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Solid-Gas Reactions. Part 1. Bromination 
By E. Hadjoudis,'t E. Kariv, and (the late) G. M. J. Schmidt, Department of Chemistry, Weizmann Institute of 

Science, Rehovot, Israel 

Solid ap-unsaturated acids. amides. and ketones yield, on exposure to bromine vapour a t  room temperature, the 
' trans-adduct ' in quantitative or near-quantitative yield even where addition of bromine in solution has been re- 
ported to be difficult. Polymorphic forms of several compounds differ in their rates of bromine uptake and addition. 
That crystal texture plays a role is suggested by the fixation of bromine in compounds which in the pure state add 
bromine slowly but which do so more rapidly in the presence of small amounts of impurities (e.g. photo-dimer or 
saturated derivatives). 

PREVIOUS publications concerned with solid-state re- 
actions have stressed the high degree of topochemical 
control in photochemical pr0cesses.l We now explore 
the range and limitation of the topochemical concept in 
these two-phase, two-component reactions. Schmitt 
showed in 1863 that solid cinnamic acid reacts with 
bromine vapour to give cinnamic acid dibromide [re- 
action (1) ; R1 = Ph, R2 = C02H]. Many examples of 

R'\ H 

H 'R2 
,C=C' ( s l  + B r z  (v ) *R 'CHBr .CHBrR2(s )  ( 1 )  

this type of reaction have since a~peared."~ In view of 
the experimental simplicity of the reaction it was of 
interest to establish its general applicability; we also 
hoped to find examples suitable for more detailed 
analysis of the various processes involved in reaction 
(l), such as diffusion of bromine into the lattice, form- 
ation of charge-transfer complexes,* &. 

f Present address : Chemistry Department, Nuclear Research 
Center ' DemocritBs,' Athens, Greece. 
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York, 1967, p. 227. 

A. Schmitt, Annalen, 1863, 127, 319. 
R. E. Buckles, E. A. Hausman, and N. G. Wheeler, J. 

Amer. Chem. Soc.. 1960, 72, 2494 and references therein. 
4 M. M. Labes, H. W. Blakesbee, and J. E. Bloor, J .  Amer. 

Chem. SOG., 1966, 87, 4261. 
M. D. Cohen, G. M. J. Schmidt, and F. I. Sonntag, J .  Amer. 

Chem. SOG., 1964, 86, 2000. 

EXPERIMENTAL 

Materials.-The p- and y-modifications of m-nitro-, 112- 

chloro-, and m-bromo-trans-cinnamic acids were prepared 
according to published procedures.s m-Nitro-cis-cinnamic 
acid was prepared from the trans-acid6 and purified by 
chr~matography,~ m.p. 163°.6 a-Phenylcinnamic acid was 
prepared according to Stoermer and Voht.8 trans-Stilbene 
was an Eastman Kodak product and 2,kdinitrostilbene was 
prepared according to Thiele and Esca le~ .~  The two forms 
of fumaric acid were checked by powder photography. 
Maleic acid, fumaramide,lf and monomethyl fumarate were 
recrystallised from water. Monoethyl and dimethyl fumar- 
ate were obtained according to Schieldsl% and Ing and 
Perkin.13 Dimethylfumaric acid was prepared according 
to Lutz et d . 1 4  Citraconic and mesaconic acids were 
prepared by published procedures; l6 the latter was 
obtained in two crystalline modifications.ls 

F. Wollring, Ber., 1914, 47, 111. 
B. De Vries, J .  Amer. Oil Chemists' ASSOG., 1963, 40, 184. 
R. Stoermer and G. Voht, Annalen, 1916, 409, 36. 

