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As all the volumes of the series ‘The Chemistry of Functional Groups’, 
the present volume is again organized according to the same general plan 
described in the Preface to the series, printed on the following pages. 

The series as a whole, considering volumes already published as well as 
those in active preparation, is now well advanced. I would like to use. this 
opportunity to express ilgain my appreciation and thanks to Dr. Arnold 
Weissberger, whose initiative and help were instrumental in carrying out 
this project. 

The original Flan of the present volume included sixteen chapters, but 
unfortunately three of these, on ‘Decarbonylation and Fragmentation’, 
on ‘Syntheses and Uses of Isotopically Labelled Acyl Halides’ and on 
‘Synthetic Uses of Acyl Halides’, did not materialize. 

Jerusalem, October 197 1 SAUL PATAT 
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The Chemistry sf Functional Groups 

The series ‘The Cherrlistry of Functional Groups’ is planned to  cover 
in each volume all aspects of the chemistry of one of the important 
functional groups in organic chemistry. The emphasis is laid on the 
functional group treated and on the effects which it exerts on the chemical 
and physical properties, primarily in the immediate vicinity of the group 
in question, and secmdarily on the behaviour of the whole molecule. 
For instance, the volume The Chemistry of the Ether Liilkage deals with 
reactions in which the C-0-C group is involved, as well as with the 
effects of the C-0-C group on the reactions of alkyl or aryl groups 
connected to the ether oxygen. I t  is the purpose of the volume to give a 
complete coverage of all properties and reactions of ethers in as far as 
these depend on the presence of the ether grou?, but the primary subject 
matter is not the whole molecule, but the C-0-C functional group. 

A further restriction in the treatment of the various functional groups 
in these volumes is that material included in easily and generally available 
secondary or tertiary sources, such as Chemical Reviews, Quarterly 
Reviews, Organic Reactions, various ‘Advances’ and ‘Progress’ series as 
well as textbooks (i.e. in books which are usually found in the chemical 
libraries of universities and rsearch institutes) shonld not, as a rule, be 
Yepeated in detail, un les  it is necessary for the balanced treatment of the 
subject. Therefore each of the authors is asked not to give an encyclopaedic 
coverage of his subject, but to concentrate on the most important recent 
developments and mainly on material that has not been adequately 
covered by reviews or  other secondary sources by the time of writing of 
the chapter, and to address himself to a reader who is assumed to be at a 
fairly advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a 
volume that would give a coitiplele coverage of the. subject with izo overlap 
between chapters, while at  the same time preserving the readability 
of the test. The Editor set himself the goal of attaining reasonable coverage 
with moderate overlap, with a minimum of cross-references between the 
chapters of each volume. In this manner, sufficient freedom is given to 
each author to produce readable quasi-monographic chapters. 
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X Preface to the series 

”lie general plan cif each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical 
aspects of the group. 

(b) One or more chapters dealing with the formation of the functional 
group in question, either from groups present in the molecule, or by 
introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics of the 
functional groups, i.e. a chapter dealing with qualitative and quantitative 
methods of determination including chemical and physical methods, 
ultraviolet, infrared, nuclear magnetic resonance, and mass spectra; a 
chapter dealing with activating and directive effects exerted by the group 
and/or a chapter on the basicity, acidity or complex-forming ability of the 
group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which the functional group can undergo, either alone or in conjunction 
with other reagents. 

(e) Special topics which do not fit any of the above sections, such as 
photochemistry, radiation chemistry, biochemical formations and I’eac- 
tions. Depending on the nature of each functionai group treated, these 
special topics may include short monographs on related functional groups 
on which no separate volume is planned (e.g. a chapter on ‘Thioketones’ 
is included in the volume The Chemistry of the Carborzyl Group, and a 
chapter on ‘Ketenes’ is included in the volume The Chemistry of Alkenes). 
In other cases, certain compounds, though containing only the functional 
group of the title, may have special features so as to be best treated ir, a 
separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, 
or ‘Tetraaminoethylenes’ in The Cliemistr:j of the Antino Group. 

This plan entails that the breadth, depth and thought-provoking nature 
of each chapter will differ with the views and inclinations of the author 
and the presentation will necessarily be somewhat uneven. Moreover, 
a serious problem is caused by authors who deliver their manuscript late 
or not at all. In order to overcome this problem at least to some extent, 
it was decided to publish certain volumes in several parts, without giving 
consideration to the originally planned logical order of the chapters. 
If after the appearance of the originally planned parts of a volume it is 
found that either owing to non-delivery of chapters, o r  to new develop- 
ments in the subject, suficient material has accumulated for publication 
of an additional part, this will be done as soon as possible. 



Preface to the series xi 

The overall plan of the volumes in the series ‘The Chemistry of 
Functional Groups’ includes the titles listed below: 

The Cheinistry of Alkenes (published in two voluntes) 
The Cheinistry of the Carbonyl Group (published in two voluntes) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
The Chernistry of the Nitro and the Nitroso Groi!p (prrblished in !wo parts) 
The Chemistry of Carboxylic Acids and Esters (published) 
The Chernistry of the Carbon-Nitrogen Double Bond (publis.lled) 
The Chemistry of the Cyano Group (published) 
The CheJniStry of Arnides (published) 
The Chemistry of the Hydroxyl Group (prtblislted in two parts j 
The Chemistry of the h i d o  Group (published) 
The Chemistry of Acyl Halides (published) 
The Chemistry of Carbon-Halogen Bond (in pre;.aruriorG 
The Chemistry of the Quinonoid Compounds (in preparation) 
The Chemis fry of the Thiol Grorrp (in preparation) 
The Chernistry of the Carbon-Carbon Triple Bond 
The Chemistry of Imidoates und Ainidines 
The Chemistry of the Hydrazo, Azo and Azoxy Groups 
The Chemistry of the SO, -SO,, -SO,H and -SO,H Groups 
Tke Chemistry of the -OCN, -NCO and -SCN Groups 
The Chemistry of the -PO,H, and Related Groups 

Advice or criticism regarding the plan and execution of this series wiii 
be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and advise 
me. The efficient and patient cooperation of several staff-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code 
of ethics does not allow me to thank them by name). Many of my friends 
and colleagues in Israel and overseas helped me in the solution of various 
major and minor matters, and my thanks are due to all of them, especially 
to Professor Z .  Rappoport, Carrying out such a long-range project woilld 
be quits impossible without the non-professional but none the less essential 
participation and partnership of my wife. 

The Hebrew University, 
Jerusalem, ISRAEL 

SAUL PATAI 
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1. INTRODUCTION 

In the present chapter, general and theoretical aspects of saturated, 
unsaturated and aromatic mono- and di-carboxylic acid halides are 
considered. 

Some physico-chemical properties relevant to the understanding of the 
chemistry of the COX group will be discussed, such as geometry and 
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2 Massimo Simonetta and Paolo Beltrame 

dipole moments, thermodynamic behaviour, interactions with the electro- 
magnetic field, mass spectra and the electronic structure as obtained by 
theoretical calculations. 

This chapter is not intended as a conzprshensive review of the subject 
and the number of examples given is limited to those required by ihe 
discussion of the various properties. The reactivity of acyl halides is not 
discussed here; this subject will be dealt with in later chapters. 

I I .  GEOMETRY 

A. X-ray Diflraction 
X-ray data for molecules containing the COX group are extremely 

scanty. A determination of the geometry of phosgene in the solid phase at 
liquid nitrogen temperature leads to the following results1: C--0, 
1-15 f 0-02 A; C-Cl, 1-74 10.02 A; C1-C-C1 angle, 11 1.0 & 1.5". The 
molecule was found to be planar, within experimental error, and planarity 
was also found for oxalyl bromide2*3. In the crystals of the latter the 
molecules are arranged in non-planar sheets; it is suggested that every 
molecule is linked to f m r  neighbours by weak charge-transfer 0. - -331- 
bonds, of length 3.27 A (Figure 1). The following molecular parameters 
were found2# 3: C-0, 1.17 A; C-Br, 1.84 A; 0-C-Br angle, 128.3". 

FIGURE 1. Intermolecular interactions in oxalyl bromide crystalss 
(0, carbon; 6, oxygen; 0, bromine). 

B. Electron Diffraction 

Most ofthe available data were collected before 1960, and refer to simple 
molecules. Results are shown in Table 1. For phosgene the geometry does 
not appear to be significantly different froin that found in the solid state. 
In acetyl derivatives the C--C bond length was consistently found to be 
very close to 1.50 A'l 8 *  3: this is the expected value for a Csps-CSp2 sin& 
bond. The higher value (1.534 A) reported for the Csp2-CSpa single bond 
in oxalyl chloridell may be justified by electrostatic repulsion between the 
polarized COCl groups. 
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It has always hcen fmnd ar  assumed that the COX group is co-planar 
with the atom to which it is bound. 

The carbonyl C - 0  bond length is independent of the halogen, within 
experimental uncertainty (Table 1). On the average, this distance is 

TABLE 1 .  Geometry of the COX group from electron diffraction 

Halo- Compound c-0 C-X OCX angle Reference 
gen (A) (A) (degrees) 

F Formyl fluoride 1.19+_0.01 1-35+0.01 121-9+0.9 4 
Carbonyl fluoride 1.17 +_ 0.02 1.32 k 0.02 124 5 
Acetyl fluoride 1*16f0.02 1.37k0.02 125 6 

C1 Phosgene 1*18k0*03 1*74_+0*02 124 7 
Acetyl chloride 1.17 f 0.04 1-82 f 0.02 122.5 +_ 2.5 6 

1.22 f 0.04 1.77 f 0.02 123 f 3 8 
Chloroacetyi 

chloride 1.21 f 0.04 1.74 f 0.03 122 k 3 9 
Acry!yl chloride 1.20 f 0-02 1-74 f 0.02. 125 f 2 10 
Oxalyl chloride 1 e l  89 +- 3-002 1 e749 _+ 0.003 123.5 1 1  

Br Acetyl bromide 1-17" 2.00 _+ 0.04 125 & 5 6 

1 Acetyl iodide 1-18b 2.21 & 0.04 125 f 5 6 

a Most probabk value from radial distribution curve. 
Assumed. 

shorter in acyl halides than in acids or esters12, indicating morc double- 
bond character. 

As to carbon-halogen bond lengths, it may be noted from Table 1 that 
they are generally longer than is usually reported for bonds between 
olefinic carbon and halogens, that S3: COI-F, 1.333; COI-CI, 1.719; 
C,,-Br, 1.89; COI--T, 2.09 A. This is in agreement with the pronounced 
double-bond character of the C-0 bonds. 

C. Microwave Spectroscopy 
Only for small molecules is there a sufficient number of isotopic species 

available for the complete determination of the structure from microwave 
spgctra, independently of other data. Results from the literature are 
collected in Table 2. 

The reported geometry for formyl fluoride is in complete agreement 
with previous results20 in which the most reliable electron diffraction data4 
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TABLE 2. Geometry of the COX group from microwave spectroscopy 

/\ 
Compound c-0 c-x ocx x"za Reference 

(A) (A) (degrees) (degrees) 

Formyl fluoride 1 * 18 1 1.338 122.8 
k0.005 +Om005 k0.5 

Carbonyl fluoride 1.17, 1 ~ 3 1 ~  126.0 
+ 0.01 - +0*01 10.5 

Acetyl fluorideb 1.151 1.348 121.4 
- +. 0.01 +0-015 k 1 

[ (X = F) 1.304 130.6 
1.162. - +O*OO6 +O-04 

(X = Cl) 1.751 117.5 

Carbonyl chloride 

+0*003 20.3 

fluorideC 

Phosgene 1.166 1.746 124.4 
+0*002 k 0.004 + O h 1  

Acetyl chlorideb 1.192 1.759 120.2 
+0.010 f0.005 kG.5 

14 

( Z  = F) 108.0 15 
+ 0.5 

(Z = C) 110.3 16 
+ 1  

111.9 17 
& 0.3 

( Z  = Cl) 111-3 18 
& 0. i 

+_ 0.5 
(Z = C) 112-7 19 

Z is the third atom to which the carbonyl C is bound, besides 0 and X. 
Assuming a symmetric niethyl group. 
Results based also on data for similar niolecules (COCI, and COF,), used to 

establish lower and upper limits to bond lengths and angles. 

were incorporated. In carbonyl fluoride, both the C-0 and C-F 
distances are shorter than the corresponding ones in formy1 fluoride, 
indicating a general trend with increasing fluorine substitution. Also the 
relatively small value of the FCF angle (108.0 _+ 0.5") in COF, should be 
noticed. The experimental results for acetyl fluoride were treated in two 
different ways, with or without the requirement ofzethyi group symmetry; 
figures in Table 2 refer to the former treatment and are in remarkable 
agreement with those for formyl fluoride. The CCF angle in acetyl fluoride 
has a value reasonably consistent with a bent bond description of the CO 
double bond16. This bond appears to be shorter in formyl and acetyl 
fluorides than in formaldehyde (1.21 _+ 0.01 A)21 and acetaldehyde 
(1-216 k 0.002)22, respectively. 

Microwave spectra together with a number of reasonable assumptions 
allowed the deterngiiiiiiuii'? of iiic siructural parameters for COCXF given 
in Table 2. 
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Variations of CO and CX distances, and of OCX angles, on going from 
COCI, to CH,COCl or from COF, to CH,COF are camparzble. Further- 
more, the most stable conformation for acetyl chloride was found to be 
the same as for acetaldehyde, acetyl fluoride and acetyl cyanide: that is, a 
methyl hydrogen eclipses the oxygen atomlg. In the case of fhoroacetyl 
fluoride, the most stable rotainer has all the heavy atoms in a plane, with 
the CH,F fluorine eclipsing the oxygen atom=. 

111. THERMODYNAMIC PROPERTIES AND POLARITY 

A. Thermodynamic Properties a 4  Bond Energies 
A critical examination of the scanry data found in the literature for the 

heats of formation of acyl halides has led to the figures shown in Table 3, 

TABLE 3. Heats of formation (- of acyl halides (kcal/mole) from 
elements in their standard states 

Halogen Compound State Reference 

Liquid Gas 

F Caibonyl fluoride 
Acetyl fluoride 

Cl Phosgene 
Acetyl chloride 
Benzoyl chloride 
Oxalyl chloride 

' Br Acetyl bromide 
Benzoyl bromide 

I Acetyl iodide 
Benzoyl iodide 

111.4 

65.5 
39.3 
85-6 

53-2 
55.5 

39.0 
12.55 

153 24 
105.2 24 

52-8 24 
58.3 24 

(28.9)" 25 
78.0 26 

(45.9)" 24 
(14.7)" 25 

30-3 24,27 
(1.3)" 25 

Estimated value (see text). 

The AH,,,,, values for the gas given in brackets were obtained from the 
corresponding values for the liquid by applying the Trouton rule to  
estimate the heat of vaporization. 

From the heats of formation of gaseous acetyl halides (Table 3), of the 
acetyl radical ( = - 11 kcal/mole)es, and OF halogen atoms2g, 
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the C-X bond dissociation energies in acetyl halides were calculated by 
considering the following sequence of reactions : 

(CHSCOX), - 2 C + 8 Hz + 3 0 2  + f X, 
2 C + 3 Hz + 6 Oz - (CH,CO'), 
4%- o o g  

~ -- 

(CH,COXIp - (CH,CO'), + (X7, 

Results are (in kcal/mole): 112.7 (C-F), 76.2 (C-Cl), 61.6 (C-Br), and 
44.8 (C-I). An analogous calculation for gaseous benzoyl halides 
(AAVLzss for benzoyl radical = 15.2 k~al/rnole)~*, gave slightly diEerent 
values: 73.0 (C-Cl), 56.6 (C-Br) and 42.0 (C-I). There is substantial 
agreement between these results and the bond energy terms for C-halogen 
bonds discussed by Cottre1lz9. 

For the three benzoyl derivatives there are also experiniental determin- 
ations of the C-halogen bond dissociation energy by the kinetic method, 
assuming that the activation energy for the recombination of radicals is 
zero. The following values (in kcal/mole) were obtained: 73.6 for benzoyl 
chloride30, 57-0 for benzoyl bromide31 and 43.9 for benzoyl iodide32. 
Agreement with the the: mochemical results previously given is good. 

A rough calculation of the CO double bond energy is possible, using the 
heat of formation of carbonyl and acetyl halides from monoatomic gaseous 
elements and the bond energy terms for CC, CH and CX single bonds. A 
value close to 190 kcal/rnole is obtained, indicating the C=O bond to be 
particularly stroxig in this series of compounds. 

Thermodynamic functions for a few compounds containing the COX 
group have been tahulated. In Table 4 a list of these compounds is given, 
together with the temperature range and references. 

For COCle and COF, accurate calorimetric determinations of the 
standard entropy gave results in complete agreement with the statistical 
values from spectroscopic data3s* 39, provided that the stable form of solid 
phosgene is considered. 

B. Ionization Potentials 
The most common method for the measurement of ionization potentials 

is by eiectron impact in a mass spectrometer. Ionization with and without 
fragmentation' may be obtained : 

R - X + e - w  R - Xi + 2e- (1 1 
R - X + e -  z R+ + X + 2e- (2) 

Process (1) gives the radical ion with the same molecular weight as the 
parent. molecule, and allows the measurement of the ionization potential 
of R-X, I (RX). Processes of type (2) give rise to a radical ion R+ and a 
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TADLE 4. Tables available in the literature for the thermodynamic functions 
of ~ c y l  halides (heat capacity, entropy, heat content function, Gibbs energy 

function for ideal gas state at 1 atm. pressure) 

Halogen Compound Temperature range Reference 
(K) 

F HCOF 
DCOF 
COF, 

F, C1 COFCl 

C1 COCl, 
CH,COCI 
ClCO -COCI 

C1, Br CQClBr 
Br COBr, 

200- 1 500 
200- 1500 

273.16-1500 

273.16-1500 

154000 
298- 1000 
1OG-1000 

298.1 5-1000 
298.1 5-1 000 

33 
33 
34, 24 

3 4 

35, 36, 24 
24 
37 

38 
38 

neutral radical X; the minimum energy of the bombarding electrons at  
which Rf appears gives its appearance potential A (R+). 

A list of va!ues of ionization and appearance potentials is given in 
Table 5. The sequence of values for A(CH,CO+) shows the expected 

TABLE 5. Ionization and appearance potentials (eV). 

