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1. Introduction 
Over a century has passed since the discovery of chlo- 

ral by Liebig,' who named it, and also since the first 
Dumas2 experiments with it. But new horizons in the 
chemistry of chloral are being opened to this day, despite 
the great amount of knowledge already attained in this 
realm. In recent years a catalytic function of chloral has 
been discovered, as well as its reactivity toward ele- 
ment- (Pb-, Sn-, Si-) organic compounds, ketene and 
its hetero analogs, and so on. 

EDITOR'S NOTE: This manuscript required extensive language edit- 
ing before it could be published. The editor tried to follow the author's 
presentation as closely as possible and apologizes for any changes in 
meaning that may have crept in as the English was being clarified. 

as dichloroacetic acid and its derivatives (for example, 
syntomicine), vanillin, isatin, DDT, phosphororganic pes- 
ticides, etc. 

The presence of two functional groups-carbonyl and 
trichloromethyl-in the chloral molecule and their mutual 
activating influence extend the synthetic capabilities of 
chloral as a compound with dual reactivity. It can be 
transformed into dichlorovinyl and formyl derivatives. 

Regretfully, reviews dealing with the chemistry of al- 
d e h y d e ~ ~ , ~  do not give chloral .sufficient consideration, 
and even short  review^^,^ do not supply any knowledge 
about the research for the last 30 years or so. Perhaps 
this accounts for duplications in research, and for a cer- 
tain inaccuracy in outlining some of chloral's properties 
in organic chemistry courses and in reference books. 

The object of the present review is to generalize our 
knowledge of the chemistry of chloral up to 1971 inclu- 
sive. With the aim of drawing the reader's attention to the 
chemistry of chloral, it has been expedient to omit sever- 
al early physical results, as well as numerous publica- 
tions about the biological action of chloral. 

The reactivity of the trichloromethyl group (reduction, 
radiolysis, photolysis, the relation to nucleophilic agents, 
etc.) is not treated separately but is discussed together 
with that of the carbonyl group in the relevant sections of 
the review. 

11. Methods of Preparation 
The result of chlorination of ethanol or other substrates 

depends on the nature of the chlorinating agent. When 
ethanol is heated with calcium hypochlorite, one obtains 
chloral and also chloroform, dichloroacetaldehyde, and 
the hemiacetal of chl~roacetaldehyde.~ Ethyl hypochlorite 
was proposed7 as the intermediate chlorinating agent in 
this reaction and acetaldehyde (with vinylic alcohol) as 
intermediates. At 20" trich'loroacetic acid is obtained in- 
stead of ~ h l o r a l . ~  

Liebig' was the first to obtain chloral by passing chlo- 
rine through absolute ethanol. This method is in principle 
the most widespread to this day. The best results are 
achieved by chlorinating directly with chlorine. Many in- 
termediates and by-products can be converted to chloral, 
a yield up to 70-80% being attainable in the presence of 
traces of water and by chlorinating until the specific 
weight reaches 1.57-1 .635.8,9 A Japanese patentlo points 
to the necessity of traces of water, in the absence of 
which the yield of chloral diminishes more than three 
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times. The reaction is not enhanced by uv irradiation" or 
by vapor-phase chlorination in an electric field;" in the 
last case many by-products are obtained (paraldehyde 
and dichloroacetaldehyde and their acetals, perchlo- 
roethane, di- and trichloroethyl ethers, and so on). Even 
when the reaction in an electric field (3-8 kV) is carried 
out with recirculation of the intermediate compounds, the 
yield is not increased. l3 Electrochemical oxidation of eth- 
anol at 110-115' in the presence of NaC114 or CaCI2l5 
leads to moderate yields of chloral (61% with cyanuric 
acid as catalyst15). 

Many chemists recorded a gradual course of chlorina- 
tion in stages through mono- and di- to trichloroacetal- 
dehyde at temperatures of 0-10O0.Even prolonged chlo- 
rination of ethanol at 35" does not lead to a high yield of 
chloral, only mono- and dichloroacetaldehydes being 
obtained. Too high a temperature (120-200", with cataly- 
sis by FeC12, FeCI3) is also unde~ i rab1e. l~  

Several catalysts of heterolytic chlorination of ethanol 
were tested. Lewis acids,18-20 iodo, sulfur, and phospho- 
rus chlorides,21 or a mixture of borax with Sn14, H3P04, 
AICI3 (3:1:3:3)" are effective, but the temperature 
(80-100' at the end of the p r o ~ e s s , ' ~  as a rule) plays a 
decisive role. 

Acetaldehyde is one of the intermediate products of 
the chlorination of ethanol, so one may consider chlorina- 
tion of acetaldehyde as a modification of Liebig's meth- 
od. This process is described in many articles and pat- 
e n t ~ . ' ~ - ~ ~  Noncatalytic chlorination in aqueous solutions 
makes it possible to obtain chloral with yields up to 
83-90%28,29,36 (preferably with addition of chloral hy- 
drate to the initial solution). A high yield of chloral is 
reached in 7 N HC1.34 In the absence of water and cata- 
lysts with excess of chlorine,30 the main product is hexa- 
chloroparaldehyde. Chlorination of acetaldehyde in the 
presence of catalysts (Fe, Sb, AI, Zn, Sn, or P halogen- 
ides) yielded chloral, mono- and dichloroacetal- 
dehyde,33,35-40 and also acetic acid and a-chlorocroton- 
aldehyde.40 Only chloroacetaldehyde was isolated33 in 
the absence of the catalyst. Selective catalysis by Cu( l I )  
salts is r e ~ o r d e d ; ~ '  the yield of chloral is as high as 93% 
without by-products. With regard to temperature, the con- 
ditions are similar to those for the chlorination of ethanol; 
intermediate mono- or dichloroacetaldehyde can be ob- 
tained with high yields if the reaction is completed at 
temperatures up to 30 and 60', respectively. Chloral can 
be also obtained in addition to ethanol and acetaldehyde 
by chlorination of poly(ethy1ene glycol) ,41 ethylene chlor- 
~ h y d r i n , ~ '  ch l~roaceta ldehyde,~~ and bis(P-chloroethyl) 
ether44,45 (in the last case in the presence of uv irradia- 
t i ~ n , ~ ~  or in darkness,45 with heating at over 100"; in all 
cases, at about 80-100'). In each case the presence of 
water is desirable. 

Chloral was also obtained by an interchange of acetic 
acid with chloral alcoholate46 

CCI,CH(OH)OEt + AcOH --t CCI3CHO + ACOEt 
c 

or by the thermolysis of chloral hydrate esters47 such as 

200-220" 
CCI&H(OOCAlk)2 - CCI3CHO + (AlkC0)20 

The interaction between CC14 or alkyl halides and 
aliphatic aldehydes under rigorous conditions (200-500', 
20-200 atm)48 also produces chloral. 

Only recently c h l ~ r a l - d ~ ~  and ~ h l o r a l - t ~ ~  were synthe- 
sized. In the first case the product obtained by reducing 
N-trichloroacetylcarbazole with LiAlD4 was thermolyzed: 

I 

1. LiAID, 

CC13CDO 
2. A ~ 

COCCI, 

The interaction of chloral hydrate with T2 at 12 Torr with 
subsequent dehydration over P2O5 produces CC13CTO. 

111. Hydration. Stability of Chloral Hydrate 
Solutions 

The high reactivity of the chloral carbonyl group toward 
nucleophiles is confirmed by the ease of formation of a 
stable hydrate, whose decomposition into the initial com- 
pounds is achieved only by distillation over concentrated 
H2SO4 or by azeotropic dehydration in toluene or ben- 
~ e n e . ~ '  ,52 This is connected with the destabilizing effect 
of the CC13 group on the carbonyl group. 

The question about the bond character of water in 
chloral hydrate has remained open for a long time. Even 
now some investigators represent it as a complex, 
CC13CHO H20, although many comprehensive physical 
researches confirm the gem-diol structure, CC13CH- 
(OH)'. The Raman spectrum53 and osmometric mea- 
s u r e m e n t ~ ~ ~  confirm the presence of two hydrogen bonds 
in the molecule: 

This is one of the reasons for the stability of chloral hy- 
drate. 

The length of the C-0 bond (1.4-1.48 A) is also evi- 
dence for the absence of a free carbonyl group.55 Dipole 
moments of chloral and its h ~ d r a t e , ~ ~ , ~ ~  nmr spectra,58 
and other  argument^^^-^' also support the gem-diol 
structure. 

In spite of the stability of chloral hydrate, its solutions 
are not stable. On the one hand, this is connected with 
the hydration equilibrium; some  researcher^^^.^'-^^ have 
recorded decomposition with elimination of water, as 
judged, for instance, by the appearance of a carbonyl 
band in the ir spectra of chloral hydrate solutions in ben- 
zene and CC14.6z 

On the other hand, chloral hydrate decomposes in neu- 
tral, acidic, and basic solutions. "Neutral" aqueous solu- 
tions are not stable for a long time;66 after 15 weeks the 
pH decreases from 6.72 to 4.75-2.33 (more in light and 
on cooling). Uv irradiation accelerates this process; the 
pH decreases from 6.25 to 1.6 in 10 hr. Chloral hydrate 
has a low pK, in water (10.04; in comparison the pK, of 
methylene glycol is 13.2767) but does not produce AgCl 
with silver ion. Nevertheless, the large decrease in pH of 
aqueous solutions on standing is the result of CCI3-group 
destruction, with HCI f ~ r m a t i o n . ~ ~ . ~ ~  The instability of 
chloral hydrate in alkaline solutions is well known. But 
most investigators have taken into account only the het- 
erolysis of C-C bonds or have made their studies at such 
pH and temperature ranges that the other reaction-hy- 
drolysis of the trichloromethyl group without C-C bond 
rupture-has been repressed almost completely (see 
section V I  .C) . 

The exothermic reaction 

CCI,CH(OH), CC13H + HCOO- 
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is catalyzed by water, OH- ,  and chloralate anion;70 the 
energy of C-C bond dissociation is 62 k ~ a l / m o l . ~ '  For 
this bimolecular reaction, the pH, temperature, and half- 
life are:72 12, 22", 25 min; 9, 20°, 4 days; 9, 60", 1.5 hr; 
8, 20°, 17.5 days; 8, 35', 2 days. 

I V. Oxidation and Reduction with Typical Redox 
Reagents 

Anhydrous chloral is oxidized by air in light73-75 with a 
temperature coefficient of 1.1474 by means of a radical 
mechanism, forming phosgene, HCI, and CO or COz. It  is 
assumed that the reaction proceeds through either formyl 
chloride or dichloroketene which is subsequently decom- 
posed. The following results were obtained, depending on 
the completeness of o x i d a t i ~ n : ~ ~  

3 50, 

2 c C 1 3 c H ( O H ~ 2 ~ ~ ~  3HCI + 2C02 

3H2O + 3CI2 + 4CO2 

At the same time it was observed73 that chloral in air and 
in darkness was stable for nearly 3 months. 

Radical oxidation of chloral by heating with benzoyl 
peroxide in accordance with the following scheme 

CCI,CH(OH), + 8 2 2 0 2  - 
C,jH&I + p-C,H,(COOH)CCI2CHO 

was patented,76 but Wieland and Richter77 have failed to 
reproduce that result. 

The use of hydrogen peroxide and also of Karo's acid 
enabled Baeyer and Villiger78 to be the first to obtain 
chloral @,a-dioxyperoxide, a good initiator for homolytic 
reactions. 79 

(CCI,CH--O-)2 

I 
OH 

By interaction of chloral with 30% H202 and oleum 
under mild conditions,80 pertrichloroacetic acid is formed 
with a yield of 93%. Oleum itself oxidizes chloral to 
"chloralide." The reaction of concentrated H2S04 with 

cc'3w0 
O Y O  

CCI, 

chloral leads to a similar r e s ~ l t . ~ l - ~ ~  On the other hand, 
G r a b o ~ s k i ~ ~ , ~ ~  obtained from the reaction of oleum with 
chloral, besides chloralide, also the compounds 
C8H6011C12S6 (which decomposes into H2S04 and chlo- 
ral alcoholate upon the action of ethanol) and 
C ~ O H ~ O ~ ~ C I ~ &  (which does not change with ethanol). 
The investigator attributed to them the complex struc- 
tures 4CClsCHO H2S207 and 5CCI3CHO - H2S207 H2S04; 
the correct structures have not been ascertained as yet. 

Oxidation of chloral with aqueous HI03 at 100' leads 
to destruction of the chloral molecule, forming Con, 
CHC13, IC13 and iodine.86 Fuming nitric acid oxidizes 
chloral to trichloroacetic a ~ i d , ~ ~ , ~ ~  but it is possible to 
obtain a high (about 95%) yield as well by using 45-85% 
HNO3 with gradual heating from 50 to 120°.89 Under mild 
conditions dilute nitric acid reacts with chloral hydrate to 
give the mononitro e ~ t e r . ~ ~ ~ ~ '  The action of nitrogen ox- 
ides has also beens2ys3 studied. 

Some researchers took up the halogenation of chloral 
and its hydrate. Photochemical chlorination leads, 

through the intermediate radicals CC13C0.,94' to trichlo- 
roacetyl chloride whose yield increases with a drop in 
temperature (55% at -50", 7.3% at owing to the 
subsequent decomposition to CC14, CO, and HCI, which 
are the only reaction products at 70-90°.94 GautierS6 also 
observed the evolution of phosgene. 

In the presence of aluminum chloride, heterolytic halo- 
genation of chloral leads to h e x a c h l o r ~ e t h a n e , ~ ~  regard- 
less of the nature of the halogen. 

As a consequence of homolytic bromination in light at 
70-go", chloral is decomposed, forming a mixture of the 
following corn pound^:^^^^^ CO, HCI, HBr, BrCI, H20, 
CHC13, COBz ,  CBrC13, with the activation energy 
amounting to about 6.5 kcal/mol. Vapor-phase bromina- 
tion at 150" leads to CC13COBr, CC13Br, CO, and HBr. lo0 

Chloral hydrate is oxidized with bromine in water slow- 
ly according to the scheme:lol 

CCI,CH(OH)O- + Br, - CCI,COO- + 2H' + 2Br 

The activation energy is ca. 15.8 kcal/mol. 
By heating chloral hydrate with solid potassium chlo- 

rate,lo2 a mixture of CCI&OOK, COC12, COS, Cln, and 
CHC13 is produced. 

Interaction of chloral and chlorosulfonic acid at 50" for 
a few days produced 1,2,2,2-tetrachloroethyl ether with a 
yield of 65%, along with chloralide. The same product is 
also obtained, but in a lower yield, in the reaction of 
chloral with fluorosulfonic acid. The  investigator^'^^ as- 
sumed that an intermediate adduct was formed 
(CC13CHCI-OS03H, in the first case, and CIS03H, in the 
second case) thereby accounting for both the identity of 
the reaction product and its reduced yield in the reac- 
tion with fluorosulfonic acid. 

Oxidation of chloral hydrate by PCl5 in acetonelo4 
leads to the formation of pentachloroethane and tetra- 
chloroethylene. The same products are obtainedlo5 by 
heating chloral hydrate with aluminum chloride. With 
SbC15 chloral reacts as a Lewis base, forming an adduct in 
yield ~O'?'O;~O~ in the presence of hydrogen chloride 56% 
of the onium salt is obtained: 

CCI,CH=O:SbCI, 
CCI,CHO + SbCI, < + 

[CCI,CH=OH] SbCIS- 

Phosphorus pentasulfide under severe conditions (1 60" 
or higher) l o 7  converts chloral to trichloroethylene. 

Boron halides can be involved in different reactions: 
boron trifluoride adds to the chloral carbonyl group as a 
Lewis acid; lo8 with boron trichloride at -80" tris- 
(1,2,2,2-tetrachIoroethyl) borate is produced' Os with a 
yield up to 90%. The researchers noticed that, unlike 
chloral, bromal does not undergo this transformation, 
even at 20". 