* J. Thiele and R. Escales, Ber., 1901, 34, 2842. 
lo C .  J,  Brown, Acta Cryst., 1966, 21, 1; A. L. Bednowitz 

l1 D. T. Mowzy and J. M. Butler, Org. Synth., Coll. vol. IV, 

la J. Schields, J .  Chem. SOC., 1891, 59, 736. 
l3 H. Ing and W. Perkin, J. Chem. Soc.. 1924, 125, 1814. 
l4 R. Lutz and R. Taylor, J .  Amev. Chem. Soc., 1933,55, 1685. 
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Methods.-Powder photographs were taken on a Guinnier 
or on a Debye-Schemer camera with Cu-K, radiation. 
N.m.r. spectra (6/p.p.m.) were taken on a Varian A60 
instrument for (CD,),SO solutions unless otherwise stated. 

The quantitative experiments in which rates of bromine 
uptake were followed as a function of time were carried 
out on samples (average weight 20 mg) sieved to constant 
mesh size (360 mesh unless otherwise stated) and placed on a 
microscope coverslip. These samples were introduced into 
a modified washbottle containing a standard amount of 
liquid bromine, and immersed in a thermostat at 25 f 0.2". 
The samples were removed after measured intervals and 
introduced into a Cahn R.G. Electrobalance and weighed. 
The balance was attached to a water pump and the loss of 
weight during evacuation was displayed on a recorder. 

Preparative brominations were carried out in desiccators 
in the dark on samples up to 100 g. 

m-Nitrocinnamic Acid.-The change in weight, expressed 
as the molar ratio of acid : bromine, with time is shown in 
Figure 1 (a). Both crystal modifications yielded quanti- 
tatively the same dibromide, m.p. 174", 8 5.62 (2H, ABq, 
J 12 Hz). Figure l(b) represents the bromination of the 
P-modification after being irradiated (A > 300 nm) for 1 h 
under a Sunlamp in a rotating tube, all other conditions 
being the same. 90% Dibromide was obtained (indicating 
10% of photo-dimer). Irradiation of the (light-stable) 
y-form produced no effect on the rate of bromine uptake. 
The cis-isomer reacts with bromine vapour to give a 
compound, m.p. 119" [lit.,s 121" (from benzene)], 8 5-60 
(2H, ABq, J 9 Hz), not identical with the bromination 
product of the tvans-acid. 

m-Chloro-trans-cinnamic Acid.-The rates of bromine 
uptake by the two crystal modifications of the chloro- 
derivative are shown in Figure 2. Both crystal forms yield 
the same dibromide, m.p. 178" (lit.,l' 176"). 

m-Bromo-t rans-cinnamic A cid .-The two crys t a1 forms 
of un-bromocinnamic acid added bromine to give 2,3- 
dibromo-3-m-bromofihenyl~ro~ionic acid, m.p. 178" (from 
ethanol) (Found; C, 28.4; H, 1.85; Br, 61.2. C,H7Br,02 
requires C, 27.9; H, 1.8; Br, 62.0%). 

a-Phenylcinnamic Acid-The weight uptake of a- 
phenylcinnamic acid, m.p. 169-l7l0,l8 is shown in Figure 3. 
The product was the dibromide (m.p. of crude product 
150-156") as shown by i.r. and n.m.r. spectroscopy. 

trans-Cinnamide.-The amide (0.91 g) gave, after 11 h, 
the dibromide, m.p. 215" (lit.,lg 217"), 6 5.34 (2H, ABq, 
J 12 Hz), in quantitative yield. 

trans-Benzy1ideneacetofihenone.-The ketone (1 -5 g) gave, 
after 3 h, a dibromide, 6 6-21 (2H, ABq, J 12 Hz), identical 
with that obtained from the similar reaction in solution.20 

StiZbene.-trans-Stilbene (3.5 g) gave quantitatively in < 4 
h the meso-dibromide identified by m.p.21 and i.r. spectrum.22 
cis-Stilbene, exposed to bromine vapour a t  25" (1) and 0" (s), 
gave a product with m.p. and i.r. spectrum identical with 
those of the meso-dibromide. Solid cis-trans mixtures 
were also prepared from mixed melts of cis- and trans- 
isomers; the i.r. spectra of these mixtures (taken prior to 
bromination) indicated the presence of the cis-isomer in a 

l7 S. Reich, J. Arams, J .  Potok, and H. Tempel, Helv. Chim. 
A d a ,  1920, 3, 793. 