Compound (RX) I (RX) A (R+) Reference 

HCOF 
COF, 

COCl, 

CHICOF 

CH,COCl 

CH,COBr 
PhCOF 

PhCOCl 

PhCQEr 
p-MeOC6H4COCI 
p-MeCGH4COCI 
p-CIC6H,COCI 
p-N02C,H4COCI 

11.4 
13.2 k 0.1 
11.77 st 0.04 

(1  1*76b 
- 

1 1 -08 k 0.06 

- 

10.6 
- 

(10.6 
9.70 2 0.01 

8.87 k 0.05 
9.37 k 0.01 
9.58 k 0.03 

10.66 k 0.01 

- 

12.3 

11.2 
10.6 
11.5 
11.18 
10.5 

10.0 

40 
41 
40 
42 
43 
44 
43 
43 
45 
46 
45 
44 
45 
44 
44 
44 
44 

~~~ ~~ 

From mass spectrometry, unless otherwise stated. 
From U.V. spectrum. 



8 Massinio Sinionetta and Paolo Beltraine 

rclationship with the carbon-halogen bond dissociation energies of the 
corresponding acetyl halides. Analogous behaviour is shown by benzoyl 
halides. The ionization potentials of unsubstituted. and para-substituted 
benzoyl chlorides from reference 44 were correlated with u+ substitucnt 
constants (Figure 2). 

r 

-1 0 1 e- 
FIGURE 2. of ionization potential for p-RCsH4COCI with 

O;, \W.  
.L ,... , 

C. Dipole Moments and Polarity 
1. 5ipole moments 

Electric dipole moments of a number of simple molecules were 
measured from the Stark effect on microwavt: spcctra. For other compounds 
the usual dielectric constant determination, mostly in solution, was used. 
A sample of values is shown in Table 6 .  

From the sequence of dipole moment values for formaldehyde 
(2.34 D)53, formyl fluoride (2.0 D) and carbonyl fluoride (0.95 D) it has 
been shown that even in COF, the moment is directed toward the carbonyl 
grouplS. 

For fluoroacetyl fluoride, the dipole moments of two rotamers have 
been obtained, that is of the most stable one ( t t m i s  isomer) and of the cis 
isomer=. Figure 3 shows the two conformations and the direction of the 
respective moments. 
k microwave study of acrylyl fluoride has shown that the molecule is 

planar, and'the two isomers s-cis and s-trans have about the same energy 
and the same dipole moment49. The trend observed when comparing the 
dipole moments of formyl, acetyl and acrylyl fluoride (Table 6) shows the 
increasing polarizability of the H, CH, and CH=CH, groups. 
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TABLE 6. Dipole moments of acyl halides 

Compound I" Conditions Reference 
(Debye) 

HCOF 

COClF 

FCH,COF 

COF, 

CHSCOF 

CH,=CHCOF 

COCI, 

CH,COCI 

CH3COBr 
BrCH,COCl 
BrCH,COBr 

From microwave spectroscopy 
2.02 k 0.02 gas 
1.99 k 0.03 gas 
0.951 +. 0.010 gas 
1 *23 k 0.01 &as 
2.96 k 0.03 gas 

t 

("2:: (cis) gas 
(trans) 

3.26 k O.O5(s-rrans) 
3.21 _+ O * O ~ ( S - C ~ S )  gas 

 fro^ dielectric comtaiits" 
1.179 5 0.01 5 gas, 20-1SO" 

12.7 1 gas, 50-110" 
i2.47 benzene, 20" 
2-45 benzene, 20" 
2.14 CCl,, 25" 

CCI4, 25" 
gas, 85-255" 
benzene, 20" 

2-17 CCI,, 25" 
1 -5s cc14, 25" 
1.12 CCI4, 25" 

benzene, 20" 
2.63 benzene, 20" 
2.56 benzene, 20" 
0-93 benzene, 20" 
2.8 1 benzene, 20" 
3.03 benzene, 20" 
3-42 benzene, 25" 
3.40 benzene, 20" 
3.84 benzene, 20" 
2.02 benzene, 20" 
2.05 benzene, 20" 
1-12 benzene, 20" 

Fi 
I1 -20 

20 
47 
15 
48 
16 

23 

49 

51 

52 

" From reference 50 unless otherwise specified. 

The dipole moment of formyl fluoride has been measured both for the 
ground and for the excited n - d  singlet states54. For the last state, 
p"2-60 D. The fact that the dipole moment increases during the n+r* 
transition is surprising for a carbonyl compound. 
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The depzitdence of dipole moments on the nature of the haloseen_ in the 
COX group is illustrated by p-values for acetyl, bromoacetyl and benzoyl 
halides (Table 6 ) :  while values for X = C1 and Br are almost equal, there 
seems to be an increase a n  going to X = F. Benzoyl derivatives have larger 

FIGURE 3. Trans (a) and cis (b) forms of CH,FCOF. Principal axes and dipole 
moments directions are shownz3. 

p-values than the corresponding acetyl derivatives, due to the larger 
polarizability of the phenyl group.. The influence of substituents on these 
dipole moments shows normal trends; for example, progressive a-sub- 
stitution of hydrogen by chlorine in acety! chloride causes a regular 
decrease in dipole moment. 

While oxalyl chloride has been found to exist in a nearly trans form in 
the solid3 the dipole moment found in benzene solution (0.93 D) is far 
from zero. A calculation based on the use of C=O and C-Cl bond 
moments, sp2 hybridization at the carbon atoms and free rotation around 
the C-C bond gives a value coincident with the experimental one. This 
suggests also the possibility that the molecule is present in two forms, cis 
and traits, at least in benzene solution. The most recent results on i.r. and 
Raman spectra of oxalyl chloride in the liquid/gaseous states have been 
explained in terms of a mixture of cis and trans conformations, in which the 
cis isomer is present in 15-207; c~ncent ra t ion~~.  

2. Polarity 
The didectric constant of acetyl chloride is fairly high (15-9 at 20")56; 

it possesses a moderate solvolysing power and intervenes in the formation 
of complexes between bases and Lewis acids. This has been interpreted5' 
as evidence of a weak ionization, according to the equation: 

CHSCOCI < CH,CO+ + CI- 
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Further support derives from measurements of electric conductivity5*. 
Similar observations were made with benzoyl chloride50 * 50. 

The behaviour of acetyl and benzoyl chlorides can be interpreted also 
in terms of their ‘donicity’: that is, the ability to make an electron pair 
available to form a co-ordinate bondG0. 

lV. SPECTRQSCQB!C PRQPERTIES 

A. Rotational Spectra 
The most convenient technique for the study of rotational levels of 

molecules i s  microwave spcctroscopy. Usually one obtains information on 
moments of inertia, on dip& moments and on nuclear quadrupole 
constanrs. Some of these topics are treated in other parts of this chapter. 

When internal rotation is present in the molecule under study, in special 
circumstances the rotational energy barrier can be evaluated and, more- 
over, possible rotational isomers can be identified and their difference in 
energy established. A theory has been developed for cases in which the 
moiecuie can be treated as a rigid symmetric rotor attached to a rigid 
asymmetric frame. ‘While the spectrum of a rigid molecule is made up of 
single lines, the theory predicts for the above molecules a series of doublets; 
the splitting in szch dcd.Aet is a scn”si:ive functioli of the height of the 
barrier hindering internal rotation22. 

Acetyl halides belong to this class of compounds, and have been studied 
from this viewpoint. Since the methyl group has a threefold axis, the 
hindering potential may be approximately written as 

V(,) = +V,(l - cos3u)  (3) 

where a is the rotation angle, measured from a minimum position, and V, 
is the barrier height. Values of V3 for these and related compounds are 
showa in Table 7. The height of the barrier is of the order of 1 kcal/mole 

TABLE 7. Internal rotation barriers for acetyl halides and related compounds 

Compound CH,COF CH,COCl CH,COBr CH ,COI 
V, (callmole) 1041 + 20 1296 + 30 1305+30 1301 +30 
Reference 16 19 61 62 

Compound CH,CHO CH,COCN CF,COF 
V, (cal/mole) 1150+30 1270 5 30 1390 k 210“ 
Reference 22 63 64 

a From i.r. spectrum. 
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in all cases, and does not seem to be very sensitive either to the nature of 
X ( = H, F, C1, Br, I, CN) in the COX group or to substitution of hydrogeri 
with fluorine atoms in the methyl group. 

Replacement of one hydrogen by a fluorine atom in acetyl fluoride has 
a drastic effect on the shape of the potential function for internal rotation: 
this function (Figure 4) has two minima, differing by 910 100 cal/mole= 

0" 60" 1 20° 180° 
e4 

FIGURE 4. A reasonabie form for the potential energy curve for internal 
rotatior? in CH,FCOF23; (z) and (b) hci~,;.c :he s a i x  Ixcaiii~g as i i i  Figiiie 3. 

and separated by a barrier higher than 4 kca!/moIe when measured from 
the most stable isomer, where the two fluorine atoms are trans to one 
mother. The two rotamers have been shown in Figure 3. 

The microwave spectrum of COF,, examined under high resolution, 
has allowed the determination of 19F nuclear spin-nuclear spin and lDF 
spin-rotation interaction constantsG5. The microwave spectra of two 
vibrationally excited states have also been 

The analysis of the i.r. spectra of HCOF and DCOF, recorded by 
means of a high-resolution spectrometer, has allclwed the determination 
of rotational constants for these rn01ecules~~. 

B. Vibrationai Spectm 
1.r. and Raman spectra can be used for various purposes, the most 

prominent of which are the assignment of the fundamental frequencies to 
the normal vibrational modes of the molecules, the determination of the 
force constants in appropriatc potential firnctions, the detection of 
rotational isomers with the evaluation of their difference in energy, and 
the determination of rotational barriers. When data for a series of analogous 
molecules are available, frequencies of fundamental vibrations, for instance 
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the C=O stretching, can be correlated with physico-chemical properties of 
the atoms or groups varying along the series, for instance the electro- 
negativity of halogens in the series RCQX. 

Carbonyl and forrnyl halides, being four-atom molecules, are well 
suited for both normal vibration assignments and force constant calcu- 
lations. Planar COX, and COXY molecules have five fundamental 
vibrations in the molecular plane and one out-of-piane. Molecules COX, 
have C,, symmetry: three vibrations (v,, v,, v3) are totally symmetric, 
t l x t  is belong to species A,, vibrations v4 and v5 are symmetric only with 
respect to the molecular plane and belong to species B,; the out-of-plane 
vibration v, belongs to species B,, that is the vibration is antisymmetric 
with respect to the plane of the molecule. These normal vibrationsG8 are 
shown in Figure 5. The in-plane vibrations can be described as fdlows: 
v1 is the in-phase stretching of the C-X bonds, v ,  is the C=O stretching, 
u3 is the X-C-X bending, v4 is the out-of-phase C-X strerching, v5 is 
the rocking of the XCX triangle (sometimes &scribed 2s  X-C-0 
bending). 

Molecules COXY have C,  symmetry: the five in-plane vibrations 
belong to A' species, and the out-of-plane vibration to A ". The description 
is the same as for the previous case. 

The fundamental frequencies and assignments for a number of such 
molecuies are shown in iabie  8. 

TABLE 8. Fundamental frequencies (cm-') for simple acyl halides 

Species A ,  4 B, Reference 

Vibration V l  vz v3 v 4  v 5  V6 

COF, 965 1928 584 1249 626 774 69 
COCI, 567 1827 28 5 849 440 580 70, 38 
COBr, 425 1828 181 757 350 512 38 

Species A' A" Reference 
- 

Vibration V l  V2 9 3  v 4  v5 va 

HCOF 2976 1834 1344 1064 561 71 
COCIF 776 1868 501 1095 415 667 72 
COBrF 721 1874 398 1068 335 620 73 
COClBr 517 1528 240 806 372 547 38 

-- 
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x X 

FIGURE 5. Normal vibrations for a molecule COX,: 
tions; v,,, out-of-plane vibration. 

v,-v5, in-plane vibra- 
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The vibrational energy for a N-atomic molecule can be expressed by 
means of a potential energy fiinction, involving the internal displacement 
co-ordinates. Assuming that only quadratic terms need be considered, a 
general force field is obtained, of the form: 

3N-6 
2v = x f j j  s; sj 

i . j =  I 

where Si and Sj are internal co-ordinates, and Ajs are force constants. 
Owing to the facL that even for sinall symmetric molecules the number of 
independent force constants in (4) is large and greater than the number of 
observed frequencies, simplified force fields are commonly preferred. The 
most generally used is the Urey-Bradley force field73a, in which the potential 
energy changes as a function of changes in bond lengths (Ari), bond 
angles (haj) and distances between non-bonded atoms (44,;) : 

2V = [2Kjr;o Ari + Ki(Ari)*] 

+ 
I 

[2H; r;o Aaj + Hj(rjo Aaj)*] 
J 

+ [2Fi 4k0 Aq, + F,(Aq,)21 (5) 
k 

In (5)  rio and qf,.o are equilibrium interatomic distances for bonded and 
non-bonded atoms, respectively, rjo is the geometric mcan of the equilibrium 
lengths of the bonds that define the bond angle aj; Ki, H j  and Fk are the 
stretching, bending and repulsive force constants, respectively. Since 
Ayi, haj and Sqk are not independent of one another, the presence of 

first-order terms in ( 5 )  is required, and the new force constants Kl, H i  
and FL come in. Equilibrium distances ria, r .  arid qno are introduced in 
order to make all the force constants dimensionally homogeneous. 
Removal of redundant co-ordinates, introduction of the equilibrium 
condition and further  simplification^^^ allow reduction of the independent 
parameters to Ki, ifj and F,c force constants. These are used, in linear 
combinations, to build up the elements of the force constant matrix F, 
for the computation of vibrational frequencies according to the method 
of the GF matrix75. In Table 9 Urey-Bradley force constant values for 
symmetric carbonyl lialides are shown, limited to in-plane deformations. 
By transferring these values o r  iilterpolating between them [in the case of 
K(C-0), H(XCY) and F(X. .Y)], force constants for mixed carbonyl 
halides COXY were obtained, and used to calculate vibrational frequencies 
for COClF, COBrF and COBrC169. Good agreement with observed 
frequencies was obtained, as appears from Table 10. 

For HCOF force constants of in-plane defornlations were calculated in 
two different approximations. In  one casei1 normal co-ordinates were used 

30 
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TABLE 9. Urey-Bradley force constants (md/A> for in-plane deformations of 
symmetric carbonyl halidesG8 

Molecule Stretching Bending Repulsive 

K(C-0) K(C-X) H(XCX) H(0CX) F(O*.-X) F(X..*X) 

COF, 12.85 4.528 0.450" 0.261 3.578 1.120 
CQCla 12.61 1 *99 0.11" 0.145 0.860 0.523 
COBr, 12.83 1.565 0.060" 0.104 0.63 1 0.528 -- 
a Assumed value, transferred from the corresponding perhaloethylene. 

TABLE 10. Calculated and observed in-plane vibrational frequencies (cm-l) 
of COXY molecules 

Assignrncnt COClF COBrF COClBr 

calc.Go O ~ S . ' ~  c a k G 9  o ~ s . ' ~  calc.Go o ~ s . ~ ~  

V1 762 776 75 1 72 1 519 517 
V? 1877 1868 1876 1874 1828 1828 
v 3  485 50 1 384 398 236 240 
v4 1117 1095 1099 1068 806 806 
v 5  425 415 374 335 371 372 

and only diagonal terms were retained in rhe potential function. In the 
second c a l ~ u l a t i o n ~ ~  changes of bond lengths and bond angles were taken 
as variables, and all interaction terms were included. A summary of results 
is given in Table 11. Both sets of force constants reproduce the observed 
frequencies (Table 8) precisely. 

TABLE 11. Force constants for planar vibrations of HCOF 
(md/& 

Vibration Reference 71 Reference 76 

C-H stretch 4.80 
C = O  stretch 11.34 
C - H bend 0.26 
HCO bend - 
C-F stretch 4-76 
FCO bend 1 -43 

4.78 
15-66 

1 -09 
5-43 
2-13 

- 



I .  General and theoretical aspects 17 

The different force fields used as approximations of the general force 
field (4) have been criticizcdi7 because of the iiitroduction of arbitrary 
assumptions, required by the insufficient amount of experimental data. 
To overcome this difficulty, it has been suggested to apply a miniimm of 
very mild constraints to the interaction constants, and to calculate the 
range of acceptable solutions for the general force field problem. This 
method has been applied to COCI, and COBr,, where five vibrational 
frequencies are available for the determination of nine force constants. 
The constraints were assumptions a h u t  some signs and reasonable ranges 
for thc interaction constants. The calculated range of the C=O stretching 
constant, for instance, is 12-5-13.9 md/A f G r  COCl, and 12-9-14-2 for 
CDBr,; the corresponding values for the C-Ci and C-Br stretching 
force constants arc 2.94-3.27 and 2-27-2.63, respectively. It is gratifying 
that no overlap occurs between the last two ranges, indicating that C-C1 
bonds are tighter than C-Br bonds, as expected. 

The i.r. spectra of acetyl halides have becn obtaincd, both in gas and in 
liquid phase, and frequencies have been assigned to the fundamental 
vibrationsis. Vibrational assignments of prominent interest to the study of 
the COX group are reported in Table 12. Vibrations involving the halogen 

TABLE 12. Vibrational frequmcies (cm-l) foi the COX gioa.:p in the i.r. 
spectra of acetyl halides7E and of trifluoroacetyl chloride7s 

. 

Vibration Species CHBCOX CFBCOX 

X = F  X = C 1  X = B r  X = I  x = c1 

C=O stretch A' 1867 1820 1826 1808 1811 
C-C stretch A' 1185 1106 1089 1075 93 7 
C-X stretch A' 832 605 563 542 750 
XCO bend A ' 598 43 5 335 285 51 1 
XCC bend A' 473 346 305 264 334 
C=O O.O.P. beild A" 569 514 490 476 390 
C-C torsion A" 208" 260° - - - 

From Raman spectra. 

atom show the most remarkable changes in frequency on going from 
X = F to X = I, as expected, while other vibrations are less affected. For 
purpose of comparison, data for trifluoroacetyl chloridei0 are also given 
in Table 12. 

Vibrational spectra were used to investigate rotational isomerism in a 
number of &-substituted acetyl halides, as CH,DCOCIa0, CH2BrCOX8l, 
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CH2FCOX82, CM,CICOXB1 * 83, CHC12COClR* and Me,CBrCOBrs5. Two 
sets of bands are observed in such cases in the fluid states, while only one 
of them is usua!ly present in the spectrum of the solid. 

For chloroacetyl chloride electron diffraction9 proved that the most 
stable form has the halogens trans to each other; the same conclusion was 
drawn for fluoroacetyl fluoride from microwave spectra (section 11, C and 
Figures 3, 4). It  is generally agreed that the vibrational spectrum that 
persists in the solid state of monohalogeno-acetyl halides pertains to the 
tram conformation (Figure 6,  a), although a gauche confxmation (Figure 
6,  b) has also been proposed86. The conformation of the other rotamer 

0 0" 60" 150" 180' 

FIGURE 6. Schematic representation of some possible conformations of 
mono-halogenoacetyl halides (8 = azimuthal angle). 

has been studied by calculating vibrational frequencies by a Urey-Bradley 
force field at  different values of the azimuthal angle 8 (Figure 6) and 
comparing calculated and observed values. An additional criterion is the 
'product rule'81, which states that the ratio of the products of the normal 
frequencies of rotational isomers depends on the G-matrix values according 
to equation (6). 

(The calculation of the 6-matrix involves the geometry of the molesule 
and theietjie depends on the azimuthal angle 8.) A gauche form with 
8 = 150" has been proposed for CH,CICOCI and CH,BrCOClgl (Figure 
6, c), while a form close to cis is favoured by other authors in the case of 
CH2C1COX (X = F, C1, Br)83 (Figure 6, d). 

By studying intensities of absorption at specific bands of the two rotamers 
as a function of temperature, and applying the van t'Hoff equation, the 
energy difference between rotational isomers was cvaluated in some 
cases81* 82* 83. Results are (in kcal/mole): CH2BrCOCI, 1.0 +_ 0.1 ; 
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CH,BrCOBr, 1.9 i- 0.3; CH,FCOCI, 1-0 L 0.1 ; CH,CICOF, 0.8 f. 0.2; 
CH,ClCOCI, 1.0 5 0.2; CH,ClCOBr, 1.9 k 0.3. 

Dichloroacetyl chIoride appears to be present in fluid states in two forms 
of different polarity, as evaluated from the effect of solvents on the 
intensity of one group of bands with respect to the others4. Dipole moments 
were calculated by the vector addition of bond moments, normal vibrations 
were calculated on the basis of the Urey-Bradley potential function, and 
the 'product rule' was also applied. The less po!ar rotamer was so identified 
as the form with the hydrogen of the CHCI, group eclipsing the oxygen 
atom. For the more polar rotamer, the conformation with the CHCl, 
group rotated by an angle of 90" is favoured. Only this isomer persists 
in the solid state. On the other hand, in the gas phase the less polar form is 
slightly more stable (by ca. 0.2 kcal/mole) than the more polar f~im".  

A less polar and a more polar form are also described in the case of 
2-bromo-2-methyl-propionyl bromide, and two gauche conformations are 
suggested, having azimuthal angles B of 60" (more polar) and 120" (less 
polar)85. 

1.r. spccira are reported of a series of saturated acyl halidess6. The 
presence of a number of C--C1 or C-l3r stretching vibrations proves that 
conformational differences, not only at the 01- but also at the /3-carbon 
atom, affect the carbon-halogen stretching frequency by intramolecular 
non-bonded interaction. 

The study of the vibrational spectra of oxalyl halides has led to con- 
troversial interpretations. While the most recent discussion of oxalyl 
chloride spectra is in favour of the existence of both a cis and a trans 
form in fluid no indication of a cis conformation was found for 
oxalyl fluoride and oxalyl fluoride chloridea7. 

The vibrational spectra of acrylyl chlorides8 have been discussed in 
terms of an equilibrium between trans and cis rotamers in the fluid states. 
From the temperature dependence of the absorbances of the two C-C1 
streiching vibrations in the vapour spectrum, an energy difference of ca. 
0.6 kcai/mole between the rotational isomers was calculated, the trans 
form Scing the more stable. Also i.r. spectra of mcthacrylyl, crotonyl 
and fumaryl chlorides are reported and discusseds8. 

The i.r. spectra of the four bcnzoyl haiicies in the liquid state have been 
recorded and the fundamental vibrations assignedas. Frequencies assigned 
to vibrations of the COX group are collected in Table 13, where the 
stretching frequencies depend on the atomic weight of the hrlogen in the 
usual way. 

1.r. spectra of substiiuted benzoyl chlorides and benzoyl bromides have 
been reporteds0. 

2 



20 Massimo Simonetta and Paolo Beltrame 

TAaLE 13. Typical vibrational frequencies (cm-I) for the COX group in the 
i.r. spectra of benzoyl halideseo 

Vibration X = F  x = c1 X = Br X = I  

C=O stretch 1802 1771 1765 1753 
C-C stretch 1260 1209 1199 I198 
C-X stretch 1 L45 873 675 603 
XCO bend 648 

.-A 

- - - 

Relations have been found between the electronegativity of halogens 
and the stretching frequency of the carbonyl group in acyi iia;idesS9* $’l. 
An analogous correlation has been suggested for the out-of-plane C=O 
bending frequency”. Force constants for carbonyl out-of-plane defor- 
mation in a series of compounds of the type COXY were found to be 
linearly related (Figure 7) to Taft’s inductive and resonance substituent 
constants, gI and a, respectively, according to the equationg3: 

(7) 

It  appears that Jc is increased by electron withdrawal due to the inductive 
efTect of groups X and Y, as well as by electron release from the same 
groups into the r-system. 

k = 0.233 + 0.199 C 0, - 0.268 C OR 
x. Y x, Y 

0.8 r 

1 1 1 I I 

03 0.4 0.6 

0.233+0199 u,-0.268 aa 
x,y XIY 

FIGURE 7. Correlation between 0.0.p. bending force constants k for COXY 
molecules and Taft’s parameterse3. Full circles (No., X, Y ) :  1, F, F; 2, F, C1; 
3, F, D; 4, C1, C1; 5, C1, Br; 6, Br, BF; 7, F, Br; 8, F, CH3; 9, C1, CH3; 
10, Br, CH,; 1 1 ,  C1, OCH,; 12, CI, SCH,. Crosses: X and Y other than 

halogens. The straight line represents equation (7). 
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C. Electronic Spectra 
The near U.V. spectrum of formyl fluoride presents an absorption band 

with origin at  267 nm ( E  = 0.01 1 cm-' mole-l) ai:d Amnx = 210-226 nm 
( E  = 50)94* g5* 96. The band is assigned to a n 4 . d  singlet-singlet electronic 
transition. Its detailed analysis allows to specify that the transition is from 
a planar ground state to a pyramidal excited state, characterized by a 
longer CO bond distance, a smaller FCO bond angle and by an out-of- 
plane angle between the CO axis and the HCF plane in th!: range 30-35". 

The electronic spectrum of carbonyl fluoride has been observed down 
to 121.5 Ern. Four tramitions occur in this spectral region, and have Seen 
interpreted, in order of increasing energy, as two 12 -+ T*, m e  Ti  -P a* and 
one T+ T* type41. 

The electronic spectrum of phosgene has been recorded over the regions 
3 15-210 nmg7 and 200-60 nm42. In the former region an no -+ ,It: transition 
was identified, with origin near 299 nm. A high-dispersion study of this 
band has led to the conclusion that in the corresponding excited state the 
molecule has undergone a deformation similar to that of HCOF. In the 
far-u.v. region six electronic tra.nsitions were identified and tentatively 
assigned as follows, in order of increasing energy: no-> o*, ncl+ u*, 
T+ T*, no+ Ro, no-+ R&, nCI+ R&, where Ro and Rcl orbitals are 
atomic-like (Rydberg) orbitals. 

The near U.V. spectrum of carbonyl fluoride chloride presents an 
iz-f 7i* absorption band with origin near 259 nm and A,,, = 203 nm 
( E  = 35 1 cm-1 r n ~ l e - ~ ) ~ ~ .  

The iz + T* absorption band of acetyl derivatives presents its maximum 
intensity at the following wavelengths: CH,COF, 205 nm ( E  = 37; in 
h e ~ t a n e ) ~ ~ ;  CH,CGCI, 235 nm ( E  = 53; in hexane)lOO, 241 nm ( E  = 38; in 
h e ~ t a n e ) ~ ~ ;  CH,COBr, 250 nm ( E  = 94; in heptane)"; CF,COCI, 253 nm 
(E  = 17; gas)79. For CF,COF, the spectral region from 250 to 115 nm was 
expioredlol; the recorded spectrum is shown in Figure 8. The four bands 

4000 
E 

2000 

0 
40 60 80 

10'3.Y (cm-i) 

FIGURE 8. Electronic spectrum of trifluoroacetyl fluoride in the gas phaseIo1. 
The curve containing band A represents E x 20. 
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labelled A, B, C and D were assigned to !I--> rr*, Rydberg, ‘;r + T* and 
Rydberg transitions, respectively. 

The near U.V. spectra of some oxalyl halides have been observcdlo2. For 
each molecule, two electronic transitions were identified, one singlet- 
singlet and the other singlet-triplet, both resulting from iz+ TP electron 
promotion. In  the case of oxalyl chloride the vibrational structure of both 
bands has been carefully analysed. The observed spectra arc consistent 
with transitions between planar, tram electronic stateslo3* la. 

The origins of the ?I--> T* absorption bands for some simple acyl halides 
are col!ected in Table 14. Within homogeneous series of compounds a 

TABLE 14. LoLvest energy 11 -+ T* singlet-singlet absorption bands in simple 
acyl halides 

Compound Electronic origin of the band (cm-’) Reference 

HCOF 

COFCl 
COCI, 
FCO-COF 
FCG-COCI 
ClCO -coc1 
BrCO -CCOBr 

COFZ 
37,483 
42,084 
38,658 
33,500 
32,445 
L6, IL4 

27,189 
25,371 

-- -1. 

96 
41 
98 
97 

102 
102 
103 
102 

dependence of the frequency on the electronegativity of a-atoms is 
apyarent”* 99* and is regarded as mainly due to stabilization of the 
ground state n-electrons by electronegative adjacent atoms. A linear 
correlation is shown in Figure 9 for derivatives of the type COXY. 

The U.V. absorption maxima of some benzoyl halides are reported in  
Table 15. The absorption spectrum in the singlet-triplet region and the 

TABLE 15. Electronic singlet-singlet absorption bands of benzoyl halides in 
n-heptaneDg 

Compound it --> T* band T -.+ T* band 
___.___ 

L l X  & L l ,  & 

(nm) (1 cm-I (nm> (1 cm-l mole-’) 

PhCOF 278 1910 230 18,400 
PhCOCl 282 2250 24 1 27,200 
PhCOBr 282 1520 245 16,500 
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phosphorescence einission spectrum of beiizoyl bromide have been 
aeasured in ether-toluene glass at 77 Klo7; llic transition has been 
assigned as a T+ 7i* type. 

- 
4 5 6 7 8 

*X+& 

FIGURE 9. Correlation between wavenumber at the origin of the n --> T* 
absorption band for COXY molecules and the GordyloB electronegativity sum 

for ?C and Y. 

,D. N.m.r. Spectra 
The COX group contributes to nuclear magnetic spectra through the 

nuclei of 13C (nuclear spin I = $), of l 5 0  (I = 9) and of the halogen atoms. 
Among the latter nuclei, the most commonly investigated is 19F (I = 4) 
while little is known about the other halogen atom?108. 

Furthermore, COX substituents influence the chemical s'nifis of other 
active nuclei in a molecule. Some data of this kind are presented in Table 
16 for the active nuclei lH and l9F. Recalling that the proton chemical 
shifts downfield from TMS are 7-26 p.p.m. in benzene, 7.40 (6,) and 
6-30 p.p.m. (al) in furan112, and that the 19F chemical shift upfield from 
CFCl, is 163.0p.p.m. in C6F>lG, it appears from the table that COX 
groups are electron-withdrawing and act mainly on ortho and yam 
positions. Comparison with other electronegative substituents reveals that 
the effect of COX groups is one of the strongesP0. 

TaMe 17 shows that in the COF group the 19F chemical shift is to low 
field from CFCI,, indicating the strong electron-withdrawing character 
of the carbonyl. A few l9F chemical shifts in acyl halidcs arc shown in 
Figure 10 together with some reference compounds. 

Within the COF group the spin-spin coupling constants JcF between 
I3C and 19F have been determined in a few cases. Values given in Table 
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TABLE 16. Effect of COX groups on lH and lgF magnetic resonance spectra 

Compound (solvent) Chemical shifts in lH specira Ref. 
(downfield from TMS; p.p.m.1 

CeHSCOCI (liq.) 
CeH6COCI (CC14; diI. mj 
C&.CoBr (CC14; dil. m) 

R = OMe 
R = C1 

Hu HA 
(cyciohexane; dil. 00) 

ClCO H, 

H*+cl 

H, HI; 

(cyclohexane; dil. m) 

(CC14; dil. m) 

Maleyl fluoride (CFCI,) 
Fumaryl siuoride (CFCI,) 

6, = 7.93; 8, = 7.35; 6, = 7-54 109 
8, = 8.10; = 7.48; 6, = 7.62 110 
6, = 8.06; a,, = 7.47; 8, = 7.63 110 

$3 = 7-50; 6 4  = 6.69; 6, = 7-86 112 

6 = 6.73 
6 = 6.94 

114 
114 

Chemical shifts in l9F spectra 
(p.p.m.i 

m-FCGHdCOF &inc-F = 2.1 5 F 0.08" 11s 
(several solvents) 

p-FC,jH4COF (cyclohexane) 6rirw-F = 11-15" 115 
p-FC6H4COCI (cyclohexane) 8 r i U K - F  = 11*20a 115 
C6F,COCI (benzene) 8, = 130-8b; 6 ,  = 160*Ob; 116 

6, = 146-lb 

a Shift to low field from C,H5F. 
* Shift to high field from CFCI:,; for data in other solvents see references 117 

and 118. 
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FIGURE 10. lBF Chemical shifts for reference and typical compounds, upfield 
from F, (reference 122, besides those already given). 
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TABLE 17. magnetic resonance in the COF group 

Compound (solvent) Chemical shift Reference 
(to low field from CFC1,; p.p.m.1" 

HCOF (Iiq.) SF = 41 

CF,Br -CHBr -COF, (liq.) 

C,H,COF (liq.) SB- = 17 
Maleyl fluoride (CFCI,) 
Furnaryl fluoride (CFCI,) 

CH,COF (liq.) = 47 

CF,=CF-COF, (liq.) SF, = 21.2 
Sp, = 40.3 

SF = 41.2 
S2- = 30.4 

119 
119' 
1 20 
121 
; i9 
114 
I14 

Shift from CFCI, = shift from C.F,COOH-76.8 p.p.mlZ0. 

18 are in a relatively narrow range, from 344 to 377 Hz. The iowest values 
were found for molecules in which the COF group is linked to an olefinic 
or an aromatic system. J,,  constants involving the carbon atom adjacent 
t.o the COF group fall in the range 60-103 Hz. 

JFF coupling constants have been determined for molecules in which 
the two fluorine atoms were separated by a different number of bonds, 

TABLE 18. Coupling constmts in n.m.r. spectra (absolute values; Hz) 

Compound Coupling constants Reierence 

HCOF Jcn = 267; J H F  = 182; JCF = 369 123, 119 
119, 124 

1 20 

125 
I25 

C,H,COF 

F,CvO -COF 

JCF = 353; JOB = 39 f 6; JC,F = 59.7 

JCF = 365.9 2 0.4; Jcl?, = 103.2 rh 0.4; 
CF,F,Br-CHBr-COF JFB, = 14.6; JE'1>, = 12.3; J H ~  = 3.1 

J ~ F ,  = 51.5 _C 0.2 
CK,O -COF 
€3, -C -C,OF, 

JCF = 376.5 2 0-2; Jc,r = 97.0 k 0.2 

I I  
H-C-COF 

114 
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from 3 to 5 (Table 18). The aniount of coupling is not solcly dctermined 
by the 'through-bond' distancc, indicating the prcsence of a 'through- 
space' coupling. The lowest value in the table (.IFF = 0.22 Hz for fumary! 
fluoride) occurs when both the distance in space and the number of 
intervening bonds are large. 

The chemical shifts of 13C in acetyl halides CH,COX are as follows 
(downfield with respect to benzene): 41.1 p.p.m. (X = Cl), 40.9 (X = Br), 
29.3 (X = I)126. These values have been correlated with the r-bond 
polarity in the carbonyl within the theory of carbon chemical 
shifts'". 

The 1 7 0  chemical shift and the JOF coupling constant in acetyl fluoride 
have been deter~ninedl?~: 6 = 374 y.p.m. downfield from HzliO; 
JOF = 39 6 Hz. For two series of aliphatic acyl halides the 170 chemical 
shifts (on the same scale) are availab1elz4- 120. 

CH,COX: 
CH,CH,COX: 373 (X = F); 498 (X = Cl); 526 (X = Br) 

374 (X = F); 507 (X = C1); 536 (X = Br) 

Acylium ions appear as base peaks in the spectra of acetyl chloride 
(m/e = 43)130 and of nitrobenzoyl chlorides (nz/e = 150)1311. On the other 
hand, loss of COX gives the next most abundant ion in the case of acetyl 
chloride (m/e = 15)130, and the base peak in the positive ion mass spectrum 
of CF,COF (m/e = 69)l". Loss of COX is also favoured when it gives rise 
to a benzyl- or tropylium-like cation, as is the case for C,F,CM,COCI, 
that gives C,F,H$ as thc most abundant ion1=, and for CGH,CHBrCOCI, 
that gives an intense peak at nz/e = 169-171134. In the last case, however, 
the base peak has been found at  in/e = 125-127 (M -Br - CO) and it has 
been interpreted as due to loss of Br followed by migration of CI towards 
the cationic centre, accompanied by loss of C O :  

mle 153-155 mle 125-127 
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It should be noted that the behaviour of acyl halides in the mass spectro- 
meter, as sumniarized above, is nct different from that of other carbonyl 
derivatives, of formula R-CO-X with X other than halogen135. 

V. THEORETICAL ASPECTS 

As might be expected. the most simple acyl halide molecule, namely 
HCOF, has been the most thoroughly stiidied by theoretical methods. 
The Pople-Pariser-Parr method136 has been used to justify the 3lue shift 
of the first n+n* transition on going from fornialdehyde to formyl 
fluoride13'. The dipole moment of the same molecule has been calculated 
by three different semi-empirical molecular orbital methods : extended 
Huckel (EH)13*, iterative extended Hiickel (IEH)138, and CND0/2 
method140. The results are141: p = 6-32, 1.78 and 1.98 D, respectively, 
while the experimental value is about 2.0 D (Table 6). As for a number of 
other molecules, while the EH method overestimates the charge densities 
and hence the dipole moment, both IEH and CNDO/2 methods give a 
satisfactory result. 

Several physical properties of HCOF in its ground state were calculated 
by a ~on-e~-9irical  qliantuxx-mechanica! m e t h d u .  x~,.l---*l I v I v i b b u i a i  -- --.--.- wavc 

functions were obtained as linear combinations of atomic orbitals by the 
usual SCF procedure143, using Gaussian-type functions144. The influence 
of the variation of the basis set on total, electronic, binding and orbital 
energies, as well as on the dipole moment, has been investigated. With a 
reasonably limited basis set the energy of HCOF was determined as a 
function of bond lengths, OCH angle and 0.0.p. distortion. The experi- 
mental geometry was well reproduced, while stretching force constants 
were predicted one order of magnitude too large142. 

A more recent non-empirical SCF calculation is based on a set of 
Gaussian orbitals, in which two basis functions are used to represent each 
atomic orbitaPol. Each basis function is a linear combination of Gaussian 
functions. T:,e results were used to predict ground-siate properties, as well 
as the energy and intensity of 12 --f m* and T-> m* transitions, in HCOF, 
HCONHz and HCOOH. For formyl fll;oride the calculated dipole moment 
is p = 2.80 D, the ionization potentials are 14.15 and 15-35 eV for €2 and 
n electrons, respectively, and the net charge on fluorine (- 0.305) is more 
negative than on oxygen (-0.278). Spectral properties of the three men- 
tioned molecules ate fairly well reproduced, as far as reiative energy values 
are concerned. 

Bond orders and charge densities have been calculated by the simple 
Huckel method for several carbonyl derivatives, including the following 
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acyl halides145: HCOF, COF,, COFCI, COCl,, COBr,, CH,COCI, 
CCI,COCI, CFJOX (x = F, CI, Br, I). Both the CO bond order and the 
charge density on oxygen linearly correlate with the ca:bor,yl-stretching 
frequency observed in the vapour state. 

EH molecular orbital calculations were performed for a number of 
acetyl and benzoyl systemsoo. Energies of highest occupied and lowest 
vacant molecular orbitals were obtained and used to evaluate the shift of 
n + x *  and T+T* bands in the electronic spectra with respect to the 
corresponding bands in acetone and acetophenone (Table 19). The 

TABLE 19. Shifts in 12 +T* and T +n-* transitions due to substitution of a 
methyl group by a halogen90 

Compound AE,,+,* (eV> AE,,->,,* (ev) 

calc. obs. calc. obs. 

CH3COCH3n 0.0 0.0 0.0 0.0 
CH3COF - 1.72 - 1.59 - 0.69 
CH,COCI - 0.60 - 0.70 -0.11 +0*20 
CH,COBr -0.17 - 0.5 1 i- 1.07 +0.30 

- 

PhCOCH,O 0.0 0.0 0.0 0.0 
PhCOF - 0.42 - 0.54 - 0.22 -0.13 
PhCOCl -0.10 - 0.53 -0.13 4-0.12 
PhCOBr - 0.08 - 0.52 4-0.02 +0-20 

Reference compound. 

calculated n+ x* band shifts are approximately linearly related to the 
electronegativity of the atom linked to the carbonyl carbon; observed 
shifts satisfy the same relationship only for acetyl derivatives, 

A semi-empiricaI molecular orbital calculation, including the evaluation 
of spin-orbit interaction, has been performed14G to study the triplet-singlet 
T*+ n transition in COX, molecules (X = hydrogen or halogens). It has 
been shown that, owing to the mixing of the n-orbital on oxygen with 
carbon and halogen p-orbitals, oscillator strength and phosphorescence 
lifetime depend on the atomic number of the halogen. Lifetimes ranging 
from z lo-, s (COF,) to =: s (COI,) were obtained. A computation 
along similar lines was made for XCO-COX molecules (X=  H, C1 or 
Br)14'. The inclusion of heavy atoms is predicted to produce an increased 
intensity of the singlet-triplet absorption band, which was confirmed by 
experiment. 
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6. lNBWQDlOCTlOM 

Acyl halides are most commonly prcpared from the parent carboxylic acid, 
although other carboxylic acid derivatives may be used as precursors and 
the direct introduction of the halocarbonyl group is possible. The various 
methods described in the sequel are in principle all applicable to the 
preparation of fluorides, chlorides, bromides and iodides. However, the 
method employed for a particular class of compounds varies according to 
the availability of the reagent. The choice of method in an individual case 
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must also depend on the functional groups in the rest of the molecule. In 
this review the reactions are classified on the basis of the carbonyl halide 
precursors, and for each ciass of precursors the methods available for its 
conversion into the related acyl halide are discussed. This article cormn- 
trates on the more recent developments in this field, the literature up to 
1950 being well summarized in Houben-Weyl'. The preparation of carbonyl 
halides has also been reviewed by Buehler and Pearson2, and by Sonntag3. 

I t .  FROM CARBOXYLK ACIDS AND ANHYDRIDES 

A. With Thionyl Chloride 
Almost certainly the mQst widely used method of preparing acyl halides 

is the reaction between carboxylic acids and thionyl chloride. Thionyl 
fluoride4 and thionyl bromide (obtainable from thionyl chloride and 
potassium bromide5) undergo analogous reacticns, but have not been 
extensively used. 

Since acyl chlorides react with carboxylic acids to give wid anhydrides, 
then irrespective of their detailed mechanism the following reactions occur: 

RCOC! 4- P\CO,H -- (RCO),O + HCI 

(RCO),O + SOCI, 2 RCOCI + SO, 

Thus acid anhydrides may replace carboxylic acids in this and similar 
preparations of acid halides. 

The earlier literature on the use of thionyl chloride has been reviewedG 
and some examples of its use are given in Table I .  

Although thionyl chloride will usually react with carboxylic acids in the 
absence of a catalyst the use of the latter is sometimes recommended. 
Small amounts of pyridine have been used as in the preparationls of the 
acid chloride of geranylacetic acid. However, in the preparation of crotonyl 
chloride the addition of pyridine results in extensive charring (neither 
dimethyl formamide nor sodium chloride (see further) is an effective 
catalyst) and the acid chloride is best obtained19 from the uncatalysed 
reaction at  0". However, pyridine is an essential catalyst20 for the con- 
version of phthalic or succinic acids into the cGrresponding diacid chloride. 
In the absence of the catalyst the anhydride is obtained. Anhydrous zinc 
chloridez1 is an alternative catalyst for this reaction. Pyridine is also 
necessaryzz for the conversion of aromatic hydroxy acids into the corre- 
sponding acyl chlorides. 

The use of N,N-dimethylformamide as a catalyst was introduced by 
Bosshard and co-w~i-kers~~, the catalytic effect being considered due to 
the formation of an intermediate imidoyl chloride (see section If, G). 
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TABLE 1. Preparation of carbonyl chlorides with thionyl chloride 
37 

Acid Yield of chloride Reference 
(%I 

CH3(CH&CO2H 
MeO,C(CH,>,CO,H 
Me,CHCO, H 

Me,NCH,CO,H Cl- 
C,,H,CO,H 
CH,(COOH), 
PhN=NC6H,C0,H 

+ 

m-NO,C,jH,CO,H 
CtjHECH(0Ac)COZM 
CH3(CH2),CH=CH(CM;)icCaII" 

85 
90-93 

90 

98-100 
97-99 
72-85 

89 
90-98 

85 
97-98 

7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 

85-87 17 

a Continuous process described. 

RC0,H 
Y I 

Me,NCHO + HCI + RCOCl 

The effectiveness of dimethylformamde as a catalyst is illustrated by the 
following reaction : 

CC1,COCI (89%) (Reference 23) 

no reaction (Reference 28) 

More recently the use of hexamethylphosphoramide and thionyl 
chloride has been recommendedz4 as an effectivc reagent for converting 
acids to acid chlorides. It is said to be preferable to the pyridine-catalysed 
reaction, and particulariy advantageous with c&unsaturated acids as the 

L SOC1,/12 hr/80-85' 

CCf3C0,H 
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solvent traps the evolved hydrogen chloride and addition to the doub!e 
bond does not occur, e.g. 

CH,CH =CH COCl (80%) CH,CH=CHC02H IIRIPT> 
SOCI? 

-200 

However, as pointed out above19, this reaction can be effected in the 
absence of any catalyst but the yield is only 56%. 

Other catalysts which have been employed in these reactions are iodine, 
which is statedz5 to raise the yield of p-nitrobenzoyl chloride from 84 to 
99%, and neutral chlorides26. The use of the latter is shown by their effect 
on the conversiorr of trichlorozcetic acid into acid chloride. This reaction 
is slow and the acid is mainly unchanged after 12 h in boiling thionyl 
chloride. However, addition of an alkali metal chloride (e.g 2 g KCl/mole 
SOCl,) brought about a thirty-fold increase in the rate of the reaction and 
after 7 h the chloride was obtained in 87% yield. Similar results were 
obtained by the addition of quaternary ammonium salts or a tertiary base. 
The effects with weaker acids such as monocldoroacetic acid are less 
dramatic, only a 2-3-fold increase in the rate of reaction being observed. 

The kinetics of the reaction between thionyl chloride and carbcxylic 
acids have been studiedz? and the reaction is shown to be second-order 
overall and first-order with respect to each reactafit. Tile rate of 
ilic ceaciion is dependent on the nature of the acid, being slower with tne 
stronger acids and also with sterically hindered acids (see Table 2). The 

TABLE 2. Relative rates of reaction of carboxylic acids with thionyl chloride 
(at 40°, measuied by the volume of hydrogen chloride evolved) 

~ ~~ ~~ ~~~~~~ ~~ 

MeC0,H EtCOaH PrCO, H BuC0,H Me,CCO,H C,H,,CO,H 
1.0 0.67 0.69 0.67 0.30 0.7 1 

MeC0,X ICH2C02H BrCH,CO,H CICH,COpH CCl3C0,H 
1-0 0.30 0.25 0.14 no reaction 

rate of reaction, however, is accelerated by the use of solvents with high 
dielectric constants and is therefore increased by the use of nitrobenzene 
as a solvent. As the reaction proceeds the rate slows down due to the 
competing reaction : 

RCOCI + RC0,H > (RCO),O + HCI 

The authors2? suggest that the initial reaction is the formation of the 
chlorosulphite, as suggested earlicr by Gerrard and Thrush2*, which is 
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then converted into the acyl chloride. The latter step may be considered 
as proceeding by the usual additicn-elirciination mechanism for nucleophilic 
substitution of acyl halides: 

0 
II 

RC0,H + SOCI, --+ RCOSOCI + HCJ 

0 0 
II 

RC-CI + SO2 -I- CI- 11 r, RC-OSOCI - 

The catalytic effect of added neutral chlorides is not confined to Step 2, 
as it catalyses the reaction with trichloroacetic acid in which without 
catalyst Step 1 does not occur. As the catalytic effect is more pronounced 
with the stronger acids it is suggestedc6 that the equilibrium involved is: 

CI,CCO,H + MCI I CI,CCO,M + HCI 

Many of the reactions of thionyl chloride are reported to proceed in high 
yield and often side reactions occur only with molecules containing acid- 
ser?sit;ve gmups. Hrrwever, the reaction of 4-ni tro-2,5-dimetlzoxyphenyl- 
acetic acid with thionyl chloride in the presence of a small amount of a 
tertiary amine does not yield the acid chloride but the a-chloro-a-chloro- 
sulphenyl derivative (1) is obtained in 75% yieldz9. This might be attributed 

to the presence of the highly reactive benzylic position. However, oxidation 
of the non-benzylic a-position occws in the reaction of 13-phenylpropionic 
acid30 when it reacts with excess thionyl chloride at reflux temperature 
for 14 h, the main product being the sulphenyl halide and the minor 
product the acyl chloride. At higher temperature, 2 mcre somp!ex ~ i x t u r e  
of products is obtained as is shown in Scheme I. 

An attempt3l to prepare acetylenecarbonyl chloride using thionyl 
chloride and dimethylformamide, pyridine or triethylamine led only to 
dichioromaleic anhydride, a product of cis chlorination. 
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CI, ,C' 

The authors coilsider that the catalyst complexes with ths thionyl chloride 
and the complex reacts with the triple bond possibly as illustrated : 

0 

2so - > so, + s 

This suggestion also accounts for the formation of sulphur. 

PhCH,CH,CO,H " ~ ~ ~ ~ ~ ' " F  PhCH,CH,COCI 5% 
I 

SOCI, 14 h 
C,H,N reflux I CI 

I 
PhCH,CH+COCI 2% 

PhCH,CH,COCI 11% SCl 

+ 
CI 
I 

I 
SCI 

PhCH,CCOCI Slo), 

PhCH=CCOCI 
I 22% 

CI 

Scheme 1 

Although thionyl chloride is a valuable reagent for the preparation of 
acid chlorides, it does appear that the reaction conditions are often critical. 
From the reactions reported it is not possible to draw any generalization 
as to the best conditions. It is possible that purity of the thionyl chloride 
is an important factor (see section II, D). Thionyl chloride may be readily 
purified by careful distillation from triphenyl phosphites2. 

B. With Phcsphorws Halides 
The phosphorus chlorides PCI,, PCI, and POCl, have been used to 

prepare acyl chlorides from carboxylic acids. Phosphorus bromides can 
be used similarly, but the related iodides and fluorides do not appear to 
have been utilized in similar reactions. 
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Phosphorus trichloride has been used extensively under a variety of 
conditions and a detailed investigation of the reaction3& shows that 
25100% excess of the reagent is required, based on the equation: 

3 RCO,H + PCI, ____f RCOCI + H,PO, 

This simple equation does not account for the fact that all such reactions 
evolve hydrogen chloride. An explanation put forward by Cade and 
Gerrard3* is that the reaction proceeds by the stepwise hydroxylation of 
phosphorus trichloride producing the intermediates HPOCI, and 
HP(0H)Cl which may react with other molecules of carboxylic acid or 
degrade to hydrogen chloride and condensed phosphorus acids. The yield 
of the reaction is very dependent on the conditions of the reaction. Thus 
the conversion of oleic acid into its acid chloride is reported35 to occur in 
42% yield using 30% excess reagent, whereas under milder conditions and 
with only a 20% excess reagent an 85% yield of non-isomerized product 
may be obtained=. In some reactions phosphorus trichloride may be the 
preferred reagent. with 2-ethylmercaptopropionic acid it yields the 
colourless acid chloride in 64% yield whereas thionyl chloride gives a 
coloureci product. Its use, in about 60% excess, for the conversion of 
phenylacetic acid into phenylacetyl chloride has been reported37. 

Phosphorus pentachloride has been used extensively for the preparation 
of acid chlorides. O d y  one cf the five ch lo rks  is nema!!y rrtiikzed, oce 
being lost as hydrogen chloride and the other three being retained as the 
relatively unreactive phosphorus oxychloride. Examples of its use are given 
below: 

pc15 > NCCH,COCI =- 70% Reference 38 

Reference 39 AcOCH,(CHOAc),CO,H - pcls > AcOCH,(CHOAc),COCI 80-927; 

Reference 40 CH,=CCO,H - > CH,=CCOCI 60-66y0 

NCCH,Co~H benzene 

I 
CH,COCI 

I 
CH,CO,H 

COCl (1) AICI, a c g  
(2) 3H202 , / Reference 41 

COCl CCI, 

High-molecdar weight acyl chlorides may be prepared43 by the action 
of phosphorus pentachloride on a solution of the acid dissolved in an inert 
solvent sich as benzene, petroleum or carbon tetrachloride. The acidic 
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by-products of the reaction can be removed, without substantial hydrolysis 
of the acid chloride, by washing I he reaction mixture with water. 

An attemptu to prepare acetylenedicarbonyl chloride from acetylene 
dicarboxylic acid and phosphorus pentachloride led only to chlorofumaryl 
chloride; the required acetylene dicarbonyl chloride was only obtainable 
from the acid chloride of the adduct of anthracene and acetylene dicarb- 
oxylic acid by displacement with maleic anhydride as shown in Scheme 2. 

For some reactions phosphorus pentachloride is the preferred reagent. 
I nus N-acetyiacriaan-Y-car3oxyiic acid is smoothiy converted into its 
acid chloride with phosphorus pentachloride, whereas thionyl chloride 
gives a difficultly separable mixture of products45. It is possible that with 

-. 

7 0 2 "  

I 
A C  

thionyl chloride, reaction occurs at  the 9-positiofi as discussed in section 
11, A. 

Phosphorus oxychloride has not been extensively used in the preparation 
of acyl chlorides as it is not very reective towards carboxylic acids. It has 
been suggested46 that amines or amides might be effective catalysts for 
such reactions. One example of its use is4' the conversion of the pyrimidine 

CI 

into its acid chloride in about 60% yield. 
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C. With Modified Phosphorus Halides 
As an alternative to the phosphorus halides catechylphosphotrichloride4* 

(2;X = Cl) or t r i b r ~ m i d e ~ ~  (2; X = Br) may 5e used to convert carboxylic 
acids or anhydrides into the corresponding acyl halide. 

)pro i- RCOX 4- HX 
o x  

The trichloride, which is a solid m.p. 61-62" (b.p. 132"/13 mm), is 
commercially available, but may be easily prepared from catechol and 
phosphorus pentachloride. It reacts readily with both carboxylic acids and 
anhydrides at  room temperature or on slight warming to give the carbonyl 
chloride {70-80% yield) which may be distilled off from the catechylphos- 
pho-oxychloride (b.p. 121"/13 mm). 

For the preparation of the bromides the following procedure Is given49 : 
a solution of equimolar quantities of the acid (or anhydride) and catechyl- 
phosphomonobromide in methylene chloride is treated at 0" with an 
equimolar amount of bromine, then warmed to 100" and distilled. The 
carbonyl bromides reported prepared by this method were obtained in 
yield greater than 80%. 

Triphenylphosphine dicliloride5" and dibromide51, obtained by the 
addition of the appropriate halogen to triphenyiphosphine in an inert 
solvent (benzene or  cldorobenzene), react with acids (or anhydrides) to 
yield the acid chloride which may be isolated by distillation or concen- 
tration and extraction. 

Ph,P + X, - Ph,PX, 

Ph,PX, + RCO,H 

Ph,PX, + (RCO),O 

> RCOX + Ph,PO + HX 

> 2 RCOX + Ph,PO 

The acyl halides are obtained in 50-80% yield and the reaction is applicable 
to unsaturated acids such as cinnamic and 3,3-dimethylacrylic acid. 
Carboxylic acids react rapidly with triphenylphosphine in carbon tetra- 
chloride to give acyl halides in good yield52. In the absence of hydrolysis 
the acid is rapidly converted into the neutral halide without the generation 
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of acidic material. The exact mechanism of the reaction is rot known but 
the following scheme nas been suggested: 

Ph,P + cc14 via radical 
steps + 

IPh3PCC131i C1- 

kRCozH -CHC!, 

RCOCI + Ph,PO - [Ph3POOCRIC CI- 

The scope and limitations of tlus reaction do not seem to have been fully 
explored. The original work quotes good yields and reports the conversion 
of 8 number of alkanoic acids into the corresponding chlorides. However, 
although this method involves mild neutral conditions, when applied19 to 
cis-crotonic acid, a low yield of product was obtained which was 85% 
trans-crotonyl chloride. 

One exar-ple of a modified phosphorus halide is methyl tetrafluoro- 
phosphorane, which is reported= to react with acid anhydrides to produce 
carbonyl fluorides in high (up to 80%) yield 

MePF, + (RCO),O 8oo z MePOF, -I- 2 RCOF 

D. With Carbonyl and Sulphonyl Halides 

equilibrium is set up: 

The general value of this reaction for preparing a lower-boiling acyl 
halide RCOCl from a higher-boiling acyl halide R’COCI was first pointed 
out by Brown54. Continuous removal of the lower-boiling product 
displaces the equilibrium to the right. In this way, for example, acetyl and 
propionyl chloride are obtained in over 80% yield from the corresponding 
acid and benzoyl chloride, This method may be extended to higher acids 
by the use of a higher-boiling acid chloride such as phthaloyl chloride. 
Thus with this reagent acetic acid is converted into acetyI chloride in 97% 
yields5 and rnaleic anhydride into fumaroyl chloride56. The method is 
applicable to unsaturated acids5’, benzoyl chloride converting acrylic acid 
into the chloride in a 70% yield in contrast to the poor yields that have 
been obtained with thionyl chloride and phosphorus oxychloride. Th: 
conversion58 of a-methylacrylic acid into a-methylacryloyl chloride (86%) 
on treatment with 20% excess of benzenesulphonyl chloride and an 
equimolar quantity of pyridine is a variation of this method. By the use 

When an acyl halide is added to a carboxylic acid the following 

RCOCI + RCOZH < R’C0,H + RCOCl 



2. Preparation of acyl halides 45 

of chloro- and fluorosulphonic acidssu the related acyl halides may be 
obtained. The reaction proceeds readily at room temperature and is 
applicable to both aliphatic (yields 9045%)  and aromatic (yields 62-75%) 
anhydrides. 

(RCO),O -I- CIS0,H - RCOOS0,H + RCOCl 

As already described, the m-ethod discussed in this section is only 
applicable to the preparation of relatively low-boiling acid halides. An 
alternative way of displacing the cquilibriurn to the right is to remove 
the acid by-product, R'C0,H. This is achieved by using oxalyl chloride 
or carbonyl chloride (phosgene). With both these reagents, as shown in 
the following equations, the acid by-product is unstable and decomposes 
to gaseous products which are readily removed from the reaction. 

RCO,H + COCI, (---------L RCOCl + [CICO,H] 

I 
HCI + co, 

RC0,H + (COCI), w- RCOCl + [HO,CCOCI] 

I 
I 

CO + CO, + HCI 

Oxalyl chloride will convert lauric acid into lauroyl chloride essentially 
quantitatively3*GO, it is also a valuable reagent with unsaturated acids. The 
product from oxalyl chloride and oIeic acid (cis) containedCo no. elaidoyl 
chloride. Oxalyl chloride has often been used as the preferred reagent for 
the conversion of a sensitive acid into its acid chloride, in some cases with 
the prior conversion of the acid to its sodium salt, and the use of the latter 
suspended in benzene containing pyridine. This is illustrated by the 
conversiono1 of the acid (3) via its sodium salt inro the corresponding acid 
chloride, a conversion which could not be effected satisfactorily with 
thionyl chloride. SimilarlyG2 the conversion of the acid (4) into its chloride 
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was egected i n  high yield by this nieihod. In contrast however, the con- 
versions of the acids (5)63 and (6)*4 into the acid chlorides were found to 

(5) (61 

be unsatisfactory when the sodium salts were treated with oxalyl chloride 
in the presence of pyridine, and in both cases better results were obtained 
using just oxalyl chloride in benzene. These results clearly illustrate the 
difficulty in generalizing about the best method for converting carboxylic 
acids into carbonyl chiorides. Especially when it is reportedG5 that the 
usual methods available for the preparztion of acyl chlorides were not 
applicable to the conversion of tubaric acid into tubaroyl chloride, due to 
the lability of the side-chain double bond, but that the action of oxalyl 
chloride on the potassium salt suspended in benzene in the absence of 
pyridine readily produced the required compound. 

In general it does appear that oxalyl chloride is a much milder reagent 
than thimyl chloride. The actim cf thimy! chlcride 01: the isoxxeric ha!f- 
esters of acid such as a-ethyl-a-butylglutaric acid can lead to rearrange- 
ment, the derivatives obtained from the ester acid chlorides being mixtures 
derived from bGth isomers6*. This type of reaction was investigated by 
StenhagenG7 who studied the reaction of the two enantiomers o i  the acid 
MeO,CCH,CHMeCH,CO,H, where rearrangement is readily detected 
since it leads to racemization. With oxalyl chloride in benzene no re- 
arrangement occurs with pure thionyl chloride if the reaction temperature 
is kept below 30" and excess thionyl chloride removed below 50". With 
less pure thionyl chloride rearrangement occurs under these conditions. 

The following examples illustrate the use of carbonyl chloride (phosgene). 
Whereas thionyl chloride with 7-oxooctadecanoic acid at 0" in benzene 
gives only a 48% yield of the derived acid chloride, an 87% yield is 
obtainedG8 using phosgene under the same conditions. Phosgene bubbled 
through a carboxylic acid (lauric or oleic) held at 140-160" gives69 the acid 
chloride in 70-90% yield. The acid chlorides can be prepared'" without 
the evolution of hydrogen chloride if the acid anhydride (not applicable 
to cyclic anhydride) is used in the presence of a carboxyamide such as 
formamide or dimethylformamide, as a catalyst 

(RCO),O + COCI, ~ > 2 RCOCI + CO, 
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The selectivc preparation of the N-benzyl-dl-aspartic acid mono acid 
chloride has been achieved71 using carbonyl chloride : 

CH2C0,H CH,CO,H 
I I 

CXCO2H + COCI, __f CHCOCI 84% 
I I 
NHCH,C,HS NHCH,C,H, 

A possible useful reagent which has not yet been widely exploited is 
2,2,4-trirnethyl-3-oxo-valeryl It is stable at elevated tempera- 
tures and it may be used in the preparation of chlorides of other acids by 
an exchange rezction which is forced to completion by the decarboxylation 
of the p-keto acid formed: 

RC0,H + 

RCOCl + 

M e,C H C 0 C M e,C OC I 

V 
> CO, + Me,CHCOCMe, Me,CH C3CMe2C0,H ___ 

11 
These reactions are not restricted to the preparation of acyl chlorides. 
Thus acetyl bromide and acetyl fluoride have been prepared from acetic 
acid and an appropriate acid halide as illustrated by the following reactions : 

Reference 73 
CH,"CC),H + C,H,COBr ~ > C,H,CO,H + CH,"COBr (94%) 

Reference 74 
CD,CO,D -t- C,X,COF - C,H,CO,D i CD,COF 177%) 

Reference 58 
(CH,CO), + FSO,H - CH,COOSO,H + CH,COF (90%) 

Reference 58 
(C,H,CO), + FSO,H - > C,H,COOSO,H + C,H,COF (75%) 

E. With Chloroethers 
Carboxylic acids react with or-chloroethers and with a-chlorovinyl ethers 

to form acyl chlorides. The advantage of this method is that no acidic 
by-products are evolved and therefcre in principle it is we!l suited to the 