In conclusion it should be noticed that only some of 
the oxidizing reagents in question can be used for oxida- 
tion of the chloral carbonyl group proper without the de- 
struction of the substrate molecule. Besides the above- 
m e n t i ~ n e d ~ ~ , ~ ~ . ~ ~ '  there are some other meth- 
ods;llo-l l 5  for instance, trichloroacetic acid is obtained 
with good yields by the action of chloral with hypochlo- 
rites at pH 2-7,"O cerium perchlorate solution in 
HC104,'12 and Cr03,116 and also by air oxidation but only 
in the presence of aqueous solutions of Cu( l l )  and 
Fe( l  I I )  salts.113 

Electrolysis of chloral on a Pb anode116 at a current 
density of 1.25 A/dm2 gives trichloroacetic acid with a 
yield of 72%. 

In general, chloral's capacity for heterolytic oxidation, 
in comparison with that of other aldehydes, is weakened 
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as a consequence of the reduced electron density of the 
C-H bond caused by the strong negative inductive influ- 
ence of the trichloromethyl group. 

In view of the dual capacity of chloral for reduction (of 
the carbonyl and/or the trichloromethyl group), i t  is pos- 
sible to choose conditions for such processes selectively. 
Reduction to mono- and dichloroacetaldehyde results 
from electrolysis with a copper or, preferably, a lead 
cathode; on a Pt cathode, chloral is not reduced.l17 It is 
worth noting that trichloroacetic acid in each of the 
cases under consideration is reduced to monochloroacet- 
ic acid;l17 CCI4 is not reduced on a Pt cathode but is 
transformed into chloroform and dichloroethanel l a  on 
electrolysis with a Pb cathode. 

Aluminum amalgam reduces chloral to dichloroacetal- 
dehyde. l 9  More complete reduction to acetaldehyde is 
possible using hydrogen generated in situ (from Zn and 
HC1).120 Heating with powder-like zinc or iron leads to 
destructive reduction with the formation of methane and 
dichloroethane. 121 

Recently122 reductive dehalogenation of chloral by 
chromium chloride in alcohol has been suggested. The 
trichloromethyl group is also reduced123 by interaction of 
chloral with ammonium sulfide, although the structure of 

Upon interaction of chloral with hydrogen halides or 
their salts in an anhydrous medium, only potassium io- 
dide reduces (chloroform and free iodine were isolat- 
edlZ4) while hydrogen chloride and bromide form solid 
adducts with chloral (1 : l ) . l z5  

A studylZ6 of the oxidation-reduction interaction of 
chloral with Hg(l) and Hg( l l )  salts has shown that heat- 
ing with HCOOHg produces the mixture Hg, HgzCI2, CO, 
C02, HCOOH, and H20; Hg(OAc)2 is reduced by chloral 
hydrate to Hg(l). 

Selective reduction of the carbonyl group to a hydroxyl 
group results from hydrogenation of chloral on powder- 
like Ni, Co, Fe, and also through nickpl or copper chro- 
mite catalysis under vigorous conditions (120-150 atm, 
50-150°). lZ7 If, however, such components as pyridine, 
hydrazine, acetonitrile, thiophenol, CuSO4, HgC12, etc., 
are added to the reaction mixture, reduction of the tri- 
chloromethyl group also takes place, forming acetalde- 
hyde and its mono- and dichloro-substituted deriva- 
tives.127 

A complex of calcium hydride with trimethyl borate re- 
duces chloral hydrate in water-methanollZ8 with a yield 
of trichloroethanol up to 60%. The same product is ob- 
tainedlZ9 after hydrolysis of chloral with siloxene 
(Si~H603) reduction product. 

The trichloromethyl group is fully preserved in the 
reaction of chloral with metallic alcoholates. In the as- 
pect of Tishchenko’s reaction, chloral disproportionates 
into trichloroethanol and trichloroacetic acid. Upon inter- 
action with aluminum ethylate, trichloroethyl trichloroace- 

the product (C18H24N406S13) was not established. 

SCHEME I 
CCI3CHO + AI(OR)3 ----f [CCI,CH=O: 7 AI(0R)J 

R = t-Bu J 67% 

1 + CCI,CHO 

\cooling 

CCI3COOR + AI(OR)2OCH&CI3 (RO)zAIOCHOCHCCI3 
/ I  

rate is produced.130 The same result was obtained131 
upon reaction with aluminum P-trichloroethylate. The 
mechanism in Scheme I is assumed132 for the conver- 
sion of chloral under the influence of aluminum tert-butyl- 
ate; all intermediate compounds, with the exception of 
the first one, were isolated and identified. 

Meerwein and  associate^,'^^ repeating Tishchen- 
ko’s130 experiment in a nitrogen atmosphere, obtained 
trichloroethanol with a yield of 88.5%. In  the reaction of 
excess chloral with aluminum ethylate (1O:l) in benzene, 
a mixture of ethyl and trichloroethyl trichloroacetate was 
0bta i r1ed. l~~ When the process was carried out in etha- 
nol, and in a nitrogen or hydrogen atmosphere, trichlo- 
roethanol and acetaldehyde were also found135 among 
the reaction products. 

The use of magnesium and aluminum alcoholates in 
the interaction of chloral with a ~ e t a l d e h y d e ’ ~ ~  and propi- 
~ n a l d e h y d e ’ ~ ~  results in several products of a mixed 
Tishchenko reaction, for example 

(i-BuO)3Al 
CCI&HO + ECHO CCI, 

CCI,CH20H + EtCOOBu-i + EtCOOCHZCCl3 

Heating with magnesium ethylate in ethanol solution 
leads to reduction with destruction, forming chloroform, 
ethyl formate, and carbon monoxide.138 

The behavior of chloral in the presence of complex al- 
c o h o l a t e ~ ~ ~ ~  is shown in Scheme l l. 

SCHEME II 
+M 

I+ CCI3CHZOH + CCI3COOH 

CCI3CHO 4 42% 20% 

CH3CH(OH)CHpOCOCH3 

22.5% 
M = Mg[AI(OEt)& + 

CCl3CHCH,OCOCH3 

I 
OCOCH, 

9.3% 

In conclusion, mention should be made140 of chloral 
reduction by 1 -benzyl-l,4-dihydronicotinamide in the 
presence of uv irradiation or peroxides; by that method 
selective homolytic reduction of the carbonyl to a hydrox- 
yl group proceeds in cyclohexane. I f  nitromethane is the 
solvent, the carbonyl and the trichloromethyl groups are 
reduced simultaneously . 

V. Radiolysis 
Even in early r e s e a r ~ h ~ ~ . ~ ~  the instability of chloral and 

the appearance of acidity were recorded in its aqueous 
solutions; in the presence of light, decomposition of chlo- 
ral with evolution of hydrogen chloride increases. An- 
drews and Shore141 discovered an acceleration of this 
process with y-irradiation and, because of the linear con- 
ductivity dependence on dose of radiation, they recom- 
mended use of this effect for dosimetry. Even for that 
purpose, spectrophotometric control was suggested,142 
based on the change of indicator color with pH variation 
as a function of radiation dosage. 

Investigations by Spinks and McIntosh and asso- 
c i a t e ~ ~ ~ ~ - ~ ~ ~  have shown that on y-irradiation (60Co, 
sOSr), chloral decomposition has a free radical character. 
Decomposition to hydrogen chloride, trichloroethanol, 
and trichloroacetic acid145 takes place both in the pres- 
ence of oxygen and in a nitrogen or hydrogen atmo- 
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sphere; in the latter cases the hydrogen chloride yield 
decreases. Its yield depends not only on the radiation 
dose but also on the concentration of the chloral hydrate 
in solution.148 

Other kinds of irradiation likewise destroy the chloral 
molecule, splitting off hydrogen chloride. By a conducto- 
metric method, possible mono- and bimolecular heteroly- 
tic mechanisms of that reaction on X-irradiation was es- 
tablished. 149,150 Decomposition of chloral upon the ac- 
tion of electron radiation143 proceeds by a chain mecha- 
nism whose rate depends on the radiation dose and the 
initial substrate concentration; the hydrogen chloride 
yield also depends on the above factors. It has been 
notedl5l that this method is not suitable for dosimetric 
purposes. 

VI. €le c trophilic Reactivity 
The existence of two reaction centers-carbonyl and 

trichloromethyl carbon atoms-leads to a dual electrophi- 
lic reactivity of chloral. As a rule addition to the carbonyl 
group is preferred because its carbon atom is less hin- 
dered sterically than the other carbon atom. But in some 
cases both functional groups take part in the reaction. 

A. Interaction with Aliphatic Alcohols* 
Anhydrous chloral adds vigorously monohydric alco- 

hols, forming a hemiacetal (along with hemiacetals, 
products of exchange interaction may also be formed:334 

where R = Me, Ph). Chloral hydrate reacts similarly, but 
for the most part in the presence of a catalyst. That role, 
as a rule, is played by concentrated H2S04 which above 
all apparently dehydrates and also additionally polarizes 
the carbonyl group of chloral. Acetals are formed only 
with acid catalysis and azeotropic water distilla- 

For a kinetic study,157 the hemiacetal of (R)-(-)-men- 
tho1 with chloral was obtained in hexane in the presence 
of acetic acid. 

Many patents are devoted to obtaining hemiacetals 
and acetals from steroidal alcohols for the purpose of 
producing biologically active compounds and drugs. High 
yields are achieved by interaction of the reagents in ben- 
zene or dioxane at 20” for 17-48 hr. In such a way herni- 
acetals of t e s t o ~ t e r o n e ’ ~ ~ - ’ ~ ~  and some of its deriva- 
tives, 167-1 70 21 -hemiacetals of cortisone, hydrocortisone, 
and prednisolone,171 17-hemiacetal of estradiol, its 3-ac- 
etate and -benzoate, 7 2  hemiacetals of tetracycline,’ 7 3  

and 16,17-acetals of pregnane s e r i e ~ ’ ~ ~ ? ’ ~ ~  were ob- 
tained. By interaction with cholesterol two isomeric prod- 
ucts (mp 121 and 140’) were isolated, which are as- 
sumed to have the structure of t r i c h l o r ~ a c e t a t e s , ~ ~ ~  be- 
cause these compounds are formed through replacement 
of chloral by trichloroacetic acid; with a rise in tempera- 
ture, the yield of the high-melting isomer increases. The 
addition of monohydric unsaturated alcohols with an allyl- 
ic type of multiple bond to chloral proceeds in the 
usual way, either with or without acidic c a t a l y ~ i s , ~ ~ ~ - ~ ~ l  
forming acetals and hemiacetals. 

In the presence of vinylic ethers, addition of the inter- 
mediate hemiacetals to the ether C=C bond takes place; 
for example179 

CC13CH(OH)2 + RCH20H - RCHO + CC13CH(OH)CH2R 

tion, 152-1 63 

CCI3CHO + CHZ-CHCH20H + A I k O C H 4 H ,  - 
CCI&HOCH(OA4k)zCH3 

I 
OCH=CHZ 

* interaction with aromatic alcohols is discussed in section V1.E 

In this connection one may mention the interaction be- 
tween chloral and camphor oxime. Frankforter and Mayo 
have isolated an adduct, from ether solution, character- 
ized as the appropriate acetal.la2 Later van Alphen and 
Drostla3 obtained under similar conditions a hemiacetal 
of composition CloH16NOCH(OH)CC13 which was ob- 
tained before by Van Heydenla4 through interaction be- 
tween the reagents in petroleum ether. 

The products of a more complex structure are formed 
through interaction of chloral with polyhydric alcohols. In 
the case of 1,2-glycols, it is possible to obtain cyclic ace- 
tals if the process is carried out in the presence of con- 
centrated HzSO4 and with azeotropic distillation of water; 
for instancela5 

CCI,CHO + a: - 
1,3-Glycols form mono- and bis(hemiaceta1s) of chlo- 
ral. 186 

With glycerol, depending on the reaction conditions, 
chloral produces a tris(hemiaceta1) la7 or a cyclic ace- 
tall88 

On distillation of chloral hydrate with a fivefold excess of 
glycerol, the following decomposition products were iso- 
lated: lag formic acid, chloroform, and allyl formate. 

Bis-, tris-, and tetrakis(hemiaceta1s) are formed with 
pentaerythritol. 8 7 , 1  92 Tetrakis (hemiacetals) are ob- 
tained by fusion of the reagents at 140” for 3 hr. la7 In 
this respect chloral differs from other aldehydes (and ke- 
tones) which form only bis acetals (and ketals)lgO with 
pentaerythritol. 

Hemiacetals containing up to six chloral fragments 
were obtained with mannitol and s o r b i t 0 1 . ~ ~ ~ ~ ~ ~ ~  

Attention of many researchers has been drawn to the 
structure of the interaction products between chloral and 
glucose. The series of early  investigation^'^^-^^^ told 
about obtaining 1 : l  adducts named a- and P-glucochlo- 
ralose. Later Hixon and a ~ s o c i a t e s ~ ~ ~ , ~ ~ ~  pointed out that 
the structures of these compounds suggested by the ear- 

O ~ C C I ,  

lier investigators were erroneous, and gave them the for- 
mula of acetal 

Glucochloraloses may be obtained from the reagents in 
the presence of concentrated H2S04 or with azeotropic 
distillation of water.199~200 Heating at 70” of chloral, glu- 
cose, and ZnC12 produces a mixture of a- and /%gluco- 
chloralose; [ C Y ] ~ ~ D  + 18.9’ (EtOH) and -15.2’ (Py).’O’ To 
obtain glucose hemiacetals containing four to six frag- 



264 Chemical Reviews, 1975, Vol. 75, No. 3 F. 1. Luknltskli 

SCHEME 111 

+ C C I3 C H 0 

C H  
5 + ~  

A I ~ C6H5 C6H5 OH +CH20 

C6H5 ‘0;H20H 

1 Ac,O 
2. Ba(OH), 1 

ments of chloral, the mixture of the reagents should be 
heated for a few hours at 120°.202 

A study was also made of the formation of hemiacetals 
of chloral with amylosezo3 and polyvinyl alcoh01.2~~~205 

Worth noting is the peculiar interaction of chloral with 
a-keto alcohols. Dietrich and KarabinosZo6 isolated in 
8 5 YO y ie Id 2- t r i c h Io r om et h y I-4,5 - d i p he n y I - 1 ,3- d ioxol by 
boiling a mixture of chloral with benzoin in benzene. It 
was the first instance of chloral fixation by an enediol, 
since the other aldehydes with benzoin or the other a-ke- 
tols with chloral do not form products of such a structure. 
Presented in Scheme I l l  are trends of interactions of 
chloral with benzoin and acetoin and also, by way of 
comparison, of formaldehyde with benzoin.206 The reac- 
tion of chloral with benzoin is favored in this direction 
both by high polarization of the chloral carbonyl group 
and stability of the enediol form of benzoin. 

With hydroxy acids, chloral reacts differently. When the 
hydroxyl group is remote from the carboxyl group, hemi- 
acetals (and occasionally acetals) are formed, as in the 
case with pantothenic acidzo7: 

CCI,CH(OH), 

H2S04 
+ 

Ca(OOCCH2CH2NHCOCH(OH)C(CH3)2CH20H)2 - 
-0cc13 HOOCCH2CH2NHCO 

Aliphatic a-hydroxy acids form, with chloral or its hy- 
drate, compounds named “chloralides”: 

CCI3CHO + RCH(0H)COOH --.t 

0 
Glycolic, lactic, malic, tartaric, and other a-hydroxy 

acidsz08-216 react with chloral in this way. In the case of 
a-tartaric acid two isomers of bis(chlora1ide) (with mp 
160” and 173”) are formed, which can be separated by 
crystallization from benzene or toluene.2’ The first chlo- 
ralides were obtained by Wallachzo8 after long heating of 
the reactants in sealed tubes. Subsequently higher yields 
of chloralides were obtained by boiling the reactants in 
benzene or by heating them without solvent in the pres- 
ence of sulfuric acid. 