A. Berthoud and D. Porret, Helv. Chim. Acta, 1934, 17, 
1548. 

l9 H. Stobbe, Ber., 1925, 58B, 2859. 
*O R. E. Buckles, R. C .  Johnson, and W. J. Probst, J .  Org. 

21 R. E. Buckles, J .  Amer. Chem. Soc., 1949, 71, 1157. 
Chem., 1967, 22, 55. 

proportion essentially unchanged by the melting procedure. 
Exposure to bromine vapour yielded pure meso-dibromide. 
2,4-DinitrostiZbene.-trans-2,4-Dinitrostilbene (3.42 g) 

yielded after 5 h the dibromide (5-39 g), 6 6.24 (2H, ABq, 
J 12 Hz). The i.r. spectrum was identical with that of the 
dibromide prepared from the similar reaction in so l~ t ion .~  

Maleic and Fumaric A cids and Derivatives.-Maleic acid 
was brominated to DL-dibromosuccinic acid, m.p. 165" 
(lit.,23 164-170"), identified by i.r. spectros~opy.~~ The 
n.m.r. spectrum showed that the unrecrystallised product 
contains <5% of the meso-acid, since in a control experi- 
ment 5% of meso-dibromide added to the DL-isomer could 
clearly be detected. Fumaramide was resistant to bromine 
vapour. Monomethyl fumarate adds bromine very slowly 
[14.8 mg, after 69 h in bromine vapour, showed a small 
(1 : 0.16) irreversible weight uptake]. The bromination is 
shown in Figure 4, which also gives the weight uptake of the 
same compound after pre-irradiation for 1 h. The end- 
point (1 : 0-90) was reached in 24 h in this case. (The 
dimer of monomethyl fumarate does not absorb bromine 
under any conditions.) Dimethyl fumarate takes up 
bromine rapidly which then condenses on the solid phase; 
after degassing a material with molar ratio 1 : 1.0 is obtained, 
m.p. 57-58'; 250 g of dimethylfumarate can be bromin- 
ated, a t  room temperature, in 36 h. The product is 
identical (powder photographs, m.p., and n.m.r. spectrum) 
with the dimethyl meso-dibromosuccinate.13 Monoethyl 
fumarate, after 8 h bromination, had become pasty, with a 
molar ratio of 1 : 0.79 of acid to bromine. Further exposure 
for 14 h led to complete reaction, the degassed material 
spontaneously crystallising after a further 24 h. The di- 
bromide 25 was identified by m.p. and n.m.r. spectrum. 

Mesaconic Acid.-Bromine uptake by either crystal 
modification at room temperature is very slow. Exposure 
of 10 mg at 50 f 0.2" gave the results shown in Figure 5. 
Both forms eventually gave the same dibromide (1 : 1.0) 
identical (m.p., i.r., and n.m.r. spectra, and powder pattern) 
with the DL-erythro-ap-dibromomethylsuccinic acid.26 

Citraconic Acid.-Exposure of a sample for 50 min to 
bromine vapour led to the liquefaction of the entire sample, 
which could be degassed to leave the dibromide, m.p. 150- 
155", identified by powder pattern and i.r. spectrum as 
DL-threo-cc@-dibromomethylsuccinic acid.27 

Dimethylfumaric Acid.-The acid was exposed to bromine 
vapour a t  15" (Figure 6). An uptake value of 1 : 0.90 was 
achieved after 68 h, m.p. (crude product) 185". The i.r. 
spectrum shows the disappearance of the C=C bond; a 
small band at  1840 cm-l absent from the starting compound 
appears in the product. 

Crotorcic Acid.-The acid (13-9 g) gave, after 28 h the 
dibromide, m.p. 84" (lit.,27 87"). 

Crotonamide.-The amide (1.73 g) gave, in 80 min, the 
dibromide, m.p. 152'. 