preparation of acyl chlorides containing acid-sensitive groups. These 
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reactions have not been widely exploited as the a-chlorovinyl ethers are 
not readily available. 

An early use of a$-dichlorovinyl ether75 does not record any yield of 
acid chlorides 'obtained but reports two competing reactions : 

RCO,H + CICH=CHCIOEt CICH,COOCOR + EtCl 

I / 
/ 

[ClCH,W!!~Et)O,CR] - CICH,CO,Et + RCOCI 

From acetic, benzoic and cliloroacetic acids, the acid chlorides were 
obtained pure, and succinic acid gave the anhydride. Similar reactions 
have been to occur with f!-bromo-a,~-dichiorovinyl ethyl ether, 
but :lie yields are variable. 

RC0,H f BrCIC=CHCIOEt - RCOCI + BrCICHC0,Et 

However, high yields of acetyl (8373, chloroacetyl (96%) and benzoyl 
(97%) chloride have been obtained7' from the corresponding acid and 
2-chlorodioxene at  between 40" and 120". However, with p-nitrobenzoic 
acid the yield fell to 38%. 

'[Iyc'+ RC0,H --+ (IT*+ RCOCl 

Instead of chlorovinyl ethers a,a-dihalo ethers may be used. 
a,a-dichloro- or a,a,fi-trichloroethyl ether react with carboxylic acids to 
yield the derived acid chloride in yields of 70-90%. 

XCK,CCI,OEt + RCO,H - RCOCI + XCH,CO,Et + HCI 

Such reactions are applicable to acids, their sodium salts and anhydrides, 
as illustrated below for the preparation of benzoyl chloride using 
a,a-dichlorodimethyl ether79. 

(PhCO),O + CI,CHOCH, > HCO,CH, + PhCOCl (98%) 

PhC0,Na + CI,CHOCH, - HCO,CH, + NaCl -I- PhCOCl (86%) 

PhC0,H + CI,CHOCH, - HCO,CH, + HCI + PhCOCl (96%) 

With succinic acid, succinic anhydride is produced. An example with a 
more complex acid is80 the conversion of penta[O]acetyl-~-galactonic acid 
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into the acid chloride (92%) by just warming it to 70" with excess a,cy- 

dichlorodimethyl ether followed by evaporation of the excess reagent. 
Acyl bromides maybo be similarly prepared using a,a-dibromodimethyl 

methyl cther which is obtained from methyl formate and catechylphos- 
photribrornide. 

Methyl trichloromethyl ether is a highly reactive compound and in some 
of its reactions it behaves similarly to benzotrichloride. It undergoes 
hydrolysis to methyl chlorocarbonate and reacts with benzoic acid to give 
benzoyl chlorides1. 

MeOCCI, + H,O ~ > MeOCOCl + 2 HCI 

MeOCCI, + C,H,CO,H MeOCOCl + C,H,COCI (46%) + HCI 

F. With Halogen Acids and Metallic Malides 
Although the reaction between carboxylic acids and halogen acids does 

probably occur, the equilibrium normally lies on the side of the starting 
materials rather than the products. It would be difficult to displace the 
equilibrium left to right as the halogen acid is the most volatile constituent 
of the reaction mixture: 

RCO,H + HX 2- RCOCI + H,O 

However with acid anhydrides the reaction: 

(RCO),O + HX a RCOX + RC0,H 

which is known to be reversible, can be used to prepare acid chlorides. 
One example of this reaction iss2 the reaction at 360" between acetic 

anhydride and carbon tetrachloride in the prcscnce of cobalt chloride and 
a cyclic hydrocarbon (cyclohexane, tetralin or decalin) when acetyl 
chloride is formed in SCr90% yield. The authors consider the reaction to 
involve the intermediate formation of hydrogen chloride which then reacts 
with the acetic anhydride (hexachloroethane is produced in the absence of 
the hydrocarbon). The reaction of hydrogen chloride with acetic anhydride 
was first reported by Colsons3 in 1897. Acetic anhydride reacts with the 
appropriate calcium salt in the presence of boron trifluoride etherate to 
gives4 acetyl bromide or acetyl chloride. 

Although these reactions are not important for the preparation of acyl 
chlorides or bromides they are more widely exploited for the preparation 
of acyl fluorides. The reaction of acid anhydrides with hydrogen fluoride 
has been investigated by Olah and Kuhna5. Acetic, propionic and benzoic 
anhydrides react with hydrogen fluoride at reflux temperature, but with 
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the higher acid anhydrides, higher temperatures are required and the 
reactions must therefore be carried out under pressure. The reaction is 
applicable to mixed anhydrides and in this way formy: fliioride can be 
prepared from formic-acetic anhydride. By continuously removing the 
low-boiling formyl fluoride the reaction can be forced to completion. 

CH,COOOCH + HF CH,CO,H 4- HCOF 

G. With lmidoyl Halides 
The reaction of imidoyl chloridesaG (RCCI=NR) with carboxylic acids 

to yield acid chlorides was first reporteda3 in 1837 and it has been 
suggestedz3 that the imidoyl chloride, [CICH=NRJ+ Cl-, derived from 
dimethylformamide, is responsible for the catalytic effect of dimethyl- 
formamide on the reaction between thionyl chloride and carboxylic acids 
(see section 11, A). This compound (m.p. ca. 140") has been prepared from 
dimethylfonnamide and carboilyl chloridez3. or thionyl chloridez3 and 
has been shown to react with carboxylic acids=* to yield acyl chlorides. 

RCOH RCOH RC=O RCOCI 
+ 

t Me,NCHCI Me,N =CH Me,NCHO 
[ M e,N = C H C I] + C I - 

The related fluoro compound obtaineds9 from the chloro compound by 
the action of hydrogen fluoride is a relatively low-boiling'liquid (50"/30 mm) 
and is considered to exist mainly as the covalent form (a,a-difluorotri- 
methylamine) rather than the ionic form 

Me,NCHF, >----+ rMe,N=CH-fl fF- 

The a,m-difluorotrimethylamine (or its trihydrofluoride) reacts, at 0", with 
carboxylic acids to give acyl fluorides. Thus benzoic acid yields benzoyl 
fluoride in 90% yield. 
N-Phenyl-trimethylacetimidoyl chloride (b.p. 1 12"/ 13 mm) which is 

conveniently prepared by the action of phosphorus pentachloride on 
N-phenyl-trimethylacetamide, 

Me,CCONHPh + PCI, > Me,CC=NFh + POCI, + HCI 
I 

CI 

reactsgo with carboxylic acids usually in a solvent solution to give the acyl 
chlorides in good yields as shown in Table 3. 
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'TABLE 3. Preparation of acyl chlorides with N-phenyl-trimethy!acetimidoyl 
chloride 

Acid 

Acetic 
Acetic 
Berizoic 
Benzoic 
Salicylic 
Pheny 1 acetic 
Propionic 
Chloroacetic 

Solvent 

Ether 
Ether 
Benzene 
Benzene 
Dimethylformamide 
Dimethylformamide - 

- 

Reaction Isolated 
temperature as 

("1 

36 
36 
80 
80 

80-90 
80-90 

90 
90 

Anilide 

Chloride 
Anilide 
Anilide 
Anilide 
Chloride 
Chloride 

Titration C1- 

Yield 
(%I 

69 
61-66 
90 
80 
15 
60 
80 
75 

H. With Benzotrichioride 
There are a few reported examples of the use of the reaction between 

benzotrichloride and a carboxylic acid. Thus --vith acetic acid a mixture of 
acetyl and benzoyl chlorides is obtained". 

PhCCCI, + CH,CO,H - PhCOCl + CH,COCI + HCI 

Clearly the reaction has the disadvantage of giving a mixture of acid 
chlorides, except in the reaction between benzotrichloride and benzoic 
acid which leads to benzoyl chloride in 89% yieldQz. However, provided 
that the boiling points of the resulting acid chlorides differ considerably 
the method is satisfactory as 
chlorideQ3 : 

C,H,CCI, + CH,FCO,H 

illustrated by the preparation of fluoroacetyl 

___+ HCI + C,H,COCI + CH,FCOCI 
b.p. 197' b.p. 72O 

1. Miscelfaneous 

first the acyl fluoride and then the trifluoromethyl derivative: 
Sulphur tetrafl~oride~" reacts with carboxylic acids in two stages, giving 

C,H,CO,H + SF, - C,H,COF + HF + SOF, 

C,H,COF + SF, - C,H,CF, + SOF, 
with monobasic acids it does not appear possible to stop the reaction at 
the first stage, but with polybasic acids the degree of fluorination can be 

3 
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controlled by the amount of sulphur tetrafluoride used, as illustrated with 
1 , 10-decanedioic acid. 

6 SFo HO,C(CH,),CO,H ---+ CF,(CH,),CF, 

3 slP4 

27% 21 % 

I 
CF,(CFI,),COF 3- CF,(CH,),CF, + FOC(CH,),COF 

45% 

Anhydrides give products like those obtained from acids, but higher 
temperatures are required 

43% 23% 

92% 45% 

Silicon tetrachloride reacts with isobutyric acid at 50" for 1 h to give 
isobutyroyl chloride in 85% yield". 

I!!. FROM ACYh DERIVATWES 

A. From Acy/ Halides by kfalogen Exchange 
Acyl bromides, iodides and fluorides have all been prepared from acyl 

chlorides by halogen exchange. Thus acyl chlorides react with hydrogen 
iodideg6* 97 to produce the acyl iodide and with hydrogen bromide to give 
the acyl bromide (aluminium chloride is reportedB8 to be an effective 
catalyst for this reaction) and with hydrogen fluorides5 the acyl fluoride is 
obtained. 

RCOCl 4- HX RCOX 4- HCI 

Sodium iodidegB* loo converts acyl chlorides into acyl iodides. 
These are the most convenient routes to acyl bromides and iodides but 

they have not been widely used since these derivatives usually have no 
advantage over the more readily accessible acyl chlcrides. However, this 
route has been widely exploited for the preparation of acyl fluorides. 
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A wide variety of fluorides has been used for converting acid chlorides 
into acid fluorides. The use of hydrogen fluoride is illustrated by the 
preparation of benzoyl fluoridelOl. The most widely used fluoride is 
potassium hydrogen fluoride which may be usedlo2 directly on the acid 
chloride, or for low-boiling acid fluorides, on the free acid in the presence 
of benzoyl chloride : 

C,H,CO,H + C,H,COCI c---;L C,H,COCI + C,H,CO,H 

C,H,COCI + KHF, KF + KCI i- C,H,COF 

Among the other reagents reported are sodium fluoridefo3 Na,SiF,lo4 and 
potassium f luor~sulphina te~~~.  The latter is a mild fluorinating agent 
which is effective at ca. 80" (heating is continued until SO, evolution 
ceases) and does not attzck sensitive groups, e.g. it can be used to prepare 
cinnanioyl fluoride from the chloride. Thallous fluoiide106 in 24 h at rooin 
temperature or 0.5 h at 100" will convert s-butyl chloroformate to the 
fluoride (64%). Other fluorides used are triethylammoniurn fluoridelo' and 
the hexafiuoroacetone-potassium fluoride adduct wiIPo3 convert perfiuoro- 
acyl chlorides into the corresponding fluorides. 

RFCOCI -I- ( C F J , C F - ~ K +  - RFCOF + KCI + (CH,),CO 

Potassium fluoride maylog be used to replace cuorine by fluorine in acyl 
haiides and an interesting example of its basic properties is showr~ in the 
conversioal10 of 4-chlorobutyroyl chloride into the fluoride of cyclopro- 
panecarboxylic acid 

H G -  

CH -CHCOF /' CH,-CH,-COCI CH -CH-COF 
\ w \ 9  > </ 
CH,CI CH, CH2 

CLl 
Analogous reactions were not observed with 5- and 5-halogenoacyl 
halides. 

B. From Acy! Hydraxides and fmidazofides 
The conversion of acyl hydrazides into acyl chlorides wzs first reported 

by Carpinolll. Treatment of the hydrazides in nitromethane or methylene 
chloride with hydrogen chloride followed by chlorine gave the acyl 
chloride in 60-70% yield. This method has been appliedU1 to the prep- 
aration of the acid chlorides of ~itrzacetic a&=! zx! a-&r.tro-isobutyric 
acid. Nitroacetyl chloride cannot be obtained from the parent acid and 
thionyl chloride or phosphorus pentachloride; it was previously112 
prepared by addition of nitryl chloride to ketene113. 
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of thionyl chloride (via sulphinyl hydrazidcs) or sulphuryl chloride : 
Hydrazides may1'4 also be converted into acyl chlorides by the action 

OH 
I SOCl 

RCONHNH, d RCONHNSO RC=NN=S- 0- 

2 S,CI. I 
RCOCl + N, 

3-5 

x 
RCOCl 

4- 3HCI + 4's 

Related to the hydrazides are the imidazolides. These compounds, which 
are readily available from the room temperature reaction of N,N'-car- 
bonyldi-imidazole and the carboxylic acid, react in chloroform or 
1lmuyit;nt: chioriae solution with hydrogen chloride to give the acyl 
chloride115 : 

&-*I--.* - . 

0 

NOCR + CO, + N h \  I\ /-N 
D - C - N J  C RCOBH 

N-\ 

I=/"" + RCoC' 
, C O G  - 4- HCI 

Although the reaction is reversible the yields are essentially quantitative 
since imidazolinium chloride precipitates from the solution. Using this 
method, formyl chloride has been prepared at -60". It is stable at -60" 
for about 1 h and is mostly decomposed when warmed to -40". This 
method appears to be widely applicable and the following preparations 
have been reported (yields in parentheses) : benzoyl chloride (8i%); 
p-metlioxybenzoyl chloride (91%) ; p-nitrobenzoyl chloride (94%) ; icetyl 
chloride (57%) ; capronyl chloride (73%) ; pslrnitoyl. chloride (68%) ; 
2,2-diphenylcyclopropanecarbonyl chloride (93%); A2-2,2-diphenylcyclo- 
Sropene carbonyl chIoride (94%). 
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C. From Esters 
Few examples are reported of the use of saturated esters as precursors 

of acyl halides. Catechylphosphotribrornide (see section II, C) will convert 
butyl benzoate into benzoyl chloride, but inethyl formate is converted by 
this reagent into dibromomethyl methyl ether50. However, isopropenyl 
esters have been successfully used as acyl halide pr, -cursors. 

Hull reportedllG that isopropenyl acetate could be converted to acetyl 
chloride, bromide or iodide by passage of the appropriate hydrogen 
halide : 

It  has been shown more recently117 that this reaction can also be used for 
the preparation of acetyl fluoride and is general for isopropenyl esters. I t  
has been applied to the preparation of stearoyl chloride and fluoride, 
octanoyl and azeleoyl fluorides (yields 50 and 63% respectively) from the 
appropriate isopropenyl esters. 

IV. FROM ALDEHYDES 

The replacement of the proton in an aldehyde group leads to an acyl 
chloride. Such a reaction was effected with benzaldehyde to give benzoyl 
chloride by Liebig and Wohler118 in 1832. More recently it has been 
reported1I9 that the action of dry chforine on o-chlorobenzaldehyde at 
140-1 60" gives o-chlorobenzoyl chloride in 82% yield. This reaction 
proceeds by a free-radical mechanism and can be effected with most 
reagents considered as radical halogen sources. Thus ethyl hypochloritelzo 
or t-butyl hypochlorite12' convert bepzaldehyde into benzoyl chloride. 
With the latter reagent the yield is greater than 90% and the reaction is 
applicable to p-tolualdehyde, o- and m-chlorobenzaldehyde, but nitro- 
substituted aldehydes do not react, and with hydroxy-, methoxy- or 
dimethylamino-substituted aldehydes, chlorination of the nucleus occurred. 
N-Chlorosuccinimide122 is also effective in converting benzaldehyde to 
benzoyl cbloride in 65% yield, N-bromosuccinirnide123 appears Iess effective 
with benzaidehyde, but y-chloro and y-nitrobenzaldehyde are converted 
into the related benzoyl bromides in yields greater than 50% (as estimated 
by isolation of the derived ainides and acids). SimilarlylM the N-halo- 
hydantoins (e.g. 1,3-dichloro- and 1,3-dibromo-5,5-dimethylhydantoins 
effectively (60-70%) convert benzaldehyde and in- aild p-niirobenzaldehyde 
into the related acyl halides. Halogenation may also be effected with 
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sulphuryl chloride125, a reaction which has been studied by Mannosuke 
ArailZ6 who carried out the reaction in carbon tetrachloride solution using 
benzoyl peroxide as ;he catalyst, obtaining the following results : 

Phenyl substitgent H in-NO, p N O a  0-C1 p-Cl p-Me0 
Yield of aroyl halide as aniliae (Yo) 67 43 47 87 83 52 

Vanillin and p-hydroxybenzaldehyde were chlorinnted in the ring and 
saiicylaidehyde and o-nitrobenzaldehyde failed to react. 

An alternative method of converting aldehydes .into acyl chlorides is 
their high-temperature reaction with carbon tetra halide^'^'. Aromatic 
aldehydes with carbon tetrachloride at 160-205" yield aroyl chlorides, and 
with bromotrichloromethane they yield aroyl bromiGes : aryl aldehydes 
with alkyl side-chains give the halc-alkyl derivatives. 

CHO cox 

0 a 0 X=Br,88% x = CI, 94% 

CHO COBr COBr 

QMe CBrCl, ~ OcH3 and/or OcH2"I 
Me CH2Br CH,Gr 

The reaction of the aliphatic aldehydes isovaleraldehyde and 6-phenyl- 
valeraldehyde with carbon tetrachloride in the presence of benzoyl 
peroxide gives128 the related acyl chlorides in about 60% yield. This is a 
chain-reaction of the type : 

RCHO- RdO 

R e 0  4- CCI, > RCOCl 4- t C l 3  

RCHO 4- eCl, - RdO -j- CHCI, 

It is that chlorination of acetaldehyde in acetic acid solution 
at room temperature yields acetyl chloride (> 80%) and vapour-phase 
photochemical-catalysed bromination of acetaldehyde yields130 acetyl 
bromide. Similarly131 photochemically catalysed bromination of 
,t?,/l-dichloroacraldehyde gives the acid bromide whereas in the absence of 
light addition to the double bond occurs: 

z CCI,=CHCOPr I3 rz/h 11 
600 

CCIz=CHCHO ____ CC1,BrCHBrCHO -?r2'dnr'' 
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The free-radical nature of this type of reaction is confirmed by the obser- 
~ a t i o n ’ ~ ~  that reaction of or-chloroisobutyraldehyde with chlorine to give 
or-chloroisobutyroyl chloride is catalysed by benzoyl peroxide or u.v.- 
radiation. 

V. DlRECT INTRODUCTION O F  HALQCARBONYL GROUP 

A. With  Clxalyl Chloride or Carbonyl Chloride (Phosgene) 
The pfiotolysis of oxalyl chloride in the presence of alkanes or cycfs- 

alkanes leads1= to the direct introduction of the chlorocarbonyl group. 
This is a free-radical reaction and suffers from the lack of specificity 
typical of such reactions, but from cyclohexane the acid chloride of cyclo- 
hexanecarboxylic acid was obtained in about 30% yield. The reaction wit1 
proceed in the dark in the presence of peroxides. 

In the absence of any catalyst oxalyl chloride reacts134 with 1,l-diphenyl- 
ethylene, styrene or-methylstyrene and 1-methylcyclohexene to give 
respectively, ,€l-phenylcinnamoyl chloride, cinnamcyl chloride, 13-methyl- 
cinnamoyl chloride and the chloride of 1-methylcyclohexene 2-carboxylic 
acid. The yields vary from 50% for I,l-diphcnylethylencs to 6% for 
1-methylcyclohexene. The simple alkenes (octene, cyclohexene, etc.) and 
symmetrical diary1 alkenes (stilbene) do not react. The effects of catalysts 
such as aluminium chloride or boron trifluoride were not investigated, but 
the authors suggest they might improve the yields. A similar reaction has 
been reported135 with oxalyl bromide whereby isobutylene has been 
converted into &,€l-dimethylacrylic acid (via the acid bromide) in 12% 
yield. The mechanism of such reactions is suggested to be: 

\ /  
C 
11 + 
C 
/ \  

OC-Br 
I 1 Br- + 

OC+ 
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Thus proi>ylene reacts as follows: 
Phosgene may also be used to prepare acyl chlorides from a lkene~’~~.  

CHz 
I 

CH,CH=CH, + COCI, 1oo~3voo > CICH,CHCOCI 
10-40 Atm. 

The reactions of aromatic compounds with oxalyl chloride and carbonyl 
chloride have been reviewed13’. The reaction of carbonyl chloride with 
aromatic compounds in the presence of sluminium chloride is difficult to 
stop at the acid chloride stage for the latter will react further with. the 
aromatic substrate to yield benzophenone derivatives. However, it is 
reported138 that in the case of !n-xylene, dimethylbenzoic acid is obtained 
in good yield, following hydrolyses of the first-formed acid chloride. The 
reaction of oxalyl chloride with aromatic compounds to give acyl 
chlorides appears preferable to that of phosgene and also to that of oxalyl 
brGmide for the latter is more reactive and, for example with benzene, a 
considerable amount of benzil (PhCOCOPh) is formed. The reaction of 
oxalyl chloride with mesitylene gives mesitoic acid in good yield139, the 
reaction steps being: 

c,ococr COCI 

Me 

The same procedure is applicable to the preparation of a- and /3-naphthoic 
acids, cumene carboxylic acid, 2,5-dimethylbenzoic acid and dureiie 
carboxylic acid. 

The reaction of anthracene with oxalyl chloride140 (in nitrobenzene 
solution) or with oxalyl bromide135 to yield 9-anthroic acid (50-60%) via 
the appropriate anthroyl halide does not require a catalyst. 
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Although the reactions described in this section lead to acid ddoiidcs, 
they have not been isolated and in the reactions involving aluminium 
chloride the acid chlorides are of course complexcd with the aluminium 
chloride. 

8. With Carbon Monoxide 
Acyl chlorides may be obtained from alkanes and cycloalkanes by a 

radical chain reaction utilizing carbon tetrachloride and carbon monoxide 
in which the following reactions occur: 

CCI, - CI' + 'CCI, 

RH + 'CCI, - R' + CHCI, 

R' + CCI, - RCI + 'CCI, 

R* + co ---- RCO 

R e 0  + CCI, - RCOCl + k13 
Initiation of the reaction may be by either peroxide addition or y-irradi- 
ation141. Clearly :.he reaction may lead to mixtures of products. The 
complexity of the mixtwe is 
symmetrical, e.g. cyclohexane. 

+ CCI, + co 0 

redxed when the starting material is 

CI COCI 

130" 

2980 p.6.l. ' 

Tertiary aikyl halides react with carbon monoxide in the presence of 
boron trifluoride or bismuth trichloride at low temperature to give acid 
chlorides142. 

O o / i O O  atm. 
Me,CCI + CO + BF, F~ --+ Me,COCI (49%) 

The reactions between carbon monoxide and both aliphatic and 
aromatic halides are catalysed by transition metals. Thus carbonylation 
of allylic chlorides proceeds in the presence of rr-allylic palladium com- 
plexes to give high yields of alk-3-enoyl chlorides143: 

Under these conditions the two monomethyl ally1 chlorides shown below 
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give rise to the same product, pent-3-enoyl chloride, &hus indicating the 
intervention of 77-allylic palladium complexes : 

CH,CH=CHCH,Ct 
C HZ 

CI CH 

CH3 

.A 

.y 

- 4  CH, 
CH Pd, /Pd f--- CH 

p=/-? 9. 
CH 

C Ht=C H C H C I I I ko I CH, 
CH3 

CH,CH=CHCH,COCI 

Under these conditions a:kyl halides did not rcact and bemy1 chloride 
was converted to a tar. However14, in the prcscnce of bistriphenyl- 
phosphine rhodium carbonyl chloride benzyl chloride was converted into 
phenyJacety1 chloride. AIyI bromide with this catalyst gave cro tony1 
bromide (isolated as the ethyl ester). The following reaction scheme is 
proposedi44 : 

CI CI 
I 

R J? i 
I 

CI 

R COHh( PP h3)* 
co RCO, I /PPh3 

CO':, 'PPh, 

CO 
I 

Y I 
RCOCI + Ph,P-Ph-PPh, 

I 
CI 

Aroyl halides itre obtained145 from aryl halides in the prcsence of palladium 
halides. In this way chlorobenzene may be converted into benzoyl 
chloride. Benzoyl bromide may be similarly prepared. 

PhCOCl (80%) PdC12/1600 PhCl f CO ntm. > 

Aliphatic and alicyclic compounds can be prepared146 from acetylenic 
and ethylenic compounds by reaction with carbon monoxide and hydrogen 
chloride under pressure in the presence of palladium catalyst. Thus 
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acetylene, csrbon monoxide arid hydrogen chloride react in the presence 
of bis(tripheny1phosphine) palladium (11) dichloride at 80" (200 atm.) to 
give a mixture of 3-chIoropropiony1 chloride and succinoyl chloride. 

A very different type of reaction is that of carbon monoxide (or of some 
source of carbon monoxide) with aromatic diazonium tetrafluoroborate, 
to yield aroyl fluorides1*'. 

kleOH (sat. HCI) 4- Ni(CO), + PhN,+BF, - atmosp'leric > C,H,COF (32%) 
premuro 

Vf. FROM KETENES 

The addition of compounds of the type Y-halogen across the carbon- 
carbon double bond of ketene can lead to derivatives of acetyl halides. 
Thus chlorine will react with ketene to give initially chloroacetyl chloride 
which then reacts further to yield dichloro- and trichloracetyl chloride: a 
mixture of all three products is usually obtained148. 

CH,=C=O + CI, - CH,CICOCI 
> CHCI,COCI 

+ - a 2  

-€Ic1 z CCI,COCI 
+Clz 

With halogen acids149 such as hydrogen fluoride or chloride the appropriate 
acetyl halide is obtained : 

Alkyl and aryl halides do not normally react with ketene unless they are 
particularly reactive such as a-chloroethers, benzylic and allylic halides. 

Reference 150 Ph,CCI + CH,=C=O - > Ph,CCH,COCI 

CH,=C=O + H F - - - e  CH,COF 

Reference 151 

+ CH,=C=O -> ~ C H , C O C I  

Reference 152 

The addition of carbonyl halides to ketene yields acetyl carbonyl halides 
most of which are thermally labile, and they are not often isolated. Also 
since the primary product is a carbonyl halide it can undergo further 
reaction with another molecule of ketene. These features of the reaction 
are illiistrated by the reaction of trichloroacetyl chloride and ketene153. 
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CI3CCOCI + CH,=C=O - ' CI,CCOCH,COCI 

J& 
CH,=C=O heat > CI,CC9CH,COCH2COCI --HCI- 

CIZC 

Trifluoroacetyl chloride reacts with ketene in difluorodichloromethane at  
- 30" lo yield15.* (77%) fairly stable trifluoroacstyl-acety1 chloride 
F,CCOCH,COCl, b.p. 8 " / G  mm. 

Diacid chlorides may be used in this reaction. Thus oxalyl chloride 
reacts with diphenylketene, the initially formed a-keto-acid chloride losing 
carbon monoxide to form diphenylmalonyl chloride155 (8045%). The 
same compound is from phosgene and diphenylketene 

cloccocl I-+ CI 0 C CO C P h,CO C I 

Ph,C=C=O I 

> CIOCCPh,COCI 
I COCI, 

Similarly nionoalkyl ketenes yield monoalkylmalonyl chlorides. 

action of hydrogen halides or halogens. 
The P-keto carbonyl chlorides are also obtained from diketene by the 

Reference 157 CH,=C-CH, +HCI 

O-CO I I  
- 5 t O  -30 ' CH3COCH2COCI 

thermally unstable 

COCH, 

CH; .Q, 
dehydroacetic acid 

Reference 158 CH,=C-CH, HF 
I I  - CH,COCH,COF 

moderately thermally stable 0-co 
b.p. 63-65"/35 mm 

XCH,COCH,COX 
x, > Reference 159 CH,=C-CH, 

I 1  
0-co 

X= CI or Br 
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Related to the last reaction is the addition of hydrogen chloride to 
3-hydroxy-2,2,4-trimethylpent-3-enoic acid /3-lactone which yields72 the 
thermally stable 2,2,4-trimethyl-3-oxovaleryl chloride which may be utilized 
in the preparation of other acid chlorides (see sectioii 11, D). 

CH, 
I 

> (CH,),CHCOCCOCI (88-93%) 
I 

(CHJ,C=C--C(CHJz ZnC,a 
I I  
0-c=o CH, 

VIl? MISCELLANEOUS PrlETHQDS 

Acid chlorides are formed160, among other products, on the oxidation of 
chloro olefins. The mechanism for the oxidation seems to be satisfactorily 
represented by the following free-radical mechanism: 

CI, + h v  - 2CI' 
CI' + CCI,=CCI, > ccl,ecl, 

CCl,CCl, + 0, - cc!,cc1,00' - CCI,COCI + CIO' - COCI, + CI' 
ccI,cc1,00' - 

CCI,=CCI, + CIO' > CCI,COCI + CI' 
Similarly oxidation of fluorinated alkenes may give rise to catbonyl 
fluorideP'. 

CF,=CFCi 2zioo > CIF,CCOF (43%) 

Cleavage of perfluoro ethers with aluminium chloride can lead to per- 
fluoroacyl chlorides162 

(n- c, F, J*O 250e > n-C,F,,COCl 

Trichloromethyl aromatic cornpoundsla react at high temperatures with 
metallic oxides such as TiO, or V20, to produce acid chlorides as illustrated 
by the following reactions: 

COCI 
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VIII. SUMMARY 

From the foregoing review it is not possible to draw any conclusion as to 
the preferred reagent for the preparation of acyl halides. Many of the 
more recently introduced reagents have not yet been widely exploited. I t  
seems probable that the future trend will be towards the use of the milder 
methods such as those involving N-phenyltrimethylacetimidoyl chloride 
(section 11, G ) ;  the imidazolides (section 111, B) and the chloroethers 
(section 11, E). The preparation of acyl halides from carboxylic acids by 
the action of sulphonyl halides or carbonyl halides is also a convenient 
and generally satisfactory method. In view of the ease with which thionyl 
chloride produces unwanted side reactions it is surprising it has been so 
widely used. 

The wide range of reagents and routes available for the preparation of 
acyl halides ensures that by experimentatioa a suitable method of 
preparation for a particular acyl chloride can always be found. 
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Acyl halides play a fundamental role in preparative, analytical and 
industrial organic chemistry. It is therefore of utmost importame to have 
reliable analytical tools for dealing with these compounds. Detection and 
determination of acyl halides are made difficult by the ease of their con- 
version to carboxylic acids and hydrogen halides on the one hand, and by 
the similarity of their reactions to those of anhydrides and other carboxylic 
acid derivatives on the other. Analysis of acyl halides is usually not carried 
out on the halides themselves but rather on the corresponding acids or 
their derivatives. Much useful information as well as deiaikd descriptions 
of the actual procedures can be found in most organic analytical textbooks. 
Only methods specifically referring to acyl halides will be described here. 

I. CWEMlCAL METHODS 

A. Detection 
1. Hydrolysis 

acids and hydrogen halides is easy and fast. 

The reaction of anhydrides is much slower, and sometimes even needs the 
addition of a catalyst1; however, for definite proof that the substance 

Hydrolysis of acyl halides by water to the corresponding carboxylic 

RCOX 4- H,O -+ RCOOH + HX 
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undergoing hydrolysis is actually an acyl halide, the presence of hydrogen 
halide in the aqueous solution must be shown, for instance by argentimetry. 

2. Hydroxarnic acid test 

addition of ferric chloride then gives deep red-coloured complexes2* 3. 
Reaction of acyl halides with hydroxylarnitie yields iiyciroxamic acids ; 

RCOX f NHiOH - > RCONHOH -k HX 

3RCONHOH i- FeCI, - [ RC*O+ yNHo]3Fe +- 3HCI 

Similar reactions take place with anhydrides and esters. Buckles and 
Thelen3 describe a further procedure to distinguish between esters on one 
side anc! anhydrides and halides on the other; no such test has been 
devised to differentiate between anhydrides and halides. 

It should be noted that other classes of organic compounds, such as 
phenols, react directly with ferric chloride to give simiiariy coloured 
complexes. I t  is therefore essential, as a preliminary step, to test the 
substance to be studied directly with ferric chloride In the absence of 
hydroxyla.mine4. 

3. Arnide formation 
Acyl halides may be detected by their reactions with aniline, p-toluidine 

or benzylamine which yield almost insoluble substituted amidesLS, 
benzylamine being more specifically useful for the detection of aroyl 
halidedo. 

C,H,NH, + RCOX C,H,NHCOR + HX 

Again similar reactions take place with acid anhydrides and with esters, so 
that the positive result of the test is not unequivocal. 

4. Microdetection 
a. Hydroxnnsic acid test. Feiglll has developed a spot-test based on the 

reaction of the compounds with hydroxylamine to give hydroxamic acids, 
which in turn form red-coloured complexes with ferric ion (sez section 
I, A, 2). Although in Feigl's original publication this test is applied to acid 
anhydrides, it can be used equally well for acyl halides. 
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4-(44trobenzyl)pyridine according to the following 
b. Reacriori wih 4-(4-nitrobeia~~~llI2:,ridi?l,o. -4cyl halides react with 

: 

The acyl derivatives obtained have an absorption band between 445 and 
475 iim and paper impregnated with 4-(4-nitrobenzyl)pyridine will show 
a strong red or orange stain in the presence of acyl halides; sometimes it 
is necessary to expose the paper to tiiethylamine (which pets as a colour 
staGilizer)13. 

Chloroformates give the same reaction; carbamoyl chlorides show some 
colour formation but more weakly and only after heating. Acid anhydrides 
do not react with 4-(4-nitrobenzyl)pyridine; hence this test is useful to 
distinguish between acid anhydrides and acyl halides. The reagent gives a 
similar reaction product 

with alkyl halides, but the absorption maximum then lies between 545 
and 575 nm and the colour obtained is difFerent. 

Alternative procedures use 4-pyridinecarboxaldehyde-2-benzothiazolyl- 
hydrazone or 4-acetylpyridine-2-benzothiazolylhydrazone in acetophenone, 
with addition of triethylamine, reaching detection limits as low as 
0 . 1 4 5  pgI3. 

R'= H or CH, 
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B. Separation 

The isolation of acyl halides is usually carried out after transformation 
into the corresponding carboxylic acids or into some of their insoluble 
derivatives. 

1. Separation as carboxylic acids 
The acyl halide is first converted by hydrolysis into the corresponding 

carboxylic acid; the acid can then be isolated by any of the many pro- 
cedures available for carboxylic acids. 

If the acid is dissolved in an aqueous solvent, it can be precipitated from 
the neutralized solution as a lead, silver or niercury salt, then regenerated 
by the action of hydrogen sulphide on this salt. From organic solvents 
immiscible with water, the acid can be extracted by an aqueous solution 
of a base and subsequent acidification of the aqueous layer. Counter- 
current extraction techniques, based on the different solubilities of 
carboxylic acids in water and in organic solvents immiscible with water, 
can also be useful. 

Distillation or steam distillation can be used for volatile acids and a 
variety of adsorption techniques are available for the less volatile ones. 
These include adsorption on a basic ion-exchange resin followed by 
washing out with an  acid solution1L17, sometimes on a microscalGg; also 
used are coiumn chromatography on silica geP9* 2o or on large-surface 
polystyrenea, liquid-liquid chromatography with water adsorbed on 
si!ica as the immobiIe phase and with an eluent made progressively more 
polar (for instance, chloroform to which increasing quantities of n-butanol 
are added)22; thin-layer and paper chromatography may also be applied 
to separation, but are better suited to the identification of the compounds 
(see section I, C,  3). 

2. Separation as insoluble derivatives 
The acyl halides can be separated in the form of insoluble or only 

slightly soluble derivatives. They can be converted into amides, aidides 
or p-toluidides by reaction with ammonia in water, or with aniline or 
p-toluidine in benzenes* g. The amides or  aryl amides can then be easily 
separated by precipitation or extraction and recrystallized from water or  
ethanol. 

The acids may be precipitated from their solutions as a variety of other 
solid derivatives such as S-al kylisothiouronium salts or phenacyl esters. 
This has the added advantage of allowing further characterization of the 
acid, if necessary, as will be described later (see section T, C ,  2). 
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C. Characterization 
Identification procedures for acyl halides are not different from those 

used in :he characterization of carboxylic acids or their derivatives. Three 
different approaches have been applied : determination of the molecular 
weight of the compound, preparation of solid derivatives of known 
melting point and use of chromatographic techniques. 

1. Determination of the  molecular weight by titratior? 
The most direct method of measuring the molecular weight of an acyl 

halide is hydrolysis of a weighed quantity of the compound by water, 
followed by titration with sodium hydroxide. Two equivalents of the base 
are used up in the titration and the required molecular weight can easily 
be deduced. 

RCOX + H,O - RCOOH + HX 

RCOOH + HX + 2 NaOH - RCOONa + N a X  + 2 H,O 

The acyl halide itself can also be titrated directly with sodium methylate 
in non-aqueous solvents3. 

RCOX 3- CH,ONa - RCOOCH, + NaX 

The S-benzylthiouronium salt of an acyl halide (see section I, C,  2, a) 
can be titrated with perchloric acid in acetic a c i P ,  either by a potentio- 
metric method, or by using crystal violet as a visual indicator; the titration 
yields the equivalent weight of the parent carboxylic acid and thus allows 
its identification; this can be checked by determining the melting point of 
the salt. 

2. Preparation of solid derivatives 
a. S-AIkylisothiouroniirin salts. S-Alkylisothiouronium salts have often 

been used for the identification of acyl halides2631. Usually the alkyl 
group is benzyW or para-substituted benzyl (p-chloro, p-bromo or 
p-nitro)=* 2830; naphthylmethylisothiouronium salts have also been cited31. 
The acyl halides are first converted to the sodium salts of the corresponding 
carboxylic acids, then the isothiouronium salts are prepared according to 
VogeP2 or Friediger and Yedersen=: 
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In the basic medium, the salts usually precipitate; however, the reaction 
mixtures must not be too alkaline, since the S-benzylisothiouronium bases 
then tend to decompose to mercaptans. For the same reason recrystalliz- 
ation should take place in neutral or slightly acid solvents. The salts can 
be identified by their melting p0ints2~. 2831* 34* 35; however, these seem to 
be strongly dependent on the rate of heating2’ and care must be taken on 
this account. 

b. Esters. Solid esters of the carboxylic acids, as for instance their 
p h e n a ~ y l ~ ~ ~ ’ ,  p-chlorophenacyTm8, p-bromophenacyPM2, p-phenylphen- 
acy143-46 orp-nitrobenzyl esters4G49, can be used in the same manner for 
identification purposes by determination of their melting point. 

c. Anilides, p-toluidides and N-benzamides. These derivatives have the 
advantage that for their preparation (see section I, A, 3) no prior con- 
version of the acyl halides into the sodium salts of the carboxylic acids is 
necessary. N-Benzylamides are more easily isolated than anilides or 
to1uidideP. The preparation of N-(/3-morpholinoethyI)amidesY or, if 
these are liquid, of their quaternary methiodides, has also been suggested50. 
The relevant melting points can be found in the literature5-10* 50. 

d. Other solid derivutives. The preparation of hydrazides for the 
identification of acyl halides was recommended by Buu-Hoi and co- 
w o r k e r ~ ~ ~ ;  the reaction of the hydrazides with aryl isocyanates or aryl 
thioisocyanates yields 1-acyl-4-arylsemicarbazides or 1-acyl-4-arylthio- 
semicarbazides, substances with even higher melting points and lower 
solubilities than the hydrazides themselves. 

RCONHNH, + ArNCO - RCONHNHCONHAr 

or 
RCONHNH, + ArNCS ----+ RCONHNHCSNHAr 

2,4-Dinitrophenylhydrazides were used by C h e r ~ n i s ~ ~  for the micro- 
identification of carboxylic acids. A large number of additional solid 
derivatives have been suggested by different authors for the identification 
of acyl halides53. 

3. Chromatographic identification 
in  recent years, a number of investigations have dealt with the chromato- 

graphic separation and characterization of various carboxylic acids. 
Different techniques can be used, such as column chromatography on 
silica gel1Q* 20, paper chromatography with dimethyl sulphoxide or other 
solventsw57 and reversed phase chromatography, for instance with a 
paraffin-aqueous methanol system58. The R, values of a large number of 
acids have been published for different solvent Dibasic 
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acidss4 can be separated and identified in this way even in the presence of 
monocarboxylic acids. Low molecular weight acids wliich are too volatile 
for paper chromatography are often separated in the form of salts, but 
these are liable to be hydrolysed by the humidity of air and large amounts 
of the adds may be lost during chromatography59. 

D. Determination 

The quantitative analysis of acyl halides has been and still is the subject 
of a large amount of research work, and no wholly satisfying procedure 
has yet been deveIoped. Titrimetric methods are hampered by the free 
acids present as impurities, while carboxylic acid derivatives other than 
acyl halides often interfere with colorimetric detemiinatioils. Gas chro- 
matographic separation seems to be a promising technique, although it 
has been little used yet. 

1. Determination by titration 

Acyl halides are usually contaminated by small amounts of free car- 
boxylic acids and hydrogen halides; this seriously complicates the quan- 
titative analysis of these compounds. The presence of hydrogen halides 
renders useless, for instance, a gravimetric determination by argentimetry, 
o r  a direct acid-base titration of the mixture to be analysed. Early methods, 
such as titration by silver nitrate in pyridine-water mixture6* or  by sodium 
methylate in organic solvents (benzene, benzene-methanol or butyl- 
axnine)", yielded results which were too high because free acids were 
titrated together with the acyl halides. In fact, the determination of acyl 
halides involves the simultaneous determination of the carboxylic acids 
and hydrogen halides. This makes the procedures cumbersome at best, 
and very often inaccurate as well, because at least one of the constituents 
is usually dctermined indirectly by subtraction. 
a. Conversion to arnides. Pesez and WillemartG2 were the first to attempt 

a complete determination. By reacting the acyl halide with aniline in 
dioxan 

RCOX + C,H,NH, - RCONHC,H, + HX 

and by performing two separate titrations with sodium hydroxide and one 
with silver nitrate, they measured the acyl halide, carboxylic acid and 
hydrogen halide contents. All three values, however, were obtained 
indirectly and the results were of relatively low accuracy. 

Other methods, also using the reaction of acyl halides with amines, 
attempted more direct determinations. Ackley and TesoroG3 were able to 
determine the carboxylic acid present as impurity by reacting the sample 
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to be a n a b e d  with animoriia; the acyl halides yielded amides, the 
carboxylic acids were converted into ammonium salts : 

RCOX -f- 2 NH, - --f RCONH, + NH,X 

RCOOH + NH,- RCOONH, 

Subsequent acidification of the reaction mixture had no effect on the 
amides, but regenerated the free carboxylic acids from their ammonium 
salts; the acids were then extracted by ether and titrated. BauerG4 used a 
similar procedure with aniline in place of ammonia. 

Stahl and SiggiaG5 improved Pesez's method by replacing aniline with 
m-chloroaniline and by using a potentionietric method for the sodium 
hydroxide titration. They obtained two breaks in the potentirl, one 
indicating completion of the titration of the free carboxylic acid, the other 
that of the hydrogen halide and the amine hydrohalide obtained in the 
reaction with rn-chloroaniline. The free hydrogen halide originally present 
was determined by a separate potentiometric titration with tripropylamine 
in chlorobenzene-ether mixture. 

L o h P  also used the reaction of an amine with acyI haIides, directly 
titrating the mixture to be analysed with cycluhexyiamine in tetrahydro- 
furan. In tlGs procedure the free carboxylic acids present do  not interfere 
with the reaction and are not determined; hydrogen halides are titrated 
together with the acyl halides, and a correction must be made by direct 
titration of a separate sample with t r ipr3pylzmi~e~~.  

6. Hydrolysis in the presence of pyridiiie. Mitchell and SnSt.hG7 rscted 
the acyl halide with pyridine and a weighed quantity of water in dioxan 
or toluene: 

C,H,N + RCOX + H,O - RCOOH + C,H,N.HX 

The excess of water was then determined by a Karl Fischer titration; the 
free acids present did not interfere with the analysis. In a similar method 
Hennart and VieilietGs hydrolysed the mixture to be analysed in the presence 
of pyridine, then eliminated the excess of water by addition of an acid 
anhydride, and titrated the pyridine hydrohalide with perchloric acid; the 
originally present hydrogen halide was determined separately and the 
amour,t deducted from the result of the perchloric acid titration; carboxylic 
acids were not titrated. 

KlamannG9 hydrolysed the mixture in a pyridifie-water solution, then 
titrated with silver nitrate for totaI hydrogen halide content; the originally 
present hydrogen halide was determined by titration of the mixture to be 
analysed with silver nitrate in acetone, while the carboxylic acid content 
was obtained indirectly from a total sodium hydroxide titration. 
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c. Estrrijicatioiz. Burger and S ~ h u l e k ~ ~  treat their mixture with ethanol, 
obtaining the ethyl ester from the acyl halide while the carboxylic acid 

RCOX + C,H,OH - RCOOCZH, + HX 

does not react. If the carboxylic acid is weal:, the total hydrogen halide 
content (produced by esterification and present originally) is detennined 
by sodium. hydroxide titration with methyl-red as indicator; the carboxylic 
acid content is then obtained by further sodium hydroxide titration using 
phenolphthalein as indicator; the ester is not titrated. If the carboxylic 
acid is strong it is titrated by sodium hydroxide together with the hydrogen 
halide and the hydrogen halide content must be determined by argenti- 
metry. The actual acyl halide content is then determined by the quantity of 
alkali consumed in the sapoiiification of the ester. 

d. Other methods. Simonyi and Kekesy’l, in a completely different 
approach, convert acyl chlorides into acy! iodides by reaction with 
sodium iodide in acetone. 

RCOCl + NaI- RCOI + NaCl 

The sodium chloride formed is insoluble in acetone and precipitates. It 
can be filtered off and titrated by Vo1ha;d’s method. Free hydrogen 
chloride does not interfere with the determination, but otf?er halogens wIILich 
are easily exchanged by iodine are determined together with the acyl 
chloride. 

Stuerzeri2 malyses a mixture of acyl chloride and acid anhydride by 
potentiometric titration with silver acetate in pyridine, the hydrogen 
halide present as impurity being determined separately by tripropylamine 
titration. 

Finally one must mention the method developed by Patchornik and 
Rogo~inski’~ for the micro-determination, in non-aqueous media, of the 
individual components of any mixture of hydrogen halide, carboxylic acid, 
acyl halide, acid anhydride and alkyl halide. This complex procedure 
involves several different titrations by sodium methylate and tributylamine, 
esterifications, reactions with amines and a titration with trimethylbenzyl- 
ammonium hydroxide. Patchnrnik does not recommend the use of this 
method if all five of the above components are simultaneously present; in 
this case equilibria such as 

(RCO),O + HCI RCOOH + RCOCI 

are known to exist, and the proportions of the substances to be analysed 
may change during the course of the determination. 
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2. Colorimetric methods 

a. Hydr-oxamic acid reaction. The liydroxamic acid test commonly used 
for the detection of acyl halides (see section I, A, 2) w d S  applied by Godriu 
and c o - ~ o r k e r s ~ ~  to the quantitative determination of esters and anhydrides. 
The analysis is made by measuring the optical density of the hydroxamic 
acid/ferric ion complex at  the maximum of absorption (530 nm for 
aliphatic compounds, 550-560 nm for aromatic derivatives). Buzlanova 
and c o - ~ o r k e r s ~ ~  adapted the procedure to the colorimetric determination 
of acyl halides, with a precision usually better than 5%. Both esters and 
anhydrides, if present, interfere with the measurement in alkaline medium; 
anhydrides interfere also in neutral solution. The carboxylic acids and the 
hydrogen halides resulting from partial hydrolysis do not contribute to 
the colour formation. 

b. Reaction with 4-(4-nitrobenzyl)pyridirze. The reaction used for the 
micro-detection of acyl halides (see section I, A, 4, b) was applied by 
Agree and Mceker14 to their quantitative micro- or semimicro-determina- 
tion in aprotic media such as methyl ethyl ketone or acetophenone. On 
addition of 4-(4-nitrobenzyl)pyridine the colour forms rapidly in most 
c8ses (sometimes a little heating is necessary) but a colour stabilizing agent 
such as triethylamine must be added. The acyl halide is then determined 
colorimetrically, molar absorbances being of the order of 10,000 to 25,000 
l/(mol cmj. The absorption band of the reaction product (situated between 
445 and 475 nm) lies on the tail of the longest wavelength absorption 
band of 4-(4-nitrobenzyl)pyridine itself; by use of a baseline technique, 
Agree was able to avoid complications due to this factor. Mixtures of two 
acyl halides can also be determined in this way, using the difference in the 
rates of reaction of the two halides with the reagent76. As already men- 
tioned, only chloroformates give the same reaction; alkyl or aryl halides 
have their maximum of absorption at  much longer wavelengths, while 
carbamoyl halides interfere only slightly and acid anhydrides not at all. 

c.  Reaction with a-0x0-aldoxinies. In aqueous alkaline medium acyl 
halides react with monoisonitrosoacetone 

RCOX + CH,COCHNOH + H,O - RCOOH + CH,COOH + HX + HCN 

to yield hydrogen cyanide in quantity equivalent to the acyl halide to be 
determined77. The hydrogen cyanide can be converted into cyanogen 
chloride by reaction with chloramine T; subsequent addition of bis-(3- 
methyl- 1-phenyl-5-pyrazolone) in pyridine yields an intense blue colour 
permitting colorimetric determination of microgram quantities. Acid 
anhydrides and chloroformates give the same reaction and their presence 
interferes with the determination. 
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3. Determination by gas chromatography 
Direct quantitative gas chromatography of acyl halides is almost 

impossible because of hydrolysis by the humidity of air or decomposition 
on the column. However, if before the analysis the acyl halide is converted 
into a more stable derivative, while the carboxylic acid, present as impmity, 
remains unchariged, the gas chromatographic technique becomes 
applicable. 

Hishta and Bomstein7s thus reacted a mixture of several acyl halides 
with diethylamine in chloroform to obtain amides. These could then easily 
be scparzted and determined quantitatively. Carboxylic acids present in 
the original mixture did not interfere with the procedure. The same method 
can be applied to the determination of chloroformates. 

Simcnaitis and Gu~erna tor ’~  esterified the acyl halides with methanol 
under conditions such that carboxylic acids present in the mixture did not 
react. Subsequent gas chromatography allowed separation between the 
free acids and their methyl esters and quantitative determination of each 
of them. 

I I .  PHYSICAL METHODS 

A. Infrared Spectroscopy 
The vibrational spectra of acyl halides are of exceptional interest, and 

are arlong those most frequently and extensively investigated. Measure- 
ments were made by i.r. and Raman spectroscopy, and the results reported 
here are derived from both techniques. Among the rr.ost often studied 
substances are the carbonyl halides themselves (COF,, COCl,, COBr,, 
COFCI, COFBr, COC1Br)8ca5, farmyl fluoride (which is the only formyl 
halide stable enough to be examined under normal conditions)86* 
acetyl and halogenated acetyl  halide^*^-^^', and some higher molecular 
weight halidesss- Complete vibrational assignments of the i.r. and 
Raman spectra of many of these compounds have been given. 

1. The C=O stretching frequency (Tabies I and 2) 
a. Identification. The most striking feature of the spectra of acyl halides 

is their exceptionally high carbonyf stretching frequency. Phosgene has a 
frequency of 1827 cm-l (as compared with 1745 cm-l for formaldehyde) 
and the value of 1928 cm-l found for COFB is probably the highest known. 
Acetyl halides have carbonyl stretching frequencies somewhat higher than 
1800 ern-’. Replacement of the CH, group by a heavier alkyl substituent 
only slightly decreases this frequency; Kahovec and KohlrauschSo and 
Seewann-Albertg1* 92 systematically examined a large number of acyl 
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TABLE 1. Carbonyl stretching frequencies of carbonyl halides 
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Compound VC=O (cm -I) State Reference 

HCOF 1837 
1834 
1809" 
1806 

COFs 1928 
COCI, 1827 
COBr, 1828 
COFCl 1868 
COFBr 1874 
COClBr 1828 

vapour 
vapour 
liquid 
solid 
vapour 
vapour 
vapour 
vapour 
vapour 
vapour 

87 
86 
86 
86 
82 
82 
55 
82 
84 
85 

Value obtained by Raman spectroscopy. 

chlorides (C,,H2,,+,COCl) and acyl bronudes (C,H2,,.,.,COBr) and found 
that, when ?I increases from 3 to 8, the carbonyl stretching frequenci, -s are 
practically constant (about 1795 cm-' for the chlorides, 1805 cm-l for 
the bromides). The carbonyl stretching vibration of phenylacetyl chloride 
was also found at  the same f requei~cy~~.  Conjugation, withdrawing 
electrons from the C=O bond and diminishing its double bond character, 
lowers the carbonyl frequency; this can be seen clearly (Table 2) from a 
comparison of vc=o of CH,COX and of C,H,COX or CH2=CHCOC1 
(although the case of benzoyl chloride is complicated by Fermi resonance). 

These carbonyl stretching frequencies, higher by about 100 cm-l than 
those of the corresponding aldehydes and ketones, are characteristic of 
acyl halides and provide the best way to their detection or  identification. 
The only other organic compounds showing s.;milar frequencies are the 
anhydrides and peroxides; in these cases, however, vibrational coupling 
between the two neighbouring carbonyl groups results in a splitting of 
their stretching frequencies into symmetrical and asymmetrical vibrations, 
so that these substances are characterized by the presence of two carbonyl 
stretching frequencies, separated by about 60 cm-l for anhydrides arid by 
30 cm-l for peroxides. Acyl halides, with some exceptions due to rotational 
isomerism or Fermi splitting (see sections 11, A, 3 and IT, A, 4), show only 
a single carbonyl stretching absorption. 

b. Theoretical aspects. There is a great deal of uncertainty about the 
origin of the high carbonyl stretching frequcncy; this problem was recently 
discussed by Bellamy'OB in the framework of a general study of carbonyl 
frequencies. 

One of the possible explanations is direct vibrational coupling of the 
carbonyl stretching vibration with the stretching or bending vibrations 
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TABLE 2. Carbonyl stretching frequencies of some acyl halides 

Compound UC=O (cm-') State Technique" Iieference 

CH3COF 

CH,COCl 

CH,COBr 

CH,COI 

C,HsCOCl 
,Z-C,H,COCI 
n-CSH,,COCI 
CsHGCH2COCl 
CH2 =CHCOCI 

CGHsCOCl 
CGHGCOF 

p-ClCsH4COCl 

C,,H,COCl 
GH,COBr 
CF3COF 
CF,COCl 

CF,COBr 
CF,COI 
cc1,c0c1 

1870 

1841 
1 a22 

1806 

1827 
1814 
1802 
1808 
1799 
17S6 
1791 
1794 
1795 
1761 
1820 
1778, 

1772, 

1760 
1778 
1898 
1811 
1799 
1838 
1812 
1815 

173.5 

1732 

1 a03 

rapour 

liquid 
vapour 

CCl, sol, 
liquid 

vapour 
solid 
iiquid 
vapour 
liquid 

CCI, sol 
CCl, sol 

CCl, sol 

CCl( sol 

CCI, sol 

vapour 
vapour 
liquid 
vapour 
vapour 
vapour 
CCI, sol 

i.r. 

i.r. 
i.r. 

i.r., R 

i.r. 
i.r. 
i.r. 
i.r. 
i.r. 
R 
R 
R 
i.r. 
i.r. 
i.r. 
Lr., R 

R 

i.r. 
i.r. 
i.r. 
i.r. 
R 
i.r. 
i.r. 
i.r. 
i.r. 

97, 98, 103, 

105 
88, 98, 103, 

120,121 
98, 120, 121 

98, 103, 105 
95 
105 
105 
105 
90 
90 
90 
89 
107 
109 
89, 131, 136, 

90 

105 

138 

140 
109 
99, 104 
99, 100 
100 
99 
99 
121 
121 

a i.r. : infrared spectroscopy; R: Raman spectroscopy. 

of neiglibouring bondslOD-lll. Such a coupling would depend on three 
factors: the masses of the X and Y groups adjacent to the C=O bond, 
the angles between the C-X, C-Y and C=O bonds and the strengths 
of the C-X and C-Y bonds. Direct mass effects of the substituents X 
or Y in XCOY molecules were found to be negligibldl2* 113 if the masses 
of X a d  V are larger than 12. The bond angles in acyl halides should be 
practically constant, as the carbonyl halide group is sterically unstrained ; 
the variation of vc=o from one halide to the other can hardly be explained 
by an angle effect. The bond strengths, on the other hand, vary strongly 
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from one substituent to the other, and mechanical coupling of the C=O 
bond with different C-X or C-Y bonds should lead to very different 
C=O stretching frequencies. Overend and Scherer109* assumed that in 
acyl halide molecules the force constant K,, of the carbonyl bond is 
independent of its neighbours, and calculated the shifts produccd bjr 

interaction of the stretching force constants Kcx, KCy and the bending 
force constants HXOP, H,,, and HyC0114 with K,,. Their results show 
that such shifts can be very important, and that the very large difference 
between vc=o in COCI, and in COF, could be caused by the difference 
in strength between the C-CI and the C-F bonds. However, the 
carbonyl frequencies predicted only on the basis of vibrational coupling 
with neighbouring bonds should decrease in the order F > CH, > C1> Br, 
while the observed sequence is F > C1> Br > CH,lo8. Some coupling 
undoubtedly takes place, but this, and other experimental evideme, 
suggests that a different mechanism is responsible for the high value of 
vc=o or at least contributes to it. 

The most probable explanation is that an induciive effect directly 
affects the C=O bond strength and therefore the C=O stretching 
frequency115. The halogen attracts electrons from the carbon which 
in turn attracts electrons from the oxygen, thereby decreasing the 
negative charge on the latter. This process reduces the polarity of the 
C=O bond, giving it more of a   ova lent, double-bond character. 

The bond length decreases with decreasing polarity of the bond; the 
relation between bond length and bond stretching frequency is well known 
and the high v , = ~  frequency in acyl halides is easily explained in this way. 
Kagarise1l6 found a very good linear relationship between the sum of the 
electronegativities of X and Y in XCOY and the experimental C=O 
stretching frequencies, strongly supporting this type of explanation; the 
above-mentioned sequence of frequencies F > C1> Br > CH, agrees with 
it. Shimizu and Shingu117 successfully treated the carbonyl out-of-plane 
deformation in a similar fashion. Because of the high electron aflinity of 
halogens, Pauling118 even suggested that there is some contribution from 
a structure of the oxonium type in phosgene and acyl halides. In spite of 
the fact that the structure proposed by him is not compatible with the 
bond dipole moments determined by Krisher and Wilson11s, there is strong 
experimental confirmation that induction plays a dominant role here. 

the vapour phase than in the liquid or solid state (see Tables 1 and 2). The 
T k  C ~ * ~ h i I ~ ~  g i i r i i i - r  ~ . i . p ~ i h  ai a ~ I C Y U G I I ~ L ' Y  Zdg,:i~~ by Z ~ U C  ZG CM ' in 

4 
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change of frequency with change of state probably results from inter- 
molecular associationlo8. While there is no association in the vapour, in 

the condensed state the C=O dipoles tend to orient themselves in such a 
way that the C+ of one molecule is near the 0- of another; the polarity 
of the C=O bond increases by induction, resulting in the observed shift 
to lower frequencies. Such an associatior! would depend strongly on the 
dipole moment of the carbonyl group; those groups of compounds, among 
them acyl halides, which have a more covalent C=G bond would have 
less tendency to self-association and would show a smaller shift than those 
having a more polar C=O bcnd; actually, the shift in acetyl chloride is 
about 15 cm-l while in dimethylformamide it is 50 cm-1. This is additional 
evidence that in acetyl halides the C=O bond is more covalent than usual. 

The dependence of vc-.o in acetyl chloride on the solvent is also at- 
tributed to local dipole4ipole associations120; it varies from 1810 cm-l 
in n-hexane to 1798 cm-l in methyleiie iodide. 

+ -  

2. The C-X stretching frequency (Table 3) 
In  contrast to the wealth of information mailable on the C=O stretching 

frequency, very little systematic work was done on the C-halogen 
stretching vibrations of acyl halides. 

As can be seen in Table 3, the usual sequence of decreasing frequencies 
when passing from fluoride to chloride to bromide to iodide is also 
found here. A comparison between the C-halogen stretching frequencies 
in alkyl and acyl halides (Table 4) shows that these frequencies are usually 
much lower in the acyl halides; the differences, however, decrease from 
the fluorides to the bromides and in iodides there is a reversal (the vc--l 
frequency being slightly higher in acetyl iodide than in methyl iodide). 

The relatively low frequencies of the C-halogen stretching vibrations 
are directly related to the very high carbonyl stretching frequencies in the 
