C1  D
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GAS-SOL10 REACTIONS I N  O R G A N I C  SYNTHESIS 137 

( c f .  Ref.7) i s  cons ide rab ly  f a s t e r  t h a n  t h a t  o f  t h e  p o l a r  
gases .  X-ray powder diagrams aga in  show t h a t  t h e  educ t  
and product  c r y s t a l s  a r e  n o t  i s o t y p i c a l .  

I n t e r e s t i n g l y ,  t h e  a p p l i c a t i o n  o f  ammonia g a s  t o  
t h e s e  c r y s t a l l i n e  HX-adducts does no t  y i e l d  any s u b s t i t u t i o n  
p roduc t s  bu t  g i v e s  e x c l u s i v e l y  g a s - s o l i d  e l i m i n a t i o n  t o  
form t h e  s t a r t i n g  cha lcone .  

Cinnamic a c i d  (=-modification) does  n o t  add H C 1  o r  
HBr under our  c o n d i t i o n s  (1 b a r ,  25OC, 5 d ) ,  whereas i t s  
a d d i t i o n  of Br2 is one of t h e  o l d e s t  o rgan ic  g a s - s o l i d  
r e a c t i o n s .  

Cinnamic a c i d  i n c l u d e s  some Pd when c r y s t a l l i z e d  
from methanol which i s  molar i n  Na2[PdC14J. The doped 
c r y s t a l s  aga in  can  be  hydrogenated (3OoC, 1 b a r ,  6 d ,  
48%). T h i s  once more d i f f e r s  from t h e  s p i l l o v e r  e f f e c t  
hydrogenations," because t h e  t r a c e s  o f  Pd are uniforrnely 
d i s t r i b u t e d  i n  t h e  crystals. The o v e r a l l  s o l u b i l i t y  of 

H2 i n  undoped cinnamic a c i d  ( a i r - d r y )  i s  de termined  a t  
25OC t o  be 0.3 - 0.45 mol%. 

6 

crystal (m.p. 135OC) crystal (m.p.4g0c) 

( f r o m  CWH, doped with Pd) 
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138 G. KAUPP AND D. MATTHIES 

S TILBENES 

23 

They add gaseous C12  and Br2  , b u t  we were n o t  a b l e  t o  
add HC1, HBr, or H I  t o  them (-60 t o  2 O o C ,  1 b a r ,  1 d ) .  
Highly i n t e r e s t i n g  a r e  t h e  l i t e r a t u r e  r e p o r t s  o f  e x c l u s i v e  

Thf c r y s t a l s  of t r a n s - s t i l b e n e  a r e  h igh ly  d i so rde red .  
8 

-kz= + X-Y I_* PhCHXCHYPh 

gas crys t a Is ‘Ph 
crystals 

X-Y = HC1; HBr; HI: no reaction 
X-Y = Br, : meso/dl - 62: 38 

X-Y = C12 : meso/dl = 39: 61 
(in CSz 84: 16) 

( i n  CH,Cl, 40:60) 
HC1 + C l 2  : meSO/dl 15:85 

- c i s - a d d i t i o n  of C12 ( s i n g l e  crystals, a l l  faces, 30% conver- 
and o f  complete and s p e c i f i c  s u b s t i t u t i o n  o f  a l l  

8 - p-pos i t ions  i n  so l id -gas  brominat ions  of v a r i o u s  s t i l b e n e s .  
Our results d i f f e r  comple te ly  (1 g ,  6 h ,  1 b a r ,  2 5 T ,  

40%): There are on ly  t r a c e s  o f  p roduc t s  wi th  more than  
two halogen atoms; t h e  m- and &-adducts a r e  formed 
i n  t he  r a t i o s  g iven .  These do  not d i f f e r  cons ide rab ly  
from t h e  s o l u t i o n  results. Thus, B r 2  f avour s  t h e  t r a n s -  
and C12 f avour s  t h e  &-addition t o  t r a n s - s t i l b e n e .  A 

mul t igas  e f f e c t  i s  observed  when a 1:l-mixture of  C12 
and HC1 a c t s  on t r a n s - s t i l b e n e :  The * - se l ec t iv i ty  in -  

c r e a s e s  t o  85% even though HC1 a l o n e  i s  no t  r e a c t i v e .  
The reasons  f o r  t h i s  s t i l l  have t o  be e l u c i d a t e d .  
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GAS-SOLID REACTIONS IN ORGANIC SYNTHESIS 139 