B. Interaction with Hydrogen Sulfide and Thiols 
Hydrogen sulfide with chloral easily forms adducts of a 

composition 1 : 1 2 1 7  and 1:2.218 By treatment with HzSO4 
the latter is transformed partly to acyclic trimer of thio- 
chloral (yield ca. 2%) and to two isomeric l ,3,5-oxadithians 
(total yield up to 18%).z19 

CCI, CCI, 
I I 

The stability of the reaction products diminishes with an 
increase in r 1 . 2 ~ 8  

OH 

Chloral easily reacts with thiols either with or without 
acid catalysis. As a rule, the products are hemithioace- 
tals in case of both a l i p h a t i ~ ~ ~ ~ - ~ ~ ~  and aromaticzz4-227 
thiols. For example, the reaction with dodecylmercap- 
tanzz1 in boiling methanol gives 88% of the hemithioace- 
tal. Good yields (60-94%) arise by the interaction of 
chloral with para-substituted thiophenolsZz5 at 20‘ in ben- 
zene. Thioacetals of chloral are formed226 with thiophe- 
nols in the presence of acidic catalysts. Dry hydrogen 
chloride improves the reaction between chloral and p-ni- 
trothiophenol; the hemithioacetal is not stable, so it is 
preferable to carry out this reaction in acetic anhy- 
drideZz7 which acetylates the hemithioacetal to a stable 
product. 

With ethyl thioglycolate, chloral reacts in refluxing ben- 
zene in the presence of HzS04, forming the monothio an- 
alog of chloralide with a yield of 

V 

CCI,CHO + HSCH2COOEt 3 c l&+oy  
S 

A product of similar structure was also obtained from the 
reaction between chloral and mercaptobenzilic acid.z29 

C6H5 

U SH 

With a representative compound of a-ketothiols 
(2-mercaptocyclopentanone), chloral reacts in ether in 
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the presence of pyridine, forming an acyclic hemithioace- 
which can be stabilized by acetylation: 

CH,CHSCH(OCOCH,)CCI, 
I 

COC2H5 

The melting of chloral hydrate with ethylenethiourea 
hydrochloride (with two nucleophilic centers, N and S) 
leads to the formation of an adduct of hemithioacetal 
structurez3' 

[ N)--SCH(OH)CC13 

High nucleophilicity of the sulfur atom also allows ad- 
ducts of a similar structure to be formed by the interac- 
tion of chloral with thioacetic and aromatic t h i o a ~ i d s . ~ ~ ~  

NH 

C. Interaction with Alkalies and Aliphatic 
Nitrogen Bases 

The decomposition of chloral and its hydrate under the 
influence of strong alkalies, to form chloroform and for- 
mates, is common knowledge; it is outlined in every 
course of organic chemistry and has found its application 
in the production of chloroform (notably of "chloroform 
pro narcosi") as well as for the quantitative determination 
of chloral hydrate as a drug.233 The use of D20 as the 
solvent permits one to obtain234,235 deuteriochloroform 
with a 90% yield and with isotopic purity up to 95%. The 
reaction apparently proceeds according to the following 
scheme:234 

CCI3CHO + OD- CCI3- + HCOOD 

HCOOD + OD- - D2O + HCOO- 

CCI3- + D,O - CDCI, + OD- 

In 1948 Nesmeyanov and associates236 found that in 
the degradation of chloral hydrate to chloroform, potassi- 
um fluoride can play the part of the base (the base func- 
tion being fulfilled by fluoride anion). ( I t  should be noted 
for the sake of comparison that heating of chloral with 
anhydrous hydrogen fluoride with catalysis by chromium 
oxide leads to fluoral without C-C bond rupture.237) In 
this case the yield of chloroform is quantitative. 

However, under certain conditions simultaneous hy- 
drolysis of the trichloromethyl group is observed, forming 
glyoxylic a ~ i d . ~ ~ ~ * ~ ~ ~  Similarly, in the alkaline hydrolysis 
of 4,4,4-trichloro-3-hydroxybutyric acid or its lactone,233 
only malic acid is formed, without C-C bond cleavage to 
give chloroform. In the case of phenyltrichloromethylcar- 
b i n 0 1 ~ ~ ~  the rate of trichloromethyl group hydrolysis de- 
pends only on the hydroxide concentration, and not on 
the nature of the cation; solvents with low dielectric con- 
stants hinder the reaction. These influences are of quite 
a different nature:238 the above solvents favor chloroform 
splitting off and the cation influence is in accordance 
with the series: Li < Na << K << C s  < Ca < Sr < Ba << 
TI; consequently with the use of excess potassium hy- 
droxide, the reaction is greater than first order. In case of 
thallic hydroxide, the order of the reaction is greater than 
one if the base is in excess; with equivalent proportions 
of reagents C-C bond cleavage takes place with chloro- 
form formation being second order. With excess chloral, 
hydrolysis to glyoxylic acid is the main reaction. 

On treatment of chloral with strongly basic aliphatic 
amines, the main reaction is formylation with the simulta- 
neous formation of c h l o r o f ~ r m . ~ ~ ~ - ~ ~ ~  This appears to be 
one of the best methods for obtaining formamides, whose 
yields (in organic solvents) reach 80%. 
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CCI3CHO + HNRtR2 - CHCI3 + R,R,NCHO 

In water i t  is also possible to isolate ammonium for- 
mate;240 the nature of the reaction products is deter- 
mined mainly by steric factors. For example, in the reac- 
tion between chloral and tert-butylamine, formamide is 
not formed at all. 

t 

HCOO- NH3R 
CCI,CH(OH), + RNH2 

~ R N H C H O  

Yield, YO R = ~ y c l o - C ~ H ~ ~  R = n-Bu R = tert-Bu 

Ammonium salt 2 6 92 
Formamide 72.5 73 0 

A kinetic study of the reaction between chloral hydrate 
and piperidine243 has shown that it is first order in the 
case of excess base, and is bimolecular with equimolar 
proportions or with an excess of chloral. With brief heat- 
ing at 100" of the mixture of chloral and nor-$-tropine 
both formylation of nitrogen and 
take place: 

NCHO 

hemiacetal formation245 

- 

OCH(OH)CCI, P 
+ CHCI, 

Under conditions of azeotropic distillation of the water 
or still better with the use of a catalyst such as ZnClp, it 
is possible to obtain azomethines of chloral upon the in- 
teraction with several primary strongly nucleophilic 
ami nes24 7-249 

ZnCI, 
CCI3CHO + RNH2 -H,o- CCI3CH = NR 

Amines of medium nucleophilicity may react with chlo- 
ral in the ratio 1 : l  or 2:l, as in the case of some substi- 
tuted a n i l i n e ~ : ~ ~ ~ , ~ ~ ~  

CC13CH(OH)NHAr 
CCI,CHO + ArNH, / 

CCI3CH(NHAr), 
-&.A 

Upon boiling for 72 hr in a mixture of AcOH-AcONa 
products of both structures are formed, but no definite 
dependence of the reaction trend on amine structure251 
was revealed. 

The interaction of chloral with aromatic amines in the 
presence of equimolar amounts of triethylaminez5' fol- 
lows a different course; formamides are formed accord- 
ing to the following suggested scheme: 

ArNH, - CCI C/O + NEt, - CCl,+CH/ ' ZEt, 
'H 

CHCI, + NEt, + HCONHAr 
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One should notice the difference between the reac- 
tions of aromatic alcohols and of amines with chloral: 
owing to the considerable nucleophilicity of the latter, 
chloral does not alkylate the carbon atoms of the ben- 
zene ring (as in the case of phenols; see section V1.E) 
but the nitrogen atom of the amino group. However 
o,o'-diaminobiphenyl is alkylated by chloral on the aro- 
matic rings253 because of the steric hindrance to alkyla- 
tion of the nitrogen atoms. 

Boiling of chloral with phenylguanazole in an aqueous 
solution leads to alkylation in position 1 of the heterocy- 
c1e2S4 

CCl&H(OH)N-NC,H, 
HN=L~J=NH 

With dicyandiamideZS5 chloral reacts in boiling acetone 
with the formation of an adduct: 

CCI,CH(OH)NHCNHCN 
II 
NH 

Treatment of chloral with weakly nucleophilic amino 
acids gives 5 - 0 x a z o l i d o n e s ; ~ ~ ~ - ~ ~ ~  also, products of a pep- 
tide naturezS8 are formed. In the latter case catalysis by 
t r i e t h ~ l a m i n e ' ~ ~  is advantageous (see Scheme I V ) .  

SCHEME IV 

CC13CH0 + HOOCCHCH,OH - + O m  
I O V N V O  
I 

"2 I I  
CI,C CCI, 

RN -CkR' 
I ,c- 

CC13CH-O 

= 
CCI3CHO + RNHCHR'COOH 

R = ,,A 
CCI,CH(OH)N -CH 

CC13C!H-d 

\2 
C 4  

The esters of amino acids may be formylate on the ni- 
trogen by 

CC13CHO + H2NCH2COOEt - 
CHO-NHCH,CONHCH,COOEt 

CC13CHO + H2N(CH2),COOEt --f CHO-NH(CH,),COOEt 

Chloral reacts differently with hydroxylamine. Naege- 
li260 obtained, instead of the anticipated chloral oxime, 
chloroglyoxal dioxime ("chloroglyoxime"). MayerZ6' iso- 
lated chloral oxime (mp 39-40') but H a n t ~ s c h ~ ~ ~ , ~ ~ ~  
failed to reproduce that result and obtained only a 1 : l  ad- 
duct and ch loroglyoxime. 

CCI,CH(OH)NHOH 

HOWCIC+NOH 

/ 
CCI3CHO + NH2OH 

Recently methods have been s ~ g g e s t e d ' ~ ~ , ~ ~ ~  for ob-. 
taining chloral oxime in high yield by heating chloral hy- 
drate with an aqueous solution of hydroxylamine hydro- 
chloride in the presence of an excess of calcium chlo- 
ride, which appears to play the part not only of a salting 
agent. By this method an isomer with mp 56' and bp 

76-78' (1 1 Torr) is obtained.264 The test with P-trichloro- 
methyl-P-propiolactone266 shows that the latter isomer is 
the anti oxime, in contrast with the syn oxime which has 
mp 39-40". 

There is a series of papers about the interaction of 
chloral with acid amides,267-277 resulting most frequently 
in 1: l  adducts ("chloralamides"): 

CCI3CHO + RCONH, ----t CCI&H(OH)NHCOR 

In the case of urea and similar b i s - a m i d e ~ , ~ ~ ~  bis(chlo- 
ralamides) are formed. Acid amides containing activated 
methylene groups are alkylated by chloral both on nitro- 
gen and carbon atoms, or only on carbon if  the nucleo- 
philicity of the nitrogen is decreased by a substitu- 
ent.274-276 (The results of Chattaway and James274 are in 
disagreement with those of Meldrum and D e ~ d h a r , " ~  
who observed only N-alkylation of malonamide by chlo- 
ral .) 

CCI,CH(OH), + CH,(CONH2)2 - 
(CCI3CHNHCO),CHCHCCI, 

I 
OH 

I 
OH 

CCI,CH(OH), + C,H,NHCOCH&OOH --+ 

CCI,CH(OH)CH,CONHC6H5 

ACCH~CONHCBH~ + CCI3CHO - 
CCI3CHCHCONHC6H5 + CCI~CHCH~AC 

I 
OH 

I I  
HO Ac 

All the reactions of chloral with acid amides are realized 
upon prolonged heating of the reagents without a solvent, 
or under more mild conditions using an acid catalyst. 

There are a few examples of the interaction between 
chloral and sulfonamides. Upon heating chloral hydrate 
with sulfanilamide in concentrated H2S04, salt formation 
by the aromatic amino group causes chloral to alkylate 
the amidic nitrogen; the cyclic structure proposed for the 
condensation product formed278 in the absence of acid 
seems unlikely (Scheme V) 

SCHEME V 

CCI,CH(OH), H2S04 + CCl3CH(NSO&eH4NH2)2 

'CkCCl, 

Odd0 and de le^,"^ investigating the reaction between 
chloral hydrate and benzenesulfohydroxamic acid at 20', 
have obtained an adduct which gave a negative reaction 
with FeCI3 (hydroxamic acid test), but this reaction was 
positive after treatment of the reaction mixture with alka- 
li. The investigators have proposed the following scheme 
of transformations: 

CCI,CH(OH), + CsHySO2NHOH - 
KOH 

CCl3CH(OH)NSO2C,H5.H20 - 
I 
OH 

CCI,C=NOK + C,H,SO,K + H2O 
I 
OH 

Such a decomposition of the adduct by alkali, with con- 
servation of the trichloromethyl group, may be put to 
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question. More probable is a hydrolytic cleavage with re- 
generation of the sulfohydroxamic acid, thus rationalizing 
the positive FeCI3 test: 

% 
CCI~CH(OH)NSO~CC~H, 

HZO I 
OH 

HOOCCH(OH), + CC~H~SO~NHOH 

Furthermore, it is important to note that CambiZE0 failed 
to reproduce the above results: during 8 days at 20" no 
changes in the reaction mixture were observed. 

N-Tosylethylenimine reacts with chloral with the en- 
largement of its ring to an oxazolidine:281 

7- ' TsNYo 
CCI3CHO + Ts-N 

CCI, 

Eccentricity of chloral reactivity in comparison with 
other aldehydes is particularly displayed in its interaction 
with hydrazines. Knopfer2a2~283 found that by treatment 
of chloral hydrate with hydrazine hydrate or with hydraz- 
inium salts in acetic acid, depending upon the tempera- 
ture, compounds CgH8C12N20 or C ~ H ~ C I ~ N Z O  (named 
"anhydrochloral") are obtained; the latter is also formed 
on heating chloral hydrate and hydrazine salts in water. 
Only in 1968 did Karabinos and his associates284 ascer- 
tain that the structure of "anhydrochloral" is the N-tri- 
chloroacetyl-"-hydrazone of chloral. As the reaction be- 
tween hydrazine hydrate (or its sulfate) and chloral pro- 
ceeds, a product is formed which differs from the above 
by a molecule of HCI; it is decomposed by aqueous alka- 
li. In contrast, the formation of the identical compound 
was confirmed by the action of a second mole of chloral 
on the adduct obtained by the reaction of chloral with hy- 
drazine in ether (Scheme V I ) .  