But-2-ene- 1,4-dicarbonitrile.-Formation of meso-2,3-di- 
bromo-l,4-dicyanobutane is rapid and quantitative ; unless 
the concentration of bromine is kept low in the initial stages 
of the reaction undesirable side reactions occur. 
But-2-ene-1,4-dicarboxyZic Acid.-Addition of bromine to 

the solid is very rapid; reaction to the pure meso-dibromide 
22 G. Drefohl and G. Heublein, J .  prakt. Chem., 1963, 21, 18. 
23 R. Kuhn and T. Wagner-Jauregg, B e y . ,  1928, 62, 1483. 
24 L. Schotle and A. Rosenberg, Avkiv Kemi, 1966, 8, 551. 
26 R. Anschatz and J. Drugman, Bev., 1897, SO, 2649. 
26 W. R. Vaughan and K. M. Milton, J .  Amer. Chem. SOC., 

27 A. Michael and 0. D. E. Bunge, Bey., 1908, 41, 2910. 
1951, 73, 6497. 
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can be carried out on a large scale. The meso-configur- 
ation has been confirmed by the three-dimensional structure 
analysis of the dimethyl ester.28 

.o 0 I I I I t I 

200 300 0 

FIGURE 1 (a) Weight uptake of p-, and y-forms of m-nitro- 
cinnamic acid a t  25". 0 ,  y-form; A, @-form. Broken 
curves correspond to degassed values. (b) Weight uptake 
of the p-form of nz-nitrocinnamic acid after irradiation. 
Broken curves correspond to  degassed values 

FIGURE 2 Weight uptake of @- and y-forms of m-chlorocinnamic 
acid a t  26". 0 ,  y-form; A, p-form. Broken curves corres- 
pond to degassed values 

0 

ov I I t 
100 150 50 t /min  0 

FIGURE 3 Weight uptake of a-phenylcinnamic acid a t  20" 
(degassed values) 

RESULTS AND DISCUSSION 

Addition of bromine to solid ap-unsaturated acids, 
amides, and ketones is rapid and quantitative in the 
majority of compounds studied. Compounds which are 
reportedly difficult to brominate under conventional 
solution conditions, e.g. maleic anhydride,29 maleic 
acid (catalysed by HBr), 2,4-dinitrostilbene (loo'), 

28 D. Rabinovich and 2. Shaked, to be published. 
2* D. M. Williams and T. C. James, J. Chem. SOC., 1928, 343. 

monoethyl fumarate l2 (sealed tube), a-phenylcinnamic 
acid (slowly in sunlight, plus other products18), and 
dimethylfumaric acid (isomerised by bromine in chloro- 
form to yield a bromolactone in alkaline solution sl) can 
be brominated by this technique. The reaction is also 
stereoselective; in the majority of compounds the 
products are trans-adducts: the n.m.r. spectrum of the 
solid-state bromination product of maleic acid showed 
that the maleic acid dibromide contains not more (and 
probably less) than 5% of the meso-isomer. We have 
found so far, as the only example of cis-tram isomeris- 
ation prior to or during bromine addition, the reaction 

0 0 !: k 8 12 tlh 16 20 2G 28 69 

FIGURE 4 Weight uptake of monomethyl fumarate a t  24". 
0, Monomethyl fumarate (degassed values) ; , monomethyl 
f umarate after irradiation (degassed values) 

0 
0 20 LO 60 eo 100 

t lh  

Weight uptake of mesaconic acid at 60". FIGURE 6 0 ,  Form 
from water; A, form from ether. Broken curves correspond 
to degassed values 
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FIGURE 6 Weight uptake of dimethylfuiiiaric acid a t  15" 

(degassed values) 

of solid cis-stilbene (pure or incorporated into tmns- 
stilbene) to give the meso-dibromide. 

We note that, whilst the stereo-structure of the 
3O I<. Nozaki and R. A. Ogg, J .  Amer. Chem. SOC., 1942, 64, 

31 D. S .  Tarbell and P. D. Bartlett, J .  Amer. Chent. SOC., 1937, 
697. 

59, 407. 
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product (' trans-adduct ') is independent of the crystal 
structure of the organic component, significant differ- 
ences in the rates of bromine uptake are shown by the 
crystal modifications of dimorphic compounds (m- 
substituted trans-cinnamic acids, mesaconic acid) and 
by chemically related compounds (e.g. monomethyl and 
monoethyl fumarates) crystallising in different packing 
arrangements. 