acyl halides, whether these axe caused by  inductive changes of polarity or  
by vibrational coupling between neighbouring bonds. The fact that the 
frequency shift relative to alkyl halides is largest for the fluorides, where 
vc=o and Y ~ - ~ ~ ~ ~ ~ ~ ~ ~  are the nearest, seems to support the vibrational 
coupling hypothesislo5. 

Splitting due to rotational isomerism is sometimes found (see section 
11, A, 3). 

3. Rotational isomerism and field effects 
The splitting of vibrational absorption bands of acyl halides due to  

rotational isomerism was first detected by Seewann-Albert and 
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TABLE 3. C-X stretching frequencies of some carbonyl and acyl halides 

85 

Compound U C - x  (cm-I) State Reference 

HCOF 

COF2 
COCl, 
COBr, 
COFCl 
COFBr 
COCiBr 
CH3COF 

CH,COCi 

CH,COBr 

CH3COI 

CF,COF 
CF,COCl 

1065 vs 
1042 vs" 
1015 vs 
1249 (asym)vs; 965 (sym)s 
849 (asym)vs; 575 (sym)s 
747 (asym)vs; 425 (sym)m 

1095 (asym)vs; 776 (sym)s 
1068 (asym)vs; 721 (sym)s 
806 (asyrn)vs; 517 (sym)m 
832 vs 
819 vs 
605 vs 
588 vs 
563 vs 
552 vs 
542 s 
540 s 
1339 s 
750 s 
745 sc 

vapour 87 
liquid 86 
solid 86 
vapour 82 
vapour 82 
vapour 85 
vapour 82 
vapour 84 
vapour 85 
vapour 105 
liquid 105 
vapour 105 
iiquid 105 
vapour 105 
liquid 105 
vapour 105 
liquid 105 
vapour 104 
vapour I00 
liquid 100 

Value obtained by Raman spectroscopy. 

TABLE 4. Comparison between the V C - s  frequency in alkyl and 
acyl halides 

Alkyl halide vc--); (cm-I) Acyl halide V C - x  (cm-l) 

CH,F 1048 CH3COF 832 
CH,CI 732 CH ,coc1 605 

CHJ 533 CH,COI 542 
CH,Br 61 1 CH,COBr 563 

Kahovecgl* 92 and investigated by Nakagawa and co-workersg5; it was 
later studied very e x t e n ~ i v e l y ~ ~ ~ ~  loG* l2I* ln2. In halogenoacetyl halides, the 
number of vibrational bands found, both in i.r. and in Raman spec- 
troscopy, is much higher than can be expected from the 3iz-6 degrees of 
freedom of these molecules. The bands appear throughout the spectral 
range as doublets, in cach of which the relative intensity strongly depends 
on the temperature (Table 5). Those bands of the doublets which decrease 
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TABLE 5. Carbonyl stretching vibrations in halogenoacetyl halideses 

Substance V C = ~  solid (Raman) V C = O  liquid (Raman) VC=O vapour (i.r.1 

CHzClCOCl 1799 1814, 1780" 1809, 1779* 
CH,BrCOCI 1797 1804, 1779* 1802, 1773* 
CH,BrCOBr - 1810, 1790* 1807, 1783* 

The intensity of bands marked * increases with temperature. 

in intensity with decreasing temperature disappear completely in the solid 
state, where the 3n-6 rule is fulfilled (e .g  in the vc=o range bromoacetyl 
chloride vapour has two bands, at 1802 and 1773 cm-I; only the higher 
one is found in the solid state). This effect is almost certainly due to the 
presence, in the liquid and vapour states, of two rotational isomers, of 
which the most stable one persists at  low temperatures. This hypothesis 
is supported by the fact that while splitting is found in all niono- and 
dihalogenoacetyl halides, where rotztional isomerism is possible, it is 
never observed in uiisubstituted or trihalogenated acetyl halides, for 
which no rotational isomers existlZ1 (see Table 6). The vibrational bands 

TABLE 6. Rotational isomerism in cliloroacetyl ch1orideslz1 

Substance VC=O in the vapour phase (cm-l) V C = O  in CCI, solution (cm-l) 

CH,COCI 1821 
CH,ClCOCl 1835, 1798 
CHC1,COCl 1823, 1790 
CCl ,coc1 1815 

1806 
1821, 1785 
1810, 1779 
1803 

which persist in the liquid state at low temperatures and in the solid state 
(e.g. the higher frequency carbonyl band of bromoacetyl chloride) are 
assigned to the most stable isomer, those which increase with temperature 
are attributed to the less stable one. From the tempcrature-dependence of 
the relative intensity of the bands of the doublets, the energy difference 
between the two forms could be calculated; it was found to be 
1.0 & 0.1 kcal/mole for bromoacetyl chloride, 1.9 & 0-3 kcal/mole for 
bromoacetyl bromideg5. 

Similar effects were found in halogeno ketones1Bp124 and it is well 
known that in cyclic ketones axial a-halogen substitution does not affect 
the carbonyl stretching frequency, while equatorial substitution raises it 
by about 20 cm-l lz5.  Such shifts cannot be due to induction which would 
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act along thc bonds of the molecuie and be independent of conformation, 
nor can they be due to resonance which lowers the frequency. They must 
be due to a non-bonded force, probably a field effect occurring directly 
through space between the oxygen and the halogen atoms when they are 
close to each other. The exact nature of this force is not known, it is 
probably an electrostatic effect which changes the polarity of the atoms, 
perhaps by the lone pair-lone pair repulsion proposed by Owen and 
Sheppard12G. The highest carbonyi frequency obsewed for substituted 
acetyl halides would thus correspond to that form in which the a-halogen 
atom is closest to the oxygen; since this is the freqiiency which is pre- 
dominant in liquids at low temperature, and the only one persisting in the 
solid state, it means that this is the most stable, preferred, conformation 
of the molecule. 

There is little doubt about the most stable conformation : microwave172 
and electron diffraction128 studies, as well as normal coordinate calcu- 
lations with a Urey-Bradley force fieldlm, all show this to be the confor- 
mation in which the two haiogcn atoms are irans to each other, i.e. the 
oxygen atom is eclipsed by the a-halogen atom, in good agreement with 
the field effect theory. The conformation of the other isomer is not so well 
established. Nakagawa and c o - w o r k e r ~ ' ~ ~  suggestion, that it is derived 
from the stable form by a rotation of 150", is not easily acccptable, as ;t 
implies a six-fold barrier of rotation around the C-C bond, which would 
result in the existence of four rotational isomers, while only two were 
found. Microwave studies of acetyl fluoride12g and acetyl c l~ lo r idG~~ ,  as 
well as far i.r. vibrational assignments for trifluoroacetyl halides10@-1021 Io4, 

show that these compounds have a three-fold barrier, which corresponds 
to rotations of 120"; nornial co-ordinate calculations103 of acetyl and 
deuterated acetyl chloride also indicate that the Iess stabIe form is agauche 
one, obtained from the other by rotation of 120". However, a more recent 
microwave study of fluoroacetyl fluoridelZ7 shows the less stable confor- 
mation to be obtained from the stable one by rotation of 180", so that the 
two fiuorine atoms are cis to each other. The evidence is therefore incon- 
clusive; it is possible that steric factors, as well as electrostatic ones, play 
a role, and that the conformation depends on the size of the halogen atoms ; 
it would then be different, e.g. for fluorides and for bromides. 

Rotational isomerism in acyl halides of higher molccular weight was 
studied by Katon and FeairhellerlZ2 both in the liquid and solid state. In  
the liquid state all straight-chain acyl chlorides containing more than 
three carbon atoms have four strong bands in the C-halogen stretching 
region; in the crystalline state only one band remains, showing the origin 
of the splitting to be in rotational isomerism. Rotation around the a C-C 
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bond can produce only two such isomers, therefore rotation around the 
(3 C-C bond also must play a role; thus four isomers can be obtained: 

a-trans, p-rrmts 
a-trans, p-gauche 
a-gaucli<', /3-trans 
a-gauche, /3-gauche 

This is spectroscopic evidence for intramolecular non-hxded forces acting 
over considerable distances, a very astonishing result. Further confir- 
mation is found in the fact that acetyl chloride and trimethylacetyl 
chloride which can have no rotational isomers show only one vc-cI band; 
propionyl, isobutyryl and 3,3-dimethylbutyryl chlorides have symmetric 
substituents around the ,3 C-C, but not the a C-C bond; they should 
exist in two isomeric forms, and in fact two vc--cI bands are found in the 
liquid state, one of which disappears on crystallization. 

Katon and Feairheller122 assigned the different vCdc1 frequencies by 
assuming that the most stable isomers (which are found in the solid state) 
are of the trans form and that the trans forms have higher frequencies than 
the gauche forms. However, temperature-dependence studies must be 
evaluated carefully when more than two isomers are possible, as the 
relative intensities may then be complex functions of the temperature. 

In another study of rotational isomerism, Jenkins and LaddloG found 
that in fluoroacetyl chloride and bromide the lowest I ' ~ - ~ ~  or v ~ - ~ ~  
frequency is almost identical with that of acetyi chloride or bromide 
while the vc-cI or vC--13r frequency of the stable traits forin is exceptionally 
high (Table 7). They suggest that in this conformation the increase of 
Y ~ = ~  due to the electrostatic field effect between neighbouring 0 and F 
atoms strongly reduces the vibrational coupling between C=O and 
C-Cl or C-Br, thereby increasing vc-cl or vC--13r; this, however, 

TABLE 7. The VC-x  splitting due to rotational 
isomerism1oG 

Compound V C - ~  (cm -*) 

CH,FCOCI 768 vs'; 591 s 
765 vsa; 590 s 
768 vs"; 593 w 

CH,FCOBr 751 vs"; 544 m 
746 vsa; 538 m 
746 vsa; 535 m 

State 

vapour 
liquid 
solid 
vapour 
liquid 
solid 

(I Designates the most stable isomer. 
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cannot be the whole explanation, as the vc-cl or v ~ - ~ ~  frequencies of the 
trans conformations are even higher than those of the methyl halides. 

4. Fermi splitting 
The splitting of the vc=o band due to rotational isomerism must be 

distinguished from the splitting by F e d  resonance which appears in 
some acyl halides. The best-known example is that of benzoyl chloride 
which has two absorption bands at  1779 and 1735 cm-l; this was first 
observed by Thompson and NOriiS''l in the Raman spectrum and by 
Flett132 in the i.r. 

Several expkinations were advanced. Lowering of the frequency by 
intermolecular associationcG* is in coiitrzdiction to the independence 
of the relative intensity of the two bands on the concentration134* 135, and 
to cryoscopic studies136 showing benzoyl chloiide to be a monomer. The 
hypothesis that rotational isomerism lies at the origin of the 
must also be rejected, because in the case of benzoyl chloride no signifi- 
cantly different stable conformational isomers can be written ; moreover, 
as already mentioned, rotational isomerism results in the splitting of a 
large number of vibration bands whiie only the carbonyl stretching band 
is split in this case. The explanation based on partial hydrolysis to benzoic 
acid can also be eliminated since on addition of small quantities of benzoic 
acid to the solution, a third carbmyl band appears134 at 1595 cm-l. There 
are some contradictions about the reported dependence of the relative 
;ntensities of the two bands on ternperaturel3"* 13G, and the possibility 
that the splitting is due to a 'hot' transition cannot be completely excluded. 
The most probable explanation, however, is that a Fermi resonance takes 
place134* 13G9 13*, i.e. that the splitting is due to interaction between the 
C=O stretching vibration and another vibration of the same symmetry 
and very similar frequency. In the somewhat similar case of the vc=o 
splitting in cy~lopentanone~~~,  the effect disappears on deuteration, 
proving beyond doubt that some intramolecular vibrational property is 
involved. No deuteration of benzoyl chloride was reported, but its be- 
haviour is very similar to that of cyclopentanone, with regard to solvent 
polarity and temperature dependence. 

A search for the vibration which could interact with the vc=o vibration 
(a) that the vcE0 frequency of benzoyl chloride should appear 

'normally' around 1770-1780 cm-l; (b) that the strong Y ~ - ~ ~  vibration at 
878 cm-l should have its first overtone around 1745 cm-l and has the 
same sjmmetrj as vc=o. This makes it probable that these two vibrations 
interact. The observation that the same vc=o splitting occurs in a large 
number of substituted benzoyl chloridesg0* 135, while none is found in the 
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other benzoyl halides, strengthens the assumption that it is vc-cI which is 
playing a role in this Fermi resonance. Rao and Ve~ikataghavanl~~, 
however, assign the 878 cm-l vibration of benzoyl chloride to the Ph-C 
stretching vibration, and study its frequency variation on substitution: 
the more electron-withdrawing the substituent, the higher is the vph-c 
frequency (and that of its first overtone) and the less splitting of vcz0 IS 
observed; in 3,5-dinitrobenzoyl chloride vPh--C = 988 an-l and no Fermi 
splitting is seen. A similarly assigned vibration is observed in benzoyl 
bromide at 861 cm-l; its overtone (at 1712cm-l) is too low to interact 
with vcz0, but substitution of the phenyl by electron-withdrawing groups 
increases its frequency until in p-nitrobenzoyl bromide, Fermi splitting is 
again observed. In this cocnexion, it is surprising to note that in 1- and in 
2-naphthoyl chloride, although a strong band appears at  the same 
frequency (890cm-l) as in benzoyl chloride, no splitting of vcE0 is 
observed140. 

Similar effects of splitting, found in the i.r. and Raman spectra of COF, 
and COFCI, have been attributeda2 to Fenni resonance between 
(1942 cm-l) and 2v1 (965 cm-l) for COF,, between v2 (1876 cm-l) and 
v1 + v4 (776 cm-l+ 1C35 ciirl)  fcx COFCl (where v 2  represents vc=o, v1 the 
inphase vc--x and v4 the out-of-phase No splitting was observed 
in COCl, where no band suitable for interaction with vcz0 was found. 

5. Oxalyl halides 
A group of acyl halides that has been more thoroughly investigated 

is that of the oxalyl halides (FCOCOF, CICOCOCI, BrCOCOBr and 
CICOCOF), which were studied by i.r. and Raman s p e c t r o ~ c o p y ~ ~ ~ - ~ ~ ~  
and by examination of the vibrational fine structure of U.V. absorption 
bands14G153. The comple1.e assignment of all bands was attempted in an 
effort to determine the steric conformation of the oxalyl halides. 

On this problem some conflicting evidence has been published. X-ray 
crystallography shows the oxalyl chloride to be nearly centrosymmetric, 
though not nLcessarily planar. Electron diffraction in the vapour state 
shows the structure to be planar and trans. Dipole moment 
in benzene, yielding a dipole moment of 0.92 D, would indicate some 
contribution from a cis structure, unless oxalyl chloride forms a complex 
with benzene. Comparison of the U.V. spectra in diirerent solvents154 
indeed indicates some solvent-solute association in benzene, but again 
complex formation with benzene implies a cis form of the molecule. 

Vibrational spectra also yield contradictory results. Saksena and 
Kagariselgl found that the relative intensity of the 533 cm-l Raman band 
of oxalyl chloride, assigned to the cis form, increases with temperature; 
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intensity variations i n  the vibrational fine structure of the U.V. spectrum 
were interpreted both by S i d m a ~ i l ~ ~  and by Saksena and c o - ~ o r k e r s l ~ ~ *  148 

(though in different ways) as indicating the presence of the two confor- 
mations ct room temperature, the cis form being less stable by 2.8 kcal/mole. 
However, Kidd and King146 found no change in the Raman bands of 
oxalyl bromide on cooling and an energy difference of 2.8 kcal/mole seeins 
too high for an appreciable amount of the cis form to be presmt at  room 
temperature. 

Complete vibrational assignments can be made on the assumption that 
the trans form only is present; the simultaneous existence of both isomers 
would result in many more vibrational bands than arc detected experi- 
mentally. Moreover, in the cis form, coupling between two neighbouring 
carbonyl groups would result in a splitting of vc=o into symmetric and 
asymmetric vibrations, whilz no splitting can be expected in the trans 
form; experimentally such splitting has been observed, e.g. in cis-dimethyl 
~ x a l a t e l ~ ~ ,  but never in an oxalyl halide. 

It seems therefore that vibrational evidence is mainly in favour of the 
trans conformation. 

6. Related Compounds 
Two groups of substances related to acyl halides have been studied by 

i.r. spcctroscopy : compounds in which the carbonyl oxygen atom was 
replaced by a sulphur atom, i.e. thiocarbonyl halides, and compounds in 
which the =-carbon atom was replaced by another element (0,N or S) ,  
i.e. chloroformates, carbarnoyl chlorides or thiolchloroformates. In each 
group the number of substances investigated is small, and only few data 
are available. 

a. Thiocarbonyl halides. The C=S stretching frequency of thiocarbonyl 
chloride156 is 1140 cm-l; in compounds like RSCSCl this frequency lies 
between 1060 and 1100 cm-l, in compounds like RSCSF between 1075 
and 1120 cm-l. These frequencies are lower than those of t h i o k e t o n e ~ l ~ ~  
(1207-1224 cm-l) and higher than those of t h i ~ a m i d e s l ~ ~  (960-980 cm-l), 
while acyl halides have a carbonyl frequency higher than both that of 
ketones and that of amides. This can be attributed to the difference in 
polarity between the C=O and the C=S bonds'58. The C=O bond is 
initially polar because 0 is more electronegative than C;  therefore, as 
discussed above, inductive effects raise vc=o (as in acyl halides) while 
resonance eirects lower it (as in amides). In C=S there is little or no initial 
polarity; therefore both inductive and resonative eFTects produce a s-Wt of 
vc=s toward lower frequencies; as in the case of vC=C, the highest vc.=s 
frequency is found when the C=S bond is fully covalent, as in thioketones. 
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b. CIilorofoi.tnntes, carbnmojl linlides and thiolclilorofosrnates. All these 
compounds are characterized by carbonyl stretching frequencies higher 
than those of their unchlorinated homologues, exactly as in the case of 
the acyl halides themselves, and for the same reasons. 

(1) Chloroforniates, XOCOCI: One aroniatic and several aliphatic 
chloroformates have carbonyl stretching f r e q u e n c i e ~ l ~ ~ - - ' ~ ~  between 1768 
and 1799 cm-l, while in formates this band appears at 1722-1724 cm-l. 

(2) Carbanzoyl clilorides, RZNCOCI: One aromatic and two aliphatic 
carbamoyl chiorideslGOp IG2 absorb at  1739-1744 cm-l, while the carbony! 
frequency of dimethylformamide is found at  1687 cm-l. 

(3) Tliiolchlorofornzates, RSCOC1: Three aliphatic and two aromatic 
thiolchloroformates160s have their carbonyl stretching frequency in the 
1766-1775 cm-l range, although Fermi resonance sometimes makes the 
assignment difficult. 

In all these compounds, practically no data exist about the C-Cl 
stretching frequencies. 

B. Uitraviolet Spectroscopy 
The U.V. spectro ofa  large number of acyl halides have been determined1'j4. 

Tables 8 and 9 give the values of A,,, and E,,, for some typical com- 
pounds. The spectra are characterized by a weak absorption band in the 
near u.v., gznerally attributed to a symmetry-forbidden n-z* transition. 
This is followed by a stronger absorption band at shorter wavelength, 
which in simple aliphatic acyl halides very often has not been recorded, 
but is only indicated by the strong increase of absorbance towards the 
lower linlit of the wavelengih range of available spectrophotometers. The 
second band has been variably attributed to a T-T* or to an n-a* tran- 
sitionlG5. IGG; recent studies167* lG5 seem to prove that the T-T* transition 
is at the origin of this absorption. 

The wavelength of the nlr*  transition in acyl halides is shorter than in 
the corresponding ketones and longer than in the corresponding acids 
(Tables 8 and 9). This was at  first explained by the raising of the r*--level 
of the ketones by interaction with a halogen lone pair of electrons, while 
the n-level remained largely unaffected165. More recent molecular orbital 
calculations1G7 have, however, indicated that the blue s l a t  is due to 
another mechanism. Replacement of the CH, group of acetone or aceto- 
phenone, taken as references, by a strongly a-accepting and weakly 
n--donating halogen atom considerably lowers the energy of the highest 
filled a-type orbital (12-electrons) and, to a lesser extent, raises the energy 
of the lowest empty r*-type orbital. This results in the experimentally 
observed strong blue shift of the n-n* transition. In agreement with this 
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theory, a progression of the n-n* absorption band towards shorter wave- 
lengths is noted in the aliphatic acyl halides irom bromide to  fluoride, i.e. 
as the electronegativity of the halogen increzses; in aromatic compounds 
this effect, while still present, is less marked. Replacement of the halogen 
atom by a carboxylic -OH group (i.e. in acids) further increases the 
hypsochromic shift. Substitution by fluorine in the a-position on the 
contrary results in a strong displacement of the absorption band toward 
longer wavelengths. 

The lowest .rr*-level is much less affected than the highest a-level by 
introduction of the halogen atoms, and the T-T* absorption bands of acyl 
halides are only little shifted to the blue compared to acetone or aceto- 
phenone; in benzoyl chloride and bromide one even observes a small 
bathochromic effect. 0-, m- or p-Substitution on the benzene ring of 
benzoyl halides135 has the same effeot on the T-T* absorption band as in 
acetophenone or  in benzaldehyde. These facts considerably reduce the 
value of U.V. spectroscopy in the characterization of aroyl halides. 

The U.V. spectra of several simple acyl halides show no clear maxima, 
only a slow decrease of the absorption towards longer wavelengths, which 
can be resolved to  show vibrational and rotational fine-structure. The 
spectra of HCOF and DCOF in particular (which are the only stable 
formyl halides) have been very extensively studied in order to determine 
the exact geometry of the molecules in ?he ground and excited states, their 
moments of inertia, :he energy barriers to rotation, efc.li1-li4. 

As mentioned earlier, the high-resolution U.V. spectra of another group 
of compounds, the oxalyl halides, have aIso been the subject of a number 
of detailed Sakszna and c o - w o r k e r ~ l ~ ~ ~  146 and Sidman14’ 
suggest that oxalyl chloride, in the liquid md vapour phases, exists as two 
rotatiocal isomers (the cis and tram forms) of which the trnizs isomer is 
the most stable 2nd is predominant at room conditions, while the pro- 
portion of the cis form increases with rising temperature. Balfour and 
King14g-152, however, are able to explain the band structure and intensity 
distribution of the vapour phase spectrum of oxalyl chloride and oxalyl 
bromide by transitions from planar trans ground state to  planar trans 
excited state, throwing some doubt on the presence of the cis form. 

C. Electric and Magnetic Properties 
1. Electric dipole moments 

The dipole moments of a series of acyl chlorides were studied in the 
n i n e t e e n - t h i r t i e ~ l ~ ~ l ~ ~  but no systematic work on this subject has been 
published recently. Table 10 gives the values obtained for some of the 
compounds. 
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The moment of aliphatic derivatives increases from acetyl to propionyl 
chloride and then remains constant; this is due to induction along the 
aliphatic chain and is found in many similar homologue series. The 

TABLE 10. The dipole moments of some acyl 
halides179 (measured in benzene at 2OOC) 

Compounds CI. (D) 

Acetyl chloride 
Propionyl chloride 
n-Butyryl chloride 
it-Valeryl chloride 
iso-Valeryl chloride 
Phenylacetyl chloride 
Chloroacetyl chloride 
TrichloroacetA chloridc 
Acetyl bromide 
Acetyl iodide 
Benzoyl chloride 
p-Toluoyl chloride 
p-Chlorobenzoyl chloride 
p-Nitrobenzoyl chloride 
Benzoyl bromide 
Oxalyl chloride 
Malonyl chloride 
Succinyl chloride 
Phthaloyl chloride 

2.45 
2-61 
2.61 
2.61 
2.63 
2-54 
2.22 
1-19 
243 
2-22" 
3-33 
3.8 1 
2-00 
1-1 1 
3.37 
0.92 
2.80 
3.00 
5.12 

a Acctyl iodide is unstable and this value is somewhat doubtful. 

moment of yhenylacetyl chloride lies between those of acetyl and pro- 
pionyl chloride, as expected. The moments of acetyl bromide and iodide 
are a little lower than that of chloride. 

From a comparison of the moments of acetyl chloride, chloroacetyl 
chloride and trichloroacetyl chloride, Martin and P a r t i n g t ~ n l ~ ~  deduced 
that the moment of the aliphatic CQCl group is 2-45 D and oriented a t  
15" to the C-C bond. Aromatic acyl halides have a much higher moment; 
the moment of benzoyl chloride is 3.33 D and is oriented at 12" to the 
C-C axis"'; from this value, the moments of the other aromatic acyl 
chlorides can be deduced by vector addition, with only slight discrepancies. 

The dipole moments of some dicarboxylic acid halides were determined 
in an attempt to study the conformation and isomerism of these corn- 
pounds178. The measurements gave no clear-cut answer for the 
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conformation of oxalyl chloride, which could be in the cis or the trans 
form, rotate freely or oscillate around a stable conformation. The value 
obtained for malonyl chloride corresponds to free rotation, that of succinyl 
chloride to almost free rotation; the liquid form of phthaloyl chloride was 
found to be symmetrical. 

2. Nuclear quadrupole resonance 
The pure quadrupole resonance of acyl halides was investigated as early 

as 1953 by several autliors180-182. Only few bromides were studied: acetyl 
bromide shows fsur Br81 resonances at 178-082, 179.536, 180.140 and 
181-350 Mc/sec; Genzoyl bromide has one resonance at 191-868 Mc,’sec. 
Chlorides were more extensively studied : the COCl group is characterized 
by a CP5 resonancc in the 28-34 Mc/sec range, at frequencies lower than 
the values found for chloroalkanes. This can be attributed to the vicinity 
of the C=O double bond and to the participation of lone-pair electrons 
in the bonding, giving rise to contributions of the -O-C=Cl-’- structure. 
The ratio of 6.5 between Br61 and C135 resonance freq!iencies in similar 
comnpounds1s3 was found to hold for henzoyl bromide and benzoyl 
chloride; no resonance, however, was found in acetyl chloride. As a rule 
no CP5 resonance could be detected in those paraffinic acyl chlorides which 
contain a singie COCI group; the presence of a second COCl group or a t  
least of another chlorine atom in the molecule seems necessary. Thus 
resonance was found at 30-437 Mc/sec in chloroacetyl chloride, at 32- 147 
and 32.962 Mc/sec in dichloroacetyl chloride and at 33.721 Mc/sec in 
trichloroacetyl chloride, while none could be detected in unsubstituted 
acetyl chloride. Similarly, adipyl chloride, CICO(CH,),COCI, has its 
resonance at 28.978 Mc/sec, while no resonance is found in 72-caproy1 
chloride, CH,(CH,),COCI. 

It is interesting to .,note that oxalyl chloride has only one resonance 
frequency (at 33-621 Mc/sec)182. This is taken as additional proof that 
only one form of this compound exists in the crystalline statelsl; for, if 
both the cis and the tram form were present, the intramolecular chlorine- 
chlorine distances would be different in the two isomers, giving rise to two 
separate resonances. 

Some carbamoyl chlorides (R2NCOCI) and chloroformates (ROCOCI) 
have also been studiedls2 and show resonarice frequencies of the same order 
as acyl chlorides [(CH,),NCOCI: 31.8 lMc/sec; (C,H,),NCOCI: 31.887 
Mc/sec; C2H50COCl = 33-858 Nlc/sec]. An exception is diphenyl- 
carbamoyl (C,H,),NCOCI, which has the very high resonance 
frequency of 35.2 Mclsec. 
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3. Magnetic properties 
a. Magiielic smceptibilifies. The magnetic properties of acyl chlorides 

have been determined by Pasca118G-185 and by Mentzer and PacauItlS9. 
The susceptibility of the double-bonded oxygen (=O) in acyl chlorides is 
+ 1.72 x the same as in ketones and aldehydes, while in carboxylic 
acids it is -7.95 x This shows the strong similarity of the C=O 
bond in the COCl group to the C=O bond in ketones and aldehydes. 

b. Fmaday effect. The magnetic rotation has been studied by Voigt and 
GallaislQ0 for several aliphatic acyl chlorides. They found that the con- 
tribution of the COCl group to the molar rotations of the compounds is 
p = 17.9 x radians. 
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1. INTRODUCTION 

AS may be gathered from every chapter of tlzis book, carbonyl halides 
are reactive compounds in which the C-Hal bond is easily broken 
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heterolytically. They can behave either as Lewis bases (electron-pair 
donors) or as Lewis acids (electron-pair acceptors). Their interaction with 
an acid A can be represented, in general terms, by equation (l), where R 
represents any suitable substituent; that with a base B by equation (2). 
The factors controlling the overall basicity, or acidity, of species RCO-Hal 
are, in principle at least, reasonably clear. However, thc relative abun- 
dances of the various possible adduct (complex) species depend upon the 

RC=O :A  
I @ Hal 

RCO-Hal + A (1 1 

Hal :A 

(2) 

RCO+ + HalA- (1 1 
0- 

I 
R-C-B+ 

I 

(5) 

particular reactants and conditions involved, and there exists at  present 
only a rough-and-ready cmception of the factors which control the 
positions of the competing equilibria. The systems generally are difficult 
to study experimentally owing to the great reactivity of the complexes. 
These can be troublesome to obtain pure, are usually unstable on the 
open bench and, for some systems, only occur (if they do occur) as 
transient reaction intermediates. 

A. Factors Influencing Basicity 
Since the basicity of RCO-Hal in equation (1) depends upon the 

electron availability on the oxygen and halogen atoms, in general the 
more electron-repelling is R the easier it will be for A to attach itself. 
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Which site is used preferentially appears to depend upon the nature of A, 
upon which halogen is involved, upon the environment, upon the extent 
of electron release by R, and the ability of this group to stabilize the 
different types of complex by resonance. The influence of particular 
halogen atoms on the overall basicity of RCO-Hal is complicated by the 
fact that these atoms possess opposing (-1, i -T)  electronic effects. 
Contributions to the resonance hybrid from species 6 stabilize the free 
carbonyl halide, and shift some of the electron density from the halogen 
to the oxygen atom. Although such contributions will be most important 

h- 

(6) 

when Hal = F, acyl fluorides appear, in practice, to be more basic than the 
corresponding chlorides, bromides or iodides ; and, moreover, they arc 
more often attacked by acids at the halogen than at the oxygen atom, 
compared with the other acyl halides. The small size of fluorine is almost 
certainly an important factor here. 

5. Factors Influencing Acidity 
The acidity of RCOHal depends upon the effective positive charge on 

the carbonyl carbon atom, and upon its steric accessibility. In general, 
substituents R which withdraw electrons from this atom will increase 
acidity. Electron-withdrawing substituents which can also delocalize the 
positive charge (e.g. Ph in structure 7), and therefore stabilize the free 

(7) 

carbonyl halide, will have opposing effects on acidity. The resonance 
effects seem particularly important. Thus acyl fluorides, for which the 
analogous structure 6 contributes more to the overall hybrid than do 
those for the other halides, appear notably less acidic than their chloro, 
bromo, or iodo analogues. Most of the evidence in these contexts is, 
however, indirect. 

I I .  BEHAVIOUR AS BASES 

A. Types of Complexes Formed with Acids 
There exist various classes of acid. We shall consider in particular the 

proton H+, other hydrogen acids (e.g. HCI, HF), metal ions (e.g Kg2+), 
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molecular halogens (e.g. 12), and covalent metal halides (e.g.  AICI,, BFJ. 
It is found that all such acids very probably interact with carbonyl halides 
to give transient, or even rclatively stable, species such as 1, 2 or 3 in 
equation (I), but, with a single exception, up to the present time onIy 
complexes involving covalent metal halides have actually been isolated. 
We deal with these isolatable complexes first. The earliest reports1 of such 
complexes date from 1880-1890, a d .  structures for them like 1, 2 and 3 
were first proposed2 in the 1920s. By the end of the 1960s a fair number of 
isolatable complexes had been prepared. 

B. fsolatable Complexes 
Writing any covalent metal halide as (M(Hal),a, acid-base complex 

formation with species RCOHal proceeds in general terms according to 
equation (3). For most of the combinations studied so far x = y = I ,  
although other stoicheiometries have been reported. In the liquid state y 

xRCOHal 1- yM(Hal),, e. (RCOHal),(MI-lal,,), (3) 

will be expected usually to be unity, and x to be determined by the normal 
co-ordination requirements of M(Hal),. Thus for the group I11 halides 
(e.g. AlCI,) it would be expected that x = 1, but for group IV (e.g. SnCI,) 
that x = 2. However, for complexes isolated as solids, unexpected 
stoicheiometries can arise owing to lattice requirements. Solid-state com- 
position is therefore not a reliable guide to the structure in solution. Some 
typical complexes, together with their physical properties, are listed in 
Table 1. These complexes can, of course, all be considered to be derived 
from substituted acetyl or benzoyl halides. Apparently rather few com- 
plexes have been isolated which involve acetyl or benzoyl halides containing 
electron-withdrawing substituents. Those containing the more feebly 
acidic covalent halides are also uncommon. This finding is sensible, but it 
must be remembered that the stability of these solid complexes is deter- 
mined not only by the intrinsic acidic and basic properties of the con- 
stituents, but also by the lattice energy. This energy can sometimes be 
expected to facilitate solid complex formation between otherwise un- 
attractive partners. A few (very unstable) complexes have been reported 
between phosgene and certain powerfully acidic covalent metal halides, 
but there remains some disagreemcnt about their proper corn position^^^ * 14. 

Certain of the isolated complexes have been subjected to infrared or to 
nuclear magnetic resonance spectroscopic examination; for a few, X-ray 
crystal analyses are available. Such studies have led to the conclzsion 
that these solid complexes contain species like 1 (e.g. S), or like 3 (e.g. 9). 
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TABLE 1. Examples of isolatable acid-base adducls with acids M(Hal), 
107 

Adduct m.p. Decomp. pt. Reference 
("(3 ("C> 

CHsCOCl -BCI, 
CH,COCI - BF, 
CH,COF-BF, 
C,H,COF -BF3 
CGH,COF -BF, 
C,H5COC1 -AICl, 
2-CH,CcH,COCI -AICI, 
2,6-(CH3),C~H,COCI -AICI:; 
CH,COCl -AlCI, 
CM,COCI - AIBr, 
CH,COCI -GaCI, 
C,H,COCl --GaCI, 
CH,COCI -Tic], 
C2H,COC1 -Tic], 
IZ- C3H CO C1- Ti CI , 
iso-C,H,COCl -TiCI, 
C,H,COCl -Tic14 
2-CH3CsH.SCOCl -Tic14 
2,6-(CH3)2CGH3COCl -2 TiCI, 
2,4,6-(CH,),C6H2COC1 --2 TiCI., 
CH,COCl -SbCI, 
C,H,COCI - SbCI, 
GH,COCI --SbCI, 
CH3COF-SbF5 
C,H,COF -SbF, 
(CH,),CCOF --SbFS 

(C,HS),CCOF - SbF, 
C,jHIjCOF - s bF, 
CH3COF- PF, 
C2H5COF-PFS 
CGH5COF - P F, 
CH3COF -AsFS 
C2H,COF - AsF, 
C6H,COF-AsF, 

IZ-C~H,COF-S~F~ 

-65, -54 
- 65 
- 
- 
- 
+ 93 
+ 55 
+ 82 
+ 65 
+ 90 + 86 
- I -  46 

4-20, -I- 19 
i- 2s 
-4  
+ I 1  
i- 65 
+- 70 
+ 72 
+ 89 
-t 146 
-c- 100 
+I15 
i- 173 
+110 

+ 58 

+I50 
-t- 30 
-5 
- 15 
+ 175 
+ I 1 0  
+I58 

- 

- 

3 , 4  
3 
5, 19 
6 
6 

12 
9 
9 

21 
12 
4 
4 
7, 1 1  
7 
7 
7 

10 
9 
9 
8 
3 
3 
3 
6 
6 
6 
6 
6 
G 
6 
6 
6 
6 
6 
6 

Species 1 are called oxonium complexes; species 3 are usually" termed 
acylium ion complexes. The spectroscopic studies suggest that species like 

* Also called oxocarbonium ion complexes. Acylium ions are, of course, 
known to be formed in solution in a variety of ways from a host of acyl- 
contailling precursorP. Complexes like 3 provide the most convenient 
method €or obtaining such ions in the solid state. 
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2 do not play an important role in  these systems, at least so far as isolatable 
complexes are concerned. This is perhaps to be expected, for in the for- 
mation of the simple coordination species 1 and 2 the oxygen atom will 

normally be more basic than the halogen atom. The formation of 3, 
however, doubtless often proceeds via tt e at least transient formation of 
species like 2. 

Complcx formation bctwzen M(Hal),, and RCOHal can clearly provide 
a route for halogen interchange between thcse species. Such halogen 
exchange has often been o b ~ e r v c d l ~ * ~ ~  and, because it can lead to com- 
positional ambiguity, the most common practice is to study systems 
containing a single type of halogen only (e.g. all Cl). I t  is sometimes 
assumed that the existence of exchange in any system implies the presence 
of acylium ion complexes in that system. There is no reason, however, to 
suppose that the other types of complex (e.g. 3) cannot !ead to exchange. 

I. Infrared spectra of complexes* 
Although an earlier study1!’ of the conductivity of the CH,COF-BF, 

complex in liquid sulphur dioxide had suggested that in this case an ionic 
structure (possibly 3) is obtained, it was not until 1957 that i.r. spectro- 
scopic e x a m i n a t i ~ n ~ . ~ ~  of various coqdexes, both as mulls of the solid 
and in solution, showed clearly that at least two types of complex could 
exist: and could indeed co-exist in the sanie system. 

1.r. spectra of systems containing either free RCOHal, or free M(Hal),, 
contain, among others, absorption bands attributable either to C-Hal 
and C=O stretching modes, or to M(Hal),, modes. When the spectrum of 
a solid, or dissolved, RCOHal-M(Hal), complex is recorded either, or 
both, of two patterns of spectral change are observed in comparison with 
the spectra of the free reagentsz0: 

(i) The free C=O absorption (usually at ca. 1800 cm-l) is removed, and 
is replaced by a similar, shifted band at a somewhat longer wavelength. 
The so-called ‘carbonyl shift’ is usually between 60 and 250 cm-l. This 
effect is accompanied by certain other, usually smaller, frequency shifts. 
Sometimes more than one shifted C=O frequency appears to be present. 

* Acylium ions derived from benzoyl compounds haw a U.V. spectrumla at 
wavelengths >210 nm. These spectra have not yet been used in diagnostic 
structural studies in the present contexts. 
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(ii)ThefreeC=O, C-Hal and certain M(Hid),, absorptions are removed, 
and new bands appear which arc characteristic of M(Hal);+,, together 
with a strong new absorption at  ca. 2200-2300 cm-l. This latter absorption 
usually appears at a significantly different frequency in solution in polar 
solvents compared with its position in mulls. 

Typical results are outlined in Table 2. The usual interpretation of the 
two behaviour patterns is as follows. The co-ordination of species M(Hal),, 
to various classes of carbonyl compound (especially ketones) has been 
found to lead almost always to a shifting of the free C=O stretching 
absorption to longer wavelengths. i t  seems sensible therefore to interpret 
behaviour (i) above as reflecting the formation of oxonium species 1. 

In  behaviour (ii) the appearance of the spectrum typical of the 
M(Hal);+, anion, and the new band at  ca. 2200-2300cm-1, which is 
similar in frequency to those of the C-0 bonds in carbon monoxide25 and 
ketenZG, strongly suggest that these spectra are those of specks 3, the 
acylium salt RCO+M(Hal);+,. 

2. Nuclear magnetic resonance spectra of complexes 
N.m.r. PI3 and 19F) ~ p e c t r a ~ * " : - ~ ~  of solutions of complexes in sulphur 

dioxide or hydrogen fluoride support the view that more than one type of 
complex exists, and that the different types can co-exist in appropriate 
systems. The essential finding for the p.m.r. spectra is that the proton 
signals of aliphatic acyl halides (e.g. the signal due to the CH, group in 
CH,COHal) are shifted to positions indicating lower shielding. Sometimes 
only one shitted absorption is found, sometimes two; never apparently 
more than two in a given solvent. The largest shifts (ca. 2 p.p.m. from the 
original position) are very probably due to RCOf ions, either free or as 
ion pairs. The smaller shifts (ca. 1 p.p.m.) are sensibly attributed to 
oxonium species, in view of the i.r. evidence quoted above*. This con- 
clusion is supported by the fact that, in most systems studied, the. species 
leading to the smaller shifts tend to be favoured, compared with RCOf, 
in hydrogen fluoride, rather than in sulphur dioxide, solutions. This could 
obviously be due to species taking the form 10, rather than 8, in hydrogen 

,OH+ M(Hal),,F- 
RC, 

Hal 

(10) 

* These p.m.r. results alone would be compatible with complexes like 1 or 
2, or even with solvated acylium ion pairs. The weight of other evidence, 
however, argues strongly against the smaller shifts being due to ion pairso.". 
The opposite impression is unfortunately left by the brief survey in reference 15. 
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TABLE 2. Typical i.r. spectra of RCONal -M(HaI),, complexes 

Free acyl halide Complex 

ca Assignment c a  

(cm-I) (cm-I) 
Assignment 

CH,COF(gas)?O CH,COF-BF,(solid, - 40°)z0 
-I- 

1879 vs C = O  stretch 2299 s -C=O stretch 
1859 vs C=O stretch 1619 m shifted C=O stretch? 
826 s C-F stretch 1052 vs BF; asym. stretch 

527 s BF, asym. bend 
No absorption at 185&1880cm-' or at 

810-850 cm-l 
Conclusion: :solid CH3COF -BF, is predominantly CH,CO+BF; 

1807 vs C = O  stretch (liquid)22 (solid)21 
CH,COCl(liq~id)~~ CH,COCl -AlCI, 

+ 
594 vs C-CI stretch 2307 s 2305 vs -CEO stretch 

2203 vs 
1637 vs 1639 m shifted C=O stretch? 
1567 s 1560 rn 
540 s 500 s AlC1,- 
485 s 

No absorption at  1800-1810 cm-' or at 590- 

In nitrobenzene solution absorptions at 1805 

Conclusiotzs: solid CH,COCl -AlCl, is predominantly CH,CO+AICI,, but 
in the liquid phase much CH,C=O:AlCl, is also formed. In nitrobenzene 

solution there exists an equilibrium between CH,CO+AlCI; and the free 
components 

600 cm-l 

and 2200 cni-l appear 

I 
Ci 

CGH;COCl(liquid)S. 35 C,H5COCl -AlCl,(~olid)~~ 35* 6ee 23 

1773 vs C = O  stretch 1665 s shifted C=O stretch? 
1732 s C=O stretch 1605 s shifted C=O stretch? 

1585 s shifted C=O stretch? 
1560 s shifted C=O stretch? 
No absorption at 2200-2300 cm-'. Other 

absorptions similar to those of C,H,COCl 
Concltisiotz: solid C,H5ZOC1 -AlCl3 is, very probably, exclusively 

GH,CO:AICI,. For a fuller discussion of these, and other, i.r. spectra see 
I 
c1 

reference 20. 

Only absorptions relevant to the discussion ir, section 11, 13, 1 are included; 
vw = very weak, w = weak, m = medium, s = strong, vs = very strong. 
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fluoride. This view is consistent with the p.m.r. results for a wide range of 
substituted benzoyl chlorides dissolved in FS03H- SbF, mixtureszD. Here 
the species formed appear to be either the protonated benzoyl halide or 
the acylium ion. 

3. X-ray spectra of solid complexes 

confirms the existence of oxoniuin- and acylium- 
type complexes. I t  shows that, in aliphatic acylium ion complexes, the 

C-C-0 skeleton is linear, with a C-0 bond distance similar to that in 
carbon monoxide, and rather insensitive to the nature of the alkyl group. 

The C-C distance in CH,CO+ is also considerably shorter than for a 
normal C-C bond, shorter too than the corresponding bond in the 

isoelectronic compound CH,-C=CH. The length of the C-C bond 
increases when the a-hydrogen atoms are replaced by alkyl groups. This 
result suggests that hyperconjugation is of some importance (as found for 
ketenU). The crystal structures of the oxonium species formed between 
PhCOCl and SbCl,, or AlCl,, reveal longish M-0 bond distances and an 
essentially undisturbed PhC-Cl system. 

The X-ray 

a 

a 

OL 

4. Reactant structure and complex stability 
The relationship between the structure of the reactants and the nature 

and stability of the complexes they form (Tables 1 and 3) is not simple 
and is governed by a variety of factors outlined in section I, A. In practice 
the observed behaviour pattern is reasonably intelligible, although 
normally only very indirect and/or qualitative information is yet available 
about the stability of any complex. Only a single equilibrium constant 
appears to have been measured for complex formation in solution: that 
for oxonium complex formation between SbCl, and propionyl chloride in 
ethylene d i ~ h l o r i d e ~ ~ .  The fact that a solid (or liquid) complex forms readily 
at  ordinary temperatures and has a high melting point, or decomposition 
temperature, certainly suggests that it is more thermodynamically stable 
than another which decomposes at  temperatures below O"C, but, as 
pointed out in section 11, B, lnttice energies can obscure the inherent 
stability of the adduct. Moreover, although the majority of complexes 
which readily decompose and are therefore presumably weakly bonded 
appear to be oxonium complexes, this does not necessarily mean that all 
oxonium adducts are feebly bonded, for any covalent halide may, in certain 
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TABLE 3. Structures of RCOHal-M(Halj,, complexes" 

Complex Structure Remarks 

HCOF -BF3 0 (vs) 
CH,COF -BF3 A (s) 0 (vw) Table 2 
CZHSCO F - B F3 A(sj O ( w )  when R in RCOF is an 

aliphatic group an increase 
in the size of R !eads to an 
increase in the proportion 
of the 0 structure; in 
solution there is an equi- 
librium between the A and 
the 0 forms 

CH3COCl -BF3 0 ? little interaction 
CH,COCI -BC13 A ?  little interaction 
CGH5COCl -BC13 A ?  little interaction 
CH,COF-AlCl, A (s) 0 (w) 
CH,COCl -AlCI, A (s) 0 ( ?  w) Table 2 
CH,COBr -AlCl, A (s) ? 
GH5COCI -AlC13 0 (vs) Table 2 
C,H,COBr - AlCI, 0 6) 
2-CH3CaHaCOCl -AlCI, A 6) 0 (w) 

CH3COCI --AlBr3 A 6) 0 (w> 
C2H5COCl - AIBr, A 6) 0 (w) 

2,6-(CH3)2C6H3COC1-AIC13 A (sj 0 (vw) 
2,4,6-(CH3)SC6H,COCI-AICI, A (VS) 

GHSCOC1 -AlBr, A 0 in solid complexes the pro- 
portion of the A form 
increases as the tempera- 
ture rises; mainly the 0 
form exists below 7°C 

C,H,COBr - AlBr, ? 0 (s) 
CH3COC1 -GaCI, A (s) 0 (w) 
C,H,COCl - GaCl, A (s) ? 
C,H6COC1 -GaCl, ? melt conducts electricity 
CH,COCl -TiCl., A (vw) 0 (s) dissociates readily in solution 
CGH5COCl -TiCl4 0 (s) 
2-CH3CGH,COC1 -TiCI, 0 (s) 
2,6-(CH,),C,H3COC1-2 TiCI, A (s) 0 (w) 
2,4,6-(CH3),C,H,COC1 -2 TiC1, A (vs) ? in nitrobenzene solution the 

A form predominates; in 
benzene solution the A 
and the 0 forms exist in 
comparable amounts 

CH3COF -AsF5 A 6) 0 (vw) 
CBH5COF -AsF, A 6) 0 (vw) 
CH3COF - SbF, A(s) O(vw)  when K in RCOF is an 
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Complex Structureb Remarks 

(C,H,),CHCOF - SbF, 

CF,COF-SbF, 

GH,COF - SbF, 
CH3COCI -SbC15 
C,H5COC1 -SbCI, 
C,H,COCI -SbCI, 
CH3COF - PF5 
C&COF -PF, 

A 

0 (s) aliphatic group, an in- 
crease in the size of R 
leads to an increased pro- 
portion of the 0 form; in 
solution the 0 and the A 
forms exist in equilibrium 

in liquid sulphur dioxide the 
proportion of the 0 form 
rises as the temperature 
rises; below - 57°C mainly 
the A form exists 

0 

a Table compiled from results in references S, 9, 20-24, 34, 35, 40 and 41. 
A = acylium complex like 9 ;  0 = oxonium complex like 8. Letters in parentheses 

(see Table 2 for key) refer to the relative importance of the given structure. The 
temperature is usually 25°C or below. 

circumstances, conceivably prefer co-ordination to oxygen rather than to 
Hal. Having made these points one nevertlieless finds that: 

(i) Few adducts involving the more feebly acidic species iM(Hal), have 
been isolated. 

(ii) The sequence of complexing abilitl with any given species M(Hal),, 
is normally F > C1> Br ( > I )  for Hal in RCOHal. 

(iii) The.sequence of complexing abiiity with any given species RCOHal 
is normally F > C1> Br (> I) for Hal in M(Hal),. 

(iv) The rough sequence of (apparent) acidic strength is SbF62:AsF, 
> B F , ~ G a C l , ~ S b C l , ~ A l C l , >  PF,eTiCl, (>BCI,), although there are 
many exceptions. 

(v) At ordinary temperatures only the most powerfully acidic covalent 
halides (e.g. SbF, and SbCI,) are able to induce much aiylium ion for- 
mation in unsubstituted benzoyl halides or in those containing electron- 
withdrawing groups. Increasing alkyl substitution, especially ortho 
substitution, leads, however, to formation of ArCO+. 
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(vi) Most of the examined complexes of acetyl halides contain a high 
proportion of CH,CO+ regardless of the nature of M(Hal),. However, the 
oxonium contribution increases as the series AcF, AcCl, AcBr is tra~ersed,~.  
Alkyl substitution has the opposite effect to that found in the aromatic 
series and increases the proportioil of oxoniuni adductZ7. 

From consideration of these results it can be deduced that steric effects 
play a very important part in determining behaviour. To take a simple 
example : in sterically uncomplicated equilibria the sequences of acid 
strength ECI,+BF,, and BCI,> NCI, are found38. The inversion of these 
sequences in the present contexts (iii, iv above) shows that the space 
available around the central acceptor atom is of great hpcrtance.  The 
same effect underlies the finding (ii) that acyl fluorides are better donors 
than the corresponding chlorides; they take up less room. 

Whether the acetyl or the benzoyl derivative of a substance is the more 
basic (towards protonation on the carbonyl oxygen atom) is unfortunately 
still uncertain. Available evidence39 implies that the difference is not very 
great. The behavioui of acyl halides towards acids M(Hal),, ( v  and vi 
above) suggests thnt the aliphatic compounds form acylidm ions more 
readily than do the aromatic compou:ids, and that oxonium species are 
often formed preferentially by thz latter. I t  appears, therefore, that when 
R is an aromatic group it is relatively better at stabilizing species 1 com- 
pared with species 3, than when it is an  aliphatic group. That ortho 
substitucnts in the benzoyl halide lead to incieased proportions of acylium 
complex is doubtless due to steric destabilization of the corresponding 
oxonium complex. This is a phenomenon well known in the context of 
protonation of substituted benzoyl compounds of all types15. In general, 
the formation of the acylium complex is likely to be especially favoured 
relative to the oxonium species by very powerful electron release, owing 
to the former's greatcr desire to disperse its more intense positive charge. 
The increase in the proportion of species 3 when powerful electron- 
releasing substituents are present in the aromatic acyl halides is therefore 
understandable. The, at  first, curious effect (vi above) of alkyl substitution 
in the acetyl series (which should stabilize RCO+ and generally increase 
basicity) could arise if hyperconjugation is important to the stability of 
CH,CO+ and is seriously reduced in (say) K&HCO+ (see section 11, B, 3 
above). That - I  substituents lead to the expected reduction in the basicity 
of RCOHal is evident from the exclusive for~natior,'~ of oxonium speC:es 
by CO(Hal),. I t  will not be possible properly to rationalize and quantify 
this region of the field until many more measurements of equilibrium 
constants for adduct formation in solution are available. The work of 
rationalization seems likely to be difficult, since, at least for the solid state, 
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there is evidence that temperature has a profound effect on the balance 
between oxonium and acylium complex formationq0. Nor does the effect of 
temperature always appear to work in the same directionq1. And no doubt 
for complex formation in solution the solvent will have an important 
influence on the balance between 1 and 3. 

C. Cornplexes as Intermediates in Acidic Systems 
We have seen that virtually 211 the stable complexs so far isolated have 

been either oxonium- or acylium-type species containing, as the acid 
component, an entity M(Hal), (i.e. 8 or 9). As is well known, such species 
occur as iDtermediates in liquid-phase acylation of substances by RCQH2‘1, 
under catalysis by M(Hal),, (equation 4). Depending upon the particular 
reactants (RCOHal and M(Hal)n), the solvent, and the temperature 
involved, either 8 or 3, or the free acylium ion, will predonlinate in the 
reaction mixture. However, since all these, and possibly certain other 

- O:M(Hal), ~ 

Hal 
RCOHal + M(Hal),, e- R C C  . - RCO+ M(Hal);,., .- RCO’ + M(Hal);+l 

(9) 
(8) 

I 
““i? 

RCOS.+ HHal + M(HaI),& 

(SH = ArH or R‘OH, etc.) 

(e.g. 2), potential acylating agents are present in rapid equilibrium with 
each other, an important mechanistic question is to decide which species 
is the actual acylating agent, or if more than one species is active in this 
respectq2. No doubt different answers apply for different systems. At 
present the answer is not known definitely for any system, although it 
would certainly seem likely, on intuitive grounds, that for those systems 
in which acylium-type species greatly predominate over oxonium species, 
the former provide most of any acylation occurring. This matter is dis- 
cussed in detail in an earlier volume of the 

Although acids other than M(Hal), rarely appear to lead to isolatable 
adducts with carbonyl halides, nevertheless they will certainly be expected 
to interact in appropriate circumstances, and so to provide labile com- 
plexes, or even semi-stable intermediates. We deal with a selection of 
known examples below. 

5 
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1. Hydrogen acids (HX) 
The dissolution of suitable (e.g. mesitoyl) carbonyl halides in 100% 

H2S04 leads to complete ionization44 as in equation (5). This can be con- 

(5) 

sidered to arise in two stages, equations (6) and (7). Clearly a proton 

RCOCl + HzSO, HCI + H S O i  + RCO+ (6) 

HCI + 2 H,SO, .=A HS0,CI + H,O + + HSO; (7) 

attaches itself to the departkg halide ion; perhaps ionization is initiated 
by hydrogen-bonded species like 11. Other carbonyl halides will undergo 
reaction ( 5 )  in sulphuric acid to various extents46 and other similar strong 
acids like disulphuric (H2S2O7) and fluorosulphuric (FS0,H) can also be 
used to eRect analogous i o i ~ i z a t i o n s ~ ~ ~ ~ ~ .  Disulphuric acid seems par- 

D. P. N. Satchell and R. S. Satchell 

RCOCI + 3 H,SO, RCO + + HS0,CI + H,O + + 2 HSO; 

40 (ks,0 
RC'CI..-H-O/ 'OH 

(11) 

ticularly effective and will completely convert acetyl chloride and bromide 
to acetylium ions45. Sulphuric and halogeno-sulphuric acids will 
apparently29. 4 5 3 4 7  only produce oxonium complexes with acet,yl and with 
unsubstituted benzoyl halides, as in equation (8), acylium species being 

OH 
I .  

I 
OSOJH 

(12) 

RCOHal + H,SO, RCO+H + HSO: RC-Hal (8) I 
Hal 

undetectable spectroscopically". Increasing numbers of alkyl substituents, 
especially ortho substiruents, in the benzoyl halide lead, however, to 
increasing proportions of acylium ions29. The pattern of behaviour is very 
similar to that found for complexes with h4(Hal), (section 11, B). The 
structure of the carbonyl addition species (12) is perhaps uncertain, but 
crystalline solids of this stoicheiometric composition can be isolatedm 
when R = Ph. 

Although spectroscopically undetectable, a small amount of acylium, or 
oxonium, complex formation, probably nearly always induced by hydrogen 
bonding from solvent species, doubtless occurs for all carbonyl halides in 
hydrogen-bonding solvents of high dielectric constant. Thus a significant 

* Phosgene apparently leads to little complex formation of any type, even 
in disulphuric acid4u. 
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contribution from an acyliuni ion route can be d e t e ~ t e d " ~ ~ . " ~  in the 
spontaneous hydrolysis of benzoyl halides in neutral aqueous media, 
equations (9) and (10). Even the so-called bimolecular route, in which 

fas t  
PhCOCl + nH,O -2 PhCOCI ... HOH(H,O),-I 

slow 
-2. PhCO + + CI -(H,O), (9) 

(1 0) 

H,O attacks the carbonyl carbon atom in a slow step, probably involves 
assistance of leaving-group departure by hydrogen bonding from the 
solvent (equation 11). An alternative representation of the bimolecular 

z PhC0,H + H,O+ fast 
PhCO+ 4 H,O PhCO,H$ 

3H,O + RC- RCO,H + H,O+ 

I I 

T.S. 

route involves carbonyl addition (equations. 12 and 13). In such a route, 
first the carbonyl oxygen atom, and then the halogen-leaving group, will 

OH 1 R&--Hal 4- 3H,O (12) 
/ o  

R-C: 

slow 
OH 

I 
l 

RC-Hal + 2 HZO e- 
OH 

RC-Hal-HOH 

J I 
OH 

T.S. 

RC02H + H,O+ + Hal-(H,O) (13) 

act as basic sites for solvent hydrogen bonding. The various hydrogen- 
bonding water molecules may all themselves bc linked by hydrogen bonds, 
so leading to cyclic transition states, but the importance of complexes like 
1 and 2 to the progress of t ime acylations is very evident. Moreover, the 
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importance in acylation generally of the assistance of leaving-group 
departure by acid-base co-ordination e l k t s  cannot be overempha- 
sized50* 51. However, of all classes of acylating agent RCOX, those, the 
carbonyl halides (in which X = Hal) make the least use of such assistance. 
This is essentially becausc halide ions are relatively weak bases, and have 
littie tendency compared with (say) RCO,, OR- or OH- ions, to 
co-ordinate with protons or other acid species. A related consequence is 
that C-Hal bonds tend to cleave heterolytically relatively easily; C- Hal 
bond-breaking is therefore usually well advanced in transition states of 
acylations involving RCOHal. Assistance of leaving-group departurc is 
thus energetically of somewhat minor importance here, and any provided by 
a hydrogen-bonding solvent is often entirely adequate, the accelerating 
effect of any deliberately added acid catalyst being negligible. Since the 
basicity of the halide anions is in the sequence I-< Br- -= C1- < F- one 
will expect acid catalysis of leaving-group departur-, to be most important 
for species RCOF and least for RCOI. This is indeed fourid for hydrogen 
acid catalysis. Thus, for bimolecular hydrolysis in aqueous solution, only 
acyl fluorides are subject5* to catalysis by added hydrogen ions* (equations 
14-15). For hydrolysis via a route like (9)-(lo), the energetics of whose 
transition state is more dependent on the full cleavage of the C-Eal bond, 
it will be expected that H,O+ catalysis will be relatively more advantageous 
than in a route like (14)-(15) based on (1 1). This expectation is realized in 
that such catalysis is detectable for appropriate acj4 &!_nrides such as 
mesitoyl chloride5* (equation 16). 

Studies of hydrolyses and alcoholyses of acyl halides in non-hydroxylic 
media have revealed features all of which are interpretable in  terms of the 
necessity for intermediates like 1 or 2. Thus, in aromatic or ethereal 
solvents, various acyl halides react not with monomeric, but preferentially 
with polymeric, water or alcohol species". (This very probably also 
happens in hydroxylic media (e.g. equation 11) but there goes undetected.) 
As well as providing base catalysis without the necessity of a termolecular 
collision, such polymeric species can also provide cyclic transition states 
involving proton transfer to oxygen or halogen, e.g. 13. More significant 
perhaps is the important catalysis exhibited by carboxylic acids in reactions 
of acyl chlorides with amines in non-hydroxylic media5I. Clearly 
RCOHal-RC0,H complexes of some kind are involved here (nothing is 
to be gained by protonating the amhe). The most obviously relevant 
complexes would be those providing hydrogen bonding to the halogen 
atom. 

* For a fuller discussion of acid-catalysed acylation generally see references 
50 and 53. 
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0 
I1 + 

RCOF -I- H30- ’ -  RC-FH + H20 fast 

T.S. 