SCHEME Vi 

CHCI, + N, + CH,=CCI, + COP 

CCI3CONHN =CHCHCI, 
N2H4'H20 1 CC13CH0, 

AcOHt CCI3CHO 

N2H4 + CCI3CHO CCI3CHNHNHz 
I ether 

OH 

Substituted hydrazines react with chloral in various 
ways. Phenylhydrazines with electronegative substituents 
in the aromatic ring give unstable hydrazones which 
evolve HCI on heating. But this interaction is very specif- 
ic and depends on many factors: the kind of substituent, 
solvent, medium acidity, proportion of reagents and tem- 
perature. For instance, with 3-bromo-4-methylphenylhy- 
drazine, chloral reacts as shown in Scheme V I  

The less nucleophilic 2,4-dinitrophenylhydrazine 
(DNPH) and 2,4,6-trichlorophenylhydrazine are even 
more receptive to the above-mentioned factors in their 
reaction with Torres and BrosaZE6 and Ra- 
bassaZa7 obtained, after briefly heating chloral hydrate 
with DNPH in acetic acid, a mixture of chloroglyoxal and 
glyoxylic acid dinitrophenylhydrazones. The latter was 
also obtained by treatment of a cooled mixture of the re- 
agents with sulfuric acid in on heating in con- 
centrated HCI a mixture of chloral dinitrophenylhydrazone 

SCHEME VI1 

CCI3CHO + CH3 P"", 
Ejr 

1 
JEtOH 

E 1 0 0 C C I L = " H e H 3  
50" I Hzo c \ 

Br 

Br 

(mp 152-1 53' **) and chloroglyoxal bis(dinitropheny1hy- 
drazone) was formed.289 

ArNHN-CCICWNNHAr 

CC1,CH =NNHAr 
+ 

concd. HCi 

+ ROOCCH-NNHAr 

HOOCCH=NNHAr 

l * -  
CICOCH-NNHAr 

Ar =*, 

NO, 

Products of the same structure were also obtained by 
the interaction between chloral and 2,4,6-trichlorophen- 
ylh ydrazine: 

dil. HCi 
CCI, = CHN = NAr 

HCI ACZO + 
ArNHNH, CC13CH =NNHAr - HOOCCH = NNHAr 

AcOH AcONa 

CI 

Heating chloral hydrate with p-nitrophenylhydrazine in 
acetic acid, according to Stepanov and K u ~ i n , ~ ~ ~  leads to 

** Ross and Ringzg0 confirmed that one obtains chloral dinitrophen- 
ylhydrazone with the same melting point by treatment of the reagents 
with 12 N HCI; meanwhile earlierza8 it was communicated that the 
named compound was obtained, but with mp 131' by treatment of chlo- 
ral with DNPH in methanol with H2S04 catalysis. That erroneous melting 
point has been given by mistake in well-known r e f e r e n ~ e s ~ ~ ~ . ~ ~ ~  for 
identification of chloral in the form of its dinitrophenylhydrazone. 
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SCHEME Vill 
AcOH 

CC13CH(OH), + ArNHNH, 

CCI,CH(OH)p 
CCI,CH(OH)NHNHAr - 

ArNHNH, 
CCI,CH(OH)COCCI3 - 

CCI,CH(OH)COC=NNHAr - 
I 

OH 
CCI&H(OH)p 

(HO),CHC = NNHAr ____f 

I 
OH 

ArNHNH 
CCI,CH(OH)COC=NNHAr 

I 
OH 

-H@ A r N H N n  OH 
HO 

(HO),CHCC(OH) = NNHAr - 
N - I 

II 
NNHAr 

I 
Ar =-(@NO2 Ar 

a product of composition C15H1z0,jNz, to which they as- 
sign the structure of a substituted pyrazoline, and pro- 
pose the mechanism in Scheme VI1 I for its formation. 

Torres and a ~ s o c i a t e s ~ ~ ~ ~ ~ ~ ~  have doubted that mecha- 
nism and attempted to confirm the structure of the reac- 
tion product, but these investigatorszg3 have succeeded 
only in isolating p-nitrophenylhydrazones of glyoxylic acid 
and d ichloroglyoxal. 

Interaction between chloral and acid hydrazides (ben- 
zoic,294,295 isonicotiniczg6) leads to appropriate N-acyl- 
"-hydrazones of chloral. 

Chloral with thiosemicarbazide forms thiosemicarba- 
zonezg7 or its hydrate.298 The interaction with S-methyl- 
thiosemicarbazide has been used by Chang and UI- 
brichtZg9 for the synthesis of 6-azauracil. They have also 
obtained its 2-14C-analog through the interaction between 
chloral and 14C-semicarbazide (Scheme I X ) .  

An interesting use of chloral was discovered by Kame- 
tani and a ~ ~ o c i a t e s . ~ ~ ~ - ~ ~ ~  Appropriate acid amides or 
esters are formed by boiling chloral with acid hydrazides 
in the presence of nucleophiles (amines, alcohols). In 
the authors' opinion dehydrazination takes place through 
the intermediate chloral hydrazone which in some cases 
was isolated: 

R'NH, 
CCI3CHO + RCONHNH, --t RCONHN=CHCCI, - 

1 

RCONHR' + CCI,CH=NNH, 

D. Interaction with HCN in Alkaline Media 
Wallach's d i s ~ o v e r y ~ ~ ~ ~ ~ ~ ~  of the transformation of 

chloral hydrate into dichloroacetic acid or its esters by 
the action of aqueous or alcoholic potassium cyanide has 
much practical importance because of the limited acces- 
sibility of such compounds in other ways. This reaction 
(named sometimes "Wallach's reaction") plays a deci- 

SCHEME IX' 

CC13CH0 + H,NNHC=NH - 
I 

SMe 

CCI,CH(OH)NHNHC=NH 3 
I 

SMe H 
t HZO 

CCI3CHO + HzNCONHNHz.HCI 3 

H,N;ONHN=CHCOOH - 
2. H,O/H' 0 

H 
a Upon interaction in water Wallach also isolated an adduct, 

3CCI3CHO * HCN. 

sive role in dichloroacetylation, for instance in syntomy- 
cin and laevomycetin synthesis.308 

B 
CCI,CH(OH), + p-N02C,H,CH(OH)CHCH2OH + CN- - 

I 
"2 

p-N02C,H,CH(OH)CHCH2OH 

I 
NHCOCHCI, 

6 = base for neutralization of HCI (C,H,N, Et3N, CaCO,, 
AcONa, Na,CO,, excess of CN- itself) 

Instead of alkali cyanides, acetone cyanohydrin may be 
used;309~3'0 in this way the yield of syntomycin (at that 
stage) can be increased to 95.5%. 

The mechanism of Wallach's reaction has been investi- 
gated only recently. Questions which arise are the fol- 
lowing: 

1. Does the carbonyl carbon atom of the dichloroacetic 
acid come from the chloral molecule or from cyanide 
ion? 

2. What Is the origin of the hydrogen atom in the di- 
chloromethyl group of the acid molecule: is it a result of 
hydrogen migration from chloral or does it come from the 
protonic solvent in which the reaction is carried out? 

In particular it was supposed309~311-314 that cyanide 
ions perform only a catalytic function. Kotz3l2 and Pin- 
ner313 thought that at first chloral cyanohydrin is formed, 
with two directions of reaction then becoming possible: 

leading to dichloropyruvic acid nitrile with "a" and "b", 

subsequent elimination of HCI: 

CCI3CHO + HCN CIZCHCOOH 

+H,O 1 -HCN 
CCI2 = C(0H)CN 

I CIzCHCOCN 
> 

/ CCI,CH(OH)CN 
C12C - CHCN 

\ /  
0 

Francis and Davis315 have confirmed the intermediate 
cyanohydrin formation; by carrying out the reaction in the 
presence of benzoyl chloride they obtained the benzoyl 
derivative of chloral cyanohydrin. Concerning the further 
transformation by path "a",309,31 1,316 the possibility of 
the following redistribution of electron density was sup- 
posed3": 

H 
1 #-I 

I 
CI-CCI2-C<N - CHCI2COCN 

OH 
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Cram and Hammond317 proposed a mechanism for 
Wallach's reaction that included attack by cyanide ion on 
an epoxide ring which is formed by basic catalysis: 

U 
base \ 

CI--CCI,CHOH - CI,C-CHOH - 
71 -0 CN- 

f )  H O  
CI2C-CHOH + CI2CHCN CIPCHCOOH 

I I7 
NC 0' 

A mechanism proposed by Muller318 neglects the par- 
ticipation of cyanide ion and foresees only hydride trans- 
fer in accordance with the scheme: 

H 
f-? <-I- .R 

CCI,CH-0 CI-CCI2-C-0- - CI&HCOOH 
I 

OH 

From the above discussion the viewpoints of investiga- 
tors on two main questions are clear. Most of them agree 
that the carbonyl group of chloral is transformed into the 
carbonyl group of the dichloroacetic acid. In Cram and 
Hammond's opinion, the carboxyl group is formed by hy- 
drolysis of the initially added cyanide ion. 

Concerning the hydrogen atom of the dichloromethyl 
group in the acid, all investigators except Muller assume 
that the solvent is the hydrogen donor. The reaction be- 
tween deuteriochloral hydrate and KCN and also the 
reaction between chloral and K14CN play a decisive role 
in resolving these questions. By NMR analysis the fol- 
lowing course of the reaction49 was suggested: 

CCI,CD(OD), 3 CHC12COOH 

The isotopic purity of the hydrogen atom in the CHCI2 
group was ca. 90% protium. In this way, path "b" (of the 
Kotz and Pinner scheme) and the hydride transfer mech- 
anism318 were rejected. 

Interaction between chloral and K14CN in methano1319 
(by analogy with unlabeled KCN3'O) leads to methyl di- 
chloroacetate without 14C in the carbonyl group. Thus the 
catalytic function of the cyanide ion was confirmed. 

Finally, the research by Khaskin and associates310 on 
the influence of amine structure on the yield of dichloroa- 
cetylated aromatic amines using chloral with acetone cy- 
anhydrin is pertinent. These authors have shown that the 
yield of amide increases with increasing basicity of the 
amine, taking into account the hydrolysis of the interme- 
diate dichloropyruvonitrile in aqueous medium. In the 
case of @-naphthylamine and o-chloroaniline it is neces- 
sary to carry out the reaction in the absence of water (tri- 
ethylamine is used to neutralize the HCI), 

E. Interaction with Aromatic Compounds 
Much research on chloral has been devoted to its in- 

teraction with aromatic compounds, But in some cases 
the structure of products and the reaction mechanism 
are still in doubt and constitute a subject for future re- 
search. 

I t  is interesting that aryltrichloromethylcarbinols, which 
are obtained as a consequence of alkylating aromatic 
compounds by chloral, may be transformed into al- 
dehydes and a-hydroxy acids by solvolysis of the trichlo- 
romethyl group.321 These reactions have both preparative 
and industrial interest. 

ArCHO + CHCI, 
concd OH- 

ArCH(OH)CCI, ArCH(0H)COOH + ArCOCHO 

ArCHCOO- 
I 

OAlk 

Chloral and its hydrate react with benzene and its alk- 
ylated homologs only in the presence of acidic catalysts. 
In concentrated H2S04 or as the monohydrate, the reac- 
tion takes place with the formation of trichloroethane and 
trichloroethanol  derivative^.^^'-^^^ 

CCi,CH(OH), + ArH - CCI,CH(OH)Ar + CCI,CHAr2 

In the presence of aluminum chloride the reaction with 
benzene leads to different products depending on the 
quantity of catalyst and the solvent. By heating in CS2 
mainly a mixture of the following compounds is ob- 
tained:329 ( P ~ z C H - ) ~ ,  Ph2C=CPh2, Ph2CH2, Ph3CH, 
PhCH=CC12, Ph2C=CC12. In  the absence of CS2 other 
products are obtained: CC13CHPh2, PhCCI2CHO, HC1;330 
CC13CHPh2, Ph2CCICHPh2331 (in the last case a com- 
pound was also isolated which was assigned the struc- 
ture of a "salt": CeH4(CC12CHPh2)2 - HCI). 

Musante and Giraldi,332,333 who studied the interaction 
between chloral and biphenyl with AICI3 as a catalyst, de- 
pending on the solvent, have obtained either a condensa- 
tion product (1:2) or a compound lacking a trichloro- 
methyl group (its structure was established by reduction 
and oxidation 

CCI3CHO + 

to the known products). 

8 
4 1 % 

CS, f 
AICI? / 

1 Zn-AcOH 
2 NI NaOH \ 

The reaction product from chloral and p,p'-dichlorobi- 
phenyl in CS2 in the presence of AIC13 also has no tri- 
chloromethyl group (as deduced by the test with alcohol- 
ic KOt-t332). 

Treatment of chloral with naphthalene in the presence 
of Lewis a ~ i d s ~ ~ ~ - ~ ~ ~  leads to a mixture of 1- and 2-naph- 
thy1 derivatives of trichloroethanol and trichloroethane, 
whose composition depends upon solvent, temperature, 
and proportion of initial reagents. So by NMR analysis it 
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was detected that the main product is not ,& (as claimed 
in earlier papers) but a-naphthyltrichloroethanol (up to 

It is clear that the course of the reaction between chlo- 
ral and substituted aromatic compounds is subject to or- 
ienting influence of substituents. Bis(ary1)trichloroethanes 
are formed338 from chloral and monosubstituted ben- 
zenes in the presence of H2SO4: 

The aromatic ring reactivity decreases in the series R = 
MeO, Me, CI, NHAc, COOH, N02. 

The reaction between chloral and chloro- or other halo- 
benzenes has been broadly i n v e ~ t i g a t e d ~ ~ ~ - ~ ~ ~  because 
of the practical use of DDT. The reaction proceeds under 
mild conditions with acid catalysis according to the above- 
mentioned scheme. For the synthesis of DDT, sulfuric 
acid or oleum was ~ ~ e d ~ ~ ~ , ~ ~ ~ - 3 ~ 0 , 3 5 2 - 3 5 ~  as the preferred 
catalysts; however, in such cases the crude DDT may in- 
clude up to 14 (!) by- and secondary products.352 The 
use of solvents such as CS2, CCI4, chloroform, or petrole- 
um ether hardly decreases the yield of DDT.346 

Concerning the use of Lewis acids such as AlCl3 or 
ZnC12,334,355*356 there is a communication about ob- 
taining DDT under such conditions; however, the main 
products were bis(p-dichlorodiphenylmethane) and 
p-chlorophenyltrichloroethanol; the last was also obtained 
by Ettel and W e i ~ h e t . ~ ~ ~  Musante and have iso- 
lated, using AIC13, a little 9-phenyltrichlorophenanthrene. 

The following catalysts failed to give DDT in this reac- 
tion: SOC12, SO2C12, P2O5, H3P04,346 and also hydrogen 
chloride.349 Up to 1947, in the presence of HS03CI, the 
industrial yield of DDT was339 67-69% (compared to 
62% with H2SO4 and 58% with HF351 as catalysts). At 
the same time a method for DDT synthesis was published 
in which, on heating chloral with chlorobenzene at 
30-50" in monohydrate medium, the yield increased to 
80 YO. Later the use of oleum increased the yield of DDT up to 
92-93 % .354 

There is an opinion349 that the role played by the 
H2SO4 involves formation of p-chlorobenzenesulfonic 
acid, which is then condensed with chloral to give DDT, 
but more probably one may account for the catalytic ef- 
fect as a consequence of protonating the chloral carbonyl 
group by strong acid.340 However, the mechanism of ca- 
talysis in DDT synthesis seems not so simple or unique. 

The acid-catalyzed reaction of fluorobenzene with 
chloral gives34'-343 the fluoro analog of DDT and also 
some 0- and p-fluorophenyl derivatives of trichloroethane; 
the yield of "fluoro-DDT" decreases at lower tempera- 
tures. 343 

Polyhalobenzenes react with chloral to give trichlo- 
roethane derivatives, for example357 

X 

oleum 
40-68". 10-15hr 

CCI3CHO + X& 

The temperature and yield increase in the series X = 

CI < Br < I 

The interaction of chloral hydrate with 2,4-dichloroani- 
sole in concentrated H2S04 leads to alkylation in the 5 
and 6 positions of the aromatic ring:35*,359 

%I 

C C l 3 C H ( - $ - C  + 

H SO u 

Hamada359 obtained the same compounds by the inter- 
action between chloral and 2,4-dichlorophenol with sub- 
sequent methylation. 

Ettel and Weichet found360 that in sulfuric acid, be- 
sides the products of alkylation by chloral, a condensa- 
tion product was formed which has the benzodioxane 
structure; in oleum the reaction leads mainly to benzo- 
thiadioxane S,S-dioxide (Scheme X ) .  

SCHEME X 
CI 

CCI3CHO 

+ coned H2S0, 

CCI, 

+ 

2,6-Dichlorohydroquinone condenses with chloral in 
the presence of sulfuric acid to form a b e n z ~ d i o x a n e : ~ ~ '  

The reaction between chloral and 2,4-dichlorophenol 
with AIC13 catalysis362 gives 1-(2-hydroxy-3,5-dichloro- 
phenyl) -2,2,2-trichloroethanol. 