Also in the case o f  crystalline triphenylethylene 
there is no addition o f  HC1, HBr, or HI?'  However, Br2 
and C12 are efficiently added. Even here there are only 
traces o f  products which contain more than two chlorine 
o r  bromine atoms, and this contrasts with previous litera- 
ture reports.8 The initial products are solid. They elimi- 
nate HBr or (less completely) HC1 in solid state decomposi- 
tions at room temperature. Upon prompt hydrolysis the 

X Y 

+ X-Y P h . e H  5 L%ih 
' k P h  P P h 

-HX 
P Ph Ph 

'*' -Ph%: 140 'C 

P Ph -tI& 
[l, 21 -E. [l, 2, 31 -E. 

chloro(bromo)hydrine is obtained which decomposes at higher 
temperatures, as indicated, in terms of competing [1,2]- 
and [ 1,2,3]-eliminations . 

It must be the crystal structure of oC-methylstilbene 
that permits its regiospecific gas-solid addition o f  HBr 
(0.3 g, 1 bar, OOC, 21 h, 94%) .  Also trans-4-methoxystilbene 

25 
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140 G. KAUPP AND D. MATTHIES 

adds g a s e o u s  HBr a t  O°C ( o r i e n t a t i o n  n o t  known ye t ) .  Both 
o f  t h e s e  r e a c t i o n s  d o  n o t  o c c u r  a t  -5OT. These r e s u l t s  
show t h a t  it i s  n o t  t h e  thermodynamics which p r e v e n t s  
t h e  g a s - s o l i d  a d d i t i o n s  o f  HX t o  s t i l b e n e  and t r i p h e n y l e t h -  
y l e n e  t o  o c c u r .  U n f o r t u n a t e l y  t h e  t e m p e r a t u r e s  c a n n o t  
b e  i n c r e a s e d  here, b e c a u s e  t h e  p r o d u c t  m e l t i n g  p o i n t s  
a r e  low. The u n d e r l y i n g  e f f e c t s  d e s e r v e  more d e t a i l e d  
s t u d i e s ,  

CONCLUSION 

O r g a n i c  g a s - s o l i d  r e a c t i o n s  are e a s i l y  per formed.  These 
v e r s a t i l e  t o o l s  f o r  p r e p a r a t i v e  chemistry owe enhanced 
c o n s i d e r a t i o n  b e c a u s e  o f  t h e i r  p a r t i c u l a r  a d v a n t a g e s  (new, 
l a b i l e  or h y d r o l y s i n g  p r o d u c t s ,  s u p p r e s s i o n  o f  po lymer iza-  
t i o n ,  no s o l v e n t s ,  v e r y  s i m p l e  e x p e r i m e n t a l  t e c h n i q u e s ,  
r e g i o s e l e c t i v i t i e s ) .  New s y s t e m s  a n d  f u r t h e r  reactive 
g a s e s  w i l l  have  t o  b e  a p p l i e d  and f u r t h e r  r e a c t i o n  t y p e s  
added t o  the  i n c r e a s i n g  f i e l d .  

Somehow t h e  c r y s t a l  s t r u c t u r e  d e t e r m i n e s  which c r y s t a l -  
l i n e  mater ia ls  w i l l  b e  react ive and which g a s e s  w i l l  react 
( thermodynamics p e r m i t t i n g ) .  However, a s  t h e r e  is no o b v i o u s  
way t o  c o r r e l a t e  X-ray s t r u c t u r e s  w i t h  g a s - s o l i d  r e a c t i v i t y ,  
empirical work ,  to collect data on a preparative scale still 
has to be done with different modifications o f  reactive com- 
pounds and, perhaps, with the inclusion of expitaxial 
effects. 26 

There  a r e  s t i l l  many m e c h a n i s t i c  q u e s t i o n s  open f o r  
i n v e s t i g a t i o n .  How are t h e  new p h a s e s  formed? Are t h e r e  
m i c r o s c o p i c  l i q u i d  p h a s e s  d u r i n g  t h e  r e a c t i o n  which a l l o w  
c rys ta l  t r a n s f o r m a t i o n s  o r  do e n a n t i o s e l e c t i v e  r e a c t i o n s  

27 w i t h  e n a n t i o m e r i c  c r y s t a l s 7  or  upon s i n g l e  f a c e  e x p o s u r e  
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GAS-SOLID REACTIONS I N  ORGANIC SYNTHESIS 141 

prove j u s t  t he  opposite? The search f o r  enant io-  o r  d i a s t e r -  

eospec i f i c  gas-so l id  reac t i ons  on a p repara t i ve  sca le  

c e r t a i n l y  remains one o f  t he  major goals i n  t h i s  f i e l d  

which appears t o  be a h i g h l y  promising one. 
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