The three (m-NO,-, -C1-, and -Br-cinnamic) acids were 
exposed in their two pure crystal modifications to 
bromine vapour a t  constant temperature (25"). The 
y-modification of the three acids takes up bromine 
continuously, whereas the p-form reaches a plateau 
corresponding to between 30 and 40 mol yo of bromine, 
after which uptake of bromine continues at  a faster rate 
(Figures 1 and 2). In  a second series of experiments the 
samples were removed from the bromine atmosphere 
and degassed (ca. 25 mmHg), when the amount of fixed 
bromine was determined as weight increase. Since the 
brominated y-modification showed essentially no loss of 
bromine the addition of all absorbed bromine to the 
double bond had evidently taken place in the interval 
between exposure and application of the vacuum. On 
the other hand, the major portion of the bromine 
absorbed by the p-modification could be rapidly re- 
moved a t  ca. 25 mmHg. There was no visual evidence 
(microscope) of a liquid phase on the crystals even with 
the large amount of ' absorbed ' bromine. The p-phase 
of the cinnamic acids was recovered unchanged from the 
degassing procedure (except for small amounts of the 
dibromide) ; conversion into the thermodynamically 
stable y-modification had not taken place. 

Two further as yet qualitative observations are 
relevant. First, the behaviour of the p-form at higher 
temperatures steadily approaches the pattern shown by 
the 7-type at  room temperature; the plateau increasingly 
shortens and eventually disappears at ca. 50". Secondly, 
the amount of bromine that can be degassed at  25" 
decreases with increasing time between removal from 
the bromination vessel and the application of the 
vacuum. We conclude that the 3 0 4 0  mol yo of 
bromine taken up by the p-form has diffused into the 
solid phase, and that bromine has reached sites in these 
crystal structures from which transfer to the double 
bond is a relatively slow step at this particular tem- 
perature, slower at  any rate than in the y-form. 

The two forms of mesaconic acid gave the uptake-time 
curves in Figure 5. While there is no evidence for 
diffusion of bromine into non-reactive sites (the amount 
of removable bromine at  each stage of the reaction being 
negligible), the rates of diffusion and reaction in the two 
crystal structures are clearly different. 

We note the very slow bromination of monomethyl 
fumarate (Figure 4) as against the rapid addition to the 
monoethyl ester. Even though in the later stages of 
bromine addition the lower-melting ester turns pasty 
(presumably because of the lowered m.p. of the mixture 
of two low-melting substances or possibly because of 
condensation of bromine on the dibromide) the reaction 

of both esters can be classified as a true solid-state 
react ion. 

Since the chemical effects of the two alkyl groups 
cannot be very different, this difference in rates may 
reasonably be ascribed chiefly to the change in packing 
arrangement. The rates of bromine addition to both 
esters in solution (CHC1, or AcOH) have been found to be 
negligibly low at room temperature; hence this is 
another example of a reaction which is slow in solution 
but fast in the solid state. 

The experimental data permits the conclusion that 
there are some crystal structures in which the rates of 
diffusion are larger than the reaction to the dibromide 
(p-modification of m-substituted trans-cinnamic acids), 
whilst in others the rates of these two processes are 
roughly comparable or reversed. Furthermore, in the 
latter category there are evident differences between 
rates of addition to the double bond which in poly- 
morphic forms (mesaconic acid) or in closely related 
compounds (monomethyl and monoethyl fumarate) are 
unlikely to be due to different rates of reaction of the 
molecular species, and which should therefore be ascribed 
to differences in rates of diffusion into the crystal lattice. 
Two observations confirm this. First, the differences in 
bromination rate of the two fumarates follow the 
differences in density (Me, 1.47; Et, 1.32 g C M - ~ )  reflect- 
ing differences in molecular packing (Me, a = 14.14, 