Chlorinated acetophenones are not alkylated in the ar- 
omatic ring with chloral. On long boiling in acetic acid 
the activated methyl group reacts363 with the formation of 
a suitably ring-substituted 3-hydroxy-4,4,4-trichlorophen- 
yl butanone. 
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The acid-catalyzed interaction of chloral with anisole 
has been studied by many investigators: 
H2S04,364,365,368,370 BF3,366 and E ~ S O J H ~ ~ ~  were used 
as catalysts. This reaction was 
both at high temperatures (with azeotropic distillation of 
water) and at low temperatures. The product obtained is 
the appropriate bis(ary1) trichloroethane (bromal does not 
react with anisole to form a product with such a struc- 
t ~ r e ~ ~ ~ ) ,  but an intermediate derivative of trichloroethanol 
may also be isolated.366 

With electronegatively substituted anisoles (for exam- 
ple, 0- or p-COOH, -NO?) chloral reacts almost entirely 
in one way361 , 3 7 1 - 3 7 3  to give 2-methoxy-4-methyl-5-( 1 -hy- 
droxy-2,2,2-trichloroethyl) benzoic acid. However, at high 
temperatures (100’) and by using a mixture of H2S04 
and HCI as a catalyst, the yield of that compound de- 
creases because of by-product formation, particularly 
sulfonated derivatives.371 o-Nitroanisole reacts easily 
with chloral in the presence of H2S04 without heating,374 
forming a mixture of aryltrichloromethylcarbinol and 
bis(ary1)trichloroethane derivatives (the latter predomi- 
nates in the absence of a solvent) and also traces of 
2,6-dimethoxy-3,7-d initro-9,lO-bis(trichloromethyI)dihy- 
droanthracene. 

Veratrol with chloral on heating in the presence of 
AIC13 forms bis(veratryl-4)trichloroethane, whereas on 
cooling the appropriate trichloroethanol derivative is 
formed.375,376 In CS2, bis(veratry1-4) dichloroethylene 
was obtained.377 Under the influence of H2SO4 this reac- 
tion is more complex.364,375,376,378-381 Arcoleo and as- 
s o c i a t e ~ ~ ~ ~  carried out this process in acetic acid and 
obtained, besides the main product, bis(veratry1-4)trichlo- 
roethane and also 4,5-bis[l-(3,4-dimethoxyphenyl)- 
2,2,2-tr i  ch loroet hyl]-l,2-dimethoxybenzene, 1 , l  -his- 
I 2- [ 1 -(3,4-dimethoxyphenyI) -2,2,2-trichloromethyl]-4,5-di- 
methoxyphenyl)-2,2,2-trichloroethane, 2,3,6,7-tetrameth- 
oxy-9,lO-bis(trichloromethyI) -9,10-dihydroanthracene, its 
9,1O-bis(dichloromethylene) derivative, and also a hy- 
drocarbon (containing no chlorine) which was further379 
characterized as an anthracene derivative. 

By the action of twofold excess of veratrol up to 85% 
bis(veratry1-4)trichloroethane is formed and in case of 
excess chloral a large quantity of dihydroanthracene is 
~ b t a i n e d . ~ ~ ~ . ~ ~ ~  

2,3,6,7-Tetramethoxy-9,1 O-dihydro-9-anthracene-9-car- 
boxaldehyde has also been isolated as a reaction product 
from the interaction between chloral and veratrol with 
H2SO4 ~ata lys is .3~0 

Chloral reacts with 4-methylveratrol in a mixture of 
acetic and sulfuric acids to form mainly bis(ary1-5)trichlo- 
r ~ e t h a n e . ~ ~ ’  With bis(veratry1)methane and -ethane, 
chloral hydrate yields anthracene derivatives.380 

n = l ,  R = H  
n = 2 ,  R = M e  

R 

Me0  OMe 

CCI, 

But with the methyl ester of bis(veratry1)acetic acid381 
the expected 2,3,6,7-tetramethoxy-9-trichloromethyl- 

SCHEME XI 
HOOCCH(OH), 

+ 
CCI, 
I 

OMe CC13CH(OH), 
+ 

COOMe 

M e 0  OMe 

H,SO, + A c O H l  \ 
1, H,SO, + AcOH 
2. decomposition 

by ice 

M e 0  OMe 

OMe 

COOH 

9,lO-dihydro-l O-carboxyanthracene is not formed: this 
has been confirmed by independent synthesis (Scheme 
XI ) .  

T h i o a n i s ~ l e ~ ~ ~ , ~ ~ ~  and t h i o ~ h e n e t o l e ~ ~ ~  condense with 
chloral on cooling in the presence of H2SO4 or AIC13 in 
CS2 with the formation of the corresponding p-bis(aryl)tri- 
chloroethanes in high yields. A publication386 about the 
analogous interaction between chloral and phenyl thiocy- 
anate was disproved later by the same authors387 and 
also by Rimschneider and associates;388 in fact, the 
reaction takes the following course 

CCI,CH(OH), + ArSCN - CCI,CH(NHCOSAr), 

with a quantitative yield (Ar = C6H5) using the catalyst 
H2SO4 and in 57% yield in the presence of oleum.386 

Reactions of chloral with aromatic alcohols have been 
investigated using both acid and basic catalysts. Chloral 
condenses with phenol in the presence of aluminum 
chloride to form b is (p-hydroxypheny l ) t r i~h lo roe thane;~~~ 
if chloral hydrate is added to a solution of phenol in sulfu- 
ric acid.389 chloralidesulfonic acid is obtained: 

CCI, 

Derivatives of chloralide are also obtained by the interac- 
tion of chloral with some 2,4-disubstituted phenols in the 
presence of H2S04.390 

CCI, R R‘ 
J. CI CI 
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B a ~ k e b e r g ~ ~ O  failed, however, to obtain the products of 
established structure from chloral and hydroquinone: 
p-cresol, 4-chloro-, 2-chloro-4-nitro-, 2,4- and 3,4-dimeth- 
yl-, 4-bromo-2-methyl-, and 4-nitrophenols under the 
same conditions. Later Haskelberg and L a ~ i e ~ ~ '  obtained 
reaction products from chloral and 4-nitrophenol accord- 
ing to the following scheme: 

CCI, 
I 

Cl,C' 

CCI, 
I 

OH CCI, OH 

According to C h a t t a ~ a y , ~ ~ ~  the above formed benzochlo- 
ralide has the 7-nitro structure. 

The products obtained from the interaction of chloral 
with resorcinol depend on the acidic catalyst used. They 
include 4-resor~yl t r ichloroethanol ,~~~ 1 ,1-bis(resorcy1- 
4)-2,2-dichloroethylene (in CS2 in the presence of 
AIC13334), and 6-hydroxyfluorene-l O-carboxylic acid.394 

Guaiacol with chloral and an acidic catalyst forms the 
adduct 4-hydroxy-3-methoxyphenyltrichloroethano13g3~3g5 
(in yields up to 85%395) and bis(ary1)trichloroethane (at 
Oo,  in acetic acid396). 

Phenolic acids react with chloral in the presence of 
strong mineral acids differently depending on the ring 
substituents. p-Hydroxybenzoic a ~ i d ~ ~ ~ , ~ ~ ~  is condensed 
to a cyclic product, 2,4-bis(trichloromethyl)-6-carboxy- 
1,3-benzodioxane (similar to the reaction with 4-nitrophe- 
~ O I ~ ~ ~ ) .  By the interaction with rn-hydroxybenzoic acid399 
chloral alkylates the aromatic ring in the 2-position. 

Base catalysis of the reaction of chloral with phenols 
leads to p-hydroxyaryltrichloroethanols406-408 (and some 
ortho isorner4O8) which, by boiling in water407 or reaction 
with aqueous alkali,408 leads to aromatic hydroxy al- 
dehydes (Scheme X I I ) .  [Balfe and Webber,409 who car- 

SCHEME XI1 

HO COCHO 

H,O/ 100" 

OH 
OH 

CCI,CHO + Me +COOH - H2S04 

HO' 

+ aCHO OH 

~ C I ,  

The reaction between chloral and salicylic acid, its es- 
ters, and substituted  derivative^^^' 9 3 7 2 , 4 0 0 - 4 0 3  in the pres- 
ence of H2SO4 leads as a rule to the formation of 
4-(  1-hydroxy-2,2,2-trichloromethyl)salicylic acid and its 
substituted derivatives; with an excess of salicylic acid a 
derivative of trichloroethane is formed.401 ,402 In the pres- 
ence of a mixture of H2SO4 and NaCI, suitable 
1,2,2,2-tetrachIoroethane derivatives are obtained.403 
4-Methylsalicylic acid is alkylated by chloral in position 
5.404 

Gallic acid405 reacts with chloral (H2S04 catalysis) to 
give, depending on proportion of reagents, the condensa- 
tion products shown at the top of the next column. 

Strongly electronegative substituents hinder such reac- 
tions. For example, 3- and 5-nitrosalicylic acids do not 
react with chloral even on heating with sulfuric acid in a 
sealed 

ried out the reaction between chloral and phenol in chlo- 
roform with potassium carbonate or acetate, obtained 
7.5% chloral hemiacetal. They also obtained a hemiace- 
tal in the reaction with p-cresol (yield 35%); in solution, it 
isomerized to (3-p-cresyl)trichloroethanol.] Thus chloral 
can successfully replace chloroform in the Reimer-Tiem- 
ann reaction; thus arises its use as a formylating agent, 
particularly in the vanillin synthesis. 

The reaction of chloral with aromatic amides takes two 
paths. Heat without a catalyst leads to alkylation of the 
amidic nitrogen by chloral, for instance, with naphthoic 
acid amides410 and substituted ~ a l i c y l i c , ~ ~ ~ , ~ ~ ~  toluyl- 
ic,413 and some other acid  amide^.^'^-^'^ Chloral con- 
denses with anthranilic acid amide415 to give a quinazo- 
lone: 

0 

50% 
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On the other hand, if the amide nitrogen is bound to an 
aromatic ring, it is not alkylated, but substitution of a hy- 
drogen in the para position of the ring proceeds (when it 
is not hindered by other  substituent^);^^^-^^^ sulfuric acid 
plays a catalytic function, for 

0 

H2S04 

-C6H5 + CC13CH0 - 
50°, 21 hr 

SCHEME Xlll 

CCI,CH(OH), 
+ 

H2S04 - CCI&H( q S C O N H z ) z  
m S C N  S 

20-25% 
CCI&H(OH), 

a 7% 

Under such conditions succinimide does not react with 
~ h l o r a 1 . ~ ~ ~ - ~ ~ ~  With excess of phthalanilide, 1 -(p-phthala- 
nilido)-1,2,2,2-tetrachloroethane also has been isolat- 
ed.428 Derivatives of the last compound are also formed 
by the interaction of chloral with acetanilide in the pres- 
ence both of H2S044242427 and its mixture with phospho- 
rus oxychloride.422 The interaction with N-acetyl-p-toluid- 
ine420,421 , 4 2 3 3 4 2 8 , 4 2 9  is accompanied by many side reac- 
tions. p-Nitro- and p-bromoacetanilides do not react with 
chloral in the presence of H$304.424 

To conclude this part of the review we will discuss the 
interaction between chloral and heteroaromatic com- 
pounds. 

Derivatives of furan430,431 and t h i ~ p h e n e , ~ ~ " ~ ~ ~  under 
acidic catalysis and cooling, are alkylated with chloral in 
the a-position, forming trichloroethanol and trichlo- 
roethane derivatives, depending on the proportion of re- 
agents and on the kind of substituent R: 

CCI&H(OH)z 
+ 

CC13CH R 
I 

6-metho~y-4-methyl-2-phenylquinol ine,~~~ 2-methylquina- 
~ o l o n e - 4 , ~ ~ ~ ~ ~ ~ ~  and 2 - m e t h y l t h i a ~ o l e . ~ ~ ~  The first stage 
of the synthesis of dihydroquinotoxine and dihydroquinine 
proceeds in such a way:441 

CHzCH(OH)CCI, CH3 

CC13CH0 + hCzH5 ----f bCzH5 
In contrast to these compounds, quinaldine reacts with 

chloral to form (2-methylquinolyl-3)-trichloroetha- 
no1,447-450 but 2-amino-4-hydroxy-6-methylpyrimidine and 
its N-substituted derivatives are alkylated by chloral in 
pyridine medium at position 5;  this has been con- 
firmed451 with alternate synthesis via the Reimer-Tiem- 
ann reaction (Scheme X I V ) .  

SCHEME XIV 

OH 
I 

OH 

x=o, s CC13CH (q R) 2 

With 2,5-dichlorofuran in oleum, bis(2,5-dichlorofuryI- 
3)trichloroethane is obtained in 60% yield.432 The reac- 
tion of chloral with 2-tert-octyl-, 2,5-di-tert-butyl-, and 
2,3,5-trichlorofurans failed.432 

2 - l s o t h i o c y a n 0 - , ~ ~ ~  -thiocyano-, and - t h i o ~ a r b a m i d o - ~ ~ ~  
thiophenes react with chloral hydrate by the routes 
shown in Scheme XI I I 

4-Hydroxycoumarin is alkylated by chloral in the 3 po- 
sition to the corresponding trichloroethanol deriva- 

Addition of chloral to 8-hydroxyquinoline also occurs, 
not on the weakly nucleophilic oxygen438 but on position 
5 of the ring.439 

Heating chloral and 4 - h y d r o ~ y p y r i m i d i n e s ~ ~ ~  in pyridine 
gives hetero 5-trichloroethanols, from which one obtains 
pyrimidine-5-carboxaldehydes in a modified Reimer- 
Tiemann reaction. 

Aromatic compounds with activated methyl groups 
react with chloral at that site rather than on the ring. 
Reactions of this type take place with collidine (both in the 
presence of soda as a ~ a t a l y s t ~ ~ l . a n d  by heating without a 
catalyst44z), 3 -e thy l - y -p i~o l i ne ,~~3  4-methyl-2-phenyl- and 

tive,436,437 

I looo, 2 hr 

OH 

OH 
I 

I OCH -AN 
Me 

- 
In the synthesis of pteridines from chloral and 4,5-di- 

amino-6-hydroxypyrimidines with the acidic or basic cata- 
lysts, the  investigator^^^' proposed the following rnecha- 
nism (through such a mechanism the above-mentioned 
results of Hantzsch in the reaction between chloral and 
h y d r o ~ y l a m i n e ~ ~ ~ , ~ ~ ~  were explained), Scheme XV (based 
on the results of Fields and Sandri453 concerning chlorine 
transfer in aziridines). 

Benzotriazole is alkylated with chloral in refluxing ben- 
zene to a (heteryl-1 ) t r i c h l ~ r o e t h a n o l . ~ ~ ~  

F. Synthesis of lsatin 
By adding to an aqueous solution of chloral hydrate an 

equimolar quantity of aniline -(the use of excess aniline 
leads to amidine,457 HON=CHC(NHC~HS)=NC~H~),  fol- 
lowed by a hydroxylamine salt with subsequent boiling of 
reaction mixture, S a n d m e ~ e r ~ ~ ~  obtained isonitrosoace- 
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SCHEME XV 
CCI&H(OH)2 

- + 
"2 
I I ?H 

L 

CI CI 

1 OH 

tanilide with a high yield; the product is transformed into 
isatin in acidic media:456 

HONH,.' ,H@4 + 

0 
\\ 

CI,C 
"2 

0 

Instead of chloral and hydroxylamine one can use 
chloral oxime.458 The yield increases to 60-90%458 with 
an increase in the basicity of the aniline; a pH increase 
acts inversely as does the presence of salts with the 
same anion. Sandmeyer's reaction takes place in the 
presence of sodium sulfate, ch,loride, and bromide, but it 
does not take place in the presence of other sulfates or 

SCHEME XVI 

H2N 

m-, P- 

1 
C,H,(NHCOCH=NOH), 

LH'(H20) 

HON-CHCONH 

sodium acetate, formate, citrate, fluoride, and dihydro- 
phosphate. The salts may play a buffer role, but there is 
no firm understanding of their function. 