1 
RCO,H + 

119 

(1 4) 

HF + H3Df slow (15) 

-F 
ArC@Cl + H,O + ArCOClH + H,O 

2% ArC0,H + H,O+ 

ArCC + + H,O .+ + CI - 

(1 6) 

In acetonitrile or nitromethane solutions anhydrous hydrogen chloride 
is a strong enough acid to induce acylium ion formation from acetyl and 

0 
I I  

RC-;-Hal 

other straight-chain acyl chlorides. The acylation of a small concentration 
of a phenol in such a system follows56 the general scheme (17). Acetyl 

CH,COCI + HCI CH,CO+HCI; CH,COf + HCI; fast 

phenol I 
products 

phenol phenol slow 
Y 

products (77) 

I 
products 

bromide and hydrogen bromide show similar behaviour5’. In view of the 
resu; ts in section 11, B it will not be surprising to find that benzoyl chloride 
shows less extensive ionization under these conditions, but mesitoyl 
chloride should certainly exhibit a similar effect. 
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It will be evident from the foregoing discussion that hydrogen acids can 
form a variety of complexes with carbonyl halides, and that such complexes 
play important roles in hydrogen acid-cataIysed acylation, especially in 
non-hydroxylic media. There appears to be no reason why species like 
RCO+HCI; should not eventually be isolated. 

2. Molecular halogen acids (Hal,) 
Molecular halogen acids are apprcciably weaker acids than species 

M(Hal),, but are known to give adducts with bases in many contextss8. 
Tons like 1, and Brg are relatively stable. I t  would therefore be expected 
that molecular halogens can catalyse reactions of acyl halides, under 
appropriate conditions, via complex formation. The most favourable 
conditions for detecting this effect are likely to be those obtaining in non- 
acidic, aprotic solvents where all other sources of assistance for leaving- 
group departure are absent. As with acids M(Hal),, the situation is 
potentially complicated by the fact that systems containing RCOHal and 
Hal, undergo ha!cgen exchange reactions (equation 18). Where a single 

RCOHal* + Hal, e. RCOHal + Hal-HaF (1 8) 

type of halogen is involved this process can still be detected and followed 
using radio-isotopes. Kinetic studiess9 of the systems RCOI, I, and 
RCOBr, Br2, using the solvents hexane and carbon tetrachloride, have 
shown that exchange in the iodine system is the faster, and that the rate 
equation takes the general form (19). Various considerations suggest that 

Rate = k,[RCOHall [Hala] -I- k,[RCOHal] [Hal,]* (1 9) 

the transition state corresponding to the bimolecuiar term approximates 
to RCO+ Hal, (cf. 3); that corresponding to the termolecular term may 
well resemble 141 (cf. 2). In these processes an essentially electrophilic 

0 
11 8- 

RC\Hal s+ 
'-@:I L Hal 

Hal cH/al  
s+ 8- 

(14) 
substrate is catalysing its own acylation via acid-base complex formation 
at  the leaving group. 

3. Metal and similar ions 
The cataljfic efTect of metal ions on the reactions of acyl chlorides has 

been demonstrated in two cases. Thus the mercuric ion catalyses the 



4. Acid-base behaviour and complex formation 121 

hydrolysis of benzoyl chloride in waterG0, the reaction very probably 
proceeding via acylium ion formation (equations 20 and 21), although the 
results do not exclude the interaction between acyl halide and Hg2+ being 

PhCOCl 4- Hg2+ PhCO + + HgCl+ (20) 

PhCO + 4- 2 H,O - PhC0,H + H,O + (21) 

at the carbonyl group. Curiously, tt-'outyl chloroformate (BuOCOCI) 
exhibits no catalysis under similar conditionsG0. Even stranger is the 
finding6I that while silver ion catalyses the nitration of isopropyl chloro- 
fomiate in acetonitrile (equation 22 and 23), the methyl derivative is not 

+ 
i-PrOC, 4o 4- Ag" i-PrOC=O -I- AgCl (22) 

CI 

+ 
i-PrONO, -1- COP (23) 

subject to such catalysis. The effect of Hg2+ and Ag+ in these reactions is 
doubtless due to their great affinity for halogen. 

111. BEHAVIQUR AS ACIDS 

A. Types of Complexes Formed with Bases 

The adducts formed between carbonyl halides and acids (discussed 
above), although very reactive towards attack by any base prescnt, are not, 
in isolation, inherently unstable with respect to further products; i.3. 
species 1, 2 a d  3 do not spontaneously decompose, save to their com- 
ponents. The possible complexes formed between carbonyl halides and 
bases, 4 and 5, are in contrast often, indeed usually, unstable towards 
rapid dehydrohalogenation. This means that although carbonyl halides 
are particularly susceptible to attack by bases, nevertheless rather few of 
the resulting adducts are long enough lived to be isolatable. Typical 
decomposition equations for 4 and 5, in which BH represents the base, 
would be (24) and (25). Appropriate choice of BH, however, can provide 
relatively stable adducts. These cases are discussed below. 
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0- OH 
I I 

I I 
+BH B 

(4) 

RCOHal +- BH RC-Hal RC-Hal .= RCOB + HHal (24) 

RCOBH' + Hal- 

11 Hal- e , + ]  ------.. 
RCOB -I- HHal 

(5) 

B. Isolatable Complexes 
If BH in equations (24) and (25) has a structure such that proton is not 

readily abstracted from it (e.g. if BH = NR;) then a stable complex can 
result (equation 26). Equilibria like (26) appear to lie well towards species 

0- 
I 

R'C-Hal 

II 
[R'C- N R: 1 [Hall- (26) 

15 under most conditions. Salt-like complcxes can bz prcpared by mixing 
the pure liquids RlCOHal and R:N, or by mixing these reagents in 
solution in an inert solvent such as benzene, petroleum ether or dioxan. 
The preparation is best carried out at temperatures below 0°C. The com- 
plex usually sepaiates as a white, crystalline material, easily decomposed 
by moisture. The complexes dissolve to some extent i3 dipolar, aprotic 
solvents (such as excess of RlCOCl) when they probably dissociate to give 
conducting solutionse2. Table 4 includes examples of known complexes. 
They are, in general, poorly characterized. Rather fewer adducts or" this 
character have been described in the literature than for complex formation 
between RCOHal and acids. This is somewhat surprising, since the first 
report was at leastGG as early as 1892. It is surprising too that these com- 
plexes have been little examined spectroscopically. The two available i.r. 
s t ~ d i e s ~ ' * ~ ~  are not in good agreement, although it appears very probable 
that ail the results are compatible with co-ordination of the tertiary 

(15) 
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nitrogen atom to the carbonyl carbon atom, with concommitant salt 
formation essentially as indicated in 15. An X-ray structural analysis 
of these complexes will be welcome. 

TABLE 4. Examples of isolatable adducts with tertiary 
nitrogen bases 

Adduct“ m.p. 
(“C) 

Reference 

CH,COCl -pyridine 
(CH,COCl), -(a-picoline), 
CH,COCl -/l-picoline 
CH3COC1--y-picoline 
Fliroyl chloride -pyridine 
PhCOCl -Et3N 
Ph COCl - (C, H1J3 N 
PhCOCl --Et,NC,H, 

98 
61 
7s 

I25 
60 

238 
117 
115 

62,63 
62,65 
62,65 
62,65 
64 
63 
63 
63 

All the adducts vcry probably have structures like 15 (section 111, B); when pure 
they are usnally colourless and crystalline. 

Reactions between acyl halides and tertiary amines do not invariably 
lead to stable comFlexes. Thus the phosgene complexes decompose69 at  
room temperature as in equation (27). 

0 
II 

[CI-C-NEtJ +CI- - EtCl f EtzNCOCI (27) 

Under some conditions, especially it seems at room temperature and 
above, an or-hydrogen atom is eliminated from the acyl group, if this group 
is of suitable structure, and a keten results70 (equation 28). The factors 
controlling the balance between processes (26) and (28) are not well 

R3CHzCOHal f NR’, - R3CH=C=0 f R:NH +CI - (28) 

understood. It may be that keten formation does not proceed via species 
35 or 16, but by a direct attack of the amine on the a-hydrogen atom. 

Isolatable crystalline, hygroscopic complexes are also formed from acyl 
bromides and suitable tertiary amides like N,N-dimethylf~rrnamide~~. 
Similar complexes probably form with acyl chlorides, but have not been 
isolated. In an excess of liquid amide, partial dissociation of the complexes 
provides conducting solutions. Two types of interaction have been 
suggested’l, equations (29) apd (30), the latter being preferred in the light 
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I 
H 

I 11 
Me2N=COCOR 4- Br' 

I 
H 

of the products obtained on reacting the complexes with water and amines. 
This interpretation is perhaps supported by the nature of the complexes 
formed by the related N,N-dimethyl-N'-phenylf~rmamidines~~ (equation 
3 1). 

RCOCl + Me,NCH=NPh ]'.i- (31) 
COR 

Too little is known about complexes 15 and 18 to justify the drawing of 
generalizations about their stability as a function of structure. It is evident, 
however, that, at least in 15, bulky bases will encounter steric difficulties. 

C. Complexes as Intermediates in 52sic Systems 
Complexes like 15 are probably intermediates in the tertiary amine- 

catalysed preparation of anhydrides from acgl halides and carboxylic 
acids73, or from acyl halides and limited amounts of water. Certainly if a 
deficit of water is added to the preformed complex in a suitable solvent 
reactions (32) occurG4. Even if all the reagents are added simultaneously, 

-t 4- 
R'C0NR:Hal- + H,O - R'C(3,H + R:NHHal- 

R I C O h z H a l -  + 
3 (R'CO),O + 2 R?,NHHal- 
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provided that a relatively large concentration of tertiary amine is present, 
scheme (32) will probably obtain. 

As noted in section 111, A, most bases which react with acyl halides 
contain abstractable hydrogen atoms, and in undergoing acyiation lead to 
rapid production of hydrogen halide without any complexes being isolat- 
able. The first question to arise therefore is whether such bases form 
intermediate complexes like 4 or 5, or whether the elimination of hydrogen 
halide is a purely synchronous process, e.g. equation (33). A second 

T.S. 
question, if they do form coniplexes, i s  which type of complex is preferred 
under different circumstances ? The discussion in section 11, C concerning 
the acylation of substrates (bases") tinder acid catalysis, shows that 
synchronous processes may be prevalent under such conditions (e.g. 
equation (15) and species 13 and 14). Equation (33) is, of course, just 
another example of this sort. Otherwise, under acid catalysis, acylium ion 
routes prevail, so that transient complexes like 5 are involved when the 
base attacks. In short, for acid-catalysed interaction between RCOHal 
and bases, there appears little evidence that addition of the base leads to 
complexes like 4 involving carbonyl addition. One of the best tests for the 
occurrence of carbonyl addition complexes in aqueous systems involving 
species RCOX (where X =  NH,, OH, OR, OCOR, Hal, etc.), is the 
detection of oxygcn exchange occurring simultaneously with any 

1 8 0 -  "OH "OH$ 
I I A '  

' 8 0  
4 

H20 f RC-X RC-X RC-X - RC-X =RC-X 4- H,"O 
I I I I  
OH 0- 0 (34) 

I 
OH: 

RC0180H$ + X - - > R C 0 1 8 0 H  + HX 

I iydr~lysis~~.  If exchange occurs, the carbonyl group must bc: distxbcd, 
and it seems likely that complexes 19, 20 and 21, similar to 4, will be 
involved (equation 34). The tenor of our discussion so far suggests that 
such exchange during hydrolysis may not be very evident when X = Hal 

* In acyIation by RCOX the tarbonyl carbon atom is always an electro- 
phile, so that the substrate always acts as a nucleophiie, i.e. as a base. 
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for other routes :o hydrolysis, not involving carbonyl addition, are avail- 
able to, and apparently preferred by, acyl halides (e.g. equation 11). The 
existing concerning oxygcn exchange conform to these expec- 
tations: relatively little exchange is detected even in neutral solution. That 
soiize exchange is found suggests, however, that carbonyl halides do form 
(transient) species like 4, even when the base contains replaceable hydrogen 
atoms. Whether such species become more prominent in acylation in non- 
hydroxylic media which do not facilitate acylium, or synchronous, routes 
remains something of an open It  is certainly a mistake, 
however, to assume automatically, as is often done, that in acylation by 
RCOHal, if intermediate species like 5 are not involved, then species like 
4 are; in all cases intermediates (or transition states) like 13 reqiiire 
consideration. 

IV. BEHAWOUR AS SOLVENTS 

Pure, liquid carbonyl halides have been relatively little used as solvents. 
This is probably due to their great reactivity (especially towards water) 
which makes reliable experimentation difficult and limits their use as 
'inert' media. Studies from a few laboratories are, however, available. 
Mostly these studies have been concerned with various acid-base equilibria 
occurring in carbonyl halides, and are therefore relevant to this chapter. 
Indeed many of the phenomena observed can be predicted from what we 
have already learnt in sections I to 111. 

The carbonyl halides which have been most thoroughly examined as 
solvents are phosgene7G, acetyl chloride62, benzoyl chlorideG2 and benzoyl 
fluoride77, and our attention will be confined to these. Their physical 
characteristics are given in Table 5. Phosgene proves of limited usefulness, 

TABLE 5. Physical constants of carbonyl halide solvents 

Carbonyl Mol. wt. m.p. b.p. D Specific Dipole 
halide conductance moment 

(ohm-l cm-l) (Debye) 

CH,COCI 78-5 - 113 52 1 5 * g b  4 x lo-'" 2-40 
PhCQCl 140.4 -0.6 197 22.9" 9~ 3.33 
PhCOF 124-1 -28.5 155.6 22.7b I x 1 0 - 8 b  - 
COCI, 99 - 128 8 4.7d 7 x 1 0 - c  - 

a At 25°C. 
At 20°C. 

=At 10°C. 
At 0°C. 
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but has been used as one early model for the solvent-systems definitions7* 
of acid-base behaviour. Since this approach is unfortunately still used by 
many inorganic chemists, in spite of its being quite unsatisfactory as a 
general representation of acid-base behaviour, it is appropriate at this 
stage to discuss the proper formulation of acid-base effects, and its 
application to the systems being considered*. The only completely 
satisfactory definitions of acids and bases are those of Lewisso. Both the 
widely used alternatives to Lewis’s, i.e. the definitions usually attributed to 
Brsnsted and Lowryal, and the solvent-systems definitions78, are obsol- 
escent. The unsuitability of the Brnrnsted view, in which all acids must 
contain donatable protons, is evident from the very existencc of this 
chapter: one cannot discuss the acid--base properties of carbonyl halides 
on the Brsnsted basis. The solvent-systems approach linlits acid-base 
phenomena to those occurring in self-ionizing solvents. No one, on 
reflexion. can believe that this is realistic. Moreover, even for suitable 
solvents, this definition can be very misleading, since it overemphasizes 
ionization phenomena. Thus an acid is defined as a species which, when 
added to the solvent, increases the concentration of the typical solvent 
cation. Similarly a base is any species which increases the concentration 
of solvent anion. Simple co-ordination 4s not regarded as an acid-base 
phenomenon. 

The restrictions of both the Brnrnsted-Lowry and the solvent-systcms 
definitions can be overcome by using Lewis’s, which, in fact, contain both 
the other approaches as special casest. 

Lewis’s essential acid-base reaction is the forward step of (35), its 

A 4- :B e- A:B (35) 

inverse is bond heterolysis. Related heterolytic processes are (36), (37) and 
(38). Thus, the formation of complexes 1 (or 2)  in equation (1) is an  example 

acid base ndduct  (complex) 

A’ + A2:B -- A’:B + A2 
acid adduct- * i d d u c t  acid 

A:B’ -f- Ba A:B2 + B’ 

(36) 

(37) 

A’S‘  + AZ:B2 v- A‘:B2 + A2:B’ (38) 

of equation (35). The formation of 3 from 2 is another example of equation 
(33,  its formation from RCOHal and A an example of equation (36). 
Reactjons of acyl halides with bases which lead eventually to acylation of 
the base (e.g. equation 24) are examples of equation (38). 

* See reference 79 for a full discussion of acid-base definitions. 
t We have, of course, used Lewis’s definitions throughout this chapter 

(see Introduction). 
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In the solvent-systems treatment of carbonyl halides as solvents they 
arc considered to self-ionize to some (undisclosed) extent as in equation (39). 

RCOHal RCO -'Hal - RCOc + Hal- (39) 

A solvent-systems acid will thereforz be any species [e.g. RCO+M(Hal);+, 
or simply M(Hal),] which will increase the amount of RCO+ present. A 

typical solvent-systems base ( e g  Et,NHal- or C,H,N) will increase 
the concentration of Hal-. Thus solvent-systems neutralization reactions 
can be written as equations (40) and (41). In (40) the essential neutralization 

RCb+M(Hal),Sl + Et,N+Hal- RCOHal + Et,N+M(Hal);+, (40) 

+ 

(41 1 

reaction is (42), so that both (40) and (41) are simply examples of equation 

RCO+ + Hal- RCOHal (42) 

(35). Thus the Lewis formulation includes the solvent-systems approach, 
the solvent (here RCOHal) always behaving as an adduct. However, on 
Lewis's basis, RCOHal can also act either 2s a base (e.3. in formation of 
1 or 2) or as an acid (e.g. in formation of 4). In the solvent-systems 
description these complexes are all termed solvates". 

A. Solurion of Species M(Hal), in CarSonyl Halides 
As for the other solvents RCOHal which have been studied (Table 5) ,  

the specific conductance of purified phosgene is very low. The residual 
conductance may be attiibutable to some very small amount of self- 
ionization like (43), but is more probably essentially due to traces of water 

(45.) 

impurity which lead to reaction (44). Most metal chlorides are poorly 

COCI, + 3 H,O - CO, + 2 H,O+ + 2 Cl- (44) 

soluble in phosgene, but AICI, has been shown to dissolve readily. Some 
increase in conductivity results. On the solvent-systems theory this would 
normally be explained along the lines of equation (45). However, no 

COCI, + AICI, [COCI] +[AICI,]- COCl+ + AICI; (45) 

halogen exchange occurs between COCI, and AICI, under such conditions 
(cf. section 11, B). It follows that equation (45) cannot represent the 
behaviour of AlCl, dissolved in COCI,. The increase in conductivity can 

COCI, e. COCl+ + CI - 
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be accounted for by assunung COCI, to behave as a Lewis oxygen base, 
its class 1 adduct with AICI, being capable of two different heterolyses 
(equation 46). i n  ilis context therefore, on thc solvent-systems basis, AICI, 

COCI, + AICI, e, CI,C=O:AICI, CI,CO:AICI: + CI - (46) 

should be regarded as a base. 
Phosgene is no doubt exceptional, and although, as we have seen 

(section TI, B), benzoyl chloride also interacts with MCl, mainly as a 
Lewis oxygen base, the increase in conductivity produced in this solvent 
more probably arises from the formation of small quantities of free 
acylium and hlCl;+, ions (equation 47). For acetyl chloride acylium 

PhCOCl + MCIn PhC=OMCIn 4 [P~CO]+[MCI~+I] -  
I 
CI 

.- PhCO+ + MCIL+I (47) 

ion formation is certainly likely on the addition of MCI, (see section 11, €3). 
When species RCOHal and M(Hal), are mixed and crystalline solids 

precipitated, or isolated, the composition of the solid may not directly 
reflect. the acid-base interactions involved in forming the complex (section 
11, B). Thus phosgene and AlCI, have been reportedl3. l4 to lead to distinct 
crystals of composition AlCI, : COCI, 2 : 1, 1 : 1,  1 : 2 and 1 : 3 respec- 
tively. Since the esseatkd acid-base adduct in  this case is 22, the extra 
molecules of acid or base in the other crystals (if real) are simply molecules 

CI,C=O : AICI, 
(22) 

of crystallization. A further disadvantage of the solvent-systems approach 
is that it leads to indiscriminate use of the term solvate for all these species, 
regardless of how the solvent is held, The structures of different 
RCOHal--(Hal), complexes have been discussed in section 11. 

The range of solubility of different MCl,, species in phosgene, acetyl 
chloride, benzoyl chloride and benzoyl fluoride is illustrated in Table 6. 
I t  will be apparent from the foregoing discussion that the past interpreta- 
tion, by some workers, of the behaviour of compounds M(Hal), in 
carbonyl halide solvents as exclusively either dissociation (equation 48) or 
acylium ion induction (equation 49) is oversimple, and indeed funda- 
mentally incorrect. Fortunately, this attitude is slowly changing. 

(48) 

M(Hal),, + RCOHal [RCO] +[M(Hal),+ll- RCO + + M(Hal),+, 

(49) 

+ M(Hal), ~e M(Hal),-I + Hal - 
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TABLE 6. Solubility of typical species M(Hal), .in 
carbonyl halide 7 6 *  " 

M(HaI),, Solventa 

COCl, CH,COCl PhCOCl PhCOF 

NaCl 
KCI 
CaCI, 
BaCI, 
HgCI? 
BF3 
BCl, 
AICI, 
SnCl, 
TiCL 
FeC13 
SbCI3 
SbCls 
p a  
NiCIR 
ICI 

+ + 
+ -t- 

+ 
+ 
+ + 
+ 
+ 

- 
-1- 

+ 
i- 
-I- 
+ + 
1- + + 
+ 

+ 

+ 
+ + 
+ 

1- 

a + reasonably soluble or completely miscible; - very slightly soluble. 

A final point about solutions of species M(Hal), is that they are reported 
to be often coloured62. This is the case for solutions in acetyl chloride and 
is surprising since CH,CO+ is colourless. The observed colours may arise 
from impurities. 

B. Solutions of Tertiary Nitrogen Bases in Carbonyl Halides 
The details of section 111 suggest that bases like pyridine and triethyl- 

amine, dissolved in benzoyl or acetyl chloride, will undergo with the 
solvent reactions like (50). Some increase in conductivity will be expected 
owing to the formation of small quantities of the free ions. I t  is by no 
means certain, as appears often to be assumed, that, in these solutions, 
the equilibrium position in (5G) will always lie well towards complex 

formation; much free amhe may exist in many cases, especially with 
sterically hindered amines. 
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C. Reactions Between Solute Acids and Bases in Qarbonyl Halides 
Much of the work with carbonyl halide solvents has concerned equilibria 

between dissolved acids and basesG2*77. Two main types of study have 
been: (i) the titration of strong bases, such as pyridine and quinoline, 
against powerful acids like SbCl,, TiCl, and SnCl,; ( i i )  the measure- 
ment82 of equilibrium constants for acceptance, by a variety of acids 
MCI,, of C1- from species such as Ph,CCl, or Et,N+CI-. 

(i) The titrations can be followed either by observing the concomitant 
changes in conductivity or, less satisfactorily, by the use of visual indicators 
(e.2. crystal violet or bromophenol blue). The titrations with SbCI, can be 
formulated (ignoring for the present any co-ordinated solvent) as in 
equation ( 5  I). The resulting acid-base adduct; if isolated, sometimes 

SbCI, 4- 0 (51 1 

contains solvent of crystallization, but, in our opinion, there is little 
evidence to 83 that the principal reaction should really be 
represented as in equation (52). Any RCOCl crystallizing with the adduct 

(23) (52) 

is readily released and can therefore hardly be bound as in species 23. In 
most systems it will of course be more correct, in writing equation (51), 
to include the co-ordinated solvent. For SbCl, in many acyl halides the 
principal sequence is probably (53), when the base is pyridine. Small 
quantities of species like 23 may also be formed and contribute to observed 
changes in conductivity. These changes are difficult to explain convincingly, 
and it is evident that there is still much to be learnt about these titrations. 

RCO +SbCIF + [RCONC,H,] +CI - - > RCOCl + [RCONC,H,] +SbCI; 

CI 
I 

RCO+SbCI, (or  RC =O:SbC15) [C5H5NCORlt'CI- 

I1  (53) 

RCOCl + SbC15 + RCOCl $. CSHsN - > 2RCOCI 4- C,H,N:SbCI, 

When a dibasic acid like TiCI, is used, the evidence suggests that both 
1 :I, and 2:1, base:acid complexes are fcrmed as acid is added to base. 
The 2:l complexes, which form first owing to the presence of excess of 
base, tend to precipitate, but redissolve as more acid is added, to give the 

(54) 

(C,H,N),TiCI, + TiCI, > 2 C,H,NTiCI, (55) 

2 C,H,N + TiCI, - (C,H,N),TiCI, 
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1 : 1 complex. Here again, isolated coniplexss sometimes contain solvent 
of crystallization, but, as before, there is littlc justification for writing the 
principal neutralization product as [C,H,NCOR]$TiCl~-. 

(ii) The carbonium ion Ph,C+ has a spectrum which permits equilibria 
like (56) to be easily followed spectrophotometrically. Typical results for 
the association constant for reaction (56) are in Table 7. One interesting 

Ph,CCI i MCI,? [Ph,C] +MCIT+, 

and curious point which emerges from this Table, and also from results84 
of similar equilibria in various other dipolar aprotic solvents, is that the 

TABLE 7. Association constants 
(K) for reaction (56) in benzoyl 
chloride (temperature %20°C ?)82 

FeCI, 
SbCl, 
GaCI, 
§&I, 
BCL 
ZnC1, 
TiCl, 
SbCI, 
AlCl, 
PCI, 

> 10' 
> 104 

300 
70 
50 
58 

z 1 0 4  

1-8 
1.5 
0.2 

sequence of acid strengths of species MCI, towards C1-, although mainly 
in agreement with that found for oxygen and nitrogen bases38, is exceptional 
in the low positions occupied by BCl, and AlCl,. We believe this result 
arises at least partly from a steric effect. The chloride ion is appreciably 
bulkier than either an oxygen or a nitrogen atom, and there i s  likely there- 
%re to be relatively more steric strain involved in its adducts with MCl,. 
Where M is a large atom itself, there will normally be sufficient space 
easily to accommodate the chloride ion, but for AlCI, and BCl, important 
steric repulsions may result, relative to those incurred by oxygen and 
nitrogen bases. This sort of explanation is applicable also to the difficulty 
which has been found in forming BF,CI- and BC1,Br-. The unusually 
low acidity of BCl, and of AlCl, toward C1- has, of course, important 
implications for the choice of catalyst in MCl, catalysed Friedel-Crafts 
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acylation by acyl halides and similar reactions: BCI, and AlCI, will be 
expected to be poorer catalysts than night have been anticipated from 
their behaviour towards oxygen and nitrogen bases. This seems to be so85. 

v. CONCLUSIOM 

The behaviour of carbonyl halides as Lewis acids or bases is understood 
qualitatively and in outline, but there still remains some doubt, in several 
contexts, as to the principal type of adduct (complex) which they form. 
Isolatable complexes have so far only been obtained for a very limited 
number of the possible acid-base interactions. The quantitative study of 
the acid-base properties has scarcely begun, and the determination of a 
reasonable number of equilibrium constants for acid-base complex 
formation in solution is an  essentiai pre-requisite of meaningful, further 
theoretical discussion in this iield. 
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1. 1NTRODUCTlON 

This chapter describes the effect of substituent carbonyl halide groups on 
the qualitative and quantitative behaviour of alkyl or aryI groups to which 
they are attached. These substitue2ts hwe not received as much attention 
as some other electron-attracting substituents (e.g. -NO,, -COOH), and 
results in the literature are mostly sporadic. The available data rdate in 
the main to the -COCl substituent, with some data on -COBr and 
-COF groups; no data on the substituent effects of a -COI group 
appear to have been published. In  fact, the only detailed studies in the 
whole fieid covered by the title to this chapter have been on free-radical 
halogenations of alkane carbonyl halides. In consequence, general 
structure-reactivity correlations could not be attempted. I t  is clear that 
this field is still wide open for the experimental chemist. 

A. The Polar Effects of Carbonyl Halide Groups 
The polar character of a carbonyl halide group is a vital factor in 

determining its effect upon aliphatic or aromatic groups to which it may 
be attached. The COX group (1, X = F, CI, Br, I) is essentially a carbonyl 
group, but modified in its overall polar characteristics by the halogen 

(1 1 !1 a) 

atom. A halogeno-group may attract electrons by the inductive electronic 
mode ( - I ) ,  whose sequence of magnitudes1& is given in sequence (1). It 
may also release eltctrons by the conjugative (mesomeric) electronic 
mode’” (+ M ) ,  in the same order (sequence 2). It has been suggested that 

(1 1 
(2) 

the latter effect actually iiivolves a contribution by the m-inductive (ZJ 
effecthi. Evidence for these electronic mechanisms comes mainIy from 

Sequence of - I effects: -F =- -CI =- -Br > -1 

Sequence of + M effects: -F > -CI > -Br > -1 
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physical properties of ground states of halogenated molecules (e.g. proton 
magnetic ~~SOnance spectra of CH molecules5). The carbonyl oxygen 
atom powerfully attracts electrons both by the inductive ( - I )  ar,d the 
mesomeric (- M )  effects1&. c. Electron distributions in 1 will therefore be 
afTected by the electronic effects originating at X, as in la .  In a series of 
carbonyl derivatives (RCOX), allowing X to become any of a succession 
of groups halring progressively reduced + M effects, sequences are formed 
along which the internal mesomeric electron displacement will d i~ninishl~ 9 c ,  

viz. (3) and (4). 

(3) 

(4) 

Where a COX group is linked to a saturated grouping the overall effect 
of this mesomerism is a transfer of electronic charge from the halogen atom 
to the oxygen atom. The extent of electron-deficiency of the carbon atom 
is not thereby materially altered. The overall electron-attracting properties 
( - I )  of a COX substituent, which are exerted on the saturated group to 
which it is attached, are therefore, in addition to the strong electron- 
attracting nature of the carbonyl group, graded by the superimposed - I 
effects of the halogen atoms. Support for this reactivity sequence (5 )  is 

- I effects of -COX substituents: -COF > -COCI > -COBr > -COI (5) 

lacking, of the kind bvailable for other substituents, e.g. carboxy16 or 
amino groups’. The overall inductive effect of a COX group will be a 
combinations of the a-inductive effect (I,) and the field effect (F).  The 
former describes the transmission of charge by successive and diminishing 
polarization of a series of adjacent C--C CY bonds, as in (2). Factors such 

+ M effects within RCOX: X = -0- > -NR, =- -OR > -a > -H 

+ M effects within RCOX: X = -F ;. -CI > -Br > -1 

SGSSF sss+ as+ s-t,o 
C- ZC- c, >C- 

x 
(2) 

as Q have been suggested”l0 for the proportion of charge disturbance 
relayed from one carbon to its neighbour. The I,, effect is considered by 
many workers11-16 to be of minor importance compared to the F effect, an 
electrostatic effect operating directly through space. The precise separation 
of the I,, and F effects is still subject to argument17* lS, and for the present 
purposes they are considered together, as ‘inductive effects’ (Z)19. 

When a carbonyl halide group is bound through its carbon atom to an 
unsaturated residue (3) or an ary! residue (4), the group as a whole must 
withdraw electrons1a, since the C=O group is conjugated with the un- 
saturated (or aryl) group, while thc group X is not thus conjugated. Group 
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(3) (4). 

X competes with the --M effect of the whole group by providing an 
alternative source of electrons for the electronegative oxygen atom. The 
relative - M effects of the complete COX groups will be given (sequence 6)  
by inverting the series representing the relative mesomeric displacements 

(6) 

within the group. Evidence of conjugation of type 3 or 4 has been 
obtained, for example, from exaltations of molecular refractionlev 20, and 
from electronic spectra". Thus, the U.V. light absorption of benzoyl 
chloride has been shown to be very similar to that of bemaldehyde or 
acetophenone (Table 1). However, the apparent magnitude of the - M  

Sequence of - M effects: -COl> --COBr > -COCI z -COF 

TABLE 1. U.V. absorption bands of compounds GH,COU in cyclohexane 
solution" 

Compound B-band C-band 

hnl, (nm) Eniax hnIJx (nm) Emnx 

C,H,COCl 242 14,500 282 1300 
(ca. 250) 12,000 (ca. 291) 900 

CCHSCHO 24 1 14,500 277-278 1200 
(247) 12,500 287 1000 

GH5COCH3 237-238 12,500 277 900 

Data from reference 21. Data in parentheses refer to inflexions. 

effects follow the sequence of substituents (7). The B-band is associated 

(7) 

with resonance of type 5, which schematically represents interactions 

Sequence of - M effects: -NO, > -COCI > -CHO > -COCH, > -CO,Et 

between the carbonyl group and. the benzene ring. To this mesomerism 

.tf (=-Jc<o- 
CI 

i- 
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the chlorine atom does not appreciably contribute. This type of conju- 
gation is reduced in the presence of bulky ortho substituents (steric 
inhibitioil of resonance). This is shown, for example, by a reduction of 
molar extinction (c,,J of the B-band, in the order of effective size (8), 

Sequence of interference radii: -NO, > -COCH, > -COCI > -CHO (8) 

i.e. in the order of the effective interference radii of these substituents21. In 
these cases of ortho-substituted derivatives, the carbonyl halide (or other) 
substituent cannot exert its full electronic effect on the aromatic nucleus. 

The significance of conjugation of type 4 becomes evident in aromatic 
substitution reactions. Inductive withdrawal of electrons from the aromatic 
nucleus ( - I )  is enhanced by that of the conjugative mechanism (- M), 
which effects specifically the ortho- and para-positions. The presence of 
electron-deficient sites in these nuclear positions should activate them 
towards attack by nucleophilic reagents (Nu), e.g. should promote the 
formation of a transition state of type 5. However, nucleophiles appear 

(6) 

to react invariably at the carbonyl C-atom of the side chain, and not at 
the aromatic nucleus. A discussion of these side-chain reactions is outside 
the scope of the present chapter. 

In benzoyl halides the electronic effects (- I ,  - M )  combine to withdraw 
electrons from the aromatic ring; whilst the -M effect extracts electrons 
specifically from para- and ortho-positions. Therefore, in electrophilic 
substitutions attack will occur predominantly at  the rneta-positions of a 
deactivated substrate. 

I S .  DIRECTING AND ACTIVATING EFFECTS O F  COX 
GROUPS IN ALIPHATIC CARBONYL HALIDES 

A. Substitution Reactions 

1. Fluorinations 
Vapour-phase fluorination of acetyl fluoride has been achieved22 by 

passing a mixture of the halide with fluorine, diluted with nitrogen, over 
heated copper. Fluorinated materials accounted for about half of the 
products by weight (reaction 9). An indirect method of analysis showed 

CH,COF - FCH,COF (ca. 35%) + F,CHCOF (ca. 5%) + F,CCOF (trace) 
(9) 
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that substantial amounis of thc acetyl fluoride had remained unchanged; 
this result agreed with an earlier report23 of the low &-reactivity in the 
halogenations of acyl halides. 'It is significant that polysubstitution occurred 
to an appreciable extent, pointing to a reactivity for monofluoroacetyl 
fluoride not much lower than for acetyi fluoride. 

The fluorination of butyryl chloride has been reported by the use of an 
in situ electrolytic method of generation of fluorine23. The products were 
mainly 4-fluoro-derivatives, with smaller amounts of the mono-3-fluorc- 
derivative (reaction 10). Traces of 4,4,4-trifluorobutyryl chloride, 

CH,CH,CH&OCI - --+ CH,FCH,CHnCOCI + CHF,CH,CH,COCI 
(main product) 

i CH,CHFCH,COCI (10) 

CF,CH,CH,COCl, must have been formed, since succinic acid was 
detected among the hydrolysis products. Products of ch3orination were 
also detected in this reaction. These were thought to be due to an initial 
halogen exchange reaction (1 I), which was followed by chlorination in 

. 7  

CH,CH,CH,COCI '' > CH,CH,CH,COF (11) 

the carbon chain of the butyryl fluoride formed. 
An electrolytic method for the perfluorination of propionyl chloride 

and of butyryl chloride has been reportea=. Low temperature fluorhation 
of n-propylcarbamoyl chloride, CH,CH,CH,NHCOCI, gave mainly the 
N-fluoro-derivative, but about 8% of C-fluoro-compounds were also 
formed25. 

2. Chlorinations 
Side-chain chlorinations have been achieved with carbonyl halides by 

two main methods, which differ according to the type of attacking reagent. 
In the presence of certain catalysts ionic chlorinations proceed, through 
attack (mainly at  the 2-position) by electrophilic chlorine. In the absence 
of such a catalyst, and in the presence of light or radical promoters, the 
chlorination will proceed by a free-radical mechanism. By this prmess 
usually more than one C-atom along the chain is liable to be substituted. 

a. Ionic chloritratiom. In the presence of 'halogen-carriers' aliphatic 
carbonyl halides can undergo ionic chlorination a- to the carbonyl 
groupzb29. Thus, Mark~wnikofl?~ found in 1869 that chlorination of 

(CHJ,CHCOCI c12 1 (CH,),CCICOCI (1 2) 

isobutyryl chloride was catalysed by iodine (12). These catalysed chlorin- 
ations proceed readily in the presence of a variety of catalysts (13); in the 

CH,CHCICOCI + CI-13CCI,COCI (13) 
Cl2 

CH3CH2COCI 
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presence of light free-radical chlorination will compctc. Thc catalysts 
include halides and oxyhalides of 29 and of p h o s p l i o r u ~ * ~ ~ ~ ~ ~  an, 
metallic ha l ide9  and iodine2G* 2 * 1 3 0 *  31. a-Chlorination of carbonyl 
chlorides can be achieved by means of sulphuryl chloride, with iodine as 
catalyst32. 

By the prolonged action of phosphorus pentachloride on acetyl chloride 
(or chloroacetyl chloride), chiorination took place with formation of 
trichloroacetyl chloride33. No mechanism was suggested for this reaction 
(14). 

CH,COCI As-> CCI,COCI 
28 days 

Simultaneous vicinal dichloiination has been reported34, when butyrgl 
chloride is boiled (in the dark) with excess of iodine trichloride (I  5 ) ;  much 

CH,CH,CH,COCI ____ > CH,CHCICHCICOCI (16%) (1 5) 

butyryl chloride remained unaltered. The action of the halide reagent was 
believed to involve the d i~soc ia t ion~~ (16). 

ICI, e, ICI + CI, (1 6) 

A liquid-phase chlorination of hexanoyl chloride appeared to give a 
mixture of isomers36. Neither light nor a catalyst was specifically excluded 
from the reaction, the mechanism of which thus remains uncertain. 

Two kinetic studies of the chlorination of carboiiyl chlorides have 
appeared in the literature. Watson and Roberts3' found that iodine 
powerfully catalysed the chlorination of acetyl chloride, in carbon tetra- 
chloride solution (k, at 25" = 0.01 13 min-I). The reaction proceeded only 
as far as the first stage (17). 

CH,COCI + CI, ___j CICH,COCI + HCI (1 7) 

Mertel, Becker and C l e ~ e I 3 ~  showed that chlorination in the dark was a 
pseudo first-order reaction. The mechanism was believed to involve an 
initial enolization of the carbonyl chloride as the rate-determining step 
(18). 

(1 8)  

The rates for these halogenations were found to follow the sequeilce: 
acctyl chloride > butyryl chloride > propionyl chloride. Activation energies 
for these three halides were, approximately, 21, 24 and 27 kcal/mole, 
respectively. 
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B .  Free-radical chlorinations. Two main methods have been used for the 
introduction of chlorine atoms into the paraffinic chain of carbonyl 
halides by a free-radical mechanism. One procedure involves the use of 
sulphuryl chioride, with benzoyl peroxide as radical 38. 

Chlorine atoms are thereby readily introduced at C-atoms which are some 
distance removed from the carbonyl chloride group. Acetyl chloride does 
not react. 

A second method involves the action of chlorine on carbonyl halides 
with irradiation by a U.V. source (‘photochlorination’). Acetyl chloride, 
preferably in the absence of a solvent, may be converted in this way to 
chloroacetyl chloride, but only in low yield39* 40 (reaction 19). 

CH,COCi C’2’hv > CH,CICOCI (2%) + HCI !I 9) 

A third method of radical chlorination, which seems to have been used 
only once41, involves the irradiation (at 335 nm) of acetyl chloride in 
carbon tetrachloride solution, There is a short induction period, during 
which there is a build-up of chlorine atoms (20). The subsequent chlorin- 
ation of acetyl chloride is said to proceed quantitatively. 

2 CCI, ___, C,CI, + 2 Ci’ (20) 

As expected from the low reactivity of acetyl chloride, photochlorination 
of monocidoroacetyl chloride31* 41 or of dichloroacetyl chloride42 does not 
take place. 

An abnormal reaction was found to occuf13 when acetyl chloride, 
chloroacetyl chloride or dichloroacetyl chloride, in solution or in the gas 
phase at 1O0-20O0C, are allowed to interact with chlorine under irradiation 
with energy-rich light. In each case tetrachlorosuccinyl dichloride is 
formed in good yield (reaction 21), presumably by coupling of radical 
fragments. 

CCI,COCI 
I (75%) 

Cl,, hi1 
C I C H z C o C 1  boiling-point, 4011 f. CCI,COCI 

Free-radical chlorination of the higher carbonyl chlorides takes a more 
complex course. An attempt has been maded4 to explain the orientations 
essentially as a modifying influence of the substituents (‘influence indices’) 
on the statistical isomeric distribution. 

The free-radical chlorinations which have been reported for propionyl 
chloride are summErized in Table 2. Typically, both 2- and 3-chloro- 
substituted products are obtained, with the latter predominating. The one 
exception to this rule is the observation by Smit and den Hertoy5*46*47 
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TABLE 2. Free-radical chlorinations of propionyl chloride 

145 

Conditions Product composition References 

S02CI,, benzoyl peroxide 40 

ci,, Itu 30 
CI,, hv, 20°C 40 
CI,, hv, 20°C 26 
Cl,, hv, -70°C 17 
CI,, COHO, hv, 20°C 42 

a,, cs,, hv, -70°C 61 

CI,, hv, 0-5" 11 

CI,, cs2, hv, 20°C 43 

~ 

60 
86 
70 
60 
74 
83 
58 
57 
39 

32 
49 
39,40 
50 
45, 46, 47 
45,46 
45 
45,46 
45,46 

that in carbon disulphide solution at a low temperature photochlorination, 
in contrast to that conducted at room temperature, gives mainly 2- chloro- 
propionyl chloride. 

The reported free-radical chlorinations of n-butyryl chloride are given 
in Table 3. AII the results are in agreement with a sequence of reactivities 

TABLE 3. Free-radical chlorinations of n-butyryl chloride 

Conditions 

~ 

Product composition References 

2- (%> 3- (%> 4- (%I 

S02Ci2, benzoyl peroxide, 
CC14, 85"Ca 

CIz, Jzv, 20"Cb 
c12, hv, 20°C 
Clz, hv, 20°C 
CI,, hv, 101°C 
Clz, hv, 101°C 
Cl2, hv, 101.5"C" 
CI,, hv, -70°C 
Clz, GH,, hv, 20°C 

3 

20 
2-5 
3 
5 
2-5 
6.2 
1.5 
2 

49 

60 
49.5 
64 
65 
55 
49 
67 
77 

48 

20 
, 48 

33 
30 
42-5 
44.8 
31 
21 

38 

51 
52, 53 
45,47 
39,40 
52 
48 
45 
47 

a Cf. chlorination, under the samc conditions, of l,l,l-trichlorobutane: 8% 2-, 
42% 3-, 50% 4-derivatives. 

A 4% yield of dichlorobutyryl chloride (presumably 2,4-) was also formed. 
=Cf. results obtained similarly for butyric acid (164°C): 7.8% 2-, 524y0 3-, 

39.8% 4;-Carivatives; for butyronitrile (1 17.6"C): 51.1% 3-, 48.9% 4-derivatives; 
methyl butyrate: (59" or 74°C): 57.8% 3-, 42.2% 4-derivatives. 
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3- > 4- > 2- of the alkyl chain. The earlier report32 of the formation of 15% 
2-chlorobutyryl chloride was Iater amended38 to a lower value. Unless 
very pure starting materials were used, some ionic chlorination (giving the 
2-derivative) was believed to  compete with the predominant radical 
reaction38. Brown and Ash38 suggested that a -COC1 group is very 
similar to a -CCi3 group in its effect of directing further substitution in 
the aliphatic chain (Table 2). Magritte and B r u y l a n t ~ ~ ~  similarly showed 
that the -C02H, -CO,Me and -CN derivatives also react to give 
closely similar results. The low 2- reactivity in chlorinations of n-butyryl 
chloride (or indeed of propionyl chloride and acetyl chloride) was ascribed 
to the inductive effect ( - I )  of the -COCI 

Table 4 lists free-radical chlorinations of branched-chain carbonyl 
chlorides. Tsobutyryl chloride gives predominantly the 3-derivative, and 

TABLE 4. Free-radical chlorinations of branched-chain carbonyl chlorides 

Conditions Monochlorination products References 

2-(%) 3-(%) 4-(%) 

(a) Isobrrtyryl chloride (CH,),CHCOCl 
S02C12, benzoyl peroxide 20 80 
Clp, hv, 0-5°C 2s 65 
Clo, h v  31 69 
Clp, hv, 20" 60-70 30-40 
el2, kv, 90" 28.5 71.5 

Cln, hva 32 60 8 
(b)  Isovuleryl chloride (CH,),CHCH,COCI 

- 50 el2, hv, 20°Cb - 

SOZCln, benzoyl peroxidec - 100 
(c )  Pivnloyl chloride (CH,),CCOCI 

- 

32 
50, 72 
39,40 
5 i  
49 

39 
51 

32 
~ ~~ ~~~ ~ 

Under similar conditions isovaleric acid gave: 26% 2-, 69% 3-, 5% 4-derivatives; 
and methyl isovalerate gave: 49% 2-, 49% 3-, 2% 4-derivatives; in the latter case some 
dichloro-derivatives were also formed. 

The 3-chloro-derivative was the main product; the 2- and 4-compounds were 
also formed. 

The reaction was very rapid. 

this is expected from reactivity as well as statistical considerations. 
Dichlorination may also take place49. Wautier and B r u y I a n t ~ ~ ~  believed 
that chlorine attack occirs preferentially at  the electron-rich 3-carbon 
atom, which results from a combination of hyperconjugation and inductive 
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effects. The results from the photochlorination of isovaleryl chloride are 
very close to those obtained (under similar conditions) with isovaleric 
acid and methyl isovalerate (see Table 4). 

The photochlorinations of three carbonyl fluorides and four carbonyl 
chlorides with longer chain lengths are recorded in Table 5. The gas-phase 

TABLE 5. Free-radical chlorinations of pentanoyl, hexanoyl, heptanoyl and 
octanoyl halides 

~ ~~ ~~ ~ ~~ 

Conditions Monochlorination product composition (%) References 

2- 3- 4- 5- 6- 7- 8- 

(a) Peittonojl fluoride 

(b) Penranoyl chloride 

Clz, hv, 65-160°C 1.5 23 60 15 

Clz, hv 5 65 30 0 
Cia, hv, 20°C < 1.5 15-20 50-55 3@-35 
ciz, hv, 20°C 0-7 19 58 23 
ClP, C6H,, hv, 20°C 0.4 14 76 10 
C12, CC&, hv, 52°C 4.3 16.9 46.0 32.8 

. C12, CH,CN, hv, 50°C 2.7 18.8 47-3 31-2 

(c) Hexanoyljiuoride 
Clz, hv, 50°C 1-4 12.6 34.8 38.8 12.9 
Clz, hv, 105°C 2-5 13.6 32-0 37.7 14-2 

( d )  Hexanoyl chloride 
(212, hv, 20°C < 1 5-10 25-30 40-45 20-25 
CIZ, hv, 20°C 0 10 30 44 i6 
Clz: CGH,, hv 0 5-3 35 53 6.6 
Cln, CCIp, hv,  52°C 2.6 10.0 26.9 34.4 25.8 
C12, CHSCN, hv, 0°C 0.6 8.2 28.9 40.3 22.0 
Clz, CHaCN, hv, 52°C 2.7 8.6 27.2 36.6 25.0 

(e) Hepranoyl fluoride 
CIZ, hv, 60°C 1.3 10.8 25-4 25.3 27.5 
Cis, hv, 105°C 1.4 10.2 25.3 25.4 27.6 

(f) Heptanoyl chloride 

(g) Octanoyl chloride 

Clz, CH,CN, h ~ ,  52°C 1.1 7.7 16.5 20.9 25.9 

C12, hv, 20°C 0 5.0 14 20 25 
Clz, hv, -48°C 0 4-3 13 21 27 
Clz, CjH,, hv, 20°C 0 2.0 12.5 22 32 
Clz, CeH,, h ~ ,  73°C 0.9 3.4 13 22 28 

54, 55, 56 

39 
52, 53 
47, 57 
47 
55 
55, 56 

55 
55 

53 
45, 47, 57 
45, 47, 57 
55 
55 
55 

9.2 55, 56 
10 55 

27.9 55, 56 

26 10 45,47 
25 8.7 45, 46 
28 3.4 45,46,47 
26 5-8 45 

6 
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chlorinations of pentanoyl, hexanoyl and heptanoyl fluorides were studied 
by Singh and T ~ d d e r ~ ~ .  55 at several temperatures. A comparison of their 
reactions at  G0°54*55 is made in Table 6 ,  where the 4-carbon atom is given 

TABLE 6. Gas-phase photochlorinations of pentanoyl, hexanoyl 
and heptarroyl fluorides at  60” 

Formula and results expressed as relative reactivities 

FOC- CH2-CHZ-CHz- CH3 

FOC---CH2-CHZ- CH2- CHZ- CH, 

FOC- CHz-CH2- CH2- CHZ- CHZ- CHJ 

0.02 0.37 1 0.24 

0.04 0.37 1 1.1 0.25 

0.05 0.40 1 1.0 1-1 0.25 

arbitrary unit reactivity. Clearly, the COF group exerts no appreciable 
effect beyond the 3-position of the alkyl chain. Chlorinations of each of 
these fluorides at  other temperatures gave essentially the same relative 
proportions of isomers5g* 55.  Rcmlts suggested that differences in reactivity 
were due principally to differences in activation energieP. 

Chlorinations of the corresponding carbonyl chlorides in solution, 
however, gave different results5”~ 56 (Table 7). Here, the rate of attack a t  

TABLE 7. Photochlorinations of pentanoyl, hexanoyl and heptanoyl 
chlorides in acetonitrile solution at 52” 

~ _ _ _ _ _  

Formula and results expressed as relative reactivities 

ClOC- CH2- CH2- CH2- CH3 
0.06 0.40 1 0.44 

ClOC- CH2----CHZ- CHZ- CHz- CH3 
0.09 0.32 1 1.4 0.52 

ClOC- CH2- CH2- CH2- CH2- CHZ- CH, 
0.06 0.50 1 1.3 1.5 1.1 

the terminal C-atom increases with increasing chain length. Therefore, 
the substituent is affecting chlorination at  least five atoms down the chain55. 
Unfortunately the reactivities of these halides were not studied relatively 
to each other*. 

* In Tables 6-11 and 14, unit reactivities for the chosen position along the 
chain are not necessarily the same for the different compounds. 
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An interesting comparison of reactivities for the photochlorinatiolis of 
various derivatives of n-butane and pentanoic acid has been given by 
Singh and T e d d e ~ - ~ ~  (Table 8). I t  can be seen that in gas-phase chlorinations 

TABLE 8. Gas-phase photochiorinations of derivatives 
of n-butane at 75°C 

X Relative reactivities 

X- CH; - CHg- CH; - CH: 
- 
H 1 3.6 3.6 1 
F 0.9 1.7 3.7 1 
c1 0.8 2- 1 3.7 1 
CF3 0-04 1.2 4.3 1 
COF 0.08 1.6 4.2 1 
COCl 0.2 2.1 3.9 1 
C02CH3 3.4 2.4 3.6 1 

none of the substituents has an appreciable effect at the y-position. 
Deactivation at the fl-position by a carbonyl halide is qf the same order 
as that induced by a halogen atom. At the &-position the carbonyl group 
is xilore deactivaiing than a halogen group. A similar analysis of photo- 
brominations is given in scction II, A, 3, b. 

A comparison of results obtained for liquid-phase photochlorinations 
of carbonyl chlorides from propionyl chloride to octanoyl chloride4' is 
instructive (Table 9). Data are .given for reactions conducted in benzene 

TABLE 9. Relative reactivities in photochlorinations of carbonyl halides in 
benzene solution at 20°C 

Compound Relative reactivities 

2- 3- 4- 5- 6- 7- 8- 

Propionyl chloride 0.72 1 a 0  
Butyryl chloride 0.1 3.6 1.0 
Pentanoyl chlorke 0.04 1 *5  7-6 1 .o 
Hexanoyl chloride 0 0.8 5.2 8.0 1.0 
Octanoyl chloride 0 0.6 3.7 6.5 9.4 8.4 1.0 

solution, since selectivity of chlorination is increased in this solvent. The 
reactivities of the 2-positions are Iower than the w-positions in each halide. 
The reactivities increase with increasing distance from the deactivating 
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COCl group up to the (O- I )  or (CO-2) C-atoms. The inductive effect of 
?he COCl group is still felt at thc 5-position in octanoyl chloride. This 
confirms the results given for the photochlorinations of carbonyl chlorides 
given above (Table 8). I n  Table 10 a comparison is made between the 
chlorinations of octanoyl chloride and n-heptane under the sane con- 
d i t i o n ~ ~ ~ .  It is clear that the deactivation 2- > 3- :. 4- > 5- must be due to 
the progressively weaker inductive effect ( - I )  of the COCl grouping. A 
similar comparison has been made (Table 11) for the photochlorinations 
of octanoyl chloride and heptane-1 .?-dicarbcnyl dichloride fazelayl 
chloride)45. The 3- and 4-positions of azelayl chloride appear to be affected 
only by the near (not the distant) COCl group; the 5-position, equidistant 
from both COCl groups, is somewhat reduced in reactivity relative to 
octanoyl chloride. 

It has generally been assumed5* that in the photochlorination rcaction 
chlorine atoms are first (reaction 22). These atoms are 
strongly electronegative, and abstract H-atoms in a rapid, exothermic 
reaction; the transition state involves only a slight breaking of the C-H 
bond59 (reactioil23). In solution the transition state in hydrogen abstrac- 
tions by chlorine atoms is very much more polar than in the gas phases5. 

(22) CI, ___f 2 CI' hv 

R:H + CI' [R:H'CI ---+ R' +H:CI -- i-+ R'H:CI] 

~ + R' + H:CI (23) 

The chlorine a:orns predominantly attack C-H bonds with the highest 
electron-availability, while the strength of the C-H bond is not very 
important. In spite of the fact that H-abstraction at the 2-position of 
alkane carbonyl chlorides produces a free-radical somewhat stabiiizec! by 
resonance (7), the 2-chloro compound is the one formed in smallest 

(7) 

amount, owing to the dominance of the inductive effect of the COCl 
s ~ b s t i t u e n t ~ ~ .  

3. Brominatisns 
a. Ionic brominations. In the presence of halogen-carriers carbonyl 

halides may be brominated a- to the carbonyl function30. Thus, in the 
presence of iron powder and phosphoryl chloride, bromine and anhydro- 
camphoronyl chloride (8) gave a 75% yield of the 2-bromo-derivativeGo. 
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y 3  

CO -- C - C H,COCI 

O' \ I 
CO - C(C H3)2 

t 8) 

lsovaleryl chloride on bromination at  100°C gave a 72% yield of 2-bromo- 
derivativesG1 (reaction 24). Bromination in the carbon chain preceded the 

(CH,),CHCH,COCI pC13:::nCC: (CH,),CHCHBrCOBr + (CH,),CHCHBrCOCI (24) 

replacement of the acyl halogenG1. Acetyl bromide could not be brominated 
in the presence (or absence) of acetic acid in the temperature range 
10-1 18"CG2. 

The kinetics of bromination of acetyl chloride and acetyl bromide 
were first investigated by Watson63. The reactions probably proceeded 
by an  ionic mechanism, but the reaction vessel was not specifically shielded 
from light. First-order rate coefficients for the acetyl bromide reaction 
showed a progressive decrease, but a constant value was obtained by 
binding bromine in the equilibrium (reaction 25). Iodine monobromide 

Br, + HBr e- HBr, (25) 

proved to  be effective as a catalyst, but ferric chloride or sulphuric acid 
were not (Table 12). The bromination of acetyl chloride was found to 

(58%) (1 4%) 

TABLE 12. Rate constants for the bromination of 
acetyl chloride and acetyl bromide at 25°C in the 

absence of a solvent 

Substrate Added component k, (min-I) 

0.00087 
0.0023 

Acetyl chloride - 
Acetyl brozidc - 
Acetyl bromide FeCI, (0.035 M) 0.0022 
Acetyl bromide H,SO, (0.035 hi) 0.0022 
Acetyl bromide IBr (0.035 M) 0.0033 

proceed at about one-third the rate for acetyl bromide. The initial rate 
with acetyl chloride increased somewhat with time, due to slow formation 
of the more reactive acetyl bromide (reaction 26). A rapid initiai enolization 

CH,COCI + HBr z- CH,COBr + HCI (26) 
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was proposed, followed by a comparatively slow addition of bromine. The 
kinetic results are collected in Table 12. 

The kinetics of bromination of acetyl bromide have also been studied 
by Cicero arid matt hew^^^. Good second-order rate constants were 
obtained in nitrobenzene solution. A mechanism was suggested in which 
bromine addition took place to the en01 form (reaction 27). The kinetic 
data are sunimarized in Table 13. 

+ H6r (27) 
H\ ,Br ,c-c 
H \ *O 

Br 

TABLE 13. Kinetics of bromination of acetyl bromide in nitrobenzene solution 

Temperature ("C) 104k2 (l/mole sec) Derived data 

50.9 
60.6 
70.3 

1-21 ? 0.14 
3-00 k 0.32 
6*90+0-13 

Esct = 20.33 kcal/mole 
A -= 5 . 8 4 ~  10' 
AH* (60-6°C) = 19-67 kcal/mole 
AS* = - 16 C.U. 

b. Free-radical biwnDictions. n-Butyryl chloride, when reacted50- 65 with 
bromine in direct sunlight and in the absence of a solvent, gives mainly 
the 3-bromo-derivative (reaction 28). In a semi-quantitative study, 

CH,CHBrCH,COCI 

CH,CH,CH,COCI :r > + CH,CH,CHBrCOCI (28) 

+ CH,CH,CHBrCOBr 

Kharasch and HobbsGa found that ( i )  brominations of alkane carbonyl 
chlorides were accelerated by light, (ii) reactions carried out in the dark 
were not materially affected by the presence of oxygen, (iii) the photo- 
bromination of acetyl chloride was substantially unaffected by oxygen, 
but those of propionyl chloride and butyryl chioride were appreciably 
inhibited. The reactivities of the halides in the photobromiriation reaction 
increased in the sequence acetyl chloride < propionyl chloride< butyryl 
chloride. 

The photobrominations of n-valeryl fluoride and of n-valeryl chloride 
have been studied by Singh and T e d d e F  in the gas phase at 150-160°C. 
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In each case the 4-position proved th.e Inost reactive position. By comparing 
the data with other derivatives of n-butane (Table 14), it was concluded 

TABLE 14. Photobrominations of various derivatives of 
n-butane at 160°C 

Relative reactivitiesO 

X X- CH;---cCHg---- CHX - CH$ 

H 1 80 80 1 
F 9 7 90 i 
c1 34 32 (80) 1 
CF, 1 7 90 1 
COF 34 26 (80) 1 
COCl 29 32 77 1 
CO,CH3 41 35 77 1 
~ ~ _ _  ~~ ~ ~~~ 

Values in parcntheses arc estimated. 

that, as with chlorination (section 11, A, 2, b), the substituent exerted no 
effect beyond the p-carbon atom. This represents the limit of the inductive 
effect (--I) down the chain in this system, and contrasts with that found 
in halogenations in solution (Table 9). For selectivity in brominations, 
polar factors are more important, and relative band-strengths are less 
important, than for  chlorination^^^. 

4. Chlorocarbonylations 
Kharasch, Eberly and KleinianG7 allowed hexahydrobenzoyl chloride 

to react with trichloromethyl chloroformate (diphosgene) in a sealed tube 
for 10 h at 225"C, when a second chlorocarbonyl group was introduced 
(Y- to the first group. This reaction (29) gave best yields when substitution 

occurred at a tertiary group, and lowest yields at a primary group. 
The method is useful for the preparation of dialkylmalonic acids; 
yields reported were : (C,H,),C(COCI), 90%, (CH,),C(COCI), 70%, 
n-C4H,C(C,H5)(COC1), > 30%, CH,CH(COCl), 15% and C,H,CH(COCl), 

A similar chlorocarbonylation method, using oxalyl chloride in place 
of diphosgene, was used by Runge and KochG8 for phenyl-substituted 

2%. 
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carbonyl chlorides (reaction 30). Diethyl benzylmalonate and diethyl 
diphenylmalonate were obtained similarly from C,H,CH2CH2COC1 and 
(C,H&CHCOCI, respectively. 

(COCI),, 30h 
C6HSCH*COCI 10&120,C TC GH C H (C 0 C I 1 

(3 0) 
C,H,OH - C~H,CH(COOC,H,), (27%) 

5. Sulphoxidation and sulphochlorination 
Sulphoxidation'3s is a process by which a sulphonic acid residue can be 

introduced photochemically into an alkyl chain, by means of a mixture 
of sulphur dioxide and oxygen (reaction 3 1). With propionyl chloride and 
butyryl chlwide the major products were 3-suIphonic acids (Table 15), 

RH + SO, + 40, - RS0,H 

but the relative reactivities (2-/3-) of the two carbonyl chlorides vary 
considerably71. 

(31 
h V  

TABLE 15. Sulphoxidation and sulphochlorination of 
carbonyl chlorides 

Reagents Substrate Products of substitution 

2-(%) 3-(%) 4-(%) 
~ ~ ~~ 

SOz, 02, hu Propionyl chloride 47 53 - 

SOi!, CI,, hu Propionyl chloride 0 100 - 
SOz, 0,, hw Butyryl chloride 10 58 32 

SOz, C12, hu Butyryl chloride 0 28 72 

Sulphochlorination (reaction 32) is usually a less selective reactioni0 
than sulphoxidation, but with the two carbonyl chlorides investigated 

RH + SO, + CI, RS0,CI + HCI (32) 

(Table 15) it is highly selectivei1. A surprising feature is that sulphochlorin- 
ation does not take place at  all at  the 2-positions. The 3-position is 
unexpectedly also not favoured in the reaction with butyryl chloride. The 
overall rates are about the same for both substrates, howeveri1. 

B. Elimination Reactions 
p-Chloroisobutyryl chloride can be dehydrohalogenated by heating in 

the presence of certain catalysts, e.g. phosphoric acid, phosphorus 
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pentoxide, copper phosphate or peat ~harcoal '~.  It is not certain whether 
the carbonyl chloride substituent enhances the rate of the reaction (33). 

Such an enhancement is indeed likely at least for an E2-type of elimination 

Pyrolysis of 2,3-dichloropropionyl chloride causes loss of two molecules 
of hydrogen chloride with formation of propiolyl ~hlor ide '~  (reaction 34). 

(34) CICH,CHCICOCI - HC=CCOCI 

It was not established if either olefinic carbonyl chloride, CH,=CCICOCl 
of ClCH=CHCOCl, were intermediates in this elimination reaction. 

170-210° 

C. SolvoCyses of Dicarbonyl Dihalides 