83'8'; space group Pi: Et, a = 1145, b = 5.21, 

space group Pi). Secondly, since diffusion into the 
crystal lattice is a function of texture as well as of 
structure small defects, whether produced by impurities 
or by chemical reaction (thermal or radiation) particu- 
larly close to surface, could influence the rate of diffusion 
and of addition. It has been shown that the y-modific- 
ation of m-nitro-trans-cinnamic acid is stable to U.V. 
radiation whereas the p-form gives a photodimer: irradi- 
ation ( A  > 300 nm) prior to bromination leaves the 
uptake and addition patterns of the y-form unaffected; 
the @-form on the other hand now shows the uptake and de- 
gassing curves of Figure 1 (b) . Similarly, pre-irradiation 
of monomethyl fumarate (known to give a photodimer 32) 
significantly increases the rate of bromination (Figure 4). 
The effect of melting (with minor damage to the 
material) is to increase the rate of bromine uptake, which 
in turn is very significantly raised by the admixture of 
5% of methyl succinate via the melt to the crystalline 
phase. The most pronounced effect on the rate of 
bromine uptake is shown by pre-irradiation with 7- 
radiation. In  all cases the same trans-dibromide is 
formed. These experiments together with the variation 
in bromine uptake and fixation constitute conclusive 
proof that the state of the solid, as regards crystal 
structure as well as texture, is an operative factor in the 
bromination from the gas phase. 

Recent work on bromine addition to single crystals of 

b = 3.99, c = 5060 A; O! = 72"6', p = 98"8', y = 

c = 5.89 A;  cc == 89" 47', f3 = 92" 55', y = 97" 59'; 

32 T. Sadeh and G. If. J.  Schmidt, J .  Amer. Chenz. SOC., 1962, 
84, 3970. 
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trans-substituted olefins of the type R1CH:CHR2 crystal- 
lising in a chiral space group, has shown s that formation 
of the erythro-dibromide is accompanied by optical 
induction to the extent of 6% for R1 = fi-tolyl and 
R2 = P-toluoyl. According to the crystal-structure 
analysis 34 of this olefin ($,fi’-dimethylchalcone) in space 
group P2,2,2, the molecule has a strongly twisted and 
hence chiral conformation ; since the crystal structure 
is devoid of centres of inversion or mirror elements of 
symmetry, all molecules of one single crystal (barring 
twinning or disorder phenomena) have identical handed- 
ness. Since formation of the dibromide is subject to 
optical induction addition takes place to a molecule 
subject to conformational constraint, that is in or on 
the crystal. 

We cannot therefore accept as generally valid the 
statement made by Buckles et aL3 that reactions of solids 
with bromine take place in an adsorbed phase on the 
surface of the crystals or in a film of solution formed by 
the aromatic compound dissolved in liquid bromine. 

s3 K. Penzien and G. M. J. Schmidt, Angew. Chem., 1969, 81, 
628. 

Formation of a liquid phase is indeed observed when 
dibromides are left in bromine vapour ; consequently, 
exposure of the unsaturated component for longer 
periods of time than required for completion of bromin- 
ation, or exposure of samples in thick layers, unless 
frequently stirred, may lead to a liquid phase. In none 
of the compounds having m.p.s >70° and exposed in 
sufficiently thin layers has formation of a liquid phase or 
condensation of liquid bromine been observed before 
completion of the reaction. 

We do not wish to comment at this stage on the 
mechanism of bromine addition in the solid-phase 
reaction; the formation of the trans-adduct, as in the 
majority of solution reactions, is in our opinion neither 
evidence for a common mechanism in the two phases nor 
proof for the formation of a dissolved phase on the 
crystal surface. We conclude at  this stage that our 
qualitative data indicate the role of crystal structure in 
the combined processes of diffusion and reaction. 

[1/1928 Received, 20th October, 19711 

34 D. Rabinovich, G. M. J. Schmidt, and 2. Shaked, J .  Chem. 
Soc. (B) ,  1970, 17. 