Starting with 0-, rn-, and p-phenylenediamines, 
M o r s ~ h ~ ~ ~  has shown that only the latter two react with 
chloral to give substituted isatins;. o-phenylenediamine is 
cyclized to a hydroxyquinoxaline (Scheme XVI). 

Petrov, Somin, and K u z n e t s ~ v , ~ ~ ~ - ~ ~ *  who studied the 
interaction of aromatic diamines with hydroxylamine and 
chloral or its oxime, have established that in the case of 
gem-N,N-disubstituted o-phenylenediamines the end 
product is a derivative of 2-formylbenzimidazole (as 
oxime) as a consequence of intermediate imidochloride 
formation: 
- 

-RCI 
----f 

N-C-CH 

G. Interaction with Phosphorus Derivatives 
With phosphorus derivatives chloral reacts as a rule as 

an oxidizing agent and transforms phosphorus from P( I I I )  
to P(V) ,  

Phosphine adds two molecules of 

2CCI3CHO + PH3 ( cc13z-), PHO 

In contrast, Girard464 has assigned the product of the 
reaction between chloral hydrate and phosphonium io- 
d ide the bi s ( N- h y d rox y -P, @, 6-t r ic h loroet h y I ) - 
phosphine. For the adduct of chloral and triethylphos- 
phine, Collie465 has proposed the structure 

structure 

CCISCH - PEt, 
\ /  

0 
The reaction between chloral and methylpropylphenyl- 
phosphine466 produces a compound which, on hydrolysis, 
gives a pentavalent phosphorus product lacking chlorine: 

Pr 

I 
I 

1 ether, 0" 
2 H20 Pr 

Me 
'PC,H, + CC13CH0 - MeP=O / 

C6H5 

Most aldehydes, on being heated (190-200") with 
phosphorus trichloride, condense to give RCHCI-PC12 (R 
= alkyl or, better, aryl). In  contrast, chloral does not 
react even on heating to 270' for 5 hr.467 In methanol a 
reaction takes by the following path:468 

CC13CH0 + PCI3 + MeOH - CCl,CH(OH)PO(OMe), 

Compounds with the same structure or their dichloro- 
vinyl derivatives are obtained by heating chloral with trialk- 
yl phosphites, with or without a dichloro- 
vinyl esters are preferred when there are different substit- 
uents in the initial phosphite: 

CCI3CH(OH)PO(0R)(ORf) 
CC13CH0 + ROP(R'O)(R"O) 

CCI,=CHOP(OR)(OR') 
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Before P e r k ~ v ’ s ~ ~ ~  and K h a r a ~ c h ’ s ~ ~ ~  investigations 
(by analysis of ir spectra), it was ~ o n s i d e r e d ~ ~ ~ - ~ ~ ~  that 
the above transformation involves an Arbuzov rearrange- 
ment475 

dioxane, 50” 
CCI3CHO + (Et0)sP (EtO),P(O)CCI,CHO 

The same result, in Arbuzov and Alimov’s opinion,475 
arises in the exothermic reaction between chloral and 
ethyl pyrophosphite, which usually reacts with other al- 
dehydes in a different way: 

(Et0)2P-O-P(OEt)z + RCHO --t 
(EtO)2P-OCHR-P(O)(OEt)z 

R = CC13 

The reaction between chloral and mono- and diesters 
of di- and monoalkylphosphonic acids proceeds accord- 
ing to the following scheme, in good yields.473,478-482 

0 
\ II 

Y’ Y’ 

X 
\ 

X 

CCI3CHO + P-OR - P-OCH-CC12 

With dial kylphosphonic acid itself, according to Arbramov 
and D ’ y a k o n o ~ a , ~ ~ ~  chloral forms the appropriate trichlo- 
roethanol derivative. 

On the action of chloral with amidodialkyl phosphites, 
trans-esterification to dichlorovinyl derivatives484 takes 
place. 

CCI3CHO + (R0)zHNR‘R” -----t CI2C=CHOP(O)(OR)NR‘R” 

In this reaction, in the place of amido phosphites, one 
may also use dialkyl chlorophosphites, suitable amines, 
and triethylamine. 

With organic compounds including a pentavalent phos- 
phorus, chloral forms mainly trichloroethanol derivatives. 
Dialkyl phosphites add easily to the chloral carbonyl 
g r o ~ p ; ~ ~ ~ - ~ ~ ~  basic catalysis, which is necessary for addi- 
tion to other  aldehyde^,^ is not required.491 The yield of 
the reaction 

decreases from 100 to 56% on changing R from Me to 
Pr.431 In alkaline media rearrangement takes place, lead- 
ing to dichlorovinylic esters which accompany the main 
reaction product. Specific catalysis of the addition of 
chloral to dialkyl phosphites by ethylene oxide does not 
cause isomerization with hydrogen chloride elimina- 

The reaction between chloral and dibutyl acetyl phos- 
gives dimers, whereas with other dialkyl acetyl 

phosphites mainly a-acetoxy-p,p,p-trichloroethyl- dialkyl 
phosphites are obtained (products from HCI elimination 
were not isolated). The authors433 proposed for the 
above reaction the following structure for the activated 
complex: 

(R0)2P-CHCCI3 
I I  

AcO O- 
The reaction with pentavalent phosphorus acid am- 

i d e ~ ~ ~ ~  results in nucleophilic addition of the amino group 
to the chloral carbonyl group. 

Organic phosphates435 react with chloral on cooling to 
give reesterification products with hydrogen chloride 
elimination (mixed dichlorovinyl phosphates). 

From the interaction between chloral and hypophos- 

phorous acid, its potassium salt and esters, mono- and 
bis(a-hydroxy-P,P,P-trichloroethyl) phosphonites are 
formed.463,436,437 High yields of the latter are obtained 
on refluxing in an anhydrous solvent or by heating the 
reactants without a 

Dialkyl thiophosphites differ from their oxygen analogs 
by forming, with chloral, dichlorovinylic t h i o e s t e r ~ : ~ ~ ~ ~ ~ ~ ~  

CCI&HO + (RO),PH-S 

CI2C=CHOP(S)(OR)2 - CI2C =CHSPO(OR)p 

Sohr and LohsSo0 have observed an interesting trans- 
formation of chloral with thio derivatives of pentavalent 
phosphorus leading to the replacement of the carbonyl 
oxygen by sulfur; the investigators proposed a dipolar in- 
termediate: 

\ 
-P=S + CCI,CHO - 
/ 

L 0- _I 
V I / .  Interaction with Metallorganic Compounds 

Metallorganic compounds as a rule add to the chloral 
carbonyl group to form an 0-metal bond which, on hy- 
drolysis, leads to a substituted trichloroethanol. For in- 
stance, from potassium acetylenide50’ cu-hydroxy- 
P,P,P-trichloroethylacetylene is obtained in 27% yield. 
However, with phenyl- and methyllithium the trichloro- 
methyl group shows greater reactivity than the carbonyl 
group, and interaction of those compounds with chloral at 
-30” leads to phenyl or methyl chloride formation; the 
authors proposed502 the formation of an intermediate 
complex with charge transfer in the anion from carbon to 
oxygen. Such high reactivity of the trichloromethyl group 
has also been detected5OZ in the reactions of chloral with 
butylmagnesium chloride and dibutylmagnesium; in both 
cases butyl chloride was obtained. 

With dimethylzinc, chloral forms (depending on the 
ratio of reactants) trichloropropanol-2 or the reduction 
product, 3 ,3 -d ime thy lb~ tano l -2 .~~~  

Interaction between chloral and aromatic and heteroar- 
omatic magnesium gives 2-substi- 
tuted trichloroethanols in high yields. Aliphatic Grignard 
reagents react with chloral differently, forming in addition 
to trichloroethanol and its 2-substituted derivatives some 
by-products whose proportion depends on the structure 
of the reagents, the order of mixing, the temperature, the 
solvent, and other factors. So on the treatment of chloral 
with methylmagnesium iodide the ratio of trichloroetha- 
no1 /trichloropropanol-2 depends on the kind of catalyst 
and decreases in the series: FeCI3, CuCI, MnC12.505 In 
the reaction with ethylmagnesium bromide, Gilman and 
A b b ~ t t , ~ ~ ~  contrary to earlier data, failed to obtain chloral 
alcoholate; in many variations of the reaction conditions 
they isolated only trichloroethanol. However, Hamel- 
in5073508 has contested the above conclusion and con- 
firmed the formation of both named products and also of 
trichloropropanol-2; the ratio is sensitive to temperature 
changes. 

With amyl-5o3 and cyclohexylmagnesium bro- 
mide,503%510 chloral forms, besides trichloroethanol, the 
appropriate 1,2-dibromoalkenes. Compounds such as 
C6H5(CH2),MgBr (n  = 2-4) with chloral lead to trichlo- 
roethanol, suitable phenylalkenes, and dimers with the 
formula C6H5 (CH2)2nC6H5,5” but no substituted trichlo- 
romethylcarbinol. The latter, however, are formed in the 
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reaction with benzylmagnesium  halide^,^ l 2  but their yield 
is decreased with excess Grignard reagent because of bi- 
benzyl and polymer formation. 

Two communications relate to the interaction between 
chloral and organic boron compounds. T r i e t h y l b ~ r o n ' ~ ~  
reduces chloral to a trichloroethanol derivative in 90% 
yield: 

CCI3CHO + BEt, - CCI,CH,OBEt, 

Phenylboronic acid5I3 forms, with chloral under mild con- 
ditions, a cyclic ester which by prolonged heating at 
150-160" (under N2) is dehydrated. 

Silylacetals are formed on the interaction of chloral hy- 
drate with mono- and dichloroorganosilanes in the pres- 
ence of nitrogen b a ~ e s ; ~ l ~ - ~ ' ~  their SiO-C bond is 
strengthened by the inductive influence of the trichloro- 
methyl group.516 Substituted a-phenyl-@,@,@-trichloroeth- 
ylsiloxanes are obtained by the successive action on 
chloral of phenylrnagnesium bromide, then trialkylchlo- 
rosilanes at 2-30".517 

Trimethylsilyldimethylamine adds exothermically to 
chloral with Si-N bond rupture:518 

CCI,CHO + Me,SiNRR' - Me,SiO-CHNRR' 

I 
CCI, 

R = R' = Me 

however, with R = R' = Et, Pr, ( C H Z ) ~  or R = Me, R '  = 
C6H11; R = Et, R' = C6ti11, on heating (80") trichloro- 
methyltrimethylsilane is formed with @-elimination from 
the resulting siloxane; appropriate forrnamides RR'NCHO 
are also formed in that reaction. The ratio of the reaction 
products depends mainly on the steric nature of R and 
R'. 

With trimethylstannylamines chloral forms only form- 
amides and substituted stannanes5I8 (the reaction 
takes in the same way as in the interaction with strong 
aliphatic nitrogen bases): 

CCI,CHO + Me,SnNR, -----t CHO-NR, + Me,SnCCI, 

R =Me, Et 

In contrast with the Si-0 bond, the Sn-0519 and Pb-0520 
bonds are easily subject to heterolysis, adding to the 
chloral carbonyl group: 

CCI,CHO + Et3SnOC=CMe - 
CCI,CH(OSnEt3)0C9-CMe 

CCI,CHO + Ph,PbOMe + 

CCI,CH(OMe)OPbPh, + CC13CH(OPbPh3)2 

Under more severe conditions the Sn-C bond521 is het- 
erolyzed (providing a convenient route to ethinylcarbi- 
nols): 

150-200" 
CCI,CHO + E t , S n m P h  

HCI 
CCI,CHmCPh ether- Et3SnCI + CCI,CH(OH)C=WPh 

I 
OSnEt, 

70% 

Organosilyl sulfides5" form adducts with chloral with 
cleavage of the Si-S bond. With bis(trimethylgermy1) 
oxide chloral easily gives an (by analogy with 
the interaction between chloral and acetic anhydride): 

F. 1. Luknltskli 

CCI,CHO + (Me3Ge),0 5 CCI,CH(OGeMe,), 

Ferrocene reacts with chloral in the presence of AlCl3 
(1:3:3 at 0") to form a mixture which includes 5%.ferro- 
cenyltrichloromethylcarbinol and (after treatment of the 
reaction mixture with aqueous SnCI, solution) 21% ferro- 
cenyldichloroethylene. The  investigator^'^^ proposed the 
reaction mechanism shown in Scheme XVI  I .  

SCHEME XVll w 
CC13CH0 + 

p3 

\c/cl - 
1. SnCI, 1 2. HpO 

Fc-CH(OH)CCI, 

CH-CCI, 

FeCI' 

1. SnCI, 
2. H2O 

Fc-CH=-CCI, 

With the carbonyl derivatives of ferrocene525 chloral 
forms not carbinols but polymeric products (by interac- 
tion with the cyclopentadienyl fragments). 

VII I .  Interaction with Compounds Containing 

A. Carbon-Carbon 
Chloral reacts with alkenes in the presence of acidic 

catalysts5z6 to form mainly l-alkenyl-2,2,2-trichloroetha- 
nols. 

sym-Dichloroethylene condenses with chloral in the 
presence of AIC13 to form trichloroacetyl-2-chloroethy- 
lene; under the same conditions with chloral hydrate, 
other products are also isolated:527 

Multiple Bonds 

CCI,CH(OH), + ClCH- CHCl - 
CI2CHCHCICHCICOCI + CI2CHCOCHCICHCI2 + 

CCI,COCH=CHCI + CI,CHCOCCI=CHCl 

By the action of ethylene and Hg(OAc)2 on chloral the 
hemiacetal CC13CH (OH)OCHzCH2HgOAc was ob- 
tai ned. 5 2 8  

Chloral reacts with mesitylene in the presence of 
H2SO4 to give the ester of 1 -mesityl-2,2,2-trichloroethanol 
and 2-mesitylenesulfonic acid.529 Cyclohexene reacts with 
chloral to give a 2-oxabicyclo[2.2.2]octane derivative.530 

CCI,CHO + 0 2 -2O, 15 rnin f?4"I3 

Activated olefins add easily to the chloral carbonyl 
group. Thus vinyl ethers react with chloral hydrate exo- 
thermically, forming 1:1, 1:2, or 2 : l  a d d u ~ t s . ~ ~ ' , ~ ~ ~  

By heating (go", 4 hr) chloral with 0-pinene in the 
presence of benzoyl peroxide,533 a cyclohexene deriva- 
tive is obtained; the same bicyclic product is formed by 
heating in a nitrogen atmosphere with perbenzoic 
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CH,CH(OH)CCI, 
I 

With 1,3-dienes chloral reacts as a dieno- 
phile,530,535y536 for example:530 

CC13CH0 + 8 30 hr mcCl3 - 

Dale and S i ~ t i ~ ~ ~  obtained from chloral and isoprene, 
2,3-dimethyl-l,3-butadiene, or piperylene under similar 
conditions (1 50", 24 hr) the appropriate 2-trichlorometh- 
yl-2H-5,6-dihydropyrans in yields of 30, 53, and 32%, re- 
spectively. the products of the thermal 
and catalytic reactions of chloral with 2,3-dimethyl- 
1,3-butadiene and piperylene were determined; it was 
shown that both the dihydropyran derived from the Diels- 
Alder reaction and the acyclic trichloroethanol deriva- 
tive are formed. The latter compounds are the major 

/cc13 R 

+ CH 

0 mCC13 R 

R A OH 

products on catalysis by SnCI:! (20", 18 hr) but they con- 
stitute only 10% of the product mixture in the thermal 
reaction ( 150"). 