The qualitative effect of a COX group on the reactions of another 

COX group within the same molecule may be assessed by considerations 
of kinetic data. Pseudo first-order rate coefficients, apparect activation 
energies (E,,J and pre-exponential factors (A)  for the heterogeneous 
alkaline hydrolysis of adipyl chloride (ClCO(CH,),COCl) and sebacoyl 
chloride (ClCO(CH,),CUCl) have been measured for the water-benzene 
system74 and the water-chlorobenzene system75. These reactions appear 
to occur at the water-organic interface. The data (Table 16) clearly show 

TABLE 16. Heterogeneous alkaline hydrolysis of adipyl chloride and sebacoyl 
chloride 

System : System: 
KOH- H,O-benzene" NaOH-H,O- 

chlorobenzeneb 

Compound k, (min-') Enct A klC Eact 
(25°C) (kcal/mole) (kcal/mole) 

~~ ~ 

Adipyl chloride 8 . 2 8 ~  lo-? 8-98 2 . 6 5 ~  10' 416 11.50 
Sebacoyl chloride 8 . 8 6 ~  7-62 5.61 x lo4 140 10.58 

a Reference 74. 
Reference 75. 
Arbitrary first-order rate units. 

that hydrolysis occurs more rapidly with adipyl chloride. The differences 
in rate constant are too large to be due to an inductive effect ( - I )  origin- 
ating at the distant c?rbonyl chloride group of adipyl chloride. The 



5.  Directing and activating effects of COX groups 157 

differences in rates were considered to be due to differences in water- 
solubility of the halides75 or, alternatively, to differences of rates of 
diffusion across the i~iterface'~. The possibility of ring formation in a n  
intermediate stage in reactions of adipyl chloride may also be a factor. 

111. DIRECTING AND ACTIVATING EFFECTS OF C O X  
GROUPS IN AROMATIC CARBONYL HALIDES 

A. Addition Reactions 
The addition of chlorine to benzoyl chloride was first investigated by 

Bornwater and Holleman7'. Liquid chlorine (3 mole) and benzoyl chloride 
(1 mole) were brought together in a sealed tube and exposed to sunlight. 
The main product was y-benzoyl chloride hexachloride, C6H5Cl,COCI, 
together with an impure benzene hexachloride and traces of chloro- 
substitution products. It was also fourid that ttis addition occurred only 
very slowly in the dark. 

In a more detailed study van der Linden77 exposed benzoyl chloride 
and an excess of chlorine to sunlight for several days. The formation of 
substantial amounts of hydrogen chloride gave evidence of nuclear chloro- 
substitution products. Fractional crystallization afforded three main 
products (1) a molecular compound, m.p. 153"C, of S-1,2,3,4,5,6-hexa- 
chloro-1-cyclohexanecarbonyl chloride (m.p. 159°C; acid, rn-p. 247°C) 
and ~-~,2,3,4,4',5,6-heptachloro-l-cyclohexanecarbonyl chloride (m.p. 
144°C; acid, m.p. 277"C), (2) y-1,2,3,4,5,6-hexachioro-l-cyclohexane- 
carbonyl chloride, m.p. 112-1 13"C, which was believed to be identical 
with the product obtained by Bornwater and H~llernan'~, and (3) 
a-l,2,3,4,4',5,6-heptachloro-l-cyclohexanecarbonyl chloride (m.p. 162°C; 
acid, m.p. 291°C). Evidence was obtained for the formation in this reaction 
of at  least four different isomers of benzoyl chloride hexachloride, and 
probably at  least four different isomers of 4-chlorobenzoyl chloride 
hexachloride. The formation of isomers having undergone chioro- 
substitution only at the para-position suggested to van der Linden77 that 
in this reaction chlorine-addition to the benzene ring preceded chloro- 
substitution. The reaction scheme is sumniarized in (35). The stereo- 
chemistry of these products remains unknown. 

CI, ,COCI (21,. ,COCI 

3CI, CIHC/C\CHCI CI, C/HC/'\CHC/ 
d I I I I + HCI (35) 

( fas t )  CIHC H CHCl CIHC, ,CHCI 
'C' C 

CI CI, 
(4 isomers) (4 isomers) 
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6. Substitution Reactions 

9. Nitrations 

P. H. Gore 

By the action of nitric acid (or nitric anhydride) in acetic anhydride on 
benzoyl chloride at about 60", Karslake and H ~ s t o n ' ~  observed the for- 
mation of orf/2o-acetylbenzoic acid and rneta-nitrobenzoic acid. The claim7D 
that aromatic substitution was here preceded E;y hydrolysis of the benzoyl 
chloride to benzoic acid has not been definitely established. Cooper and 
Ing01d~~  examined the nitration of benzoyl chloride in an anhydrous 
medium (N,05, P,O, in CCI,) at - 12.5"C. meta-Nitrobenzoyl chloride 
was formed in 90-30/, yield. In a recent summary Ingold'e reported the 
isomer proportions as 90.37,; meta-, 8% ortho- and < 2% para-. Thus meta- 
orienting powers of substituents followed the sequence (36)79. 

-cOCI (90%) > -CO,H (82%) > -CONH, (69%) > -COCH, (55%) (36) 

2. Chlorinations 
a. Bertzoyl chloride. Chlorine was found to react exothermically with 

benzoyl chloride, in the presence of catalytic amounts of ferric chloridee0. 
When approximately molar equivalents of reactants were used the product 
comprised 13.5% recovered benzoyl cldoride, 76% monochloro-derivatives 
and 5% dichloro-derivativessO. The isomer proportions reported were: 
7944% meta-, I4-20% ortho- and 0.7-2% para-chlorobenzoyl chlo- 
ridess0*81; th.ese values have been confirmed in a more recent studye2. 
When chlorination was continued until the weight increase corresponded 
to 1.6 times the theoretical for the introduction of one chlorine, Hope and 
Rileye1 found 54% mono- and 37% dichlorination to occur. The dichlorin- 
ation products comprised 70% 2,5-, 23% 2,3- and 7% 3,4-dichlorotenzoyl 
chloridess1. Traces of 3,5-dichlorobenzoyl chloride have also been de- 
tectede2. The scheme of the catalysed chlorination of benzoyl chloride can 
therefore be summarized as in (37). 

Chlorination of methyl benzoate at 160" with an iron catalyst has been 
reported to give nz-chlorobenzoyl chloridea3. In this reaction formation of 
benzoyl chloride was considered to precede nuclear halogenation. 
Chlorination of liquid benzoyl chloride has also been effected with gaseous 
chlorine at  30-160°C in the presence of a mixture of iron(ri1) chloride and 
antimony(nr) chlorideag, promoted by small amounts of water. The 
identity of the products was not given. The formation of dichlorobenzoyl 
chlorides was reported from chlorinations of benzoyl chloride at 10-1 80°C 
in the presence of small amounts of antimony sulphide or other catalysts85. 

The chlorination of benzoyl chloride has also been studied in the gas 
phase. A mixture of chlorine and benzoyl chloride, with nitrogen as carrier 
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COCl 

COCl 

COCl 

YOCl 

159 

gas, was heated at 375°C ?or 45s,  when a 17% molar conversion took 
place to give mixed monochiorobenzoyl chloridesa6. As gauged by the 
percentage of conversion of chlorine, the overall substrate reactivities 
were found to incrcase as in (reaction 38)80. 

C,H,CN < C,H,COCI < C,H,CCI, < C,fi,CI < C,H6 (38) 

b. Isoplzthaloyl chloride and terephthaloyl chloride. Dimethyl terephthal- 
ate, on treatment with chlorine in the presence of iron filings at 220"C, 
has been quantitatively converted to monochloroterephthaloyl chloride 
(reaction 39). The nuclear substitution occurs after conversion of the 
ester functions to carbonyl chloride groupss3. With excess of chlorine a 

c1 c'6c1 COCl Ci 

(9) 
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54% yield of tetrachloroterephthaloyl chloride (9) could be obtaineds3. 
From preformed tereplithaloyl chloride a 62% yield of the derivative (9) 
was similarly obtaineda7. 88. 

When chlorine was passed into isophthaloyf chloride at  95-iOO0C, in 
the presence of iron filings, until there was no further increase in weight, 
an 81% yield of 5-chloroisophthaloyl chloride (10) was obtaineds7. The 
Ineta-orientations of the -COCl substituents clearly reinforce each other 
here. 6 

CI COCl 

(1 0) 

3. Brominations 
An equimolar mixture of bromine and chlorine was allowed to react 

with bexoyl chloride, with iron(m) chloride as catalyst, at  80-85°C. A 
quantitative yield of meta-bromobenzoyl chloride was reportedsg. No 
nuclear clrlorination took place under these conditions, nor was there 
replacement of chlorine by bromine in the carbonyl halide side chain. 

4. Friedel-Crafts self-condensations 
Benzoyl chloride can act as the substraLe, as well as the reagent, in a 

self-condensation brought about by heating with aluminium chloride at 
140"Cg0. A low yield of anthraquinone was reported by this method. The 
expected predominant meta-condensation leads to polymeric products ; 
only in so far as initial substitution occurs at the ortho-position can 
anthraquinone be formed. From 3,4-dimethylbenzoyl chloride a 2% yield 
Jf 2,3,6,7-tetrarnzthylanthraquinone has similarly been reportedg1 
(reaction 40). 

0 cH30 COCl $. acg3 AICI, 

140'C' 
CH, ' CJCO ' CH, 

0 

C. Side-chain Reactions 

1. Nucleophilic reactions of dicarbonyl dihalides 
a. Friedel-Crofts nc.vlatiota. The quantitative substituent effcct of a 

meta- or para-carbonyl chloride group can be gauged from ;;rork pubiished 
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recently by Hoornaert and SIootmaekers92. The kinetics of the Friedef- 
Crafts acylations of toluene (reaction 40a), catalysed by aluminium 
chloride, were determined in ortlzo-dichloroberene solution, for a range 
of derivatives of benzoyl chloride (Table 17). The percentage formation 

TABLE 17. Activation parameters and relative reactivities for the aluminium- 
chioride-catalysed acylation of toluene with substituted benzoyl chlorides in 

orrho-dichlorobenzene solution 

X in A H :  A S  X 10"k, (25°C) k/ko 
XC&I,COCI (kcaI/mole) (cal/deg mole) (I/moIe s) (25T)  

-H 
~z-OCH, 
nz-CI 
m-NO, 
p-NOZ 
nz-S0,CI 
p-S0,CI 
m-COCI 
p-coc1 

12-9 
12-7 
12-4 
12.3 
11-7 
12-3 
12.0 
12.1 
11-0 

- 30.4 
- 30.6 
- 28.7 
- 28.9 
- 30-5 
- 27.7 
- 28.6 
- 27.7 
- 31.3 

4.97 
5.93 

25.8 
27.9 
34.9 
47.5 
48.6 
71.5 
79.8 

1 
1.19 
5.20 
5.61 
7.03 
9.57 
9.77 

14.40 
16.05 

of isomers was not determined specifically for iso- or terephthaloyl 
chlorides, but the composition of the acylated products in these systems 

AICI, 1 

was usually 94 ( f 2)% para-, 0.9 ( f 0*4)% Ineta- and 4.6 ( t- 1.1)% ortho-. 
Kinetic data are also presented for some other electron-attracting s u b  
stituent groups. The influence of these groups, substituted meta- or para- 
in benzoyl chloride, is similar to that of a carbonyl chloride group. There 
is generally a sharp increase in rate coefficient on substitution by a n  
electronegative group, and this effect is more pronounced for substitution 
at  the para-position. This observation suggests that rate enhancement 
occurs by a combined resonance (- M )  and inductive (- I )  mechanism. 
i n  the case of meta-substitution the - f effect operztes done. 
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The increases in rate constants are due mainly to decreases in enthalpies 
of activation ( AH$).  For the mefa-substituents the increases in reactivities 
follow the sequence (41); --OCH, and -Cl substituents in the para- 
position proved to be deactivatingQ2. The substituent action of carbonjll 

-H < -OCH, < -4 < -NOz < --SO,CI < -COCI (41 1 

chloride groups, therefore, is stronger than that of any other group here 
investigated. The data obtaineds2 are not complicated by possible com- 
petitive or statistical factors, since by using only one molar equivalent of 
the catalyst, one only of the two (equivalent) carbonyl chloride groups 
was allowed to react. In  the case of isophthaloyl chloride, however, the 
reaction product was shown to contain some diketone, formed presumably 
as the result of a secondary reaction. All rneta-substituents, including the 
meta-COC1 substituent, were reasonably well correlated in a linear plot 
of log kjk, (see Table 17) versus the Hammett o-constants, following the 
procedure of ChartonQ3. para-Substituents, on the other hand, were not 
weil correlated. Values of the a-constants were estimated as mefa-ClCO = 
0.53, and para-ClCO = C.62g2. 

b. Solvolytic reactions. The reactivities of phthaloyl, isophthaloyl and 
terephthaloyl chlorides have been compared with each other, and some- 
times with benzoyl chloride in several systems (Table 18). The kinetics 
of the homogeneous hydrolyses in the presence of alkali of phthaloyl and 
terephthaloyl chlorides have been investigated in aqueous dioxan solution. 
The first-order rate constants for the para-compound were greater than 
for the or~l~o-compoundQ*. In the absence of added alkali a solvolysis 
occurred (in water-dioxan) for which second-order rate constantsg5 
suggested a greater reactivity for the ortho-isomer. I t  should be realized, 
however, that in the experiments reported for phthaloyl chloride no 
account was taken of the possibility of the involvement of its tautomerism 
(reaction 42)Q6* ”. The significance of these results is therefore uncertain. 

Most of the available data relate to heterogeneous reactions, however. 
The heterogeneous solvolysis of benzoyl and phthaloyl chlorides has been 
determined using a mixture of chlorobenzene and water; reaction here 
occurs at the interfaceg8. The low temperature coefficients were thought 
to indicate here the predominance of the diffusion process over the 
chemical process. 
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The pseudo first-order rsic constants determined for the hydrolysis 
with alkali in a water-benzene system of terephthaloyl chloride and 
isophthaloyl chloride were of the same order of magnitude’“. The reaction 
of terephthaloyl chloride here involves both a much lower activation 
energy and a much lower pre-exponential factor than that of isophthaloyl 
chloride. 

A series of polycondensation reactions has been icvestigated by 
Korshak and co-workersg9. These reactions are of significance to the 
study of the formation of polyesters and polyamides, which are very 
important as fibre-forming poiymers. The hydrolysis of the carbonyl 
chloride function in these compounds is an important stage in the chain- 
termination process. The rate constants for the reactions of isophthaloyl 
chlcride and terephthaloyl chloride with several diols in the range 110- 
150°C were of comparable magnitude. There are considerable differences, 
however, in their activation parameters. The authorsgg considered the 
polycondensation process to be stericaliy more favourable for the 
para-compound. 

Several condensation reactions of these carbonyl chlorides with aminis, 
such as piperazine and piperidine, have also been studied. These reactions 
have been described as ‘superfast’, often with half-times of under 1 min. 
They follow complex kinetics, although only one acyl group (when ttvo 
are present) actually reacts with the amine. In one systemloo (Table 18) 
the reaction (43) consists of two stages. The first stage proceeds by a 
coinbination of two mechanisms: a first-order reaction, k;, and as econd- 
order reaction, k;;  the second stage is a first-order reaction,k Each of 

AfB- k‘ >AB- kT’ > c (43) 

these component rate coefficienis follows the sequence of magnitudes 
benzoyl chloride > terephthaloyl chloride > phthaloyl chloride. The carbonyl 
chloride substituent clearly exerts a more powerful deactivating effect 
from the ortho-position than from the para-position. 

2. Reductions of substituted nitrobenzenes 
The kinetics of the catalytic hydrogenation aver a rhodium-on-carbon 

catalyst of a set of substituted nitrobenzenes, presumably to the corre- 
sponding anilines, have been studied in ethanolic medium at atmospheric 
pressurelo3 (Table 19). The substituent effect on this reduction of a para- 
carbonyl chloride group is substantially greater than that of the corre- 
sponding meta-group. The carbonyl chloride function was not itself 
reduced by this procedure. A linear relation was obtained between the 
activation energies and the ‘solvatochromic shifts’ of the conjugation 
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TABLE 19. Kinetics of catalytic reduction of substituted 
nitrobenzenes 

~~ 

Substituent 102kl (min-I) at 30°C Eact (kcal/mole)" 

p-OH 2.7 

H 4.6 
HZ-CH, 4.8 
m-coet 6.8 

i ? d 1  8.1 
0-c1 8.5 

P-CH,  3.5 

p-c1 7.7 

p-COCI 10.2 

11.3 
9.9 
8.9 
8.7 
7.3 
6.6 
6.3 
6.0 
5.5 

a Values read o f f  from graph (reference 102). 

bands in electronic spectra. The precise significance of this relation was 
not made clear. 

IV. EFFECTS OF COX SUBSVITUENTS ON T H E  ARYL 
GROUP IN w-ARYLALKANE CAWBONYL HALIDES 

A. Substitutions 

Phenylacetyl chloride undergoes rapid sulphonation in 100% sulphuric 
acid, even at  10°C103". It was assumed that predominant para-substitution 
occurred. In view of the results from nitration experiments1"* of a series of 
derivatives (11) (where X is an electron-attracting group, such as --NO,, 
-CN or -CO,C,H,), it is probable that substantial amounts of ortlzo- 
and rneta-isomers could have been formed in the sulphonation of 
phenylacetyl chloride. 

5. Self-condensations 
When heated in carbon disulphide suspension with aluminium chloride, 

phenylacetyl chloride can undergo a Friedel-Crafts self-condensation. 
This condensation involves predominantly the para-position, and to a 
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lesser extent the meta-position, and gives dimeric, trirneric and even 
polymeric productsloG-lo9 (reaction 44). 

tdhenylalkane carbonyl chlorides with longer alkyl chains tend to 
undergo condensations of another kindllOplll. When treated with 
aluminium chloride in a large excess of solvent, either a normal Friedel- 
Crafts acylation to give an open-chain ketone (12), or cyclization into the 
ortlzo-position of the phenyl ring to give (13), occurs. In the latter case the 

CH,CH,COCI 6 H 2 C O A ;  6:: 
AICI, :45) 6 ArH> / 

(12) (13) 

Ethylbenzene 40% 50 A 
Aniso le  90% 0% 

ArH = Benzene 0% 9 0 3  

reactivity of the ortko-position must be appreciably higher than that of the 
solvent species, present in large excess (reaction 45). The extent of cycli- 
zation is thus a measure of the ortko-reactivity of the aromatic ring in the 
carbonyl chloride. The data for the cyclization reactions suggest the 
approximate sequence of substrate reactivities (46). 

Carbonyl chlorides of the same general type but with at least six C-atoms 
in the side chain have also been reacted with aluminium chloride, but in 
the absence of a reactive solvent112. With 7-phenylheptanoyl chloride a 
5% yield of a dimeric ketone (14, n = 6)  (a dioxocyclophane) was obtained 
(47), together with a 0.4% yield of a trimeric ketone (15). 10-Phenyl- 
decanoyl chloride gave a 0.7% yield of the diketone (14, n = 9). The effect 
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(1 5) 

on the phenyl nucleus in these substrates of a -(CH&,COCl side chain 
is thus essentially that of a simple alkyl chain. 

The length of the alkyl chain, in a related series of condensations of 
carbonyl chlorides containing an o-thienyl substituent, determines the 
nature of the acylation product113 (reaction 48). Whiist the role of the 
carbofiyl chloride group is clearly that of a reagent, the proximity of the 
group to reactive positions of the thiophene nucleus effectively determines 
the coarse of the reaction. Yields of the diketone (16) were 8% (n= 5) ,  
4% (n = 8) and 15% (n = 9)l13. 

SnCI, 

/- (CH,),, 

aSJl-~CH,),,cocl -> AICI, 

SnCI. \ 
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V. S W B S T I T U E N T  EFFECTS OF COX GROUPS IN 
N U C L E A R  M'AGNETIC RESONANCE SPECTROSCOPY 

Nuclear magnetic resonance spectra can throw light on the effect of 
substituents, e.g. -COCI, on the chemical shifts of other groups (H or  F) 
within the same molccule. These ckmical shifts are known to be affected 
by the environment of the atom involved in the magnetic resonance and 
thereby can give a &k, qualitative and quantitative, to electronic 
properties of substituents. Thus, it is well known that para-proton chemical 
shifts show good correlations with I3C chemical shifts of the para carbon- 
atom, ISF chemical shifts of para-substituted fluorobenzenes, Hammett 
u2,,-constants, the calculated rr-electron density on the para-carbon atom, 
e t P .  

169 

A. Qlefinic Protons 
The lH-chemical shifts of olefinic protons have been correlated with the 

incremental contributions (Zi) of chemical shift for a number of sub- 
stituents, according to their stereochemical position relative to the 
proton115. Table 20 gives the semi-empirical rule which has been developed, 

TABLE 20. Semi-empiricd rules for chemical shift 
increments of substituents in mono-olefins" 

7 (p.p.m.) = 4.72 + C Z, 
H a Rci.?, / 

R tru,rs R,,,,, 
,c=c, Zi (p.p.m.) for 

Substituent R,,, R c i s  Rt,,,., 
~ 

COOI-I - 1.00 -- 1.35 -0.74 
COOR -0.84 -1.15 - 0.56 
CHQ - 1.03 -0.97 -1.21 
C(=O)N -1.37 -0.93 -0.35 
C( =cS)Cl -1.10 -1.41 - 0.99 
CO (unconjugated) - 1-10 - 1.13 -0.81 
CO (conjugated) -1.06 -1.01 - 0.95 

~ 

a In carbon tetrachloride solution, with tetramcthylsilane as internal standard. 

and the Zi values for gem-, cis- and trans-substituents, from which chemical 
Shifts may be obtained. The substituents listed comprise various groups 
containing a carboriyl function and inclnde the -COCl group. 
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0. Aromatic Protons 

studied1l4? 
Protofi chrts-ira! shifts in mnnosuhsti!uted benzenes have been much 

ll'. In Table 21 are collected chemical shifts, relative to 

TABLE 21. Proton chemical shifts and coupling constants in monosubstituted 
benzenes 

Substituent shifts relative to 
benzene (T = 2-73)" 

Coupling constants (Hz) 

ortho- rneta- para- JZ3 JM Jz0 J36 JZp J% 

Hb 0 
C0Clc -0.84 
COBr -0.80 
C02CH3 -0.71 
COCH, -0.62 
cc13 - 0.64 
CN - 0.36 
SOzCl -0.77 
NO2 - 0.95 

0 
- 0.22 
- 0.21 
-0.11 
-0.14 
-0.13 
-0.18 
- 0.35 
- 0.26 

0 
- 0.36 
- 0.37 
- 0.21 
- 0.21 
-0.10 
- 0.28 
- 0.45 
- 0.38 

7.56 7.56 1-38 1-38 1-38 0.68 
7.97 7.49 1.96 1.40 1-27 0.58 
8.00 7.47 1-95 1.43 1.27 0.52 
7.88 7-52 1.85 1.33 1.31 0.61 
7.82 7.38 1.90 1.34 1.28 0-58 
8.13 7.45 2.39 1-44 1-14 0.53 
7.79 7-68 1-76 1.30 1-28 0.63 
8-09 7.53 2.20 1.34 1-16 0.54 
8.35 7-46 2-46 1.47 1.17 0.48 

a At infinite solution in carbon tetrachloridc. 
Data from reference 1 18. 
Data for substituted benzenes from references 114, 116 and 117. 

benzene, of benzene derivatives monosubstituted by electronegative groups 
at the ortho-, nieta- or pura-positions. These include the -COCl and 
-COBr group, and other groups similar in electronic properties (mostly 
-1, - M ) .  A good linear correlation was found114 between the para-lH 
chemical shifts and Taft's119 19F chemical shifts measured in carbon 
tetrachloride solution. Table 2 1 also includes the various coupling constants 
obtained from a detailed analysis117, and these are linearly correlated with 
the electronegativities of the substituents. From the magnitudes of the 
chemical shifts it can be seen that generally the effect of substituents 
decreases in the sequence ortho- >para- > meta-, i.e. that both electro- 
negativity ( - I )  and resonance (- M )  effects here operate. A sequence (49) 
of increasing - Ieffects can be gauged from the magnitudes of the chemical 
shifts of meta-protons. 

H < -CO,CH, c -CCI, < -COCH, < -CN < -COBr c -COCI c -NO, 

< -SO,CI (49) 

Proton chemical shift correlations in ortho-disubstituted benzenes 
appear to be unreliable. For meta-disubstituted benzenes the chemical 
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shift of a particular proton may be obtained120 by applying one of four 
relationships, which combine the contributions of the individual sub- 
stituents (Table 22). The negative sign indicates a shift towards lower 

TABLE 22. Proton chemical shifts in nreta-&substituted benzenesa 

Chemical shiftsb given by: 

M, = R1 (orrho-) +R3 (orrho-) 

H4 = R' (para-) f R3 (ortho-) 

H6 = R1 (nrera-) +R3 (mefa-) 

H6 = R1 (orrho-) -I- R3 (para-) 
H5 ' R3 

Substitucnt R 
1-I 4 Chemical shift increments 

orrh9- mela- para- 

HG*". 

CHO 
COCH, 
coci 
CN 

- 0.54 - 0.20 - 0.2 
- 0.64 - 0.09 -0.1 
- 0.83 - 0.16 - 0.2 
- 0.27 - 0.10 -0.1 

~~ ~ ~~ ~~ 

a Relative to benzene, T = 2.73, in carbon tetrachloride solution. 
In T @.p.m.). 

field, as expected for electronegative groups. Chemical shifts appear to be 
simply additive for para-disubstituted benzenes120* I3l. 

C. Aromatic Fluorine Nuclei 
Chemical shifts have been investigated for a series of para-substituted 

fluorobenzenes122 (17). The 19F chemical shifts (iil p p m .  from fluoro- 
benzene in carbon tetrachloride solution) gave a value for para-COC1 = 

"QHb H a  Sub. Ha 

(17) 

- 1 1-32, comparable to other strongly electron-attracting subs tituents, 
viz. para-NO, = -9.50, para-NO = - 11.06 and para-SO,CI = - 12-30. 
A linear relationship was found between s,@.p.m.) and H a m e t t  
u- s.ubstituent123 constants; this gave a value cr- = 1.24 for the para-COC1 
group, a high value for the series. Coupling-constants were found to be: 
Jfi-nb = 8.1, JFH, = 5.1 and JrrarIb = 9.1 Hz. The coupling-constants did 
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not show much variation with the nature of the pam-substituent in (17). 
A study of substituted pentafluorobenzene~~~~ has provided values of 

chemical shifts and coupling-constants; Table 23 lists values obtained for 

TABLE 23. ‘OF Chemical shifts and coupling coilstants in pentafluorobenzenes” 
~ 

Substituent Chemical shifts Coupling constants (Hz) 
(P.P.rn.1 

ortho- metn- para- JZ3 J2* Jz5 J2B Ju J3:, 

-COC1 59.2 80.5 67.3 -21.0 6.1 +8-3 7.5 19.8 0.0 
- COaH 58 82 68 -21.1 4.1 +8.2 5.1 19.4 0.0 
- CFI 60.5 80.7 68.3 -20.5 5.9 1-8.3 7.9 19.1 0.0 

a Shifts (p.p.ni.) to high field of CF,C02H (external) for 5 mole % solutions in 
carbon tetrachloride solution. 

three substituents, -COCI, -CO,H and -CF,. The data could be 
correlated by the use of two equations (50,5 l), where QP, (Dm Ere chemical 
shifts for para- and meta-fluorine nuclei, and 0% and ur are Taft’s 

(50) 
0 OD = -39.7 OR -12.9 01 +154*4 

Om = -7.2 0: -53  01 +162*9 (51 I 
resonance-effect and inductive-effect polar substituent constants, respec- 
t i ~ e l y l ~ ~ .  Conversion from the C,H,F to the CF,C02H scale, using the 
mean‘ difference of 79.6 p.p.m., gave calculated Taft parameters for the 
-COCl group: oxo = i-0-03 and uI = +0.49. Values for other sub- 
stituents were mostly in good agreement with parameters determined 
p r e v i o u ~ l y ~ ~ ~ ~  le6. The latter vdue compares with values of uI (from I9F 
shielding) = +0.42 k0-01 for weakly protonic solvents, +0-39 for ‘normal 
solvents’, + 0.34 for dioxan and + 0.56 for trifluoroacetic acid12s. The 
substituent effects found for meta-COC1 and meta-COF substituents126, 
or para-COCI and para-COF s u b s t i t ~ e n t s ~ ~ ~ ,  were found throughout to 
be extremely similar, and typical for electron-attracting groups of the 
carbonyl type. 
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1. INTRODUCTION 

Acyl halides, especially acyl chlorides, are the most extensively employed 
reactants in organic syntheses'. Owing to their great reactivity, however, 
the clarification of the mechanisms of reactions of acyl halides has pro- 
gressed less than that of the mechanisms of reactions of many other 
carbonyl compounds. 

Substitution reactions of acyl halides caxi be represented by the simple 
equation (1). The most thoroughly investigated reactions of acyl halides 

RCO-X + Y = RCO-Y + X (1 1 
from the mechanistic viewpoint are (a) the reactions with hydroxyl 
compounds (especially water and alcohols) (b) reactions with amines 
(especially anilines) and (c) Friedel-Crafts reactions. 

The Friedel-Crafts reactions have been thoroughly ducnnrmted by 
Olah2, and will not be discussed here. Moreover, many of these reactions 
are beterogeneous and we shall limit the following discussion mainly to 
homogeneous reactions. 

The main problem in the reaction of an acyl halide with a hydroxylic 
compound is whether the bimolecular reaction takes place by a synchron- 
ous or an addition-elimination mechanism. These mechanisms may be 
represented, when water is the reactant, by equations (2) and (3). 

RCOX + H,O RCOOH + HX (2) 

RCOX + H,O ___f RC(OH),X RCOOH + HX (3) 

The situation is quite analogous when the nucleophile is an amine, 
Before discussing the ~llcciiailisins of the reactions we will first briefly 
survey in each section the available kinetic data. 
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Solvolytic reactions that are catalysed by tertiary amines and d a t e d  
reactions will be discussed separately (section IV). Due to limitations of 
space, we cannot discuss all reactions of acyl halides about whose 
mechanisms information is available. Technologically important poly- 
merization reactions will not be treated either since studies dealing with 
them provide only very little information that has a bearing on reaction 
mechanisms. 

Reactions of the esters of chloroformic acid will only be touched upon 
here as these reactions are examined in detail in another chapter of this 
volumc and have been previously reviewed by Matzner, Kurkjy and Cotte?. 

The reactions of aliphatic acyl chlorides have been extensively reviewed 
by Sonntagl, who has also discussed mechanisms of the reactions to some 
extent. A general survey of acylation reactions has been published by 
Prail14 and of acylation at  carbon by House5. 

Summaries on the mechanisms of acylation reactions have been written 
by Hudson6 and Satchell’. Reactions of acyl halides have been discussed 
in some detail also in general reviews on the reactivities of‘ carbonyl 
compounds and on the mechanisms of their reactions8-10. 

I!. REACTIONS WITH WATER, ALCOHOLS AND PHENOLS 

A. Acyf Chlorides 
1. General 

From the mechanistic standpoint, the solvolytic reactious of acyl 
halides can be divided into two main types, unimolecular and bimolecular. 
The terms unimolecular mechanism, ionization mechanism and S,l or 
‘S,l-like’ mechznism are generally used as synonyms. As mentioned 
above, two quite different points of view prevail in the case of bimolecular 
mechanisms. The mechanism is either described as an SN2 or ‘SN2-like’ 
mechanism or as an addition-elimination (AE) mechanism. In the latter, 
also called the carbonyl addition mechanism, the reaction is believed to 
proceed through a tetrahedral intermediate. 

In its simplest form, the unimolecular mechanism can be represented 
by equations (4). The rate-determining step is the ionization of the carbonyl 

(a) R ’ c o x ~ ~ ’ ~ “  + R’COf + X -  
(4 

(b) R’CO+ + R*OH fnst i H‘COCF t H +  

halide to an acylium ion R’C3-1- and a halide ion. The acylium ion then 
reacts rapidly with a hydroxylic solvent. 
7 
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The bimolecular Sx2 reaction is a one-step corwersion of the reactants 
to the products, i.e. a direct synchronous displacement of the halogen by 
an alkoxy group (equation 5). 

R'COX 4- RzOH ___f R1COOR2 + HX (5) 

Since oxygen exchange is observed in solvolytic reactions, it has been 
proposed that the birnolecular reaction takes place not as a synchronous 
substitution, but by way of a tetrahedral intermediate : 

OH 0 
II 

0 
I I  I 

I 
OR2 

I 
OR2 

The formation of a tetrahedral intermediate is considered very probable 
in the reactions of several carbonyl compounds8-". It should be noted, 
however, that it is only recently that reliable evidence has been presented 
which shows that this intermediate lies on the reaction path (in the 
ethanolysis of ethyl trifluoroacetate12). The various mechanisms will be 
discussed in more detail in section 11, D. 

If the view is accepted that the reactions of acyl halides may be of the 
S,  type, one should discuss many aspects that they have in common with 
reactions where halogen displacement occurs at a saturated carbon atom. 
These aspec?s have, however, been thoroughly documentedlSl7 and will 
therefore be considered only occasionally. 

Reviews on solvolytic reactions of acyl chlorides have been written by 
KivinenlS and Minatols and the reactions of aIkyl chloroformates have 
been discussed by Kivinen2Q and Queenz1. The most extensive survey of 
the solvolytic reactions of acyl haiides has been presented by Hudson and 
co-workers in a series of 

> R'-C + HX (6) R'C-x + R ~ O H  -> R'-C-X - 

2. Early work 
The earliest studies on the solvolytic reactions of acyl chlorides dealt 

primarily with the effect of structure on the rate, although the influence 
of solvent was investigated to some extent. In a study of the hydrolysis of 
mono- and disubstituted benzoyl chlorides in 1 : 1 acetone-water mixtures, 
O l i v i e ~ ? ~ - ~ ~  found that the rate of hydrolysis of 2-bromobenzoyl chloride 
was slightly faster, whereas that of 2,6-dibromobenzoy! chloride was a 
hundred-fold slower than that of the unsubstituted compound. The low 
rate of the 2,6-substituted compound is evidently due to steric factors. 
Olivier concluded that the mechanisms of the reactions are in accordance 
with equatior. (2). Ashdowr? studied the reactions of p-nitrobenzoyl 
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chloride with 29 alcohols in  diethyl ether and found the rates to be second- 
order in the a!cohols. Some of the results obtained by E r s x h  and N i x 0 2 ~ ~  
in a st-udy of the ethanolysis of monosubstituted benzoyl chlorides and 
chloroacetyl chlorides in hC) : 40 (viv) ether-ethanoi mixtures are presented 
in Table 1. Norris and c o - w ~ r k e r s ~ ~ ~ ~  studied in detail the alcoholysis of 
aromatic acyl chlorides in ethanol (Table 1) and the influence of solvent 

TABLE I. Kinetic data and relative rates of ethanolysis of acyl chlorides in 
60% ether-ethanol5, and in ethanols3 at 25" 

60% ether-ethanol Relative rates in 

Acyl chloride 104k E log A Ether- 
(s-l) (kcal/mole) ethanol Ethanol 

- CH,COCl 164 12.50 7.4 171 
1.10 5.5 19.0 21.6 
3.45 6.2 2.1 2.1 
3.85 6-5 2.9 1-9 
3.45 6.2 1.9 1.9 
4.65 7.8 1.1 
4.40 6.6 1.0 1.0 
5.90 7-5 0-60 0.78 

- 

0.53 18-65 9.4 0.49 0.8 I 

on the rate of the reaction between benzoyl chloride and ethanol56. These 
workers discussed two po-sible reaction mechanisms which are essentially 
those presented in equations (4) and (6).  

Leimu5' reported rates of alcoholysis f m  a large number of aliphatic 
acyl chlorides and alkyl chloroformates. Some of his data are given in 
TabIe 2. An interesting observation is the very low rate of alcoholysis of 
pentachloropropionyl chloride. 

TABLE 2. Relative rates (CH,COCI = 1 )  of alcoholysis of aliphatic acy! 
chiorides RCOCl at at 25". Solvent: 2 molar solution of 2-chloroethanol in 

dioxan5? 

CH, 1 
CH,Cl I *48 
CHCla 4.46 
CCl, 32.67 
CH,CHCI 2.09 
CH,CICH, 0.29 
CH,CCl, 1 -98 

CH,CICHCl I *62 
CHCl,CH, 0.23 
CCl,CCI, 0.047 
CH,Cl(CH,), 0.64 
CH,CH,O 0*00011 
COCl, (at Iso) 11.99 
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3. Solvent effects 

a. f-ydr,olysis. The only acyl chlorides in addition to N,N-dialkylcar- 
bamoyl chlorides whose rstes of neutral hydrolysis in water and water-rich 
solvent mixtures can be easily measured are the alkyl chloroformates. The 
reason for the low rates of these compounds compared to those of other 
acyl chlorides is that their ground states are stabilized by resonance (7). 

0 0- 
II + I 1  

R-0-C-CI e. R-O=C--CI (7) 

Most aromatic acyl chlorides are much more reactive and the investi- 
gaticn of their reactions with water is limited also by their low solubility 
and/or low rate of solution in water-rich solvents. For these reasons, 
information is available only on their rates in solvent nlixtures of high 
inert solvent content. 

The rates of hydrolysis of aliphatic acyl chlorides are so high that their 
rates in water-rich solvents can be studied only by special techniques. 
Using the 'stoppca flow' technique, Hudson and Moss30 found that the 
first-order rate constant of the hydrolysis of acetyl chloride in d 24.4% 
(v/v) dioxan-water mixture at 27°C is 292 s-l, which corresponds to a 
half-life of 2 4  x s. 

In many hydrolytic reactions the measured rate parameters vary 
regularly in the order : esters and anhydrides of carboxylic acids-acyl 
chlorides- alkyl and aryl halides. Rates of neutral hydrolysis of carboxylic 
esters can only be measured for esters of exceptional structure58 because 
the neutral hydrolysis is often masked by a rapid acid- or base-catalysed 
reaction. Tlie rates of hydrolysis of carboxylic anhydrides can be measured 
over a wider pH region near neutrality1'. 12. The hydrolyses of acyl chlorides 
are catalysed by acids only in special cases (section 11, 11). 

In most studies of solvent effects in the hydrolysis of acyl chlorides, the 
solvents have been dioxan-water or acetone-water mixtures31 36. 3 0 3  59-70. 

The rates decrease as the proportion of the organic component in the 
binary mixture increases, but this decrease is much greater when the 
reaction takes place by a unimolecular mechanism than when it takes 
place by  a bimolecular mechanism. 

The effect of solvent is intimately connected with solvent structure and 
solvent-solute interactions. A discussion of these lies outside the scope of 
this paper, but it may be noted that our knowledge of the structures of 
binary solvent mixtures in which at  least one component is a hydroxylic 
compound is still very limited. 

Solvolytic reactions in water have been reviewed by Robertson'l. A 
paper of Kohnstam'' deals primarily with the effect of solvent on activation 
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parameters. The structure of water is discussed in references 73 and 74 
and ii general review of hydrogen-bonded solveili systems is given in 
reference 75. The solvent properties of ordinary and heavy water have 
been compared by Arnett and McKelveyiG. Parkeri7 and Ritchiei8 have 
discussed the influence of dipolar aprotic solvents on the rates of hydro- 
lytic reactions and S ~ h n e i d e r ~ ~  the selective solvation of ions in mixed 
solvents. 

Only recently have direct thermal measurements been made to determine 
to what extent the variations in the heat and entropy of activation of a 
reaction, when the solvent is changed, are due to changes in the solvation 
of the initial state and of the transition state. It has been proposed that 
changes in the former are important in the solvolysis of, for example, 
t-butyl chloride in alcohol-water mixturess0, but it has also been stated 
that a change in the solvation of the transition state is more important in 
other reactionss1* 82. General discussions of these questions are found in 
referenccs 76-78. These erects have been discussed in the case of the 
solvolysis of acyl chlorides by who concluded that the heat of 
solvation of the transition state in the bimolecular reactions of acetyl 
chloride and ethanol in carbon tetrachloride-ethanol mixtures is almost 
independent of solvent compcsition. Direct experimental measurements 
for the clarification of this question in the case of acyl halides have not 
been carried out, however. 

The tendency of substituted benzoyl chlorides to react by a bimolecular 
mechanism decreases in the order: 2,4,6-trinitro ~ 4 - n i t r o  > H > 4-methoxy 
~2,4,6-trirnethylzG. This is also the expected order of the reaction rates 
if the reactions are bimolecular ; for unimolecular reactions the reverse 
order is expected. A change in mechanism from bimolecular to unimo- 
lecular with increasing water content is also clearly evident from the data 
of Brown and Hudson2$. It can be concluded that 4-nitrobenzoyl chloride 
still reacts exclusively by the bimolecular mechanism in a 50% acetone- 
water mixture. 

The so-called solvent parameters provide a valuable rneans of classifying 
 solvent^^^^ 84. The values of these were calculateds5-88 for the solvolytic 
reactions of a number of acyl chlorides. 

has been used to decide The equation (8) of Grunwald-WinsteinSg~ 

log(k/ko) = In. Y (8) 
whether the solvolysis of an acyl chloride takes place by a unimolecular 
or a bimolecular mechanism. Values of rn close to one are generally 
considered to signify Ssl reactions, while lower values signify increasing 
Sx2 character. 
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The values of m for the hydrolysis of acetyl chloride in dioxan-water 
mixtures30 and for the hydrolysis of benzoyl chloride23* 2G suggest that 
hydrolysis of the former takes place primarily by the unimolecular 
mechanism, whereas the mechanism of hydrolysis of the latter changes 
from bimolecular to unimolecular with increasing water content. Frolich 
and co-w~rkers’~ measured the n.m.r. shifts of the water protons in 
aqueous (5-30% v/v) acetone, tetrahydrofuran and 1,4-dioxan mixtures 
and found linear relationships between the shifts and the Gibbs energies 
of activation for the hydrolysis of benzoyl chloride in these solvcnts. 

Instead of wing equation (8), similar information can often be gained 
by determining the apparent order of the rate of a solvolytic reactian in 
respect of waterg1* 92. If the rate law is formally written 

then 
dx/dt = k,(n-x) = k ’ [ H 2 0 ] ” ( ~ - ~ )  

log k, = log k’ + t z  log [H20] 

(9) 

(10) 

where kl is the experimentally determined first-order rate constant. It is 
assumed that k’ is independent of solvent composition. 

The values of n for the hydrolysis of an alkyl or aryl halide in dioxan- 
water and acetone-water mixtures are about 6-7 if the reaction proceeds 
by the SNl reaction, but about 2 if the reaction proceeds by the SN2 
mechani~rn~l -~~.  Accordingly, the value of n can be considered a mechan- 
istic criterion for SN reactions in certain solvent mixtures. This seems to 
apply also to the solvoiytic reactions of acyl chlorides in dioxan-water 
and acetone-water 20. It may be noted that in the above cases, 
the correlation between the logarithm of the rate constant and water 
concentration is at least as good as the correlation between the logarithm 
of the rate constant and water activity. 

The physical significance of the apparent order iz has been extensively 
discussed. I t  has been proposed that it represents the number of water 
molecules bound in the transition state (or the difference between the 
numbers of water molecules bound in the transition state and the initial 
state). It has been concluded that if 6 or 7 water molecules are ‘frozen’ in 
the transition state, the temperature dependence (dE/dT) of the activatior. 
energy should be of the same order of magnitude as the experimentally 
determined valuesg2, but this view is not shared by all investigators. 

Zimmerman and YuanGo found the rate of hydrolysis of acetyl chloride 
to be proportional to the 1-92th power of the water concentration in 
acetone-water mixtures ([H20] = 0-547-2.83~) and Koskikalliom to the 
1-9th power in dioxan-water mixtures ([H20] =0-480-2.22~). Frorn the 
data of Hudson and Moss30 for the hydrolysis of acetyl chloride in 
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dioxan-water mixtures, it may be estimated that thc value of n is about 5 
at water contents from 19.6 to 75.6%. It can thus he concluded that the 
hydrolysis of acetyl chloride proceeds by the bimolccular mechanism in 
mixtures of low water content and that a shift to the unimoleculat 
mechanism occurs as the water concentration increases. 

Bohme and SchUrhoffsD determined the values of n for the hydrolysis 
of benzoyl chloride and ethyl chloroformate in aqueous dioxan, tetra- 
hydrofuran, 1,2-dimethcxyethane and bis[methoxyethylJ ether. The values 
varied from 1.2 to 2.5 at 25", indicating bimolecular mechanisms. 

Entelis and c o - w o r k e r ~ ~ ~ ~ ~  investigated the hydrolysis of phthaloyl and 
terephthaloyl dichlorides in dioxan-water mixtures. Their data suggest 
that the rates refer to the first stage of hydrolysis. The values of 12 are low, 
varying from 1 to 2 for both dichlorides. Kelly and WatsonG1 found that 
the value of n is about 4 for the hydrolysis of benzoyl chloride in acetone- 
water mixtures containing from 40 to 50% water, but increases to over 
7 in mixtures of higher water content. This implies 2 shift to the 
unimolecular mechanism. 

It has been proposed that dioxan and acetone may function as 
n u c l e ~ p h i i e s ~ ~ ~ ~ .  In dioxan-water mixtures, for instance, the reaction of 
RX may be represented by scheme (ll), according to which the sub- 
stituticn of thz hzlogen by a hydroxy: group may take piace either directly 

ROH 

or after the formation of an oxonium ion. The scheme (which has also 
been criticized9*) includes the case where azide ions are present in the 
reaction mixture in a 'trapping' experiment. This scheme may apply also 
to the solvolysis of acyl chlorides (see section 11, D), making the inter- 
pretation of the kinetic data still more difficult. 

Many questions relating to solvent effects in solvolytic reactions still 
remain unanswered. For instance, it is not possible to say what forms of 
water, monomers, dimers or higher aggregates participate in the reactions. 
In addition to these, complexes of varying composition may exist in 
dioxan-water mixturesg9". It has also been proposed that the lion-polar 
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dioxan acts essentially as a diluent, merely changing the concentration of 
the polar species involved in the equilibrium processloo. 

Addition of dimethyl sulplioxide (DMSO) to water has been found to 
increase the rates of hydrolysis of alkyl chloroformates that react by the 
bimolecular mechanism and to lower rates of hydrolysis of alkyl chloro- 
formates that react by the unimolecular mechailismlol. DMSO greatly 
retards the neutral hydrolysis of ethylene oxidelo, and diethyl dicar- 
bonatelo3. The rates of hydrolysis of substituted benzyl chlorides which 
hydrolyse by the unimolecular mechanism are lowered by DMSOQ2* I', 

as are also thc rates of hydrolyses of 1-butyl halideslo7. On the other hand, 
the rates of hydrolysis of dinitrofluorobenzenelo5 and methyl iodide106 
increase almost as much as the rate of hydrolysis of ethyl chloroformate 
when DMSO is added to water. The effect of added DMSO on the 
bimolecular hydrolysis of alkyl chloroforrnates is thus similar to its effect 
on reactions that proceed by SN2-like mechanisms. (For the solvolysis 
of alkyl chloroformates, see references 20, 21, 108-110, and for the 
solvation of halide ions in DMSO-water mixtures the paper of Langford 
and StengleIL1.) 

In contrast to the solvolytic reactions of carboxylic esters and alkyl and 
aryl halides (and also alkyl chloroformates), the hydrolytic reactions of 
acyI chlorides gensrally satisfy the Arrhenius equation, i.e. the activation 
energies do not vary with temperature. This may suggest that the transition 
state is less polar in the reactions of the acyl cldoricies. I t  should be noted, 
however, that the rates of solvolysis of acyl chlorides can only rarely be 
measured with an  accuracy that would reveal any deviations from the 
Arrhenius equation. 

Both negative and positive values of the differential dE/dT ( E  = energy 
of activation) have been reported for the reactions of some substituted 
benzoyl chlorides in acetone-water mixtures. These can a t  least partly 
be connected with changes in reaction mechanism with increasing tem- 
peratures (see section 11, A, 6). 

Different values of the entropy of activation are obtained for solvolytic 
reactions according to whether these valucs are based on first-order (s-l) 
or on second-order (Ijmole s) rate constants. 

We shall denote by A ,  values of the frequency factor based on first- and 
by A ,  values based on second-oider rate constants. The relationship 
between A, and A ,  is 

log A , =  log A1-1og[ROH] (12) 

where ROH is the solvolytic reagent. Similarly, we shall use the symbols 
AS: and AS: for entropies of activation. 
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Activation energy vslucs varying from 13 to 18 kcal/mole havc been 
generally reported for solve! ytiz reaciisils of acyl chlorides. The vaiues of 
log Al lie mostly between 3 and 10. 

6. Alcokofysis. The lower rates of a!coholysis of acyl chlorides make it 
possible to study solvent effects over wider ranges of solvent composition 
than is the case with hydrolysis. Since the lower alcohols are miscible 
with most other organic solvents, alcoholysis may be studied under widely 
varying conditions. 

A genera! feature of alcoholysis reactions is that their rate constants 
are monotonous functions of alcohol concentration. Similarly, the acti- 
vation parameters vary fairly regularly with solvent composition and do 
not pass through minima or maxima like the parameters of various 
hydrolysis reactions. 

Hudson and c o - w o r k e r ~ ~ ~  have studied the ethanolysis of p-nitrobenzoyl 
chloride in ether, dioxan, acetone, acetonitrile and nitromethane containing 
relatively Iow proportions of alcohol. Q all cases the rate of the reaction 
has been found to be approximately proportional to the second power of 
the ethanol concentration. The same is true for the ethanolysis of acetyl 
chloride in alcohol-ether mixtures3G ([ROK] = 0.690-6.90~); at lower 
alcohol concentrations the value of 12 (equation 10) decreases to about 1.52. 

On the other hand, the value of IZ for the ethanolysis of p-nitrobenzoyl 
chloride is about 2 at low ethanol concentrations in carbon tetrachloride 
but decreases to 1.1 as the ethanol concentration increases. 

By comparing kinetic and spectral data, Hudson and L o ~ e d a y ~ ~  con- 
cluded that the rate of alcoholysis of an acyl chloride is proportional to 
the concentration of alcohol aggregates, the most probably reactive being 
the trimer (see section 11, D). 

Pure ethanol seems to be the only solvent where the rates of alcoholysis 
of aliphatic and aroma tic acyl chlorides and ethyl chloroformate have 
been measured under the same conditions. Data for reactions that probably 
take place by the bimolecular mechanism are shown in Table 3. The only 
exception is the reaction of p-methoxybenzoyl chloride whose mechanism 
is closer to the unimolecular than to the bimolccular mechanisrnl8 as 
reflected in the higher energy of activation and value of log A .  The values 
of AS? vary from -28 to -34  cal/degmole, with the exception of 
p-methoxybenzoyl cliloridelS (- 16 cal/deg mole). The half-life of the 
ethanolysis of acetyl chloride estimated from the first-order rate constant 
is about half a minute at 25°C. 

Kivinen18 studied the ethanolysis of benzoyl chlorides in binary mixtures 
of ethanol with ether, acetone and benzene. Relative rate constants of 
alcoholysis are presented in Table 4. Cociveral'" concluded from these 
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TABLE 3. Kinetic data for the ethanolysis of acyl chlorides in ethanol at 25" 

Acyl chloride ' 103k E iog n' iiefereiux 
(s-l) (kcal/mole) 

CH3COCI 
Me,CCOCl 

m-NO,C,'H,COCI 
m-BrGH,COCl 

GH,COCI 

p-NO~C6&COCl 

m-CH,OC,H,COCL 

tn-CH,QH,COCI 
p-CH&GH,COCl 
Ethyl chloroformate 

147 
18.1 
11.4 
10.6 
2.66 
0.798 
0.776 
0.719 
0.949 
0.021 1 

13.23 
13-15 
12-75 
12-56 
13.68 
15.12 
15.25 
15-66 
19.10 
16.04 

8.87 
7-90 
7.40 
7.23 
7.45 
7.98 
8.05 
8.33 

10.98 
7.08 

113 
112 
18 
18 
18 
18 
I8 
18 
18 
20 

TABLE 4. Relative rates kR/kH of ethanolysis of substituted benzoyl chlorides 
Rc6H,cocl in diethyl ether-ethanol and benzene-ethanol mixtures at 25" Is 

Diethyl ether (wt. Yo) 
R 

0 20 60 90 

P-NOz 
m-NO, 
nz-Br 
m-CH30 
m-CH, 
p-CH30 

14-7 - 24.3 32-7 
13.7 16.1 20.7 28.9 
3.43 3-97 4.3 8 5.19 
1 *03 1 so9 1 -03 1 -22 
0.927 0.916 0.875 0.993 
1.22 0.893 0.5 16 0.425 

p-NO, 
m-NO, 
m-Br 
m-CH,O 
m-CH, 
p-CH,O 

5-3 14.5 
3.5 12.4 
3.53 3.39 
1 -07 1 -04 
0.945 0.927 
1 -28 1.21 

-~ 

Benzene (wt. %) 
R - 

0 20 60 90 

4.4 12-1 
1.1 9.93 
3.01 2.77 
1 -04 1.05 
0.906 0.9 18 
0.97 1 0.714 

~ ~~ 

resuits that the mechanisms are besl described as addition-elimination. 
Fagley and c o - ~ o r k e r s ~ ~ ~ - ~ ~ ~  studied the alcoholysis of monosubstituted 
benzoyl chlorides in benzene-ethanol mixtures and presented a therrno- 
dynamic interpretation of the solvent effeci. 
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The methanolysis of p-nitrobenzoyl ~ h l o r i d e ' ~  in methanol-acetonitrile 
mixtures is discusscd in sccticn 11, lC. The solvolysis (atid decomposition) 
of t-butyl-peroxy chloroformate was studied by Baitlett and MinatolW, 
who concluded that simple rnethanolysis occurs in methanol with very 
little loss of peroxidic oxygen. Ross125 measured the rates of ethanolysis 
of benzoyl chloride and mononitrobenzoyl chlorides in acetone and 
chloroform, and discussed the various possible forms of hydrogen-bonded 
transition states. Cason and Kraus126 have shown that the solvolysis of 
acyl chlorides is highly sensitive to steric eflects. 

It has been proposed that, as in aqueous mixtures, the value of n is 
of the order of 6 for unimolecular and of the order of 2 for bimolecular 
reactions20 in ether-ethanol mixtures. Some vaIues of n for reactions 
in ether-ethanol and benzene-ethanol mixtures are shown in Table 5. I t  

TABLE 5. Apparent order n of ethanol in the ethanolysis of substituted benzoyl 
chlorides RC,H,COCI in benzene-ethanol and diethyl ether-ethanol mixtures 

zt 25" 

R 
Benzene- Diethyl ether (wt. Yo) 
ethanol in diethyl ether-ethanol mixtures 
mixtures 

0-20 20-60 60-90 

1.4 1.9 1.9 1.9 
1.5 2.0 2.0 2.0 
1.4 2.2 2.0 2.0 
1.3 2.5 2.1 2.0 
1.3 2-3 2.2 2.0 
1.3 2.5 2.4 2 0  
1.5 4.1 2.7 2.4 

has been estimated that the value of n for p-methoxybenzoyl chloride 
rises to about 5 in pure ethanol. No variation in the value of n has been 
observed for mononitrobenzoyl chlorides which react by the bimolecular 
mechanism over the whole range of solvent composition. The data in 
Table 5 show also that ether-ethanol mixtures are differentiating solvents, 
whereas benzene-ethanol mixtures are levelling solvents, which means 
that the value of n depends only slightly on whether the reaction is uni- 
or bimolecular. 

From the data of Biordi12' for the methanolysis of benzoyl chloride in 
dioxan-methanol mixtures, the value of ii can be estimated to be about 
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1.1 when the methanol is between 52 and 66% and about 1-65 when it is 
between 81 and 1OOyo. 

Some of the kinetic data reported by Geuskens and co-workers12* for 
the methanolysis of pclycyclic aromatic acyl chlorides in a 1 : 1 acetone- 
methanol mixture are listed in Table 6. They estimated the isokinetic 
temperatiire to  be 220°K. 

TABLE 6. Kinetic data for the methanolysis of some aromatic 
acyl chlorides in 1 : 1 acetone-methanol mixtures at 25" lZ8 

Acyl cz-loride 

Benzoyl 
Nap h thoyl- 1 
Naphthoyl-2 
Phenanthrene-carbonyl-9 
Chrysene-carbonyl-2 
Pyrene-carbonyl-3 
Pyrene-carbonyl-4 

1 03kl 
(s-l) 

1.45 
2.26 
1 *48 
2.8 1 
6.3 1 

2.07 
12.7 

E 
(kcal/mole) 

log A 

13.64 
13-76 
13-96 
14.90 
34-77 
16-67 
13.12 

7-16 
7.45 
7.4 1 
8-38 
8-63 

10.33 
6.94 

Murculescu and D e r n e t r e s c ~ ~ ~ ~  investigated the alcoholysis of benzoyf 
chloride in five lower alcohols and found that the rate of methanolysis 
was about twics that of the others. 

Akiyama and T ~ k u r a l ~ ~ .  131 studied the acylation of I-menthol with 
para-substituted benzoyl chlorides and substituted ncetyl chlorides 
(Table 7) in cki?x-oforrn, benzene, liquid sulphur dioxide and tetrahydro- 
furan. They concluded that all the reactions are of the S,2 type. 'The 

TABLE 7. Kinetic data for the acylation of I-menthol by acyl 
chlorides in tetrahydrofuran at 25" 

Acyl chloride 1 05k2 E AS+ 

Propionyl 5-96 10.6 - 43.8 
Monochloroacetyl 99.3 9.6 - 
Dichloroacetyl 312 6.9 - 48.5 
Trichloroacetyl 776 3.2 - 59-4 

(]/mole s) (kcal/mole) (cal/c!cg mole) 

ucexpected order of the rates, propionyl> monochloroacetyl > dichloro- 
acetyl (and y-methoxybenzoyl >p-methylbenzoyl > benzoyl >p-chloro- 
benzoyl), may be due to the fact that the reactions were run at temperatures 
above the isoltinetic temperature. 
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Addition of DMSO to ethanol accelerates the ethanolysis of benzoyl 
chloride132, but the kinetics are complex, evidently owing to the concurrent 
reaction of the acyi cnioricie with DMSOi=. 

Th.e parameters of the Arrhenius equation for alcoholysis of acyl 
chlorides vary regularly with solvent composition. Thus, for most para- 
and nieta-substituted benzoyl chlorides in ether-ethanol mixtures, when 
the mole fraction of alcohol decreases from 1 to about 0.1-0.05, the 
activation energies decrease linearly by about 2 kcal/molc18. The same 
happens in benzene-ethanol mixtures, but, at  mole fractions lower than 
0.2, the EA values decrease abruptIy by severaI kilocalories per mole'8. 

A sinlilar abrupt decrease in the enthalpy of activation at low alcohol 
concentrations has been reported for the alcoholysis of m-fluorobenzoyl 
chloride, m-trifluoromethylbenzoyl chloride and p-methoxybenzoyl 
chloride in benzene-ethanol mixtures119 and for the alcoholysis of 
p-methoxybenzoyl chloride in benzene-2-propanol rnixturePl. After 
correcting the values of thc activation enthalpy by adding the values of 
the partial molar enthalpy of the alcohol to them, Fagley and co-workerdZ2 
found that the corrected values of the enthalpy of activation (Table 8) are 

TABLE 8. Experimental and corrected activation cnthalpies (kcal/moie) for 
the eihanolysis of nr-trifluoromethylbenzoyl and p-methoxybenzoyl chloride 

in benzene-ethanol inixturePZ 
~ ~ ~~ 

m-Trifluoromethyl benzoyl p-Methoxybenzoyl chloride 
chloride 

XStOH AH* AH*corr -Qton AH" AH*corr 

0.05 7.8 1 11-16 0.10 1 1 . 1 1  20.72 
0.10 9.29 11.26 0.30 15.95 19-72 
0.20 10.18 11-14 040 16.45 19.13 
0.30 10.63 11-16 0.50 16.82 18-72 
0.40 10.89 11.18 0.60 17-86 19.17 
0.50 11-01 11-18 0-70 18.67 19-52 

0.80 20.05 20.55 

independent of solvent composition. (Similar corrections can be applied 
to  entropies of activation.) Similar data for reactions in other binary 
solvent mixtures would be of great interest. 

4. Substituent effects 
a. Aliphatic acvl clilorides. Systematic studies of the effects of sub- 

stituents on the solvolytic reactions of aliphatic chlorides are few". The 
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Taftla4* 135 or other related free-energy relationships have not been tested. 
Ugi and Bcckti6 measured the rates of hydrolysis of a large number of acyI 
chlorides in acetone-water mixtures: some of their data are given in 
Table 9. 

TABLE 9. Rate constants k,  (s-l) for the hydrolysis of aliphatic and aromatic 
acyl chlorides in acetone containing 10.9 vol. "/o water at 25" 66 

Aliphatic acyl chloride Substituted benzoyl chloride 

R in RCOCl I 04k, Substituent 1 Oak, 

CH3 10.9 
(CHJ3C 0.74 
CH3(CH,), 4.40 
CH2=CHCH2 4.44 
C,H,CH2 3.60 
CH3CH=CH 0.37 
ClCH, 203 
C1,CH 3 I 000" 
C13C > 100000 
H02C > 100000 
GHioN 0,002 1 " 
[(CH3)2CH]zb! 0.0839 
CH30 O.OG12 
c1 10200 

H 0.04 1 7 
2- Methyl 0.0644 
2-Nitro 0.2 12 
4-Ni tro 2.33 
4-Methoxy 0.0146 
2,6-Dimethyl 1-31 
2,6-Dimethoxy 9.70 
3,s-Dinitro 60-4 
2,4,6-Trimethyl 20.0 
4-Methoxy-2,6-dimethyl 11 10 
4-Nitr0-2,G-dimethyl 0.001 2" 
2,4,6-Trinitro 0.071 
3,5-Dinitro-2,4,6-trimethyl 0.0016" 

a Extrapolated value. 

The effect of structure on the rates of hydroiysis of several aIky1 
chlorofonnates has been investigated by Queenz1 and Hudsonz8. 29. 

h. Aromatic acyl chlorides. Shorter136* lJi has written a summary on 
various linear free-energy relationships. Swain and L ~ p t o n l ~ ~  have recently 
proposed a general structure-reactivity equation and C h a r t ~ n l ~ ~ .  140 has 
proposed an  equation for the effects of ortho substituents. 

The relationship between structure and reactivity in the solvolysis of 
acyl chlorides has been studied by Swain and Dittmer141 and BrownsteinsE. 

In most studies of the solvolysis of aromatic acyl chlorides, the range of 
substituents has been small and most investigators have employed the 
Hammett equation (13)142. In general, this is satisfactory except when com- 
pounds with different substituents react by different mechanisms. The 
investigators have generally employed the original a value~~~2n l43. 

log k,/klI = (13) 
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Electron-attracting substituents in benzoyl chlorides increase the 
positive charge on the carbon atom of the chlorocarbonyl group and thus 
strengiheii the carbon-chiorine bond. Consequently, benzoyl chlorides with 
such substituents have a tendency to react by a bimolecular mechanism. 
Electron-releasing groups promote reaction by a unimolecular mechanism 
by reducing the strength of the carbon-halogen bond. Accordingly, the 
reaction constant p is positive for reactions in less polar solvents in which 