Dale and found that cyclopentadiene failed to 
add to chloral (1 00", 21 hr ) .  Polychlorocyclopentadienes 
react with chloral only at 200-300" under high pres- 
sure;539 in that case compounds c6cI8 or hexachloroben- 
zene were obtained from hexachlorocyclopentadiene and 
chloral (at 200-260" or at 300-320"). 

Heterolytic addition up to 30 molecules of chloral to 
100 isoprene fragments with the formation of trichlo- 
roethanol d e r i v a t i v e ~ ~ ~ O - ~ ~ ~  takes place on heating chlo- 
ral with cis-l,4-polyisoprenes in the presence of Lewis 
acids. 

Chloral is one of the few carbonyl acceptors of the car- 
bon-carbon double bond in ketenes. On the interaction 
between chloral and ketene, either with a catalyst (Lewis 

or ~ i t h o u t , ~ ~ ~ , ~ ~ ~  @-trichloromethyl-@-propiolac- 
tone is formed in yields up to 79% (in the presence of 2 
equiv of ketene545). Other ketenes also form @-lactones 
with chloral, but in some cases only the appropriate ole- 

CC13CH0 + >C=C=O - C C l 3 7 + -  

fins are obtained (as a result of 
@-lactones); for instance546 

130' 
CCI3CHO + Ph,C=C=O - 

CCI, 3; Ph 

0 

OJ=O 
decarboxylation of the 

As the choice of stabile ketenes is limited, methods 
have been for obtaining P-trichlorometh- 
yl-P-propiolactones in high yields by using chloral to trap 
ketenes generated in situ by the reaction of acyl chlo- 
rides with strongly basic tertiary amines. Possible reac- 
tion mechanisms have been discussed.554 

CC13CH0 + >CHCOCI + NR3 INRBHC; c c 1 3 - e L  
0 

In the same way, sulfenes have been trapped with 
chloral as P-sultones.549,550,555,556 

CCI3 l - 1  
CCI3CHO + CH,SO,CI + NEt3 -NE1,HCI- 0-so, 

Some bis(ketenes) generated in situ 
adducts with chloral, for 

CH,CH=-C=O 
CC13CH0 + [ I  ] - 

CH,CH=C=O 

Brady and Smith557 have established 
that methyl- or chloroketene generated 

may form cyclic 

+cc13 0 

4 7% 

by NMR analysis 
in situ with chlo- 

ral gives a mixture of isomeric @-lactones, with the cis 
isomer predominant: 

R = Me, CI 

Ketene acetals react with chloral according to the 
scheme: 558,559 

CCI3CHO + CH2 -C(OR)OR' - CCI3CH(OR)CH,COOR' 
R = Ac, SiR"; R' = Alk 

The interaction between chloral and alkynes may take 
place in two ways: chloral may add to the C E C  bond to 
form a$-unsaturated ketones,560 for example, with phen- 
ylacetylene: 

BF,*Et,O 

dimethyl Cellosolve 
CCI3CHO + PhC-CH 

CCI3CH- CHCOPh 

2 5% 

On the other hand, 1-heptyne reacts with chloral in the 
presence of aluminum chloride or boron fluoride etherate 
to form a mixture of products (with acetylene derivatives 
among them561) : 

RC E C  CH(OH)CC13 
Lewis acid 

CCI3CHO + RC-CH - RCCI=CHCH(OH)CCI3 
RC -CC - CCI, 

'o'(traces) 

R=C,H11 
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1-Substituted propargyl alcohols add to chloral in the 
presence of catalysts ( HC1,562 BF3, Hg0,563,564 
CaC12565) to form hemiacetals, which in situ may exo- 
thermically ~ y c l y z e ~ ~ ~  to oxolanes (1 :1 or 2: 1, with prev- 
alence of the latter on catalysis by BF3) 

I 
I 

CCI,CHO + HC-COH - 
& C - C - C H  
/ \  

The C=C bond remains in the reaction products in the 
interaction between chloral and sodium501 and tin519q521 
alkynyl derivatives, as was noted in section VI I .  

B . Car bon-Oxy gen 

ysis by strong acids, usually forming t r i o x a n e ~ . ~ ~ ~ , ~ ~ ~  
Chloral easily reacts with aliphatic aldehydes on catal- 

CCI,CHO + AlkCHO CCI3 

Y 
Alk 

A more intricate reaction takes between chloral hy- 
drate and formaldehyde, from which Pinner568,569 has 
isolated many cyclic compounds such as the following 

oAo 
R+ M) 

O V 0  
R and R’ = H, CCI,, CHCI,, = CCI, 

in addition to the monoadduct, chloral hydroxymethylace- 
tal. 

Products of unestablished structure were obtained570 
by the interaction of chloral hydrate with terpenic al- 
dehydes, in particular, with citral in the presence of 

Chloral reacts in a special way with anthrone.571 In 
contrast with other aldehydes, which condense with de- 
hydration (the oxygen from the carbonyl group of the al- 
dehydes and the meso hydrogens of anthrone take part 
in this process), chloral reacts to form a mixture of 
a,/%bis(9,9’-anthronylidene)ethylene and dihydrodian- 
throne (the catalysts are zinc chloride and tin or cupric 
acetate); in the presence of pyridine or sulfuric acid the 
latter product is obtained. 

Methyl- and a-methylene ketones (the latter more diffi- 
cultly: for reaction with acetoacetic acid derivatives see 
section I X )  react with chloral as a consequence of their 
activated  hydrogen^^^"^^^ 

H2S04. 

AcOH 

R = H, Alk 

C y c l o p r ~ p a n o n e s ~ ~ ~ ~ ~ ~ ~  add chloral with ring enlarge- 
ment to give dioxolanes: 

CCI&HO + RCHZCOR‘ - CCI,CH(OH)CHRCOR’ 

CH2C12 

boiling 
CC13CH0 + Po - 

HxCC13 H ox:Cb 
J++P 

I 1 6% 
1.5% 

Research on the interaction of chloral or aromatic al- 
dehydes with biacetyl in acetic acid in the presence of 
piperidine has given conflicting results. S ~ h l e n k ~ ~ ~  as- 
signed to all the reaction products the unique structure 
[CCl&H=CHC(OH)2-]?. However, later577 this viewpoint 
was disproved; the products were assigned the structures 
cis,cis, cis- and cis,cis, trans-3,7-bis( trichloromethyl) - 
2,6-dioxabicyclo[3.3.O]octane-l,5-diol (their composi- 
tion corresponds to Schlenk’s compounds, C8H8C1604): 

The interaction between chloral and acetyl- and gem- 
diacetylferrocene was discussed above.525 

Spasov and lvanov established578 an interesting speci- 
ficity of aromatic aldehydes for chloral hydrate in the 
presence of ammonia; the products are azomethines: 

CCI,CH(OH), + ArCHO + NH, - 
N = C H A r  
I 
I 

CCI,CH(OH)N=CHAr + CCI,CH 

K=CHAr 

The reactions of chloral with carboxylic acids and their 
functional derivatives takes place without the participa- 
tion of their carbonyl groups (see also section IX) .  Most 
of the reactions involve the acetylation of chloral hy- 
drate.579v580 A kinetic investigation of the reaction of 
chloral hydrate with acetyl-p-nitrophenol in water has 
shown580 that the reaction is first order in each reagent, 
according to the scheme: 

CCI,CH(OH), + A c O ~ N O ,  -----+ 

CCI,CH(OH)OAc + HO *NO, 

In  the presence of the base, chloral reacts with acetic 
anhydride in the following way:581 

C5H5N 
CCI3CHO + Ac20 - CCI,CH(OAc), 

Acyl chlorides add chloral according to the scheme: 

CCI3CHO + RCOCl --t CCI3CHCIOCOR 

In this way the following reagents react with chloral: 
phosgene with tertiary-amine catalysis,582 carbamoyl 

acetyl chloride with catalysis by silver malo- 
nate584 or by triethylamine.538 

2,6-Bis(trichloromethyI)tetrahydropyron-4 is ob- 
tained585 on the treatment of chloral with bis(carboxy- 
methyl): ketone. 

C. Carbon-Nitrogen 
The interaction between chloral and nitriles was inves- 
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tigated in limited examples. Reaction is realized only on 
acidic catalysis according to the following scheme: 

CC13CH0 + RCN CC13CH(NHCOR)z 

R = Ph,391 Pr, CH=CH,,586 >CH5B7 

In the case of substituted ace ton it rile^^^^ the yield of 
such products varies (from 19 to 94%) and the appropri- 
ate acid amides are formed concurrently. These amides 
are not intermediates in the main reaction. Thus in the 
reaction with chloral, the C C N  bond itself takes part, 
with subsequent hydrolysis of the adduct. 

Isonitriles ( p h e n y l i ~ o n i t r i l e , ~ ~ ~  i s o d i a ~ o m e t h a n e ~ ~ ~ )  add 
vigorously to chloral to form trichloroethanol derivatives. 
However, the mechanisms of these reactions differ. In 
the first case, chloral hydrate adds to the carbenic car- 
bon atom and trichlorolactic acid anilide is formed: 

CCI&H(OH)z + PhN-C - CCI,CH(OH)CONHPh 

In the reaction of chloral with isodiazomethane, it was 
supposed589 that condensation occurs first, followed by 
dehydration. Then a second chloral molecule (as hy- 
drate) adds to the intermediate carbene (as shown for 
phenylisonitrile): 

CCI3CHO + H2NN-C __t 
-H,O 

CCI&H(OH), 
CCI,CH=NN=C 

CCI3CH(OH)CONHN=CHCCI, 

Kabbe590 established that chloral adds 2 equiv of ter t -  
butylisonitrile forming an oxacyclobutane derivative in 
68% yield. 

NCMe, 

NCMe, 

BF,*Et,O 
CCI,CHO + 2Me3CN=C - 

CCI, 

D. Interaction with Diazomethane and 
Diazoacetic Acid Ester 

S c h l ~ t t e r b e c k ~ ~ '  has proposed that the reaction prod- 
uct of chloral and diazoacetic acid ester i s  ethyl trichlo- 
roacetoacetate. Later, he5g2 isolated a compound 
C3H3C130 (which he characterized as gern-trichloroace- 
tone) from the interaction of equimolar amounts of chlo- 
ral and diazomethane in cooled ether. A little a-hydroxy- 
P,@,@-trichloroethylacetone (using excess of chloral) was 
also isolated. This result was disproved by a series of 
later r e s e a r c h e ~ . ~ ~ ~ - ~ ~ ~  By the action of diazomethane on 
~ h l 0 r a 1 ~ ~ ~ , ~ ~ ~  or on its hydrate595 the main product was 
trichloromethylethylene oxide. Besides that, Meerwein 
and his associates595 detected among reaction products 
also chlorine, methanol, dimethyl ether, chloral dimethyl- 
acetal, and a nitrogen compound of unestablished struc- 
ture. 

The use 2 e q ~ i v ~ ~ ~  of chloral leads to a substituted tri- 
chloroethanol: 

PCC13CH0 cc5\/ 0 
CC'3CH0 ether CHzNz ether 

IX. Interaction with Activated C-H Bonds* 
Malonic acid and its mono- and diethyl esters react 

with chloral with the participation of activated hydrogen 
atoms. 5g7-602 

PH 7 
CCI3CHO + CH&OOR)COOR' -cO,- 

CCI,CH(OH)CHzCOOR(R') 

R, R' = H, Et 

Vul'fson and S h e m ~ a k i n ~ ~ ~ . ~ ~ ~  incorrectly assigned a 
P-lactone structure to the product of interaction between 
chloral and malonic acid: 

cc13z€:0H 

CH3COGH2COOR *< catalyst CCI&H(OH)CHCOCH, 3 

With acetoacetic acid and its esters, chloral reacts anal- 
ogously in the presence of acidic or basic (pyridine)-cat- 
a l y s t ~ . ~ ~ ~  3 6 0 5 3 6 0 6  In all cases trichloroethanol (but not tri- 
c h l ~ r o e t h a n e ~ ~ ~ )  derivatives are formed, both with decar- 
b o ~ y l a t i o n ~ ~ ~ , ~ ~ ~  and without it.605,606 

CCI3CHO 
CCI&H(OH)CH,COCH, 

I 
COOH 

R = H, Et 

An adduct of chloral with acetoacetanilide608 obtained 
in this way (in the presence of sodium acetate) may be 
cyclized to a quinoline derivative with acid: 

AcONa 
CCI3CHO + CH3COCHzCONHPh 3 

CCI,CH(OH)CHCONHPh __f &Il(OH)CCl3 

The interaction between chloral and ethyl esters of ke- 
topyruvic acid leads to a a - b u t y r o l a c t ~ n e ~ ~ ~  (not to a ke- 
todioxolane610 as Bergel and associates had proposed): 

H2S04 0 0 I 
COCH, 

CCI3CHO RCO- OH 

+ Ao,J=o 
RCOCHzCOCOOEt 

RCoCH as" Y 
CCI, 

Methyl alkyl ketones add to chloral in two ways:611 

*See also section VI E 
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lndandione is alkylated612 in the 2 position by chloral 
hydrate. 

Judging from it? ir and NMR spectra613 the product of 
the interaction of chloral with acetonedicarboxylic acid 
has the structure not of 4-ketopyran614 but of a trichlo- 
roethanol derivative. 

CCI3CHO ( c c 1 3 r H 2  ), co 
f 
3c; 

+ 
(HOOCCH,),CO 

0 

Reactions of chloral or its hydrate with aliphatic nitro 
compounds, as many investigators have ~ h o ~ n , ~ ~ ~ - ~ ~ ~  
are realized easily with basic catalysts both in water and 
in anhydrous media. 3,3,3-Trichloronitropropanol-2 deriv- 
atives are obtained in good yields; they can be dehy- 
drated under more severe conditions. 

CC13CH0 + RCH2N02 CCI,CH(OH)CHRNO, 

R = H,615-620 Me,621 Et,622 Pr,621 COOR',623 and oth- 
ers.622 

In contrast with chloral, other aliphatic and also aro- 
matic aldehydes react directly to form nitro olefins.624 In 
further contrast to chloral, aromatic aldehydes can react 
with nitroacetic acid esters623 in the following way: 

Et2NH 
ArCHO + 2ROOCCH,NO, - 

Po + 
ROOCCH(NO,)CHArC=N, I Et2", 

I '0 -  
ROOC 

X.  Stabilization, Polymerization, and 
Copolymerization 

The high reactivity of the chloral carbonyl group as a 
consequence of the strongly negative inductive effect of 
the trichloromethyl substituent, also accounts for the low 
stability of monomeric chloral and for its capacity to 
homo- and copolymerize with other monomers (usually in 
the presence of ionic initiators). Chloral is kept with diffi- 

To stabilize chloral one uses formamide or dimethylfor- 
mamide (0.2- l%625) ,  tetraalkylthiuram disulfide and azo- 
bisisobutyronitrile (0.1 -0.2%626). 

S u l f u r i ~ , ~ ~ ~ - ~ ~ ~  phosphoric, and p o l y p h o s p h ~ r i c ~ ~ ~  
acids induce the formation of polychloral with several de- 
grees of polymerization-from tetrameric (2,4,6,8-tetra- 
kis(trichloromethy1) -1,3,5,7-tetro~ane~'~) to an amorphous 
polyether with a molecular weight up to 25,000.630 Chlo- 
ral polymerization in the presence of aluminum chloride 
was patented,631 but later632 that catalyst was rejected 
as were NEt3, Ph3P, AsC13, MeONa, (i-PrO)sAl, Fe(C0)5. 

Low-temperature polymerization of chloral is catalyzed 
by pyridine,633 magnesium and aluminum diethylami- 
nates,634 some organometallic compounds (as 

sodium naphthalene644 and others636,638,640-64z), metal 
a l k o ~ i d e s , ~ ~ ~ , ~ ~ ~  and also metal ketyls (compounds of 
Mg, Ca, and Ba with benzil, benzophenone, Michler's ke- 
tone;646 Mn( l l ) ,  Co, Mg, and Cu a c e t y l a ~ e t o n a t e s ~ ~ ~ ) .  

In the catalysis by metal ketyls, yields of polymers are 
decreased with an increase in temperature.640 

culty. 

Bu Li, 635 ,636  Et3AI, 6 3 2 , 6 3 6 6 3 9  Bu3 B, 636,638 EtzZn, 638-643 

A high degree of crystallinity of polychloral is 
achieved638 using MAIkn (M = Mg, Zn, B, AI, Cd), 

I t  was shown639 by ir spectra and X-ray diffraction that 
polychloral, which is obtained at -78" in the presence of 
EtpZn, EtsAI, or BuLi, has an isotactic tetragonal struc- 
ture. By these methods a spiral conformation was estab- 
l i ~ h e d ~ ~ ~  for a polyether-alcohol obtained from chloral by 
several methods. 

Chloral itself or its acetals are copolymerized with 
formaldehyde (as the monomer or as 1,3-dioxolane and 
1 , 3 , 5 - t r i o ~ a n e ~ ~ ~ . ~ ~ ~ )  in the presence ,of EtxM, (M = Zn, 
AI, Cd) ,632 amines, p h o ~ p h i n e s , ~ ~ '  diazonium ~ g l t s , ~ ~ ~  
Lewis a ~ i d s , ~ ~ ~ - ~ ~ ~  sulfuric polyphosphoric es- 
t e r ~ , ~ ~ ~  and other acidic ~ a t a l y s t s . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  Attempts to 
copolymerize chloral and paraformaldehyde were unsuc- 
cessful .658,659 

At low temperatures copolymers of chloral with dichlo- 
roacetaldehyde are formed;629'660-662 the best catalysts 
are compounds such a,s Et2Zn. Boron trifluoride etherate 
initiates the copolymerization of chloral with adipal- 
dehyde (in a 1 : l  ratio).663 

By heating at 100" with concentrated H2S04,664 a co- 
polymer of chloral with oxetane was obtained. 

Vinyl monomers are copolymerized with chloral in the 
presence of M,Alky665 (M = Li, Na, Be, Mg, Ca, Sr) and 
Lewis acids.666 Heating ( I  50-220') polystyrene or pol- 
ystyrene-butadiene with chloral leads to the formation of 
po I y m e r , i n c I u d i n g up to 2 0.6 YO a - h y d r o x y -p,p, p- t r i c h I o - 
roethyl groups.666 

Recently the high catalytic activity of the system 
CC13CH(OH)2 with Et3AI was established for the polymer- 
ization and copolymerization of vinyl monomers667 and 
acetaldehyde668 with chloral. 
On interaction with some terpenic olefins, chlorine- 

containing polymeric resins are formed in addition to 
monomer adducts (trichloroethanol derivatives) .669 

Under the influence of ionic polymerization catalysts 
(BuLi, BF3) at -78" a copolymer of chloral with ke- 
tene670 was successfully obtained. Other heterocumu- 
lenes such as i s ~ c y a n a t e s ~ ~  1-674 and t h i ~ n y l a n i l i n e ~ ~ ~  are 
also copolymerized with chloral in the presence of anion- 
ic polymerization catalysts: BuCi, NaCN, sodium flu@ 
rene,672,673 tertiary amines,674 with several ratios of mo- 
nomers over a large temperature interval ( -90 to 
+60"6733674). The products have the structures (in case 
of isocyanates): 

 AIR-^^^^,^^^ r-run 

All polymers of chloral are characterized by high ther- 
mal stability, and they are fireproof. 

XI. Identification 
There is a series of well-established methods for iden- 

tifying and detecting chloral in mixtures with other al- 
dehydes or polyhalo compounds, used in analytic chem- 
istry, pharmacology, and toxicology. 

Among these, iodometric methods predominate: the 
oxidation of chloral by iodine to trichloroacetic acid in the 
presence of sodium t h i o ~ u l f a t e ~ ~ ~ - ~ ~ '  or hydrazine hydro- 

as titrants. Several colorimetric meth- 
o d ~ ~ ~ ~ - ~ ~ ~  are based on specific color reactions with 
chloral (for example, cyanine dye formation from chloral 
and quinaldinium ethyl iodide and ethylamine,681 or the 
cherry-color obtained on treatment of chloral with hydrox- 
ylamine hydrochloride and d i a m i n ~ p y r i d i n e ~ ~ ~ )  and also 
on general color reactions of polyhalo compounds (with 
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pyridine680 and resorcinol682 in alkaline or acidic media); 
the latter obscure the detection of chloral by the named 
reactions in mixtures with chloroform, trichloroethanol, 
and so on .684-689 

Additional color reactions for the identification of chlo- 
ral include its interactions with fluoroglucine in alkaline 
solution,690 with molybdenic acid and phenol,691 with di- 
methylaniline,692 with m-dinitrobenzene (the violet color 
in alkali solutions is disguised by other aldehydes693), 
with sodium nitroprusside, and with ferric chloride (violet 
coloration, native to all polyhalo compounds694). Chloral 
does not form a complex with cupric ethylenediaminete- 
t r a a ~ e t a t e ~ ~ ~  or a precipitate of AgCl with Agf .696 

Among different methods for the analysis of chloral 
one may notice potentiometric titration by alkaline solu- 
t i 0 r - 1 , ~ ~ ~  microcrystalloscopy (as 0-, m-, and p-nitrophen- 
y l h y d r a z o n e ~ ~ ~ ~ )  and bichromatometric detection;699 in 
the last case the error is not more than 0.15%. 

In spite of the high sensitivity (up to 5 X 
of some qualitative reactions of chloral, their low speci- 
ficity in the presence of masking contaminants (which 
have been discussed above) requires the use of differen- 
tial analytical methods for chloral in mixtures. 

Elving and Bennett701 failed to detect chloral with a 
polarographic method in the presence of chloro- and di- 
chloroacetaldehydes; the investigators explained702 that 
result by continuous multielectronic reduction of chloral 
on a dropping Hg electrode in accordance with the 
scheme: 

CICHZCHO - CH3CHO - [CH,CH(OH)-], + CPHSOH 

This process is expressed by only one wave ( E 1 / ~  = 
-1.4 V). In  the presence of hydroxylamine sulfate in the 
polarographic reduction of chloral, two waves are ob- 
served703 (-0.55 and -1.2 V ) ,  but they belong to the re- 
duction of chloral oxime. The polarography of mixtures of 
chloral with other chloroacetaldehydes has been stud- 

In the presence of dichloroacetaldehyde, chloral is de- 
termined by colorimetry of a phenylhydrazone mixture,706 
or after alkaline ~ o r k - u p . ~ ~ ~ ~ ~ ~ ~  

Lately chromatographic methods (mainly GLC) have 
been used to determine chloral in the presence of poly- 
halo compounds (aldehydes, alcohols, chloroform, and 
o t h e r ~ ) ; ~ ~ ~ - ~ l ~  these methods are used in particular as a 
control in chloral production by the chlorination of etha- 
n01.711 

ied, 704,705 

XII .  Molecular Complexes with Chloral 
Chloral's capacity to form molecular complexes with 

many compounds (especially those which are basic) is 
well known. So chloral hydrate gives complexes with 
some drugs: amidopyrine ( 1 : l  or 2:1),712-714 phenacetin 
(3: 1 ) , 7 1 5 3  716  antipyrine ( 1 : 1 ,  2: 1 ) , 7 1  7 - 7 1 9  salol 

In  the chloral hydrate-antipyrine system,725 the 2.1 
complex was observed only at low temperatures: the 1 : l  
complex is more stable. According to T a b o ~ r y , ~ ~ ~  the 
amino and carbonyl groups of antipyrine do not take part 
in its formation (based on Raman spectral investiga- 
tions). 

A subject for special review is the research on com- 
plexes of chloral in two- and three-component systems, 
made by measurements of surface viscos- 
ity,728-739 ultrasonic v e l o ~ i t y , ~ ~ ~ - ~ ~ '  and other parame- 

(3: I ) ,  7 1 5  I 720  quinine, 7 2 1  and others, 7 15 ,719 ,722-724  

ter s, 743-7 5 0 

Data about the nature of the intermolecular bonding in 
chloral complexes are limited and contradictive. So San- 

explained association between chloral and diethyl 
ether by a strong hydrogen bond: 

but other  investigator^^^' have explained the same phe- 
nomenon by donor-acceptor interaction, with the chloral 
carbonyl group as the acceptor. 

The interaction between chloral and iodine and its 
chloride and bromide is explained (by ir spectrosco- 
py753-755) through the formation of a 1 : l  charge-transfer 
complex. 

XII I .  Physical and Physical- Chemical Studies 
Bond lengths and energies in chloral and its hydrate 

have been measured by several methods (see ref 54, 55, 
64, 71, 756-758). Judging from the carbon-oxygen bond 
length,756 the chloral carbonyl group has a 100% C=O 
double bond; it is disposed in a pyramidal plane of sym- 
metry formed by the trichloromethyl A molecule 
of chloral hydrate includes two chelate rings, formed with 
H . - CI hydrogen bonds (from osmometric data54). Ac- 
cording to the chloral dipole moment (1.58 D,757 1.96 
D56),  angles in a molecule have been enlarged. The di- 
pole moment of chloral hydrate (2.07 D in benzene and 
2.65 D in dioxane;57 the increase is due to intermolecular 
hydrogen bonding between chloral hydrate and dioxane) 
once more confirms that chloral hydrate is a gem-diol, 
and not a molecular complex with water. 

There are many measurements of the Raman,53,759-763 

35C1770-775 spectra of chloral and its hydrate, and of their 
polarographic behavior.701-705,767 I t  is  interesting that the 
NQR spectrum772 does not confirm the existence of 
H CI hydrogen bonds in the chloral hydrate molecule 
and that the nonequivalence of the three chlorine atoms 
in the trichloromethyl group is the result of a field effect. 

Vapor pressure (from -20 to -240°), heat of vapor- 
ization (from -80 to +290"), heat of formation (from 
-80 to +lOOOc), heat of conduction (from -80 to 
+120"), viscosity (-80 to +500°), and surface tension 
(from -80 to +120") of chloral are tabulated.776 

ir,6&62,764,765 uv,752,766-768 NMR,58.59.769 NQR 

XI V. Applications 
In  many pharmacopoeas chloral hydrate has been ap- 

proved for many years as a hypnotic, sedative, and 
sleeping drug. The LD50 is 710 mg/kg for mice.777 The 
biological activity of chloral and its hydrate has been 
studied in many aspects, but is outside the scope of the 
present review. 

Besides the well-known uses of chloral-in the synthe- 
sis of dichloroacetic acid and its derivatives (syntomy- 
cine among them), vanillin, DDT, organophosphorus in- 
secticides-there are also many others. Chloral hydrate 
activates the bleaching of cotton and t e ~ t i l e . ~ ~ ~ - ~ ~ ~  I t  is 
used in the electroprecipitation of for fungi- 
cidal wood protection,788 for the detection of a series of 
glucosides,78g for the detection of zinc in insulin,790 and 
for the isolation of water-soluble starch791 and amy- 

from potato starch. Similar to actinomycin D, 
chloral hydrate inhibits the synthesis of ribonucleic acid 
and proteins: 7 9 3  it is also an inhibitor of steel, copper, 
and tin corrosion794 in perchloric acid solutions. 

A modifying effect of chloral and its hydrate on poly- 
e n e ~ , ~ ~ ~ * ~ ~ ~  polyamides,802-806 and also 
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on their high solvating capacity toward polyamide res- 
ins,806-81 polyalkylene terephthalates,812 and polysac- 
c h a r i d e ~ ~ ' ~  has been found. 

The behavior of chloral on radiolysis has allowed it to 
be used, on the one hand, as a radiopotentiator (on y-ir- 
radiation of Escherichia c01i8143815) and, on the other 
hand, as a radioprotector816 and also for detection and 
dosimetry of y-irradiation;143%817-81g one can measureE20 
y-irradiation up to 30 krads at pH 5-5.5. 

High catalytic activity of chloral is recorded in the poly- 
merization of alkenes8" and other vinyl monomers,822 in 
the preparation of urea-formaldehyde and in 
some dehydration reactions (in particular in the conden- 
sation of amines and  ketone^).^'^-^^^ Chloral is an acti- 
vator of a catalytic H complex in cis-stereospecific buta- 
diene p o l y m e r i z a t i ~ n . ~ ~ ~ - ~ ~ ~  

Still more common is the use of chloral transformation 
products. Chloral hemiacetals with polyols are used for 
the preparation of synthetic fibers and ion-exchange res- 
i n ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~  and they also have a sedative ac- 
ti or^.'^^,'^^ Products from the interaction between chloral 
and hydroxy steroids have a selective biological activi- 
ty.16791683 1 7 3  The strong oestrogenic action830 of so 
called "ortho-para-DDT" 

CI 

CCI, 

which constitutes up to 20% of crude (technical) DDT, 
does not except such action of the latter on warmblooded 
animals. 

A sedative and hypnotic effect is associated with the 
reaction products from chloral with bromoisovaleryl- 
urea,269 ~ h o l i n , ~ ~ ~  betaine,a32 and ~ a r n i t i n e . ~ ~ 3  

Chloral itself has a little insecticidal and herbicidal ac- 
tivity; "meta-chloral" is, however, a good herbicide.834 
High herbicidal properties have been exhibited by chloral 
adducts with amides and  nitroparaffin^,^^^ chloral 2,4-di- 
chlorophenoxyacetylhydrazone,836 and some chloral mer- 

The known pesticides, "triphan",152 "methoxy- 
~ h o r " , ~ ~ ~ , ~ ~ ~  " m e t h i ~ c h l o r " , ~ ~ '  and N-(a-hydroxy- 
~ ,P ,P - t r i ch l~ roe thy l )ace tamide ,~~~  are also chloral deriv- 
atives. An adduct of chloral with nitromethane was pat- 
ented839 as a systemic fungicide. 

Effective insecticides were synthesized from chloral 
and polychlorocyclopentadienes.539 Attempts to obtain 
analogs of DDT with enhanced activity by introduction of 
a series substituents into the aromatic rings or by their 
replacement with heteroaromatic rings did not lead to 
positive r e ~ ~ l t ~ . ~ ~ 3 , ~ 3 0 , ~ 3 ~ , 8 ~ O  

Insecticides with strong activity have been obtained 
from phosphororganic derivatives of chloral including 
both trichloromethyl and dichlorovinyl groups (see ref 

Nowadays chloral is used widely as a monomer for co- 
polymerization because all its polymers have high ther- 
mal stability and fire r e s i s t a n ~ e . ~ ~ ~ . ~ ~ ~ , ~ ~ ~  ,666 For these 
purposes one uses some other chloral derivatives, in par- 
ticular those which include multiple bonds181 9 8 4 5 - 8 4 7  and 
others . 84 a - 8 4 9  

Chloral acetals with dodecylmercaptanzzl are recom- 
mended for use in butadiene-styrene rubber production. 

Reaction products between chloral and benzidine or 
p - ~ h e n y l e n e d i a m i n e ~ ~ ~  and also copolymers with several 
~ x e t a n e s ~ ~ ~  are good adhesive additions to resins and 

CaptalS,231,235,837 

47o,49o3494,495,499,841-a44) .  

abrasives. gem-Diaryltrichloroethanes are excellent anti- 
corrosive agents for lubricants.851 

Chloral complexes including Fe852,853 are used in par- 
t i ~ u l a r ~ ~ ~  for dyeing of chromosomes. 

To conclude, one may note that research concerning 
the use of chloral and its derivatives were based mainly 
on the properties of known model compounds. 
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