the bimolecular mechanism is favoured over the unimolecular one. 

Hudson and co-workers have studied the influence of para-substituents 
on the rates of solvolysis of benzoyl chlorides in acetone-water mixtures 
containing 50 vol. Zz2 and 5 vol. %24 water and in several formic acid- 
water mixtures27. Some of their results are shown in Table 10; these results 
yield for p a value of about + 2-0. 

TABLE 10. Kinetic data for the hydrolysis of p-sub- 
stituted benzoyl chlorides in 95 vol. yo acetone-water 

at 25" 94 

Substituent 1 O'kl E log A 
( S - 9  (kcal/mole) 

CH,O 2.92 14.7 5-89 

H 5.40 11.3 3.61 
Br 15.5 11.0 3.27 

CH, 2.69 12.7 4.75 

NO, 169 6.67 2.12 

Kivinen18 has found that the data for the alcoholysis of meta- and 
para-substituted benzoyl chlorides except p-methoxybenzoyl chlcride in 
ethanolic ether, acetone and benzene mixtures obey the Hammett equation 
satisfactorily. The discrepancy noted with p-methoxybenzoyl chloride is 
due to a shift from a bimolecular to a unimolecular mechanism as the 
alcohol content of the solvent increases; all the other acyl chlorides react 
by the bimolecular mechanism. The value of p increases from + 1-57 for 
the reactions in neat ethanol to + 1-92 in ether containing 3 5  wt. % 
ethanol and to -t 1-71 in acetone containing 2-5 wt. % ethanol, but 
decreases to + 1.30 in benzene containing 2.5 wt. yo ethanol. This suggests 
that addition of benzene to ethanol does not cause as great a shift toward 
the bimolecular mechanism as the addition of ether or acetone. 

Most of the rate constants reported by HeidbucheP4 for the ethanolysis 
of ortho-, meta- and para-substituted phenylacetyl chlorides in a 0.553~ 
solution of ethanol in benzene (4 vol. yo ethanol) are in agreement with 
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the Hammett equation. Tlic deviation of tllc rate constant for p-t-butyl- 
phenylacetyl chloride from t h ~ !  plot is probably due to a shift toward the 
unimolecular mechanism. The value of p is 4-0.160, i s .  much smaller 
than that found (+1.4) for the cthanolysis of bcnzoyl chlorides18. 
Heidbuchel attributed the difference to  a strong inhibition of the meso- 
meric interaction of the substituted plienyl group with the reaction centre 
by the intermediate methylene group. 

Bender and Chenla5 studied the hydrolysis of para-substituted 2,6- 
dimethylbenzoyl chlorides in 99% acetonitrile-water and obtained the p 
values - 3.85, - 3.73 and + 1.20 for the neutral, acid-catalysed and base- 
catalysed reactions, respectively. The large negative values of p imply that 
the neutral and the acid-catalysed hydrolysis proceed by unimolecular 
mechanisms. 

5. Salt effects 
Very few published papers deal with salt effects in the hydrolysis of 

acyl chlorides"~ 31. Mercury(r1) perchlotate generally accelerates the 
hydrolysis of acyl chlorides by the unimolecular mechanism10g, but has 
very little effect on the reactions that proceed by the bimolecular mechan- 
ism. Similar effects of mercury(1r) chloride have been observed in the 
unimolecular solvolysis of acyl chlorides in ethanoP6. 

Lithium bromide greatly accelerates the hydrolysis of benzoyl chloride, 
especially in acetone-water mixtures of low water content25. The reason is 
probably ;hat the exchange reaction (14) occurs alongside the hydrolysis 

RCOCI 4 Br-  RCOBr + CI - (1 4) 

and that benzoyl bromide hydrolyses more rapidly than benzoyl 
chloride"1. 146,147. 

6. Heat capacities of activation 
The heat capacity of activation72 is defined by equation (15) and can be 

AC: d( AH*)/dT= dE/dT- R (1 5 )  

evaluated after fitting experimental rate constants at diKerent temperatures 
to  the three-parameter equation (16). The review of 148 

dealing with heat capacities of activation refers primarily to reactions in 
water, and that of Kohnstami2 to reactions in mixed solvents. Deviations 

log K =  A/T+ B log T+ c (16) 

from the Arrhenius equation have also been discussed by H ~ l e t t ' ~ ~ .  A 
negative value of ACZ implies a markedly polar transition statel". 
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Deviations from the Arrhenius equation have been reported for 
soholytic reactions of only a few acyl chlorides. Aichei a d  Ei~dsoi?~ 
reported the values -21, f 5 3  and +61 calldeg mole for dE/dT in the 
hydrolysis of benz.oy1 chloride in 6 1.05%, 70.24% and 8 1.68% (wlw) 
acetone-water mixtures respectively. They attributed the positive tempera- 
ture coefficients to a change from a bimolecular to a urliinolecular 
mechanism which has the higher activation energy and gains importance 
at higher temperatures. 

Values of the temperature coefficient between 60 and 120 cal/deg mole 
have been reported for the ethanolysis of benzoyl chloride in 0.16 and 
0.08 molar solutions of ethanol in benzenela. One possible reason for the 
positive values is the variation of the self-association of the alcohol with 
temperature. 

Extreme precision is required of the rate data before significant values 
of the heat capacity can be obtained (see section 11, A, 3). The study of 
Queenz1 of the hydrolysis of alkyl chloroformates seems to be the oaly 
one in which accurate values of heat capacities of activation have been 
determined. 

7. Effect of pressure 
Valuable information about reaction mecharisms can be gained by 

studying the effect of pressure on the rates of reactions in solution. 
According to Evans and P ~ l a n y i ’ ~ ~ ,  the effect of pressure on the rate 
constant a t  constant temperature can be expressed by equation (17) where 
A P ,  the activation volume, is the difference between the partial molar 

(aln kl8p)T = - AV*/RT (17) 

volumes of the transition and initial states. The kinetic effects of pressure 
have been recently reviewed by Kohnstam151 and Wealels2. Because the 
activation volume usually varies with pressure, the activation volume at  a 
pressure of 1 atm is evaluated either by graphical metbods or from the 
best fit of the experimental points to the equation (l8)ls1. Heydtmann and 
co-workers measured the rates of hydrolysis of para-substituted benzoyl 

In k = a+bp+cp2 (18) 

chlorides in tetrahydrofuran-water mixtureP3 and the rates of hydrolysis 
of bcnzoyl chloride in dioxzn-water mixtures154 at pressures from 1 to 
1000 atm. Some of their data are presented in Table 11. A change in the 
mechanism of hydrolysis of p-methoxybenzoyl chloride from a bi- 
molecular to a unimolecular one occurs with increasing water content in 
tetrahydrofuran-water mixtures: this is revealed b.j the dependence of the 
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rate constant on water concentration and by the p value which is + 2-4 
in the solvents containing 2-2 and 6.1% water, but - 1.4 in the solvent 
wiii&iiIig 29-77; waier. The diEeience between the aeiivaiion i;o:u?iies in 

TABLE 11. Activation volumes A V,* (at 1 atm) for the solvolysis 
of acyl chlorides (a = acetone, d = dioxan, tf = tetrahydrofuran, 

w = water) 

Acyl chloride Solvent T - A V$ Reference 
(wt. %) ("C) (cm3/mole) 

C,H,COCl 
C,H,COCl 
C,H,COCI 

GH,COCl 

C,H,COCl 

CaHbCOCl 

C,,H,COCl 
C,H,COCI 
C,H,COCl 

c~&cocl 
GHSCOCl 

GHbCOCl 

C,H,COCI 

p-CH,OC&COCl 
p-CH,OC,H&OCl 
p-CH,OC&hCOCl 
p-CH3OGHdCOCI 
p-CH30CeH4COCI 
p-BrGH4COCl 
p-Br C, H4C0 C1 

Ethyl chloroformate 
Ethyl chloroformate 
C,H,COCl 

Ethyl chloroformate 

p-N02C,H,COCl 

p-CH30CeHaCOCl 

95.7o/b d-w 
93% d-W 
90.2% d-w 
85.5% d-w 
81.2% d-w 
77.2% d-w 
72.3% d-W 
70'7% d-W 
97.8% tf-w 
93.9% tf-w 
84.2% tf-W 

70.3% tf-w 
97.8% If-W 
94'3% tf-W 
84.2% tf-w 
80.6% tf-w 
70.3% tf-w 
97.8% tf-w 
93.9% tf-W 
97.8% t f-w 

80- 6% t f-w 

20% a-wa 
water 
ethanol 
ethanol 
ethanol 

25 
25 
25 
25 
25 
25 
25 
25 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
0 
0 
0 
0 

25 

20.5 
23.0 
27.0 
27.4 
24.7 
24-8 
28.0 
31.4 
33.1 
31-0 
37.4 
38-4 
41.0 
27.5 
25.3 
23.6 
28.1 
31.2 
33.8 
28-3 
43.0 
12.5 
11-7 
29.1 
20.1 
23.8 

154 
154 
154 
154 
154 
154 
154 
154 
153 
153 
153 
153 
153 
153 
153 
153 
153 
153 
153 
153 
3 53 
156 
155 
155 
155 
156 

the reactions of unsubstituted benzoyl chloride and p-methoxybenzoyl 
chloride increases from about 5.6 cm3/mole in the solvent containing 
2.2% water to about 10.2 cm3/mole in the solvent containing 29.7% water. 
Heydtmann and c o - w o r k e r ~ l ~ ~ ~  151 concluded that hydrogen bonding to 
the carbonyl oxygec in the hydrolysis of a benzoyl chloride polarizes the 
carbon-oxygen bond and probably also changes the sclvent structure in 
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the surroundings of the substrate molecule. This is also a possible expla- 
nation for the different effects of pressure on the solvolytic reactions of 
acyl' chlorides and on +type hydrolysis reactions where substitution 
occurs at a saturated carbon atom. 

In a study of the effect of pressure on the hydrolysis and ethanolysis of 
acyl chlorides, Kivinen and Viitala156* 156 concluded that the difference, 
about 9 cm3/mole, between the activation volumes in the ethanolysis of 
benzoyl and p-methoxybenzqyl chlorides (Table 11) is due to the fact that 
the former compound react; by a bimolecular mechanism and the latter 
by a unimolecular mechanism. The activation volumes are less negative for 
the hydrolysis of ethyl chloroformate than for the neutral hydrolysis of 
carboxylic anhydrides in pure water15'. Too little infoimation is available 
on rates at high pressures to decide whether the solvolytic reactions of 
acyl halides take place by a synchronous or an addition-elimination 
mechanism. 

8. O x y g e n  exchange 
Oxygen exchange reactions of organic and organometallic compounds 

have been reviewed by Samuel and Silver15s. Carbonyl oxygen exchange 
with water often occurs in the hydrolysis of carbonyl compounds. This 
has been taken as strong evidence for the formation of a tetracovalent 
addition intermediate and was initially the main justification of the pro- 
posed addition-elimination mechanism in the hydrolysis of acyl halides. 
In simplified form, the carbonyl oxygen exchange can be represented by 
equation (19). However, only the work of Johnson150 on the solvolysis of 

0 
I I  

RC-CI + 

' 8 0  
I I  

RC-CI + 

ethyl trifluoroacetate provides the first convincing evidence that the 
tetrahedral intermediate actually lies on the reaction path of the solvolysis. 
The criticism of Burwell and PearsonlG0 does not seem to invalidate the 
conclusion. 

I t  follows from equation (19) that the ratio of k,, (hydrolysis) to k,, 
(isotope exchange) is equz! tc 2k3/k2. The experimental rate constant 
kobsd is hence given by equation (20)9. Values of k, /k ,  smaller than 
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one imply that the addition step (k,) is rate-determining and this seems 
to t e  the case in the hjrdioiysis of acjl chloiides. 

(20) 

The few studies on oxygen exchange in the hydrolysis of acyl chlorides 
are not fully comparable because of different experimental conditions 
(Table 12). The marked dependence of the ratio k,/k,, on solvent com- 
position for the reactions in dioxan-water mixtures may indicate that 

kobsd = klk,/(k,+k,) = kl/(k,lk,+ 1) 

TABLE 12. Oxygen exchange during the hydrolysis of benzoyl 
chlorides. kh = rate constant of hydrolysis, k,, = rate constant 
of oxygen exchange (w = water, d = dioxan, an = acetonitrile) 

Acjl chloride Solvent T khlk,, Reference 
(vol.%) ( " 0  

95% d-w 25 
95yb d-w 25 
75:4, d-w 25 
67% d-w 25 
67% d-w 25 
95% d-w 25 
67% d-\V 25 

9504 d-w 25 
99% an-w 25 

large 
large 

25 
18 
14 

large 
51 

large 
31 

16i 
62 

161 
161 
62 

161 
161 
145 
161 

proton transfer between oxygen and chlorine affects the partitioning of the 
tetracovalent intermediate158* 162y 163. It  has also been suggested that water 
molecules associate in a mixed solvent of low water content in such a way 
that proton transfer occurs alczg an associated chain and prevents oxygen 
exchangeE2. 

The oxygen exchange studies show that the synchronous mechanism 
cannot be the only one by which acyl chlorides hydrolyse, but it is possible 
that it may be the dominating one in solvolytic reactions. 

9. Isotope effects 
a. Kinetic solvent isotope efects. Values of the kinetic deuterium 

isotope effect (kf l /klJ determined for solvolytic reactions of a number of 
acyl chlorides2'* 05*  164--lG8 are shown in Table 13. It  is probable that the 
reactions of all the listed compounds except the carbamoyl chlorides and, 
perhaps, i-propyl chloroformate are bimolecular. 

Solvent isotope effectslGS and the solvent propzrties of water and 
deuterium 171 have been reviewed. 
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Large differences are not usually observed in the values of k,/k, for 
S,l and S,2 solvolyses of alkyl and aryl halides. The values vary from 
1-2 to l*5lG9. On the other hand, values between 2 and 5 have been reported 

TABLE 13. Values of the kinetic solvent deuterium isotope 
ezects kn/kD for the solvolysis of acyl chlorides (d = dioxan, 

w = water) 

Acyl chloride Solvent T kn/kD Reference 
("C) 

CaHSCOC1 
GH6COC1 
c&r,COCL 
C,H,COCI 
C,,H,COCI 
p-CH3CH,COCI 
p-CH3CoH4COCl 
p-CK3CeH4COCI 
p-NO,GIidCOCl 
p-NO,GHaCOCl 
p-NOaCjH4COCl 
2,4,6(N02)3C6H2COCl 
2,4,6(N02)3CeHZCOCl 
2,4,6(N02)3C6HzCOC1 
Diphenylcarbamoy 1 

Methyl chloroformate 
Ethyl chloroformate 
Ethyl chloroformate 
i-Propyl chloroformatc 
Phenyl chloroformate 

chloride 

85% d-w 

67% d-w 
80% d-w 

60% d-w 
60% d-w 
91% d-w 
73% d-w 
50% d-W 
91% d-w 
73% d-w 
50% d-w 
95% d-\V 
95% d-\V 
93% d-\V 

water 
water 
water 
water 
water 
water 

25.1 1.6 167 
25 1.5 166 
25 1.9 166 
25 1.7 164 
25-1 1.7 167 
25 1.67 65 
25 1.41 G5 
25 1-41 65 
25 1.6 65 
25 1 -74 65 
25 1-80 65 
25 1.65 164 
25.1 1.7 167 
25 1-5 166 

25 1.1 9 
25.0 1-89 21 
25 I -95 168 
24.5 1.82 21 
24.5 1-35 21 
7.5 1.79 21 

for the neutral hydrolysis of carboxylic esters and anhydrides9. The values 
of /c,/k, for solvolytic reactions of acyl chlorides fall in the intermediate 
range, and relatively liigh values (> 1.5) of the ratio have been considered 
to  be at  variance with an S,-type mechanismz1. Bunton and c o - ~ o r k e r s l ~ ~  
have calculated values of the solvent isotope effect for various assumed 
models of the transition state of the hydrolysis of acyl chlorides. For S,2- 
like reactions, their estimate of k,/k, is 1.5, which is of the same order 
as tbe experimentally determined values. 

The values 1.568 and 1.564 have been reported for the ratio k,/k, in 
the hydrolysis of methanesalphonyl chloride and benzenesulphonyl 
chloride, respectively, in water at  20°C173. It  seems that these are best 
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described by a slightly modified S,-type mechanism1i2~ li3. Relatively 
large values of k, /k ,  in the hydrolysis of acyl chlorides do not therefore 
seem to be conclusive evidence that the bimolecular reactions proceed by 
an addition-elimination mechanism. 

b. Secondary deuterium isotope efects. Secondary isotope effects have 
been reviewedli49 175. Until quite recently, the only report on /3-secondary 
deuterium effccis in the solvolysis of acyl chlorides was that by Bender and 
Fengl"j. The available data are collected in Table 14. Papai~annoul '~  

TABLE 14. Values of the secondary deuterium isotope effects 
k d k ~ ,  for the hydrolysis of acyl chlorides (a = acetone, 

tf = tetrahydrofuran, w = water) 

Acyl chloride Solvent T kH/kD Reference 
(vol.%) ("C) 

CH,COCI 
CH,COCI 
CH,CQCl 
CH,COCl 
CH,COCl 
CH,COCl 
CH,COCI 
CH,COCI 
CH,COCl 
CH,COCI 
&Methyl- 1 -naphthoyl 

chloride 
S-Methyl- 1 -naphthoyl 

chloride 

95% a-w 
90% a-w 
90% a-w 
90% a-w 
85% a-w 
80% a-w 
80% a-w 
80% a-w 
75% a-w 
95% tf-W 

95% a-w' 

7So;b a-w" 

-22.6 1.008 
-22 1.51 
-22.0 1.059 
-28.9 1.044 
-21.2 1.101 
-22 1.62 
-22.0 1.106 
-31.0 1.122 
-30.2 1.133 

25 1-01 

179 
176 
179 
179 
179 
176 
179 
179 
179 
176 

24.4 1.03 177 

-20.5 1.13 177 

postulated that whereas 8-methyl-d3-1-naphthoyl chloride solvolyses by a 
limiting SNl mechanism, 1-naphthoyl chloride solvolyses by a mixed 
unimolecular-bimolecular mechanism. Bartell's methodla2 has been 
used177-181 to estimate the relative contributions of hyperconjugatiofi and 
non-bonded interactions to secondary isotope effects in the reactions listed 
in Table 14. In most cases the calculated and experimental values are in 
agreement, but reactions where hyperconjugation is possible175* lS1 are 
exceptions. 

The results of Bender and Feng17G differ significantly from the results 
of other investigators. The differences are due to differences in the rates of 
solvolysis of protium compounds17D. The /3-isotope effect in the hydrolysis 
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of acetyl chloride increases with the polarity of the solvent. E v z n ~ ~ ’ ~  has 
concluded that the overall rate constant of the reaction over the studied 
range oI” soiveni. composition is the sum of the rate constants of two 
reactions (equation 21), where klim is the rate constant of the SNl reaction 

kobsd = klim + knwl  (31) 

and knucl the rate ccnstant of the bimolecular reaction that proceeds by 
way of a tetrahedral intermediate. The increase of the isotope effect with 
temperature in the hydrolysis of acetyl chloride in acetone-water mixtures 
containing 90 and 95% acetone may be taken to indicate that the con- 
tribution of the unimolecular reaction to the overall rate also 
increases1’ g*  l 83. 

SwainlS4 obtained the value 0,911 for the oxygen isotope effect 
[k(160)/k(180)] in the methanolysis of benzoyl chloride in methanol at 
25”. 

10. Reactions in special solvents 
a. Acetonitrile and nitromethane. A number of interesting studies have 

been made to clarify the mechanisms of solvolysis of acyl chlorides by 
measuring rates of solvolysis in nitromethane and, especially, acetonitrile 
containing a relatively low concentration of a hydroxylic compound. 
(Ionic reactions in acetonitrile have been reviewed by Coetzeels5.) Bender 
and Chen’s data on the hydrolysis of 4-substituted 2,6-dimethylbenzoyl 
chlorides in 99% a~etonitrile-waterl~~ will be discussed below. Akiyama 
and T o k ~ r a l ~ ~ .  1 3 1 3  lSG studied the reactions of /-menthol with acyl 
chlorides in both acetonitrile and nitromethane and Satchel1 and co- 
w o r k e r ~ ~ ~ ~ - ~ ~ ~  the acylation of phenols in the same solvents. 

Kevill and co-workers123s lgo- lgl studied the methanolysis of p-nitro- 
benzoyl chloride (PNBC) at several temperatures in acetonitrile-methanol 
mixtures from 0.01 to 1.60 molar in methanol. The rates were represented 
by equation (22). Added phenol does not catalyse the reaction, but 

d[HCl]/df = k,[PNBC][CH,OH] + [RNBC][CH3OHl2 (22) 

chloride ion, which is a strong base in acetonitrile, effects a pronounced 
acceleration. Kevill and F o s s ~ ~ ~  proposed that a tetrahedral intermediate 
is first formed and that this is deprotonated by either an acetonitrile 
molecule (second-order kinetics) or a second methanol molecule (third- 
order kinetics) to give a new tetrahedral intermediate which collapses to 
the products (see section 11, D). They also disputed the conclusion of 
Briody and S a t ~ h e l l ~ ~ ~  that reactions between cllloroacyl chlorides and 
phenols proceed by a synchronous SN2-type mechanism and proposed an 
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alternative explanation in tenns of ionization and tetrahedral intermediate 
mechm!sms. 

A few remarks may be made concerning the work of Kevill and F ~ s s l * ~ .  
I t  is known that hetero-association of methanol and phenol takes place 
at much lower concentrations of these reactants than the self-association 
of methanol in inert solvents1”> lg3. I n  this association methanol furrctions 
as a proton acceptor and phenol as a proton donor. This can be expected 
to alter the basicity of the methanol oxygen at least to some extent. In 
addition, acyl chlorides are not very strong proton acceptors. Phenol, a 
stronger acid, can replace methanol as a hydrogen donor to the acyl 
oxygen and thereby alter to some extent the charge distribution in the acyl 
group. These remarks do  not necessarily invalidate the arguments of 
Kevill and FOSS, but serve to show that the interpretation of kinetic data 
for reactions in mixed hydroxylic solvents may be very difficult. 

Jones and Fosterlg4 concluded from a study of chloride exchange in the 
solvolysis of ethyl chloroformate in acetone-water mixtures containing 
from 40 to 85% water that the chloride ion is a more reactive nucleophile 
toward the caibonyl carbon atom than is water. 

b. Liquid sulphur dioxide. Tokura and co-workers studied the acylation 
of I - m e n t h ~ P ~ ~ ~  laG and the benzoylation of methanol in liquid sulphur 
dioxide. The overall rates can be expressed by equation (23) where 

Rate = /(~[RCOCI][ROHI, + /(,[RCOCI][ROHI (23) 

[ROH], is the initial concentration of the alcohol, [RGM] is the concen- 
tration of the alcohol and [RCOCl] of the acyl chloride at time t ,  I?! a 
first-order and k:, a second-order rate constant. The rate law apparently 
changes gradually from one of second-order to one of first-order as the 
reaction proceeds. The reactions are faster in sulphur dioxide than in 
other solvents. 

Nagai and co-workers195 compared kinetic data for the benzoylation 
of methanol with n.m.r. data for the self-association of methanol in 
sulphur dioxide-carbon tetrachloride mixtures of varying composition. 
They concluded that the reaction more likely involves methanol monomers 
than methanol associates. This conclusion is the opposite of that of Hudson 
and Lovedaf9 according to whom acylations of an alcohol involve 
associated forms of the alcohol in carbon tetrachloride. 

c. Forniic arid acetic acids. Howald has studied the effects of salts on the 
solvolysis of acetyl chloride in glacial acetic acidlgG and Crunden and 
Hudson the solvolysis ,of substituted benzoyl chlorides in formic acid 
containing water”. Most acyl chlorides react by the ionization mechanism 
in these strongly ionizing solvents. The reaction of p-nitrobenzoyl chloride 
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is still bimolecular in these solvents; the rate is approximately propor- 
tional. to the water concentration and is increased by formate ions2’. 

SatchelPD7* lD8 found that the reactions of 2-naphthol with various acyl 
halides in acetic acid are catalysed by hydrogen halides and salts. 
He derived approximate values for the equilibrium constants for various 
halogen exchange reactions from the measured rates of the reactions. 

11. Acid catalysis 
In contrast to acyl fluorides (see section 11, B), the solvolytic reactions 

of acyl chlorides are not catalysed by acids22* 48*  lD9. The ethanolysis of 
2,4,6-triniethylbenzoyl chloride in dilute solutions of ethanol in carbon 
tetrachloride is, however, strongly catalysed by the hydrogen chloride 
formed3’. The reaction is przctically irreversible and the autocatalysis 
becomes less pronounced as the alcohol coiicentration increases. The only 
case where the acid catalysis has been extensively examined seems to be a 
study of the hydrolysis of 4-substituted 2,6-~dimethylbenzoyl chlorides in 
99% acet~iiitrile-water~~~. Perchloric acid is a stronger catalyst than 
hydrochloric acid, and the common ion effect counteracts the catalysis by 
the latter acid. No acid catalysis was detected in the hydrolysis of unsub- 
stituted benzoyl chloride under the same conditions. 

12. Reactions with hydroxide, alkoxide and phenoxide ions 
The effect of added alkali on the rates of solvolysis of acyl chlorides 

has been studied in a few cases. A pronounccd acceleration of the rate by 
hydroxide (or alkoxide) ion is generally considered to point to a bimole- 
cular mechanism. The work of Hudson and co-workers”* 26* 28, for example, 
shows that the effect of hydroxide ion is generally in agreement with other 
mechanistic criteria although the effect is not always of the expected 
magnitudezG. 

Hydroxide ion ( 1 ~  OH-) effects a hundred-fold increase in the rate of 
hydrolysis of 2,4,6-trimethylbenzoyl chloride in 95% dioxan-waterZo0, but 
does not accelerate the reaction in 50% acetone-water22. Obviously the 
reaction is unimolecular in the latter solvent. The rate of hydrolysis of 
dimethylcarbamoyl chloride in water does not vary with hydroxide ion 
concentration, but ethyl chloroformate is very reactive toward the 
hydroxide ion, in agreement with the fact that the former reaction is 
unimolecular and the latter bimolecularlo8. 

Bender and Chen145 found that tetramethylammonium hydroxide 
greatly accelerates the hydrolysis of 4-substituted 2,6-dimethylbenzoyl 
chlorides in 99% acetonitrile-water. The value of p for the base-catalysed 
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reaction is + 1.2. The authors concluded that the neutral (and acid- 
catalysed) and the base-cataiysed soivolysis proceed by quite different 
mechanisms. If this is true, base catalysis may not be a reliable mechanistic 
criterion. 

Peeling147 found that ethoxide ion increased the rates of alcoholysis of 
some substituted benzoyl chlorides in an 80% acetone-ethanol mixture, 
but some of his conclusions have been criticized3l> 14G. In a study of the 
reactions of ethyl chloroformate with p-substituted phenoxide ions in an 
85% acetone-water mixture, Hudson and Sovedayw obtained the value 
0.78 for the constant CY of the Brernsted relation. 

13. Reactions with phenols 
Satchel1 and co-workersla8* lS9. 201 found that the acylatioiis of 

?-naphthol and p-methoxyphenol in acetonitrile have significant acid- 
catalysed components. The reactions can tic represented by the scheme 
(24). When the acylation reagent is chloroacetyl chloride, the reactions 
exhibit several special feature+" 

ROC1 + HCI RCO+HCIg RCO+ + HCI, (fast) 

ArOH 

Products 
1 

Products Products 

(slow) (24) 

B. Acyl Fluorides, Bromides and Iodides 
Solvolytic reactions of other acyl halides than chlorides have been 

studied to only a limited extent. Some information is available on the 
reactions of fluorideszo2, but very little on the reactions of acyl bromides 
and iodides. The usual order of reactivity is RCOF c RCOCl c RCOBr 
< RCOI. The electronegativities of halogens decrease from fluorine to 
iodine and correspondingly the positive partial charge on the carbonyl 
carbon atom in acyl halides decreases in the same order. Swain and Scott203 
ascribed the low reactivity of acyl fluorides to the greater strength of the 
carbon-fluorine bond. 

The solvolytic reactions of acyl fluorides differ from the reactions of 
other acyl halides in that they are catalysed by acids43? 8 7 9  197* 2 0 3 9  20.4* 2os. 
One explanationzo4 is that the leaving groups in the acyl chlorides, 
bromides and iodides may not form sufficiently stable complexes with 
protons in aqueous mixtures. 

Bunton and FendlerZoo" studied the hydrolysis of acetyl fluoride in 
water. The activation energy was 12.5 kcal/mole ana the activation 
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entropy -27 cal/deg mole. Over the pH range 2-80-6.80 the rate of 
hydrolysis was constant (about 3 x s-l at 0-4°C). A similar plateau 
(neutral hydrolysis) has been observed with carboxylic anhydrides and 
several aliphatic esterss8. 

The similarities observed between acetyl fluoride and acetic anhydride 
(including also solvent effects) may be explained by assuming similar, i.e. 
addition-elimination mechanisms. According to Buntm and Fendler, the 
structure 2 of the transition state is highly polar and stabilized by hydrogen 
bonding with a water solvent. 

6- 
0 

s+ li 
H20 .-C-X 

If the bimolecular hydrolysis of an acyl halide takes place by an SN-type 
mechanism, the transition state can be taken to have a structure similar 
to 1. The transition state in the addition-elimination mechanism is 
probably one similar to 2. i n  structure 1 the carbon-halogen bond is 
considerably extended and one would expect that the ratio of the rates of 
solvolysis of an acyl fluoride and acyl chloride (in the following called 'the 
fiuorine-chlorine ratio') is much less than onezo2. In structure 2 the 
stretching of the carbon-halogen bocd is slight or nil. The fluorine- 
chlorine ratio may be expected to be much greater than one when the 
structure is 2 because, owing to the greater positive charge on the carbonyl 
carbon atom in an acyl fluoride than in an acyl chloride, the repulsion 
energy when the transition state is formed from the attacking reagent and 
the acyl halide is smaller in the case of the fluoride than in the case of the 
chloride. The same applies also to other halogen-halogen ratios. 

The majority of tne reported halogen-halogen ratios zre collected in 
Table 15. Most values are much smaller than unity, and according to the 
above discussion these may be interpreted as indicating an S,-type 
mechanism. The situation is, however, more complicated if there is an 
intermediate on the reaction path. The various proposed explanations for 
the observed fluoiine-chlorine ratios have been examined by Parker202, 
who has suggested the possibility that a generalized transition state (3), 
involving varying degrees of carbon-halogen bond stretching, may exist. 

In the hydroxide ion-catalysed hydrolyses of acyl halides, the fluorine- 
chlorine ratio is slightly greater than one. This is in agreement with the 
opinion that the mechanisms of reactions in which strong nucleophiles 
participate may differ from the mechanism of neutral hydr~lysis '~~.  The 
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reaction with hydroxide ion as nucleophile would hence take place by an 
addition-elimination mechanism. 

It  is probable that a rapid protonation of the fluorine atom (rather than 
the oxygen atom) takes place in the acid-catalysed reactions of acyl 

TABLE 1 5. Fluorine-chlorine, chlorine-bromine and bromine-iodine replace- 
ment ratios for the reactions of acyl halides (a = acetone, d = dioxan, 

e = ethanol, w = water) 

Acyl halide Reagent Solvent T Ratio Refercnce 
(“C) 

CH,COCl 
CH,COCI 

C,H,COCI 
CGH,COCI 
C6H5COCI 
JJ-NO~C,~H~COCI 
J J -CH~C~H~COC~ 
CH,COCI 
CH,COCI 
CH,COCI 
CH,COCI 

CGHSCOCI 

H 2 0  
2-C, oH,OH 
H,O 
HZO 
OH- 
HnO 
H,O 
H2O 
H20 
H20 
2-C10H70E 
H20 

75% a-w 25 F/Cl 1.3 x 203 
AcOH 40 F/CI 1.4 x lo-‘ 197 
75% a-w 25 F/Cl 1.1 x lo-? 203 
50% a-w 0 F/CI 2 . 6 ~  203 
50% a-w 0 F/C1 1.4 203 
80% e-w 23 F/CI 2.4 x lo-? 87 
80% e-w 25 F/Cl 2 . 0 ~  lo-? 87 
80% e-w 25 F/CI 6.2 x lo-, 87 
89% a-w -20 CI/Br 3.1 x 66 
AcOH 40 Cl/Br 3.7 x lo-, 197 
AcOH 40 CI/Br 6.7 x lo-? 197 
89% a-w - 20 Br/I 5 x lo-, 66 

fluorides and that this is followed by a rate-limiting attack of water upon 
the copjugate acid (equations 25 and 26)20z3 zo4n z05. The fact that hydrogen 

RC-F + H,O + e. RCFH -I- H,O (fast) (25) 

0 0 
II Il+ 

R!;H + H,O - Products (slow) (26) 

fluoride produced in the hydrolysis of acetyl fluoride does not catalyse the 
reaction suggests that the reaction is not catalysed by general acidszo5. 

C. Phosgene and Related Compounds 
Phosgene is the only catbonyl halide of the type COX, or COXY, where 

X and Y are halogen atoms, whose rates of solvolysis have bean measured 
(see Tables 2 and 9)57p OG. I t  seems that the hydrolysis of phosgene does 
not proceed in two clearly distinguishable stagesGG. 

0 

D. Reaction Mechanisms 
The mechanisms of acyl halide solvolysis have been discussed from 

various aspects by Ugi and BeckGG, Minato19, Kivinenls> zo, Queenz*, 
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JohnsonB, Heydtinann and StiegeP3, Evans17D and Kevill and F o s s ~ ? ~ .  
The question from the mechanistic standpoint is whether the reactions 
are best described by a synchronous &-type mechanism or an addition- 
elimination mechanism (see section I). Since the carbonyl carbon in acyl 
halides has an appreciable partial positive charge, nucleophilic attack is 
easier here than at a saturated carbon. In addition, a trigonal carbon atom 
is sterically less hindered than a tetrahedral saturated carbon. Hence, 
even when substitution reactions of acyl halides take place by 2 synchron- 
ous mechanism, these can be expected to differ from reactions of alkyl 
halides. 

1. The unimolecular mechanism 
The unimolecular hydrolysis (or, more generally, solvolysis) of an acyl 

halide may be assumed to take p:ace either with the initial formation 
of an acylium ion in accordance with equation (27) (cf. equation (4) in 

0 
I1 

(27) 
+ fast RC=O - Products 

HZO RC-X 

section 11, A, 1) or by way of a hydrated tetrahedral intermediate 
(equation 28). Scheme (28) does not seem plausible, as it presupposes that 

0 OH OH 
I t  fast . I slow I fast 

RC-X + H,O , ~ 7 - x  --+ RY+ + X- __f Products (28) 
I 

OH O H  

the geminal diol formed is relatively stable, and this is not very likely21. 
The isotope effects observed in the solvolysis of acetyl chloride are also 
best explained by scheme (27). In addition, the fact that the oxygen 
exchange in aqueous mixtures is very slow164 does not fit scheme (28) (see 
also section 11, A, 8). 

Minato19 has proposed a refined addition-ionization mechanism €or the 
solvolysis of acyl chlorides. In this mechanism (29) the rate constants k, 

0 

and k, are small, and k, is large. Although the steps to which k2 and k-, 
refer could be intramolecular proton transfers, a more plausible process 
would be the formation of a six-membered transition state incorporating 
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a solvent molecule. In proposing his scheme, MinatolS greatly stressed the 
influence of the dielectric constant of the solvent. There are, however, 
many solvolytic reactions of acyl halides and other substrates whose rates 
do not vary in proportion to the dielectric constant of the solvent2’. 
Minato’s mechanism has been criticized because it is difficult to reconcile 
it with observed substituenPO and isotope effects179 and with the pressure 
dependence of the rates163. The best description of the unimolecular 
mechanism seems to be the simple scheme (27) involving the formation 
of an acylium ion. 

2. The bimolecular mechanism 
The bimolecular mechanism of solvolysis of acyl halides may be either 

a synchronous SN2-type mechanism (30) or an addition-elimination 

mechanism. Although considerable evidence has been collected in favour 
of the addition-elimination mechanism, especia!ly for the solvolysis of 
alkyl chloroformates21, the kinetic data for the solvolysis of other acyl 
halides can in most cases equally well be explained by equztion (30). It 
may be that the liydroxylic solvent forms a hydrogen bond with the halogen 
atom in an acyl halide and thus facilitates the release of the halogen. 

The addition-elimination mechanism has been formulated in different 
ways. The most usual schemes are (31)-(33). 

0- 
I 

R’C-X R’C-x + R ~ O H  I. I 
R ~ Y H  

0 
II 

Products 

0- OH 
0 I I 

R’C-X + R’C-X Products 
I 

R ~ O H  R2 0 
- II 

R’C-x + R ~ O H  TI=? I 
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The observed rates of carbonyl oxygen exchange in acyl halides in water 
(see section 11, A, 8) fit the formation of a tetrahedra1 intermediate (6), 
L;t;t there is IIG ur,equivocaI cvidcnce f ~ r  its presence. 

Kevill and FosslZ3 concluded that the methanolysis of p-nitrobenzoyl 
chloride in acetonitrile proceeds by mechanism (32). The intermediate (4) 
first formed normally reverts to the reactants unless deprotonation leads 
to a new tetrahedral intermediate (5) which may yield the products. The 
deprotonation of 5 may be effected by the weakly basic acetonitrile 
(solvent) molecules or by methanol. 

RosslZ5 studied the ethanolysis of benzoyl and p-nitrobenzoyl chlorides 
in acetone and chloroform to clarify the significance of hydrogen bonding 
in the formation of the transition state and concluded that every rate- 
determining transition state must also contain an acceptor for hydrogen 
bonding. Ross’s explanation for the large increase in the rate of meth- 
anolysis of p-nitrobenzoyl chloride caused by added chloride ions differs 
somewhat from that of Kevill and Fossl=. 

The kinetic data of Heydtmann and c o - w o r k e r ~ ~ ~ ~ ~  154 and Fagley and 
c o - w o r k e r ~ ~ ~ ~ *  lZ2 for reactions of acyl halides in solvents of relatively 
higher hydroxylic component content can be explained by a mechanism 
similar to (30), which does not involve the fomation of a tetrahedral 
intermediate. 

Other reported results are in accordance with a synchionous mechanism. 
Clarkza6 compared kinetic data for decarboxylation reactions with those 
obtained for the ethanolysis of substituted benzoyl chlorides and concluded 
that the rate-determining steps are probably similar for decarboxylation 
and solvolysisl*, the mechanism being of the S,-type for both reactions. 
The effect of dimethyl sulphoxide on the rates of hydrolysis of alkyl 
chloroformates is similar to its effect on reactions that are known to 
proceed by a synchronous mechanism (section 11, A, 3). 

Kinetic data are not sufficient to decide whether the mechanism of the 
neutral hydrolysis of acyl halides is a synchronous or an addition- 
elimination mechanism. The mechanisms may also differ depending on the 
structure of the acyl halide or the solvent and the reaction may proceed 
concurrently by both mechanisms. 

When an acyl halide reacts with a hydroxide ion or another strong 
nucleophile (section 11, A, 12), the addition-elimination mechanism (34) 
is more probable. 

0 0- 
I t  I 

I 
OH 

(34) 
- RC-X + OH- .-. RC-X d Products 
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Structure 7 has been proposed for the transition state in the neutral 
solvolysis of acyl halides. This would exclude oxygen exchange62 in solvents 
of low polarity and would also be in agreement with the opinion30 that 
acyi halides react with associated forms of alcohols. 

(7) (8) (9) 

Akiyama and Tokura131 suggested that the bimolecular solvolysis of 
acyl chlorides proceeds by an SN2 mechanism in which the transition 
state has a cyclic four-centred structure (8). In ihe phenolysis of l-phenyl- 
ethyl chloride where displacement occurs at a saturated carbon atom, a 
transition state similar to 8 has been proposed207. If the carbon-chlorine 
bond in acyl halides is at least partly converted to an ion pzir, structure 8 
may also fit the ion-pair mechanism of nucleophilic substitution proposed 
by Sneen and ~ o - w o r k e r s ~ ~ - ~ ~ .  This hypothesis, when applied208 to the 
data of Gold, Hilton and Jeffercon2O9 for the reactions of benzoyl chloride 
with water and o-Ritroaniline in acetone-water mixtures, was found to 
give excellent agreement between theory and experiment. The cyclic 
transition state may also have structure 9 in which the hydrogen bond is 
formed with the halogen atom instead of the carbonyl carbon atom. 

We conclude that more work must be done before a detailed mechanism 
of solvolysis of acyl halides can be accepted. 

IIi. REACTIONS WITH AMlNES 

A. Acyl Chlorides 

1. General 
Most amines are powerful nucleophiles and are more readily acylated 

than alcohols or water. Sometimes the reactions are violent. The normal 
order of carbonyl reactivity is observed, acyl halides being more reactive 
than anhydrides and esters. Substitution reactions at an amino nitrogen 
have been reviewed by Challis and Butler210. 

Tertiary amines are not usually very reactive towards acyl halides. 
The formation of acyl quaternsry amine salts and their solvolysis will be 
discussed in section IV. The dehydrochlorination of acyl halides (pos- 
sessing an a-hydrogen) by tertiary anlines to a ketene2l1 will not be 
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discussed in this review. In the following, the reactior,s of acyl halides 
with primary and secondary amines are examined. 

The reactions between acyl halides and atnines proceed in general 
quantitatively in accordance with equations (35) and (36). The formed 

R'NH, + R'COCI ~ > R1NHCOR2 + HCI (35) 

(36) 

anrine hydrochloride usually precipitates from the solution. In a few cases 
the hydrogen halide formed does not react with a second amine molecule 
and the overall reaction is then (35)212. With primary amines the second 
hydrogen atom on the nitrogen may also be displaced by an acyl group. 

The conditions where reactions (35) have been studied kinetically have 
been such that the mechanism can be assumed to be bimolecular, i.e. the 
existence of an acylium ion in some stage of the reaction is improbable. 
Acyl halides usually ionize in acid media where amines, in salt form, are 
poorly reactive or in solvent mixtures containing a hydroxylic component 
in which soivolysis renders interpretation of the results difficult. 

The kinetics of acylation of amines has been studied by Hinshelwood 
and Venkataraman and c o - w ~ r k e r s ~ ~ ~ ~ ~ ~ ,  Litvinenko and c ~ - w o r k e r s ~ ~ ~ - ~ ~ ~  
and Vorob'ev and K u r i t ~ y n ~ ~ - ~ ~ ~ .  The majority of the studies have dealt 
with reactions of substituted anilines with aromatic acyl chlorides and 
substituent effects, solvent effects and energy-entropy relationships have 
been examined. 

In only a few studies have attempts been made to determine the detailed 
reaction mechanisms. Whether the roactions (35) take place by an SN2- 
like or by the addition-elimination mechanism will be discussed later. 

When the kinetics of the benzoylation of anilines is studied, the 
customary method is to remove the precipitated anilinium hydrochloride 
by filtration and to titrate the chloride ion in the filtrate by Volhard's 
method or potentiometrically. The validity of this procedure has been 
questioned225* 226. The reported rate constants for the benzoylation 
of aniline in benzene at 25°C have varied from 6.00 x 
l/mole s and the values of the activation energy from 6.91 to 7.60 

R'NH, + HCI -> R lNH+,CI - 

to 7.48 x 

~<~a]/~ole214,  217, 228, 247, 260-264. 

2. Solvent: effects 
The rate constants of the benzoylation of anilines in individual runs in 

different solvents usually exhibit a good constancy, but exceptional sol- 
vents in this respect are hexane213, heptane2", octane248, d e ~ a n e ~ ~ ~ ,  
c y ~ l o h e x a n e ' ~ ~ ~  and carbon tetrachloride213. The reason is evidently that a 
heterogeneous reaction accompanies the homogeneous reaction2I3. The 

8 
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anilinium hydrochloride pa-ticles accelerate the rcaction, but as they fall 
to the bcttcm cf the reaction VCSSCI, :hz rzaztiim S ~ O W S  dswii. \ ’ o r ~ G ’ e v ~ ~  
has found that the homogeneous reaction predominates above a certain 
critical temperature for each solvent and irregularities are no longer 
observed. 

The benzoylation of anilines has been stuciied in numerous sol- 
v e n t ~ ~ ~ ~ - ~ ~ ~ .  247s 2 4 9 ~  2 5 0 9  253. Some of the data reported are shown in 
Table 16. 

TABLE 16. Kinetic data for the reaction of benzoyl chloride 
with aniline in different solvents at 25” 

Solvent 1 02Jc E log A Reference 
(I/mole s) (kcal/molc) 

Carbon tetrachloride 
p-Xylene 
Diethyl ether 
Diethyl ether 
Anisole 
Nitrobenzene 
Ethyl acetate 
Acetone 
Dioxan 
Acetonitrile 

0.80 
3.99 

1 6 3  
16.6 
29.6 

103 
196 
427 
661 
871 

7.10 
7.35 
6.10 
6-40 
4.30 
6.30 
5.90 
5-75 
9-40 
6.90 

3.11 247 
4.08 247 
3.7 253 
3.9 249 
2.62 247 
4.63 247 
4-8 249 
4.85 247 
7-7 249 
6.0 249 

The low activation energy values are attributable to the weak repulsion 
between the nitrogen atom of the amino group and the carbonyl carbon 
atom of the acyl group253. The entropies of activation for the benzoylations 
of anilines are usually of the order of - 40 to - 55 cal/deg mole. 

The benzoylation of anilines has been studied also in various mixed 
solvents, especially in binary mixtures composed of benzene and a polar 
solvent (see Table 17)2203 253* 254. A common feature is that the activation 
energy decreases 1-3 kcal/mole wlieii 10-20 per cent of the polar solvent is 
added to benzene, but further additions of the polar solvent alter the 
activation energy only slightly. 

The data for the acylation of amines show that, as in the solvolysis of 
acyl halides, dielectric effects are not of prime importance. Thus, for 
example, the rates of acylation of anilines are higher in phenyl cyanide 
benzene mixtures than in nitrobenzene-benzene z&ures, a!though the 
dielectric constants of the former mixtures are lowePo. 

Kondo and Tokura2”> 256 derived an equation for the variation of the 
rate constant in binary mixed solvents. An expression for the activation 
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energy is obtained by differentiation of this equation. The agreement 
between calculated and experimenta12zo~ 357 data for the henmylatinn nf 
p-nitroaniline is relatively good. 

TABLE 17. Kinetic data for the reaction of benzoyl chloride 
with in-nitroaniline in benzene-diethyl ether mixtures at 25” 253 

Ether 104k E log A AS* 
(wt. %) (l/mole s) (kcal/mole) (caljdeg mole) 

0 3.78 10-20 4.061 - 41.9 
8.2 8.66 8.06 2.837 - 47.5 

16.6 11.0 8-00 2.91 1 - 47.2 
34.7 13.5 8-05 3-056 - 46.5 
5 4 4  13.0 8-59 3-410 - 44.9 
75.9 11.6 8.90 3.587 - 4 4 . 1  

100 10.1 9.21 -1.756 - 43.3 

3. Substituent effects 
Most of the investigations on the acylation of amines have dealt with 

substituent effects. Since they clarify the mechanism to a limited extent 
only, they will be discussed briefly. 

In  reactions between benzoyl chlorides and anilines, the effect of a 
substituent in the benzene ring of either reactant is exerted almost entirely 
on the activation energy, whereas the entropy of activation remains 
almost constant. Electron-repelling substituents in the acyl chloride 
increase and electron-attracting substituents decrease the activation 
energy. These effects are reversed when the substituents are in the 
aniline219* 253. 

In  order to compare the effects of various substituents, Stubbs and 
Hinshe1wood2l7 used the determined frequency factor (A)  for aniline to 
calculate corrected activation energies E’ for the various substituted 
derivatives. GeneralIy the experimentally determined values of the 
activation energy Eand the corrected values E‘ are quite similar. A measure 
of the effect of a substituent on the reaction is the difference AE’= 
E k - E ; I ,  where E k  and E L  are the values for the substituted aniline 
and aniline, respectively. 

The additivity of substituent effects in reactions between benzoyl 
chlorides and anilines has been studied”’* 218* 223~ 224* 253 by comparing the 
values of E’ for disubstituted compounds with the sums of the E’ values 
for monosubstituted compounds. The additivity is good for disubstituted 
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anilines, the diffcrenccs betwecn the experimental and calculated activation 
energy values bcing general!y less than 4 200 cal/mo!e. The dlEerances are 
slightly greater for disubstituted benzoyl chlorides. 

The substituent effects depend slightly on the solvent. The additivity is 
good for reactions in benzene, but larger deviations are observed for 
reactions in nitrobenzene, for example. The latter deviations are possibly 
partly due to experimental inaccuracy (see section IlJ, A, 2). 

The acylation of aromatic amines other than anilines has also been 
studied, mainly in b e n ~ e n e ~ " ' - ~ ~ ~ *  258. Although many of these amines 
have had complex structures, the kinetic parameters have values closely 
similar to those for the acylation of anilines. The values of log A vary from 
2 to 6, but are in most case? about 4; the activation energies vary from 
4-5 to 11.5 kcal/mole. 

Hallzs9 measured the ratec ;of reaction of' dimethylcarbamoyl chloride 
with amines of various types'in ethanol. The data satisfy the Swain-Scott 
equaticnss with s values close to 2.0, which implies a strong dependence 
on the nucleophilicity of the amine. 

The data in Table 18 show that the kinetic parameters for other acylating 
agents are similar in magnitude to those for the reaction of benzoyl 
chloride. 

TABLE 18. Kinetic data for the acylation of 
m-nitroaniline in benzene at 25" 210 

Acyl chloride 1 OZk E log A 
(I/mole s) (kcal/mole) 

Benzoyl 0.0324" 10.55 4.378 
Hexanoyl 0.687 8.00 3.784 
Acetyl 1.23 1 7.70 3.816 
Phenylacetyl 2.079 8.80 4.860 
Trichloroacetyl 27-69 5-70 3.682 
Chloroacetyl 41.64 6-50 4.445 

" Calculated from the Arrhenius equation. 

One may summarize the data by stating that the values of log A ,  and 
hence those of the entropy of activztion, are only slightly hftuencerl by 
the structures of the amine and acyl chloride. This may be taken to 
indicate that the reaction mechanism is the same in all cases. 

4. Isotope effects 
Very little information is available on isotope effects in the acylation of 

amines. Elliott and Mason252 obtained the values 0.06, 0.07, 0.065 and 
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0-074 I/niole s for the rate constants of the bcnzoylation of aniline, 
_r\l,,lV-didpl.ter~.I?i!ine) 2,4,6-t:ideuteroaniline and 1VYAr-2,4,6-pentsrdeiiiel.o- 
aniline, respectively, in benzene a t  25". Hence, breaking of a nitrogen- 
hydrogen bond cannot be rate-determining; it this were so? the N-deuter- 
ated anilines would react more slowly than the protium analogues. 

5. Acid cata:)rsis 
Litvinenko studied the catalysis of the benzoylation of amines in benzene 

by carboxylic acidss5* 23G* 230-845* 2Go and amidesZG1 and also bifunctional 
catalysis2G2. Some of his data are shown in Table 19. 

TABLE 19. Second-order rate constants for the uncatalysed (k,) 
and acid-catalysed ( k , ~ )  reactions between benzoyl chloride 

and substituted anilines in benzene at 25" 

Substituent Acid 

H acetic 
p-c1 acetic 
m-c1 acetic 
p-NO, acetic 
1-I benzoic 
m-C1 benzoic 

~ 

102ko 102k,t Reference 
(I/mole s) (I/mole s) 

-.- 

6.99 1350 240 
1.23 352 240 
0.46 101 240 
0.0042 1.2 240 
7.0 2230 235 
- 388 243 

The overall rate ko,)s of a reaction catalysed by a carboxylic acid can 
be represented by equation (37) where k, and kcnt are the rate constants 

kobs = k, + kcatma (37) 

of the uncatalysed and catalysed reactions, respectively, 112 is the concen- 
tration of the catalysing acid and a its degree of dissociation. Only the 
monomeric form of a carboxylic acid is catalytically 2(io. The 
rate constants of the catalysed reactions obey the Arrhenius equation. 

According to L i t ~ i n e n k o ~ ~ ~ ~ ~ ,  the catalysis involves the formation of a 
cyclic transition state (10 or 11). 

R2 H 
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The decrease observed in the rate of the reaction at  high acid concen- 
tration is evidentiy due to the forination of a salt by the catalyst acid and 
the amine. The catalytic effects of carboxylic acids increase with increasing 
acid strength in  the order acetic < benzoic < monochloroacetic < trichloro- 
acetic acid, although this order applies to trichloroacctic acid only at  low 
concentrations2GG3. 

Values of the activation parameters have been reported for only a few 
calalysed reactions. The values of the activation energy for the uncatalysed 
benzoylation of y-nitroaniline and the reaction catalysed by acetic acid are 
11-8 and 5-7 kcal/mole and the values of log A 4-29 and 2-25, respectively. 
The low activation energy of the catalysed reaction can be attributed to 
the formation of a cyclic transition state24o. 

6. Effect of basicity of amines 
Bose and Hinshelwood2l8 found that for the reactions of benzoyl 

chlorides with various amines in benzene, nitrobenzene and chlorobenzene 
the relationship between the logarithm of the cztdytic rate constant k ,  
and the basicity constant KB (in water) of the axnine is approximately linear. 
T!x VZ!CS ~f /3 ir, the Br~iste:! rclaticnz63: 264 (35) dciived from t k i r  d ~ t a  

log k ,  = -/3 log K B  + constant (38) 

is one. This implies that the basicity of the amine determines the rate of 
the reaction. 

B. Acyl fluorides, Bromides and iodides 
Kinetic studies have been conducted on only a few acylations of amines 

by acyl halides other than chlorides. The rate increases with the strength 
of the carbon-halogen bond in the order F < C1< Br < I. I t  seems that the 
size of the halogen has a greater effect in the reactions of acyl halides 
with aromatic amines than in their solvolytic reactions. The data in 
Table 20 show that the halogen-halogen rate ratios are of the same 
magnitude in the reactions of acyl halides with amines as in their solvolytic 
reactions (section 11, By Table 15). Bender and JoneszG5 explained the great 
difference between the rates of reaction of benzoyl fluoride and benzoyl 
chloride with morplioline in cyclohexane by assuming that the electro- 
philic catalysis of the removal of the fluoride ion which occurs in aqueous 
solution cannot occur in cyclohexane. Tables 15 and 20 show, however, 
that the fluorine-chlorine reactivity ratio is almost equal in  the hydrolysis 
and in the reaction with morpholine. An alternative explanation for the 
low fluorine4dorine ratio is that proposed for the solvolytic reactions 
in section II, B. 
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TABLE 20. Fluorine-chlorine, chlorine-bromine and bromine-iodine replace- 
ment ratios for the reactions of acyl halides with anilines and morphoiine at 

2 Y  
~ - ~~~ ~~~~ 

Acyl halide Amine Solvent Ratio Reference 

Benzoyl 
Acetyl 
i-Butyryl 
Benzoyl 
Benzoyl 
Benzoyl 
Benzoyl 
Benzoyl 
Benzoyl 

F/CI 4.0 x lo-.' 
CI/Br 1.3 x 
CI/Br 3.0 x 
CI/Br 7.4 x lo-, 
CI/Br 1.3 x 
Cl/Br 6-7 x lo-, 
CI/Br 7.0 x lo-, 
CI/Br 4-0 x 
Br/I 2.8 x lo-' 

265 
219 
212 
215,217,219 
215,217,219 
215,217,219 
217,219 
265 
265 

In the acylation of substituted anilines, the effect of the substituent on 
the activation energy is almost the same for acyl chlorides as for acyl 
bromides (Table 21). 

TABLE 21. Values of the differences in activation energy in the acylation of 
aniline (EH) and substituted anilines (EX) in benzene219 

Substituent 
in aniline 

A E  = E3:- EH (kcal/mole) 

CH,COCI CH,COBr C,EI,COCl C,H,COBr 

171-NO2 
p-NOZ 
a-NO, 
0-c1 

2.94 - 3.04 3.35 
4.40 4.80 4.43 4.30 
- 5.85 6.00 5-95 
- - 2-98 2.90 

Litvinenko and co-workers260 studied the catalysis of the reactions of 
benzoyl halides and substituted milines by carboxylic acids. For the 
ratio k,,,/k, in the acylations of p-methoxyaniline by benzoyl fluoride, 
benzoyl chloride and benzoyl bromide, they reported the values 294,000, 
141 and 31, respectively. These values suggest that the transition state 
involves hydrogen-bond fcrmation between the catalysing carboxylic acid 
and the halogen of the acyl halide. 

C. Reaction Mechanisms 
As for the solvolytic reactions, the reactions with amines can be described 

by a synchronous or by an addition-elimination mechanism. Most 
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investigators prefer the former in which the transition state (12) is that 
proposed by Venkataranian and Hinshelwood21D. The constancy of the 
activation entropy especially fits structure 22 since when the highly polar 

F- 

C,H,-- C ... NH, 
: (4 + S)+ H O  

I I 1  
C6H5- N -..C -C6H, 

I t  
H CI 

. I  
Cl C,H, 
A- 

(1 2) (1 3) (1 4) 

reaction centre is tlic same, the substituents, be they in the aniline or in 
the benzoyl chIoride, are far from it. 

Structure 13 was proposed by Elliot: and Mason252 on the basis of 
isotope effects (section 111, A, 4). 

Mather and Shorter"l presented the schematic structure 14 for the 
transition state in the reactions of mono- and disubstituted benzoyl 
chlorides with aniline in benzene. The two benzene rings lie parallel in 
this structure and have little freedom of rotation. 

Bender and Jones26s, on the other hand, have concluded that amines are 
acyiated by the addition-elimination mechanism (39) and have explained 

0 0- 
I I  k, I 

k* I 

the low fluorine-chlorine ratio in the reactions of benzoyl halides with 
morpholine in cyclohexane (Table 20) by assuming that the ratio k,/k, is 
high and variable and that there are differences in the resonance stabili- 
zation of the acylating reactants. 

Tokura and co-workers have successfully applied their theory255 of 
reaction rates in binary mixed solvents to the kinetic data for the benzoy- 
lation of m-nitroaniline in benzene-nitrobenzene mixtures220 and their 
electrostriction theory26G to the data for the reaction between m-nitro- 
aniline and benzoyl chloride in various solvents216. These data are in 
better accord with the synchronous than with the addition-eiimination 
mechanism. 

Although a mechanism similar to (39) seems more plausible for reactions 
between strongly nucleophilic amines and acyl halides, most experimental 
data can be more simply explained by an SN2-type mechanism in which 
the transition state has one of the structures 12-14 More experimental 
work is required before a final decision can be made between these two 
alternative mechanisms. 

> Products (39) C,H,C-X -t R2NH .: C6H,-C-X 

+NHR, 
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IV. SOLVOLYTIC REACTlOMS CATALYSED BY 
I ERTiAiiY AKiNES IbP 

A. General 
Tertiary amines strongly cataIyse solvolytic reactions of acyl halidess. 

Pyridine, for example, increases the rates of hydrolysis of acetyl and 
benzoyl chlorides in 89.1% acetone-water more than 1O5-foldGs. The 
reaction catalysed by an amine may be thoughtzG7 to occur so that the 
acyl hdide reacts with a hydrogen-bonded -Acohol-amine or water-amirie 
complex (equation 40) or forms first an acyl quaternary amiiie salt which 
is decomposed by the solvolytic agent (equation 41). 

R'COX + RZOH + R:N R'COX + R20H-- .RjN ---+ Products 
(40) 

R'COX + R20H + R:N ~ > R'CONR:, X -  + R20H - Products 
(41 1 

Owing to the very high rates of the amine-catalysed reactions, very little 
information is available about the mechanisms. I t  is, for instance, difficult 
to estimate the relative contributions of reactions (40) and (41)2G7. The 
acyl quaternary anune halide that is an intermediate in reaction (41) can 
be prepared by allowing the acyl halide and the tertiary amine to react 
with each other directly or in an inert solvent. 

+ 

63. Qtlaternarization of Ac yl Halides 
The reactions of acid chlorides with tertiary amines have been reviewed 

by Leduc and ChabrierzGGs. The quaternary acyl halide adducts are mostly 
unstable and hygroscopic. The N,N-dialkylcarbamoylpyridinium chlorides 
are, however, less reactive and their solvolytic behaviour has been studied 
to some e~tent"-~-~". Spectral evidence has been collected for the existence 
of the ion RC= 0' in adducts formed by acetyl and benzoyl chlorides 

3 with pyridine, 3-picoline and 4-pic0line"~. On the other hand, there is a 
strong carbonyl absorption band in the spectra of dialkylcarbamoyl 
chlorides269 and acetylpyridinium It  is also possible that the 
ionic character varies from one adduct to another. 

1-(N,N-Dimethylcarbamoy1)pyridinium chloride decomposes in non- 
hydroxylic solvents according to equation (42). The equilibrium constant 

(CH,),NCOPyr,CI - (CH,),NCOCI + Pyr (42) 

of this reaction vanes greatly with the initial concentration of dimethyl- 
carbamoyl chloride2Gg. In hydroxylic solvents, the adduct is stabilized by 
hydrogen bonding2G9. The ease with which dimethylcarbarnoyl chloride 
forms complexes with amines diminishes in the orderzi4 : pyridine > 

+ 
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N-niethylpiperidine 9 triet1iy;amine > N,N-dimcthylaniline. The catalytic 
egects of tertiary amines on the Iiydrolysis of acyl chlorides in 89.1% 
acetone-water decrease in the order: pyridine > trimethylamine > triethyl- 
amine > collidineGO. 2,6-Lutidine, 2,4,6-collidine and 2,G-dimethoxy- 
pyridine do not react with dimethylcarbamoyl chloride when equimolar 
amounts of amine and the acyl chloride are mixed2G9. No information is 
available ofi the corresponding reactions of carboxylic acid chlorides and 
tertiary amines. 

Arnide-hydrogen halide adducts can be prepared from acyl halides and 
secondary amines under carefully controlled conditions275. 

The activation energies and values of log A are usually low, and hence 
the activation entropies strongly negative, when quaternary ammonium 
salts are fornzed from alkyl halidesz70. The kinetic parameters are thus 
of the same magnitude as those for reactions of acyl halides with primary 
and secondary amiiies (see sectim IIT, A). The quaternarization of acyl 
halides does not seem to have been studied by kinetic methods. It is 
possible that the quaternary salt formation proceeds by way of a tetra- 
hedral 278. 

C. Aliphatic Amines as Catalysts 
The available inrormation on mechanistic details of solvolytic reactions 

of acyl halides catalysed by tertiary aliphatic amines is meagre. An 
unexpected shift of a double bond from the a$-position to the fI,y-position 
has been observed when crotonoyl chloride undergoes alcoholysis in the 
presence of a tertiary amine279. It  is possible that an acyl quaternary 
ammonium salt is formed as an intermediatezi9* 280. 

Ketenes are prepared by allowing acyl halides containing an a-hydrogen 
atom to react with tertiary amines211. Truce and 5 i8  have 
presented evidence which shows that the alcoholysis of acyl halides pro- 
ceeds by two routes when a tertiary amine is present. One route is an 
elimination-addition process where a ketene is an intermediate and the 
other route is a substitution reaction where an acyl quaternary ammonium 
salt is first formed. The reactions can be represented by equations (43). 

R,C=C=O + Et,NHX - R,CDCO,Me 

S43) 

+ MeOD 
?'I Y 

-h 
R,CHCOX -I- Et,N 

R,CHCONEt,,X--> R,CH C0,Me 

The existence of the ketene as intermediate has been confirmed by 
carrying out the alcoholysis in the presence of methanol-d. It is interesting 
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to note that the intermediates are interconvertible. The contribution of the 
substitution reaction increases in the order: acetyl chloride < acety! 
bromide < acetyl iodide. 

D. Aromatic Amines as Cata/ys+s 
The formation of acyl quaternary amine halides as iiitermediatcs in the 

solvolytic reactions of acyl halides in the presence of amines is very 
probable. Recently an acetylpyridinium ion has been cstablished as an 
intermediate in a pyridine-catalyscd acyl transfer, i.e. in the hydrolysis of 
acetic anhydride catalysed by pyridine2*l. 

Johcson and R ~ m o n ? ~ ~  have studied the nucleophilic reactions of 
1-(N,N-dimethylcarbamoy1)pyridinium chloride in water. The neutral 
solvolytic reaction is a direct nucleophilic reaction, as shown by the 
moderately large kinetic solvent isotope effect (2-26) and the low value of 
the activation entropy (-27 cal/deg mole). These values differ greatly 
from the values for the neutral hydrolysis of dimetliylcarbamoyl chloride 
which is a unimolecular reactionlo8. 

V. COMPARISON OF REACTIVIITIES O F  CQF, COCI, COBr 
AND COI GROUPS 

Very little can yet be said about any essential differences in reaction 
mechacisms when the halogen atom in an acyl halide changes from 
fluorine through chlorine and bromine to iodine. In the case of all reactions 
discussed above the reactivities increase regularly in the sequence 
F c C1< BT < I  (see sections 11, B and 111, B). 

The reaction mechanisms are probably the same when the halogen is 
chlorine, bromine or iodine. The high electronegativity and small size of 
fluorine compared to the other halogens gives cause to assume that if there 
are differences in reaction mechanism, they should. become evident when 
reactions of acyl fluorides are compared with yeactions of other acyl 
halides. In fact, the solvolytic reactions of acyl fluorides exhibit a number 
of special features (section 11, B), but kinetic evidence is still too meagre to 
permit one to decide whether only differences in degree are in question or 
whether acyl fluorides react by different mechanisms than the other acyl 
halides. 
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1. INTRODUCTION 

Strong reducing reagents, such as lithium aluminium hydride, reduce acid 
chl~ri-ide, to carbinols (equation 1) (see section 111). However, modified 

-COX + 4 H > -CH,OH + HX (1 1 

metal hydrides rcduce acid chlorides to aldehydes (equation 2) and this 

-COX + 2 H -CHO + HX (2) 

can also be achieved catalytically (Rosenmund reduction ; see section 11). 
Bimolecular reduction to acyloins (equation 3) and glycols (equation 4) 

2 C O X + 2 H  > -CO-CHOH- + 2 HX (3) 

2 COX + 4 H (4) 

can be performed with magnesium-magnesium iodide (see section 1V). 
Reduction to a methyl group would involve hydrogenolysis of the carbon- 
oxygen bond, and has also been reported. Reduction to an alkyl halide 
(- C H , X )  is not possible, since liydrogenolysis of the carbon-halide bond 
would occur. 

Acyl bromides are more easily reduced than acyl chlorides, but no data 
have been published on the reduction of acyl fluorides or iodides. 

> -CHOH-CHOH- + 2 HX 

23 1 

The Chemistry of Acyl Halides 
Edited by Saul Patai 
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I I .  CATALYTIC REDUCTION 

Acid chloiides can be hydrogenated seiecrively to aldehydes (equatiofi 5) 
by using a suitable catalyst'.?, and the reaction is known as the Rosenmund 

RCOCI + H,- RCHO + HCI (5) 

reduction3. The catalyst is usually 5% palladium on barium sulphate, 
although platinum, osmium and nickel catalysts on kieselguhr, calcium 
carbonate or activated carbon have also been used1. To prevent further 
reduction of the aldehyde to a carbinol, the catalyst is poisoned4 with a 
mixture of quinoline and sulphur5. Thiourea has also been employed as a 
poison6. The catalyst is suspended in a heated solution of the acid chloride 
in xylene or toluene and a stream of hydrogen passed through the solution 
to remove the hydrogen chloride. Benzene, tetralin and decalin have also 
been used as solvents', as have ethers'. The acid chloride is prepared using 
thionyl chloride, but phosphorus halides cannot be used, since phosphorus 
compounds deactivate the catalyst** 9. 

Aliphatic, aromatic and heterocyclic acid chlorides are converted into 
the correspcnding aldehydes in 50-80% yields'. The main by-products in 
general are carbinol (equation 6) and hydrocarbon (equation 7) formed 

RCHO + H, - RCH,OH (6) 

RCH,OH + H, - RCH, + H,O (7) 

by further reductionlo- 11, and ester formed from the carbinol (equation 8). 

RCH,OH + RCOCI- '& RCH,OCOR + HCI (8) 

In the presence of traces of oxygen or water, acid anhydrides are important 
by-products (equation 9)12- Palmitoyl chloride in xylene gave 56% 

RCOCI + RC0,H (RCO),O + HCI (9) 

hexadecanal13. The yields can be improved (to 80-90%) in the reduction of 
butyryl, nonanoyl, palmitoyl, oleoyl and stearoyl chloride by using a 
palladium-barium sulphate catalyst regulated with dimeth~lanilinel~. 
The nitro group in p-nitrobenzoyl chloride was not reduced, and o-chloro- 
benzoyl chloride afforded o-chlorobenzaldehyde". 

The Rosenmund reduction of some heterocyclic acid chlorides lcads to 
decarbonylation (equation 10). The carbonyl group in p-anisoyl chloridelo 

RCOCl + H, - RH + CO -1- HCI (1 0) 

and 3,4,5-trimethoxybenzoyl cli1oridel5 was also removed, whereas 
triphenylacetyl chloride afforded triphenylmethane16. The acid chlorides 
of dibasic acids give only low yields of aldehyde. Succinyl chloride (1) 
formed butyrolactone (2)li, and adipyl chloride (3) gave formyl-valeric 
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acid (4), together with cyclopcntene-1-carboxylic acid (5)17. o-Phthalyl 

I I 0 
CH,COCi CH,CO, 

CH,COCI C H, C H,' 

(1 1 (2) 

CH,CH,COCI CH,CH,CHO CH2-CH,, 
I 1 I C--COZH 
CH,CH,COCI CH,CH,CO,H CH,-CH@ 

chloride (6) afforded phthalide (7)18, although the meta and para isomers 
formed the dialdehydes in 80% yieId12. However, 4-carbomethoxylbutyroyl 

chloride (8, X = Cl) was reduced to methyl 4-formyl butyrate (8, X = H)19, 
and 9-carbethoxypelargonyl, 1 1-carbethcxyundecanoyl and 15-carbeth- 
oxypentadecanoyl chloride were all reduced to the corresponding ester 
aldehydes in yields of 65%, 89% and 95%, respectively*O. Glutarimide-/3- 
acetyl chloride (9, X =  C1) has also been reduced to the corresponding 
aldehyde (9, X = H) in dioxan and xylene at 120-130", in  99.5% yieldz1. 

(9) 

The acid chloride was formed from the acid using thionyl chloride and 
dimethylformamide as catalyst. 

Trifluoracetyl chloride was reduced under Rosenmund conditions to 
trifluoracetaldehyde (64%)22, although another publication reports the 
formation of the corresponding carbind=. Trichloracetyl chloride, 
however, afforded dichloracetaldeliyde (50-60%) but no chloral, on 
reduction in a high boiling petroleum fraction. Polymerization occurred in 
xylene solution2*. 
Phenothiazine-1-carboxaldehyde was prepared in good yield by 

Rosenmud reduction of the corresponding acid chloride25. Salicyl 
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aldehydes were synthesized by reduction of the acid chlorides at  80" but 
without the quinoline-sulphur poison2G. Stearoyl chloride was reduced in 
96% yield to the aldehyde by adding to pre-reduced 5% palladium on 
barium sulphate in acetone and using dimethylacetaxide to neutralize 
the hydrogen chloride". The Rosenmund preparation of /3-naphthaldehyde 
is recorded in Organic Synthesis5. 

Deuterium-labelled benzaldehyde (PhCDO) has been prepared by 
Rosenmund reduction of benzoyl chloride using deuterium. Labelled 
p-phenylbenzaldehyde was similarly prepared from the corresponding 
acid chloride". 1-l4C-Dodecanoic acid has been reduced in the same 
fashion via its acid chloride, to the corresponding labelled aldehyde in 
42% overall yield29. 

The effect of sulphur compounds as poisons for a palladium-barium 
sulphate catalyst in the reduction of benzoyl chloride to benzaldehyde 
in toluene solution has been studied30. Tetramethylthiourea was very 
effective, since the addition of 4 x moles resulted in an 80% yield of 
aldehyde. Thiourea was less effective, while thiophene had a smaller 
effect and dibenzothiophene had little effect. Palladium sulphide (5%) on 
barium sulphate produced 4G% benzaldehyde, which was increased trr 80% 
on the addition of tetramethylthiourea. The remaining product was benzyl 
alcohol. This was formed by subsequent reduction of the aldehyde on the 
catalyst, since when 14C-labelled benzaldehyde (Ph14CHO) was added, the 

PhCOCl - PhCHO (adsorbed) - PhCH,OH 

PhCHO (solution) 

activity of the benzyl alcohol showed that 57% of the labelled aldehyde 
had been reduced. The labelled benzaldehyde was prepared by Rosenmund 
reduction of 14C-labelled benzoyl chloride. Removal of the benzaldehyde 
formed in the stream of hydrogen gave a 58% yield, whereas only 28% was 
formed under the same conditions when the aldehyde was not removed. 
The reduction of benzaldehyde to benzyl alcohol probably requires two 
active sites for hydrogen 2nd some of these adjacent sites will be occupied 
by molecules of the poison. However, in the reduction of benzoyl chloride, 
the chlorine can be replaced by active hydrogen already adsorbed on the 
catalyst surface, and a poisoned catalyst will still be active in such a 
reduction30. 

Aromatic and higher aliphatic acid chlorides have been hydrogenated 
at reduced pressure with a nickel, nickel chloride and platinum catalyst. 
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Octanoyl chloride gave the highest yield (50%) of aldehyde3'. However, 
there seems no advantage in using low pressures. The catalytic reduction 
of n-butyroyl chloride at low pressure using a palladium-asbestos catalyst 
produced n-butyraldehyde and 3-methylalheptene. IsovaIeroyI chloride 
gave a nearly qualltitative yield of the corresponding aldehyde, and 
succinoyl chloride formed y-butyrolactone (547"). Benzoyl chloride gave 
benzaldehyde (89.5%), but phenacetyl chloride afforded ethylbenzene and 
/3-phenylethanol, whereas o-anisoyl chloride formed 2-methylanisole. 
Sulphur and phosphorus compounds poisoned the catalyst, and Raney 
nickel was not an effective catalyst32. 

Vapour phase hydrogenation at 190" over 20% palladium charcoal 
transformed pivaloyl chloride and 2,2-dimethylbutyroyl chloride into 
the corresponding aldehydes=. Similar reduction of cyclopentane car- 
boxylic acid chloride produced 85% cyclopentane carboxaldehyde, 
together with cyclopentane and cyclopentene. Cyclohexane carboxylic 
acid chloride and 1-methylcyclopentane and 1-methylcyclohexane 
carboxylic acid chlorides were also reduced in the same manne94. 

Benzoyl chloride and hydrogen over a nickel catalyst gave ben~aldehyde~~. 
However, at 300" under pressure diphenyl , toluene and benzoic acid with 
a trace of benzaldehyde resulted, although no benzyl alcohol was formed. 
At reduced hydrogen pressure (50-300 mm) and 300", 60% benzaldehyde 
and some benzyl alcohol were formed. A platinum catalyst at 250" 
reduced benzoyl chloride to toluene and benzyl alcohol and a small 
amount of benzaldehyde. Phenacyl chloride at 200" gave some phen- 
acetaldehyde and P-phenylethanol, with large amounts of 1,4-diphenyl-2- 
butanol (10). n-Valeroyl and n-hexanoyl chlorides afforded low yields of 

P h C H 1. CH (0 H) (C H,) P h 
(10) 

aldehyde under these  condition^^^. At 400" isovaleroyl chloride formed 
isobutylene and propylene, and propionyl chloride gave ethylene, methane, 
carbon monoxide and hydrogen chloride. However, acetyl chloride 
decomposed violently under the same conditions3'. 

The reduction of benzoyl chloride to benzaldehyde by hydrogen transfer 
from cyclohexene in the presence of a platinum-black catalyst only 
resulted in 10% reduction in 16 

Ill. METAL HYBRlDE REDUCTION 

Lithium aluminium hydride reduces acid chlorides to catbinols and the 
yields are better than those obtained from the acids and e s t e r ~ ~ ~ s ~ ~ .  
Benzoyl chloride gave 72% benzyl alcohol, and o-phthaloyl chloride 
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formed 95 % phthalyl alcohol ; trimethylacetyl chloride, sorboyl chloride, 
isocaproyl chloride and palmitoyl chloride all gave 96-980/, of the corres- 
ponding carbinolsal. Mono-, di- and trichloracetyl chloride formed 62-64% 
of the chloroethanols42 and trifluoracetyl chloride afforded 85% trifluor- 
ethanol43. 0-Methylpodocaproyl chloride was reduced (93%) to the 
corresponding carbin01~~. However, triphenylacetyl chloride formed tri- 
phenylacetaldei~yde~~. The reduction of caproyl chloride and benzoyl 
chloride was complete in 4 h in tetrahydrofuran at  0°45. 

Sodium borohydride in dioxan or diethylcarbitol reduces acid chlorides 
to carbinols. Thus, n-butyroyl, benzoyl and palmitoyl chlorides gave the 
corresponding alcohols in 7647% yield, and monoethylsuccinate acid 
chkride afforded butyrolactone (40%). However, o-phthaloyl chloride 
gave phthalide (49%) and plithalyl alcohol (1 573 ,  whereas cinnamoyl 
chloride formed hydrocinnamyl alcohol (1 2%)4G. However, sodium horo- 
hydride in diglyme in the presence of triethylamine reduced benzoyl 
chloride to benzaldehyde (65%). o-Chlorobenzaldehyde and p-nitroben- 
zaldehyde were also formed from the corresponding acid chlorides in 
yields of 79% and 65% respectivelf'. Sodium borohydride plus aluminium 
chloride reduced benzoyl chloride to benzyl alcohol, and the same reagent 
also reduced esters and carboxylic acids to carbinols4*~ 49. 

The following reductions of acid chlorides to carbinols have been carried 
out with sodium borohydride in  dioxan : 3~-acetoxy-20-iso-5-cholenic acid 
ch1oride5O, tr-ans-norpinic acid monomethyl ester chloride5l. 52, the acid 
chloride of ethyl trans-~(2-carboxycyclohexane) propionate=, 3n-hy- 
droxyolean-12-en-29-oic acid tetracosanedioic monomethyl 
ester acid chloride 5-ethylfluorenone-6-carboxylic acid chloride, 
5-ethylfluorene-6-carboxylic acid and 2-phenyloxazole-4- 
carboxylic acid chloride". Reduction of 3,4-dirLitrobenzoyl chloride with 
sodium borohydride in dimethoxyethane gave a low yield of the carbinoljs. 
2,3,4-Trimethyl-6-nitrobenzoyl chloride59 and 2-nitrohomoveratric acid 
chloride60 were both reduced in tetrahydrofuran. Hemimelletic anhydride 
chloride (12) in diglyme gave 7-carboxyphthalide (13), the dihydroiso- 
benzofuran (14) and hemimelletic acid. 4-Carboxyphthalide chloride (15) 
also gave 4-hydro~ymethylphthalide~ and the acid chloride of 7-carboxy- 
phthalide formed the corresponding carbinol together with the dihydro- 
isobenzofuraii (16). Excess sodium borohydride afforded 1,2,3-tri- 
hydroxymethylbenzene in the case of 1261. A method for the degradation 
of peptidesG2 involved preparing the hydantoin derivative (17), converting 
this into the acid chloride, which was then reduced by sodium borohydride 
and the product hydrolysed. Identification of the aminocarbinol (18) 
established the nature of the end group. 
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Substituted complex metal hydrides have also been used for the 

reduction of acid chlorides. Thus, 2-(2'-nitrophenyl)-phenyltnethanol 

<.' 

i3' - C H- CO, , N-CH-CONH-CHCO2H 
I 
R3 

I 
R2 

I 
NH-CO 

(1 7) 

I Y 
NH2CHC02H 4- NH,CHCO,H 

4- 

I 
R2 

I 
R' 

NH2FHCH2OH 

(19)G3 and 2,2'-bis(hydroxymethyl)-6,6'-dinitrobipl~enyI (ZO)G4 were pre- 
pared by reducing the corresponding acid chlorides with sodium tri- 
methoxyborohydride in tetrahydrofuran at  - 80". Tetraacetylquinic acid 
chloride (21) also produced the carbinol on reduction with the same 
hydridec5. 

Reduction of a,cx-dietliylsuccinic acid monomethyl ester chloride with 
lithium tri-t-butoxyaluminium hydride gave the carbinoPE. ( A2-2,3- 
Diphenylcyclopropenyl) carbinol was also prepared by reducing the 
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aFpropriate chloride". The triterpenc derivatives, dihydrocassaininic acid 
and erythrophlarninic acid were converted into carbinols by reducing 
their acid chisridcs with LiA:(t-GiiGj,XG8. 

PelargonyI chloride (monanoyl chloride) was reduced to the comes- 
ponding carbinol by  sodium dihydro-bis(2-methoxyethoxy)aluminate 

A c e  ?Ac 

0,N NO, 

Q-D HOH,C CHIOH 

ClOC OAc 

(21 1 

(NaAlH,(OCH,CH,OMej.J in benzene. Cinnamoyl chloride was reduced 
to cinnamyl alcohol at  0-18" and to 3-phenylpropanol at 70-100" G9. A series 
of aliphatic (caproic, caprylic and lauric) acid chlorides gave yields of 
88-99% of carbinols in benzene, toluene or xylene with this reagent70. 

Aluminium hydride (from lithium aluminium hydride and aIuminium 
tricidoride), lithium trimethoxyaluminium hydride". 72 and lithium 
tri-t-butoxyaluminium hydride'l. 73 at 0" all reduced acid chlorides to 
carbinols. The reduction of caproyl chloride and benzoyl chloride ivith 
aluminium hydride in tetrahydrofuran at 0" was complete in 15 min71. 
However, there was no advantage in using these reagents, except in cases 
of selective reductions involving other functional groups. Sodium tri- 
methoxyborohydride (NaBH(OCH,),) also reduced acid chlorides to 
alcohols, and benzoyl chloride formed benzyl alcohol in 66% yieldi4. 
However, the shikimic acid derivative (22) was reduced to the corresponding 
aldehyde (85% yield) using this hydride7j, as was tetraacetylglycoferulic 
acid chloride (23)"j. Lithium borohydride reduction of or-tritio-(p- 
nitropheny1)acetyl chloride affoided the tritiated carbin01~~. Trifluoracetyl 
chloride was reduced to the carbinol with lithium aluminium hydride, but 
not with sodium borohydride or sodium hydride=. Lithium aluminium 
hydride also reduced 1,3,5-tricarboxymethylbenzene chloride to 1,3,5- 
tris3'-~hydroxyrnethyl)benzene, and benzene-I ,3,5-tricarbonyl chloride to 
the corresponding polycarbino17*. 

A great advance in the use of compIex hydrides for selective reductions 
was the discovery that one equivalent of lithium tri-t-butoxyaluminium 
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hydride at low temperature ( - 78") reduced acid chlorides to a!dehydes7'. 
The reagent was simp!y prepared 5jr adding threc ecj.diva!ciItS of t-butanol 
to one equivalent of lithium aluminium hydride in ethers0. Bellzoyl 
chloride was reduced to benzaldehyde in 78% yield, and p-nitrobenzoyl 

chloride and terephthaloyl chloride to the corresponding aldehjrdes in 
80% and 85% yield, respectively7'. At 0" benzoyl chloride gave only 60% 
benzaldehyde, while lithium tri-t-amyloxya!uminium hydride afforded 
only 45% aldehyde at - 75" ". Metu- and para-substituted aroaatic 
aldehydes were formed in 60-90% yield and nitro, cyano and carbethoxy 
groups were riot reduced by this hydride. Ortho-substituted benzoyl 
chlorides gave lower yields (0-nitro 77%, o-chloro 41% and o-methoxy, 
27%), but a,@xiphthoyl, nicotinoyl(69%) and cinnamoyl chlorides (7 1 %) 
were reduced in good yield. The yields of aldehydes from aliphatic and 
alicyclic acid chlorides were lower (isobutyryl 57%, adipyl 53%, cyclo- 
propane carboxylic 42:/,, furnarylS9% and crotonyl48%), and these yields 
are inferior to those given by Rosenmund reduction (see section II)81. 
However, a-fluoroaldehydes were obtained by the reduction of a-fluoro 
acyl chlorides with LiAl(t-BuO),H in tetrahydrofuran a t  - 70' (a-fluoro- 
acetaldehyde 52%, a-Auoropropionaldehyde 60% and a-fluorobutyr- 
aldehyde 65xa2). 

The reduction of diacetyltartaric acid methyl ester chlorides3 and of 
a,a-dimethylsuccinic acid monoethyl ester chloridea4 with LiAl(t-BuO),H 
at -65" to -75" afforded the corresponding ester aldehydes. However, 
pentyne-2-oylic and heptyne-Zoylic chlorides, in diethylcarbitol at - 60°, 
gave a complex mixture of products in which the triple bond had been 
reduceds5. The same hydride at low temperature reduced 173,5-tricarboxy- 
methyl benzene chioride and benzene-1,3,5-tricarbonyl chloride to their 
aIdehydes7s. 2-Nitro-3,4,5-trimethoxyberr_7,oyl chloride gave the aldehyde 
on treatment with this hydride at - 70" 86. 4-Bromo-3-methylisothiazole-5- 
carboxyl chloride formed both 4-bromo-5-formyl-3-n~ethylisothiazole 
(24%) and 4-bromo-5-hydroxymethyl-3-methylisothiazole (21%) at - 40", 
but gave only the aldehyde at - 70" Pyrazinoyl chloride afforded a low 
yield of the aldehyde (20%) at  - 70" B5. 



240 Owen H. Wheelcr 

Sodium tri-t-butoxyaluniinium hydride has been rcported to give better 
yields in the reduction of acid chlorides to aldehydes than sodium 
alurr.inium liydride, sodium di-t-butoxyaluminiuni hydride. Reductions 
with sodium tri-r-butoxyaiuminium hydridesv weie carried out in diglyme 
or tetrahydrofuran a t  -60“ :o -70”. Benzaldehyde (86%) and o-chloro- 
(68%), o-bromo-(61%), m-nitro-(78%), p-chloro-(73%), p-bromo-(SO%), 
p-nitro-(78%) and 3,5-dinitro-(87”/,) benzaldehydes were prepared. 
Cinnamaldehyde (69%) and phthalaldehyde (78%) were also prepared, as 
were furaldehyde (85%), thiophenecarboxaldehyde (63%), furylacrolein 
(72%), coumarincarboxaldehyde (68%), nicotinaldehyde (7579, n-butyr- 
aldehyde (48%), isobutyraldehyde (3479, n-hexaldehyde (45%) and 
pivalaldehyde (45%)v0. 

In  addition to directed reduction with metal liydrides, acid chlorides 
can also be converted to aldehydes by forming N-methylanilides and 
reducing them with lithium aluminium 1iydrideOl. 92, by foiming dimethyl- 
amides and reducing with lithium triethoxyaluminium hydride”, and by 
reacting with ethylenimine in the presence of triethylamine to afford a n  
acylaziridine, which is then reduced with lithium aiuxninium hydrideM. 
The yields in the last case were higher with aliphatic acid chlorides 
(wbutyroyl75% and pivaloyl 88%)95. Carboxylic acids can also be reduced 
directly to aldehydes (14-80% yield) with lithium in ethylamineg6, and 
diisobutylaluminium hydride reduces acids (40-70%)87 and esters (85%)98 
to aldehydesg9. 

Diborane does not reduce acid chlorideslOO although aldehydes and 
acids are reduced rapidly by this reagentlol. However, t-butylamine-borane 
reduced benzoyl chloride to benzaldeliyde in 85% yield, although esters, 
acids and amides were not affectedlo2. On the other hand, dimethylamine- 
borane in ether at room temperature converted both benzoyl chloride 
and benzaldehyde to benzyl Ethane-l,2-diamine-borane- 
(CH,NH2--BH,),-was also reported to reduce acetyl chloride to 
acetaldehyde in diglymelo4. 

Triphenyltin hydride converted benzoyl chloride to benzaldehyde 
(equation 11)lo5. This reduction can also be carried out using tri-n- 
butyltiii hydrideloG. Howcvcr, this hydride at 40” without solvent reduced 

P h C u i i  + Ph,SnH - -> PhCHO + Ph,SnCI (11) 

succinoyl chloride (24) to or-chloro-y-butyrolactone (25), probably via the 
half aldehyde-half acid chloride (26). Phthaloyl chloride (27) also afforded 
phthalide (29), probably through 3-chlorophthalide (28). In ether solution 
benzoyl chloride formed 45% benzaldehyde, but in the absence of solvent 
the main product was benzyl benzoatelOi*lOs. The relative yields of 
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aldehyde and ester formed using iri-n-butyltin hydride depend on the 
acid chloride. Thus a-cety! chloride gave 5% acetaldehyde and 95;< ethyl 

Bu,SnH + RCOCI ___f RCHO + Bu,SnCI 

2 Bu,SnH + 2 RCOCI- > RCO,CH,R + 2 Bu,SnCI 

acetate, while benzoyl chloride afforded 65% benzaldehyde and 35% 
benzyl acetate. Acid bromides also formed largely aldehydes. Thus, 

CH,COCI CH,CHO C H, C H C I ., 
I 

CH,COCI CH,COCI CH,--CO 
> I  - - - - - + I  9 

> Qf;:L, f+Jc;o co a:::: - 
\\ 
0 

(27) (28) (29) 

propionyl bromide gave 79% propionaldehyde and 2% butyl propionate 
(propionyl chloride gave 87% ester, also in 2,3-dimethylbutane), and 
benzaldehyde was formed exclusively (99%) from benzoyl bromidelo*. 
The yield of aldehyde from acid chlorides increased with larger or branched- 
chain acyl chlorides, 2,2-dimethylpropionyl chloride givirrg 65% aldehyde 
and 33% ester. Whereas propioiiyl chloride formed only ester on treatment 
with tri-n-butyltin hydride without solvent, the use of either 2,3-dimethyl- 
butane, toluene, m-xylene or methyl acetate as solvent reduced the ester 
yield to about 25%. IT an aldehyde or ketone was added to the reaction 
mixture, a mixed ester resulted in which the aldehyde or ketone had formed 
the alkyl eroup. Thus the addition of benzaldehyde to a 1 : 1 mixture 
of propionyl chloride and tri-n-butyltin hydride produced 70% benzyl 
propionate, with propionaldehyde as a secondary product. In toluene or 

PhCHO + C,H,COCI + Bu,SnH - PhCH,OCOC,H, + Bu,SnCI 

2,3-dimethylbutane solution only 34% benzyl propionate was formed and 
cyclohexanone without solvent gave only 12% cyclohexylpropionate. The 
suggested mechanism involved the formation of alkyltin free radicals10s, 
initiated by free radicals from the acid chloride. These radicals remove 
chlorine from the acid chloride giving an acyl radical (equation 12), which 

(1 2) 

(1 3) 

R' + Bu,SnH Bu,Sn' + RH 

Bu,Sn' + RCOCI ~ > Bu,SnCI + RC=O 

Rd=O + Bu,SnH ~ f RCHO 3. Bu,Sn' 
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then removes hydrogen from the hydride, producing the aldehyde and 
regenerating the aikyltin radical (equation 13). ‘Ihe addition of azobisiso- 
butyronitrile as radical initiator leads to complete reduction of ethyl 
chloroformate (forming ethyl formate) in 3 h at 80°, whereas ody 5% 
reduction occurred under the same conditions without the addition of 
initiator. Triphenylacetyl chloride afforded 90% triphenylacetaldehyde, 
but 5% triphenylmethane (and 10-12% carbon monoxide) was also formed 
through decomposition of the intermediate (Ph,Ce=O radical). Benzyl 
chloroformate also gave 39% toluene, together with 61% benzyl formate, 
and the acyloxy radical must be decarboxylated to form the benzyl 
radical (equation 14). The relative rates of reduction of acid chlorides 

PhCHPOCOCI PhCH,OC=O -- z PhCH,’ + CO, (14) 

have been measured by competition with belizyl bromide or 2-bromo- 
octane for tri-n-butyltin hydride. Electron-withdrawing groups facilitate 
the reduction, the electropositive organotin radical acting as electron 
donor to the electronegative chlorocarbonyl group. The rates fo!!owed 2 

Hammett correlation with p of 2.61 for a series of substituted benzoyl 
chlorides. Benzoyl bromide was 331 times as reactive as benzoyl chloride, 
whereas propionoyl chloride was 5.63 times as reactiv+. The Eeshanism 
of formation of the ester has been suggested to involve the reaction of the 
intermediate acyl radical with a second molecule of aldehyde forming ar, 
a-acyloxy radical (30) (equation 15). This radical then abstracts hydrogen 

(1 5) RC=O + RCHO - RC-OCHR 
II 
0 

(30) 

from the organic tin hydride giving the ester and an organic tin radical 
(equation 16)110. The rates of reaction of the acyl radical with substituted 

(1 6) RC-OkHR + Bu,SnH - z RC-OCH,R + Bu,Sn’ 
I I  I I  
0 0 

benzaldehydes follow the Hammett relation with p of 0.43. The acyl 
radicaI acts as a nucleophile. The relative rates of reaction of the propionyl 
radical in 2,3-dimethylbutane at 25” relative to berizaldehyde were cyclo- 
hexanone 0.093, n-heptaldehyde 1.62, p-chlorobenzaldekyde 1-26 and 
p-methoxybenzaldehyde O.468l1O. 

Triphenyltin hydride, with or  without a solvent, reduced benzoyl 
chloride to benzyl benzoatelll. Propionyl chloride afforded 14% aldehyde 
and 50% ester, while plienacetyl chloride gave only 6.6% aldehyde with 
90% ester. The bridged-ring acid chlorides, 1-apocamphane carbonyl 
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chloride and 1-norbornane carbonyl chloride, gave both ester (76.6% and 
SO.1%, respectively) and lesser amounts of aldehyde (15.0% E E ~  11.1%, 
respectively). However, triphenylacetyl chloride formed only aldehyde 
(61~9%)~ while ferrocenoyl chloride gave the corresponding carboxylic 
anhydride (704%). All these results refer to neat solution. 2-Thenoyl 
chloride in benzene formed 28.8% ester and 1-27; aldehyd@. Tribemyl- 
silane, however, reduced benzoyl chloride in ether to benzaldehyde 
(equation 17). Triethylsilane, with a trace of aluminium chloride, also 
effected this reduction, but no reaction took place in the absence of 
aluminium chloride. Benzoyl bromide was reduced to benzaldehyde by 
tribenzylsilane, and also by triethylsilane without aluminium chloride. 
0- and p-Chlorobenzoyl chloride and y-ethoxybenzoyl chloride were 

(PhCH,),SiH + PhCOX (PhCH,),SiX + PhCHO (1 7) 

reduced to the corresponding aldehydes with triethylsilane and a little 
aluminium trichloride. p-Ethoxybenzoyl bromide did not react with 
triethylsilane alone, although reduction occurred in ether solution112. 

Phenylacetyl chloride reacted with triphenylstannane to produce 
2-phenylethyl phenylacetatelll. Reaction of acid chlorides with tri-n- 
butylstannane deuteride (Bu,SnD) in the presence of nickel and platinum 
produced deuterated aldehydes (RCDO) and esters (RCG,CD,R)llS. 

Copper hydride, prepared by the reduction of copper sulphate with 
sodium hypophosphite, converts benzoyl chloride into benzoic acid (70%) 
and ethyl benzoate (10%)'14. The benzoic acid arose from water of hy- 
dration in the hydride and the ester from the ethyl alcohol used to wash 
the hydrideu5. Ethyl benzoate is not formed if the hydride is dried with 
acetone. Acetyl chloride similarly formed acetic acid (8O%)ll4. However, 
dry copper hydride, prepared by reducing copper iodide in pyridine with 
lithium aluminium hydride, did reduce benzoyl chloride to benzaldehyde116. 
Lithium hydride in petroleum ether reduced benzoyl chloride at 150-210" 
to benzyl benzoate (65%). Only a trace of benzaldehyde was formed and 
a residue consisted of lithium benzoatell'. 

IV. REDUCTION BY DISSOLYING METALS 

Reduction by dissolving metals in alcohols, in liquid ammonia, or in 
amines generally cannot be employed since the acid halides would be 
solvolysed. Although sodium amalgam in methanol converted palmitoyl 
chloride to hexadecanol, the reaction probably involved Bouveault-Blanc 
reduction of methyl palmitate1l8. Sodium amalgam also reduced succinyl 
chloride to butyrola~tonel~~.  However, sodium and moist ether reduced 

9 
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acid chlorides to acyloins or diketonesI2O. 121. Butyryl, isobutyryl and 
isovaleroyl chlorides were converted to the esters of enediols (33)122* lm, 

2RCGCi i 2 R a  - + R-C=O 

R-C=O 
I + 2NaCl  

(31 1 

R-C=O H-C-ONa R-C-OCOR 

R-C=O R-C-ONa R-C-OCOR 
I + 2 N a  _3 I! > I I  

(34 1 (32) (33) 

and similar compounds were formed from lauryl, myristyl, palmitoyl and 
stearoyl chlorides in yields of 64-70%124. The reaction probably proceeds 
via the diketone (31), which is further reduced to the acyloin-enol (32)121. 
Trimethylacetyl chloride afforded hexamethylbiacetyl (34) (70%) and the 
trimethylacetyl ester of the acyloin (35)125. 

(CH,),C-C-C--C(CH,), (CH,)C-C--C--C(CH,), 
I I  I I  I I  I 
0 0  0 OCOC(CH,), 

(34) (35) 

Univalent magnesium also causes bimolecular reduction of acid 
chlorides126 3 12’. The reagent is prepared from excess magnesium and 
iodine or bromine. Propionyl chloride and butyryl chloride in ether gave 

Mg 4- MgX, P M g X  

only low yields of hexan-3,4-dione and 0ctan-4,5-dione~~~. However, 
hindered aromatic acyl chlorides were reduced in satisfactory yield. Thus, 
mesitoyl chloride afforded 2,2’,4,4’,6,6‘-hexamethyl-a,a’-stilbenediol (36) 
(35”/6)129 and mesitil (37) (34%)130. 2,4,6-Triethylbenzoyl chloride similarly 
gave the diol (3O%)l3I and the diketone (18%)04, as did 2,4,6-tri-isopropyl- 
benzoyl chloride132. 

4-Bromo-2,6-xyloyl chloride was reduced to 4,4’-dibromo-2,2’,6,6’- 
tetramethylbenzil (14%) and 4,4’-dibromo-2,2’,6,6‘-tetramethylbenzoin 

2,3,4,6-Tetrarneth~l-l~~, and 2,3,5,6-tetramethyl-benzoyl 
chloride135 and 2-methyl-1-naphthoyl chloride136 were reduced to mixtures 
of the corresponding stilbenediols and benzoins. 

Reaction with metals in the absence of hydrogen donors gave other 
products. Thus, treatment of acetyl chloride with zinc dust afforded 
1,1,6,6-tetraacetyl-3,4-dimethyl-l,2,4,5-hexatetraene (38), probably formed 
from the enol of b i a ~ e t y l ’ ~ ’ * ~ ~ ~ .  Sodium in anhydrous ether converted 
benzoyl chloride to ethyl benzoate, while sodium or potassium in xylene 
gave benzoic anhydride. Succinoyl chloride and phthaloyl chloride both 
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formed the corresponding anhydrides (60% and 70% yields, respectively) 
with sodium or potassium in anhydrous et11et-l~~. Butyryl chloride and 

\ 
CH, 

p 3  

CH3 CH, 

(37) 

CH,CO C\H3 7H3 COCH3 
\ / c=c=c-c=c=c 

\ / 
CHSCO 

(38) 

sodium in anhydrous ether formed the dibutyrate of 4-octene-4,5-dio1123. 
However, benzoyl chloride vapour and sodium vapour reacted to produce 
benziP40. Zinc or iron with benzoyl chloride in ether afforded ethyl 
benzoate, but no benzil, although some benzyl benzoate was formed. In 
diisoamyl ether or dioxan, isoamyl benzoate or ethylene glycol dibenzoate 
were formed. No reaction took place in solutions of benzene, carbon 
disulphide or carbon tetra~hloridel~l. 

Acetyl bromide with magnesium itself in ether formed ethyl acetate 
(35%) and biacetyl (30%). A violent reaction occurred in the absence of 
solvent. Isovaleroyl bromide similarly afforded after hydrolysis, isovaler- 
aldehyde (27%), 2-isopropyl-6-methyl-hex-2-ena! (39) (40%), isovaleroin 

(CH,),CHCH,CH=C(CH(CH,),)CHO 
(39) 

COCH, 
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isovalerate (1 5%) and biisovaleryl (7%) formed via the miignesium 
(I2COMgMr) Aerkative. Isobutyry! bromide WBS similarly converted to 
isobutyroin (30%), isobutyroin isobutyrate (30%) and biisobutyryl (5%). 
However, benzoyl bromide gave largely polymer and some benzoic acid142. 

V. %.rliSCELLANEOU§ M E T H O D S  

Electrochemical reductionlM cannot be employed since this requires polar 
solvents which solvolyse the acid halides. However, the irradiation of 
bmzoyl bromide in a hydrogen-donating solvent such as ether produced 
benzoyl radicals which were reduced to benzaldehyde (80% in 30 h) (see 
chapter on Phot~chemistry)~~~.  

Benzoyl chloride and substituted benzoyl chlorides react with quinoline 
in the presence of potassium cyanide to form 1-acyl- 1,2-dihydroquinaldo- 
nitriles (40, 'Reissert's compounds') which can be hydrolysed to benzalde- 
hyde and quinaldic scid (42). The reaction is known as Reissert reduction 

co I 
I I 
Fh - Ph 

X +  > r r n C N ] +  HO-C-H I I 

co 
I 
Fh 

1 
COOH 

PhCHO + 

(42) 

(42)92* 145. p-Chiorobenzoyl chloride and cinnamoyl chIoride were con- 
verted into the corresponding aldehydes in good yield146, and o-nitro- 
and 2-nitro-3,4,5-triniethylbenzaldehyde were formed in 60-70% yield 
from tile acid chlorides'". Aliphatic acid chlorides do not form Reissert's 
compounds under the nornial conditions, but can be formed using hydro- 
gen cyanide in benzenelJ8. The hydrolysis of the Reissert's compound 
probably proceeds through the quinoline derivative (41). The hydrolysis 
of 1-benzoyl-1,Z-dihydroquinaldonitrile with hydrogen bromide in acetic 
acid afforded 87% ben~aldehydel~~. Benzaldehyde labelled with carbon-14 
on the carbonyl group has been prepared via a Reissert compound from 
labelled benzoyl chloride1". 
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A further method of converting an acid chloride into an aldehyde 
iitilizes the Grundrnann reaction’ 51? proceeding through a diazoketone (43), 
ketol acetate (44) and diol (45)””. Stearaldehyde, citronella1 and benzalde- 

> RCOCHN, RCOCH,OAc - f RCOC, CHtN:! 

(43) (44) 
EP!-!fi!JPLI OH Pb(oAc)$ RCHO ..... l”. .”. - 2  

(45) 

hyde were synthesized via this route in yields of 56%, 42% and 48%, 
respectivelylg5. Oleic acid also afforded an ~ i l d e h y d e ~ ~ ~ ,  and 3-benzyloxy- 
4-rnethoxyacetaldehyde was also prepared by this series of reactions163. 

Acid chlorides can also be converted to aldehydes by first forming 
the thiolesters, which a.re then desulphurized with Raney nickelg2* 155. 

The use of standard Kaney nickel results in further reduction to the 

RCOCl - RCOSR’ - RCHO 

carbinoPS6* 15’, but desulphurization with deactivated Raney nickel 
produces the aldehyde1j8. 

CIiromous chIoride in aqueous potassium hydroxide reduced benzoyl 
chloride in a hydrogen atmosphere to benzyl alcohol (30%). However, 
2,6-dichloroisonicotinyl chloride gave only a poor yield of 2,6-dichloro- 
4-pyridylcarbinal under these conditions159. 

n-Butylmagnesium chloride reduced pivaloyl chloride to neopentyl 
alcohol (27”/,) as well as forming n-butyl-f-butyl carbinol (59%). Acetyl 
chloride with n-butylmagnesium chloride gave ethanol (8%), n-liexanol 
(1 3%) and traces of butanol, dibutylmethyl carbinol and decenes160. 
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1. INTRODUCTION 

Systematic investigations of the rearrangements of acyl halides are few in 
number and where such reactions are reported they are usually incidental 
to other studies. Consequently, references to this class of reactions are 
widely scattered throughout the literature and the present survey, which 
covers the period up to April 1971, cannot claim to be exhaustive or even 
to have unearthed every type. 

Unlike the situation for alkyl halides, the generation of a cation from 
simple acyl or aroyl halides rarely leads to rearrangement of the ion itself. 
This contrast between the properties of a carbonium and an  acylium ion 
is undoubtediy due to the smaller positive charge on the cr-carbon atom 
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of the latter, and for the aryl analogues additionally to the delocalization 
of thc charge into the aromatic ring. Unsolvated cations possessing 
enhsilced tciidciizics f G i  rearrangement such as are obtained on treatment 
of alkyl amines with nitrous acid are apparently nct generated from 
carbonyl halides. Most ol" the reactions considered within the province of 
this discussion consequently involve jsomerizations, or rearrangements 
coupled with extrusion of groups or atoms, that are not generally 
paralleled in the chemistry of alkyl and aryl halides, amines and such like. 

In  certain systems, where alternative forinulations of the structure of a 
carbonyl halide are possible, it is not always clear whether isornerization 
precedcs a particular sequence of reactions clr occurs in its course, and 
often therefore the examples cited may be open to more than one mechan- 
istic interpretation. It will also be apparent that the sub-divisions of the 
following sections are somewhat arbitrary and many examples could well 
be classified in a different, or in more than one, section. Conditions under 
which the cited reactions have been carried out vary widely and mention 
of these is only made when the point ha5 some mechanistic significance. 

Most of the experimental data cited is semi-quantitative in being based 
on isolation of products by classical techniques : few studies have been 
made using spectroscopic or  chromatographic means of analysis. Likewise, 
although most of the structural assignments appear reasonable and are 
usually based on some chemical evidence, much of the work was carried 
out before the advent of spectroscopic methods of structure determination. 
These limitations may account for certain anomalies that have been 
observed. 

11. REARRANGEMENTS OF HALF-ESTER CHLORIDES 

A well-known synthetic route to ketones is the reaction of organometallic 
compounds with acid chlorides. One of its most important applications is 
the preparation of keto-esters by treatment of half-ester chlorides with 
organozinc or organocadmium compounds1 ; this enables elongation of a 
carbon chain whilst retaining the terminal functional group for further 
synthetic modification, reaction (1). A difficulty that has limited the use of 

R2Cd + CICO(CH,),CO,Et - RCO(CH,),CO,Et + RCdCl (1 1 

unsymmetrical ester chlorides in this process is the frequent migration of 
the functional group in the products resulting in the formation of two 
keto-esters (reaction 2). In some examples the same product was obtained 
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whichever of the isonieric half-ester chlorides was used and so rearrange- 
ment of one of the isomers must have been essentially compleie. Cycliza- 
t'-nn riwllu ~ S G  occwred in certain suitably constructed compounds, whilst 

CO,R COR" 
$O,R' 1 I 

I 

COCl COR" CO,R 

for others acylations that were catalysed by Lewis acids gave partly 
rearranged products. No rearrangement appears to have been reported 
on treatment with sodio-diethyl malonate. 

The main examples of these types of reactions involve derivatives of 
succinic, glutaric and phthalic acids, and these togetbr with some minor 
classes will be discussed in turn and finally the mechanism will be outlined. 

(i) Derivatives of succiizic acid. Although it has been shown2 that the 
half-ester chloride (1) (R = alkyl) condensed with sodio-diethyl malonate 

RO,CCH,CMe,COCI PhCOCH,CMe,CO,H EtO,CCHMeCMe,COCI 

(1) (2) (3) 

without rearrangement and aIso that the reaction of 1 ( R =  Et) with 
ethylzinc iodide also proceeded as expected3, the acylation of benzene 
with the analogous methyl ester gave4 only the rearranged keto-acid (2). 
Treatment of 3 with methylzinc chloride gave a mixture of keto-esterss in 
contrast with the result3 for its lower homologue; whereas 4 gave only the 
rearranged acid 5 on reaction with benzene in the presence of aluminium 
trichloride6* '. The isomeric ester chlorides of methylsuccinic acid were 

( 4 )  (5) (61 

prepared using oxalyl chloride8 and the derived anilides were shown to be 
well-characterized compounds that were each formed with no isomeriz- 
ation of the substrate: this result has a very signdicant bearing on the 
elucidation of the pathway to rearrangement in related compounds, for in 
most of the other examples that have been studied the acid chloride was 
prepared with the use of thionyl chloride. 

Reactions of each isomeric methyl-ester chloride of phenylsuccinic acid 
with various organometallics were reported9 to furnish separate ketones, 
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but similar reactions of the rw,or-diphenyl analogue gave extensive yields of 
rearranged product when the acid chloride was prepared using thionyl 
chloridelo; although reaction of the dry silver salt (6) with the same 
chlorinating agent gave no rearranged chloride. A rearrangement that 
occurred during the actual formation of the acid chloride in the first 
example was later confirmedll and althougn the reaction of the a,a- 
diphenyl compound with diazomethane led to unrearranged products, 
reactions of the same substrate under Friedel-Crafts conditions gave 
rearranged products. Thus under these last conditions the ester chloride 
(7) cyclized and either 8 or 9 could be isolated depending on the 

0) (8) (9) 

catalystl2# 13: aluminium trichloride and tribromide gave 8 or 9 respectively, 
but the action of either on 9 gave 7 in high (ca. 90%) yield. 

A related cyclizationl" is the reaction of 10 with stannic chloride to give 
the keto-ester (11) accompanied by a small percentage of 12. The yield of 
the latter was increased either by warming the substrate before reaction 
or by preparing it with thionyl chloride rather than with other halogenating 
agents. It was concluded that the conversion of 10 into its isomeric ester- 
chloride and subsequent cyclization was responsible for the formation of 
12. 
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(ii) Derivatiifes of glutaric acid and related compounds. A well- 
authenticated example15 of rearrangement in this series is the interconversion 
of the a- and (3- half-esters of camphoric acid via the chlorides (reaction 3). 

$OzMe - @O,M:> $O,Me+ g z H  

CO,H COCl CO,H C0,Me 
(3) 

HzO 

(n-half-ester) (4 ti3 

Decomposition of the rr-chloride with water gave mainly the /%acid together 
with some of the a-acid and the same mixture of products resulted from 
similar treatment of the (3-chloride. Reaction of the a- or /?-half-ester 
chlorides with ammonia also gave the same proportions of amides irrespec- 
tive of which isomer was the starting material : this finding accounted for the 
unexpected difficultylG of preparing the amides as pure compounds. Treat- 
ment of either the a- or (3-half-ester chlorides of camphoric, acid with 
methylzinc chloride also gave" the same keto-ester and the substrates were 
considered to be tautomers. In these studies it was not clear whether the 
interchange of gro'ips took place after the formation of the acid chlorides or 
during their preparation; but the acid chlorides of the half-esters were later 
shown to be separable and interconvertible, the view that tautomers were 
involved was shown to be erroneous, and what is now accepted as the 
mechanism was proposed1* and later reiterated15. 

Another detailed study19 of a substituted glutaric acid revealed that 
when 13 was converted into the acid chloride and reacted with s-tri- 
bromoaniline the same anilide was obtained as that prepared from the 

n -Bu n -BU 
I I 

I I 
Et Et 

H0,C-C -(CH,)zCO,Me Me0,C-C -(CH,)zCOzH 

(1 3) (1 4) 
n - B u  

I 

I 
Et 

Me0,C-C -(CH,),CO,H 

(1 5) 

isomer 14. The former acid chloride was stable to storage or heat, but 
underwent extensive (ca. 40%) rearrangement when treated with a trace 
of ferric chloridez0. With zinc chloride in anhydrous ether a higher yield 
(86%) of 84 was isolated after work-up. 
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Homologues of 14 gave less rearrangement: e.g. the acid chloride of 15 
gave approximately 32% of such products 0x1 treatment with ferric 

~ - B u  n - B u  
1 I 

1 t 

(1 6 )  (17) 

Me02C-C -(CHz),COzH n -C5Hi,-C-(CHz)2C02H 

Et Et 

n - B u  
1 

HO,C--C--n-C,Hii 
I 

Et 

(1 8) 

cldoride whereas 16 was negligibly rearranged under the same conditions. 
The half-ester acid chlorides derived from 13 or 14 when treated with 
di-n-butylcadmium gave20 a mixture of keto-esters which were reduced 
by the Wolff-Kishner method to form 17 (ca. 20%) and 18 (ca. 75%). As 
this system has one severely hindered carbonyl group, it was possible 
both to establish the homogeneity of the half-esters used as starting 
materials with some certainty and to assign the formation of isomeric 
products as a genuine rearrangement of the half-ester chlorides. 

Reaction (4) led to a racemic acid when thionyl chioride was the 
chlorinating agent, although no racemization occurred when oxaiyl 

CH,CO,Me 
I > RCOCl [=RCO2H1 ~ 

SOCI, 
*CHMe 

I 
CHZCO2H (4) 

(t.)-RCOzH 

chloride was used2'. However, racemization did not result when the thionyl 
chloride was purified22 or even when up to 10% sulpliuryl chloride was 
added to the pure reagent. The effective catalyst for the rearrangement 
that was manifested as racemization was proposed to be a metal salt 
present in commercial szmples of thionyl chloride that was acting as a 
Lewis acid. In concord with this view, the addition of a few moles per cent 
of ferric chloride to the pure chlorinating agent and use of the mixture 
in  the reaction led to very extensive racemization. 

(iii) Derivatives of phtkalic acid. The isomeric acid chlorides from the 
monomethyl esters of 3-nitrophthalic acid reacted23 under Friedel-Crafts 
conditions to give rearranged products (reaction 5). In a related studyH, 
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the chloride from 19 acylated chlorobenzene to give isomeric chloro- 
benzoylnitro-benzoic acids and a similar reaction with toluene was found26 

Q'""' C0,Me 

64 0, 

also to furnish two products despite an earlier report26 to the contrary. 
The finding that 19 formed a peroxide that decomposed in benzene to yield 
two isomeric substituted biphenyls, reaction (6), also provided clear 
evidence that the acid chloride partly isomerized before reaction2'* 28. A 
very detailed reinvestigation and reinterpretationll of the earlier results 
revealed that an equilibrium mixture was set up from either of the isomeric 

chlorides of 3-nitrophthalic acid in which the 1-methyl ester predominated, 
and the ana1ogou.s 4-citro-system gave a similar pattern. 

Acylation of thiophene by 20 or its isomer (21) under catalysis by stannic 
chloride gavex9 only one keto-acid (22), reaction (7). An independent 
experiment demonstrated that preliminary isomerization of 20 to the 
more stable isomer (21) had. preceded reaction. 

These and similarll rearrangements occurred with a-phthalic acids and 
their derivatives: the absence of similar reactions for is0 and tere-phthalic 
acids strongly suggests an intramolecular pathway for the first type of 
compounds. 

(iv) Half-ester chlorides of other dibasic acidsandmiscellaneous compounds. 
Acylation of benzene using the chlorides of the acids (23) and (24) was 
reported30 to give unrearranged products although these were not con- 
clusively identified. However, the reactions of several acid chlorides derived 
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thlophene acoci C0,Et 

3 rcr 0, NO? 

(23) (24) (25) 

Me2C-0 M e  . Me2C-OAc 
\ /  I 

COAr I 7, 
CO-0 Ar 

(26) (27) 

from acylated a-hydroxy acids definitely gave rearranged products31 : under 
Friedel-Crafts conditions, 25 and benzene or p-xylene gave a lactone (26) 
together with unrearranged 27. Other similar examples are known32 and 
the mechanism has been discussed in terms of a lactone intermediate=. An 

Ph C HCOCl 
I 
OC0,Me 

CHJOCI 

(28) (29) 

attempt to convert 28 into an aryl ketone by a similar method was 
frustrated by fragmentation productsM that were attributed to the decom- 
position of the lactone in feasible but unexpected ways. 

The previously discussed rearrangement of the acid chloride of 15 is 
the only known example in which a derivative of adipic acid or an acid 
with a longer carbon chain undergoes rearrangernex~t~~: for example, the 
homocamphoric acid derivative (29) gave no rearranged products when 
treated with sodiodiethyl r n a l ~ n a t e ~ ~ .  
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(v) Mechanism. The studies outlined in the previous sections have been 
discussed, insofar as any mechanism has been assigned, in terns  of three 
interznediates: an anhydride (30), an oxonium chloride (31) and an 
alkoxychIorolactone (32). The intemediacy cf the first has been ruled out 

OR CI 
I I /  I /  

-c-co -C-c---OR 
\ - 1 -c\o+ c, - \ 

/ I ?  -c-co --c-co 
I /O .--c-co 
I I I 
(30) (31) (32) 

for the particular example of the reaction of the chloride from 19 and by 
inference in the general case: the anhydride was prepared and shown to 
lead almost exclusively to the 1-methyl ester under the reaction conditions 
whereas the reaction of 19 led mainly to derivatives of the 2-methyl ester. 
Other evidence of a similar nature has also been presented against this 
niechanismll. 

The intervention of 31 is more reasonable but is less easy to define, 
although the indications arell that in circumstance where the species could 
be formed from a suitably constructed ester chloride little rearrangement 
does in fact occur. The consensus points to the involvement of 32, the 
formation of which is catalysed by Lewis acids. Evidence for the spon- 
taneous conversion of the open-chain form into the lactone is sparse and 
inconclusive and the reaction requires the preliminary formation of an 
acylium ionz2. No rearrangement occurs when half-ester chlorides react 
with alcohols or mercaptans3' or with diazomethane in the first step of the 
Arndt-Eisert homologatiod', and in none of these processes are cationic 
intermediates believed to occur. 

The accepted mechanismll is outlined in reaction (8); although a 
contrary view8 envisages the intermediacy of an oxonium salt followed 

RCHCOCI MCI ~ 

I 7 

CH2C02R' 

RCH-CO RCHZO \ 
I 
CH,CO,R 

CH,-C-CI 
I 

RCHC0,R 
I 

CH2COCI 
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by bimolecular reactions to give the diester (33) and the dichlorolactone 
(34), a d  s k t a r  subsequent processes (reaction 9). There appears to be 
neither direct evidence nor suitable analogues for these reactions. 

RCH-CO RCH-CO 

'0 
RCHCOCI 

I 
CH2COzR' 

CH,-C-OR C H,- 5- OR' 

CI- kl 

RCH-CO RCH-CO RCH-CO 
\ \ 
0 

CH,-C-(CI)z CHz-C- (OR'), 
+ I /O 

CI (3-3) 

RCH--C-(C1)2 
RCHCOCI .L \ 

3 

CH,-CO 
-- I / 

(34) e I 
CHZCOCI 

OR' 
I 

RCH-C-(CI)2 RCH-C-CI RCH-CO 
\ \ \ 
0 +(33),-' 1 p + 1 p I /  

CH,-CO CH,-C-OR' CHz-CO 
I 
C1 

OR' 
I 
I 

RC H- C-CI 
\ RCH,C02R' 

CH,COCI 
1 / O C = = l  
CH,-CO 

111. REARRANGLEMIENTS O F  UNSATURATED SYSTEMS 

A. Positional lsomerization 

In the course of investigations on isomeric a$- and &y-unsaturated 
acids it was found38 that some acid chlorides rearranged by migration of 
the double bond. 35 (R = Me) showed no such tendency to isomerbe as 
judged by the recovery of unrearranged acid on hydrolysis but homologues 

PhCR=CHCOCI PhCCH2C02H PhCCHzC02H 
I I  I I  

(35) CR'R" CH2 

(36) (37) 
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(R = Me, Et, n-Pr, i-Pr) and P,y-unsaturated halides (39 (R', R" = H or 
alkyl) gave up to 80% rearranged products, e.g. 37, from the cu$-compoutld 
in similar reactions. Such isomerizatiocs occurred either in the syntheses 
of the acid chlorides using thionyl cldoride or by the use of other 
chlorinating agents or when the chlorides thus formed were heated. 

No rearrangement was detected when the isomeric chlorides (38) and 
(39) (R = Me, Et) were treated under conditions similar to those used for 

MeCH=C:?CH,COCI MeCH,CR=CHCOCI 

(38) (39) 

the phenyl-substituted compouilds. In aliphatic compounds, the a@- and 
&y-unsaturated enes are probably stabilized by hyperconjugation to a 
similar extent and there is presumably little driving force for rearrangement 
whereas, in the aromatic series, the p,y-unsaturated isomer has a greater 
stabilization than its a,fi-isorner. Reaction (lo), which occurs during the 
formation of the acid chioride by the action of thionyl has 
some analogy with the foregoing examples. A11 presumably proceed by the 
general scheme of reaction (1 1). 

CI,C H CIZC 

\CC HC IC OCI 
SOCI: .. - \ /  c =c, 

/ / 

CI' COOH CI' 

-+i ->?+ - 
COCl co F7 

COZH 

Treatment of an acid chloride with an alcohol in the presence of a 
strongly basic amine (the Einhorn Reaction) leads, in some cases, to 
isomerizations similar to those just described*", e.g. reaction (I2), although 

MeCH=CHCOCI R;N RoH t CHz=CHCH,C02R 
(major) 

+ 
Me CH = C HC0,R 

(minor) 

now thes.e occur in purely aliphatic systems. Use of tertiary amines 
(Et3N, ti-Bu3N, etc. j led to extensive double-bond migration (70-96%) 
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with a variety of alcoliols but the unrearranged product predominated when 
pyridine or other re!ative!y wcak a r k i e s  were used, or when sodium 
hydroxide was employed as catp!yst. In the absence of amine no rearrange- 
ment was observed. A more detailed study1 revealed that the basicity of 
the amine was indeed a crucial factor in controlling products : with catalysts 
of pK, ca. 10 rearrangement predoniinated (ca. go%), whereas for amines 
with pK, less than 7-2 the unrearranged product was uniquely formed. 
Amines of intermediate basicity led to the formation of mixtures of 
comparable quantities of rearranged and unrearranged products. 

The mechanism suggested is outliced in reaction (13). It is known42 that 
a,&unsaturated acid halides form ketenes with strong bases such as 
tertiary alkylamines and the relative proportions of the ketenes generated 

NR, 
XeC !-I = C H C 0 CI M ~ C H = C H C O ~ R ,  

k O H  

A 
CH,=CH-CH=C=O MeCH=C=C=O 

k * O "  

CH,=CHCH,CO,R' MeCH= CHC0,R' 

by attack on 40 will depend on the base used. By analogy with other 
reactions, a tertiary amine should attack preferentially at position y 
whereas a less basic amine would not favour elimination and the species 

Y P  n. + 
H2C-CH=CH-CONR3 __f CH,=CH-CH=C=O 

8: Q A  
(40) 

40 would decompose to form unrearranged products. The kinetic forms 
of these different modes of reactions have not been checked, however. 

Under certain conditions a related process (reaction 14), can be identified, 
which leads to unrearranged productsa3 via the preliminary addition of the 
catalyst to the double bond. 

RCH=CHCOCI + R'OH + NR;" ___f R;"NCHRCH,CO,R' 

(1 4) 

RCH= CHC0,R' 
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B. Geometrical lsomerization 

The interconversion of maleic afid fumaric ssids 5y me2ns of formation 
of their respective chlorides has been long known. The cis-dichloride (41) can 
also be isomerized into an unsymmetrical form (42) and although t 5 s  

CH-CO 
CHCOCI \ 

11 
CHCoC' C H- C-(CI ), 

ll P 
(41 1 (42) 

type of reaction is not strictly geometrical isomerization, it is conveniently 
discussed in this section. 

The principal transformations-7 of the maleic-fumaric acid system 
are shown in reaction (15). The cyclic compound (42) was considered to 

HC-CO CIOCCH ( b )  HCCOCI (9) 

L 11 P - ll :. 11 H0,CCH ( a )  
I I  

HCCOCf H C- C -(Cl)p 
HCCOpH HCCOCI (C )  

k 

CH-C\O 

CH-CO 
I/ P 

HCC0,ti 

HCC0,H 
I1 

Key (a )  Phthaloyl chloride (e) Thionyl chloride/zinc chloride 
(6) Aluminium trichioride ( f )  Ptiosphorous pentachloride 
(c) Storage or distillation (9)  Phosphorous trichloride 
(19) Phthaloyl chloride/zinc chloride 

be the best representation of the structure of maleyl chloride for, whereas 
fumaroyl chloride (which is open-chain of necessity) reacted rapidly with 
aniline or methanol, the reaction of the maleyl compound was very slow. 

The isomerizations of substituted maleic and fumaric acid chlorides 
have also been well studied, albeit a considerable time agoa8. One set of 
reactions is in reaction (16): the uncharacterized complex (43) had not 
undergone rearrangement since on treatment with ice water it reverted 
to the fumaroyl derivative, whereas 44 under similar conditions gave 
rearranged products that were considered to have cyclic structures as on 
pyrolysis they decomposed to give phosgene, among other products. In 
analogous experiments, dibromofumaroyl dibromide was similarly 
isomerized by either aluminium trichloride or tribromide and cyclic 
structures enalogous to 42 were proposed and supported by the finding 
that dehalogenation of the maleyl products gave lactones4** 49. 
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CIC-co CIC- C-(C1)2 
ClCCOCl \ 

HC-CO 
I1 O r  II P 

HCCoCl HC-C-(C1)2 

Several examples of geometrical isomerization of alkylfrlmaroyl acid 
cMrrJlZes ihst zrc c a ~ & ~ e d  by liehi, 2rliiiiiiiiiiirri iric'nioride or phosphorous 
pentachloride have been An interesting point is that although 
the ester-chloride (45) is readily isomerized (reaction 17), the dibromo- 
analogue was not, even when heated with aluminium trichloride5*. An 

MeC-CO MeC-CO 
[Ill - ll :. (1 7) 

MeC-CO 
I) :. ClOCCMe AICI, 

I I  
MeC-C-(C1)2 MeCC0,Me 

(45) 

earlier report55 had mentioned that the isomeric ester chlorides (46) and 
(47) formed different anilides and no evidence of rearrangement was found. 

Me c o p  Me COCl 
/ /  \ /  

H 
/"="\ 

ROpC 
Ic=? 

ClCO H 

(46) (47) 

There is also no evidence, as far as we are aware, for geometrical 
isomerization of the acid chlorides of unsaturated monocarboxylic acids 
of the oleic, linoleic and similar typesbs. 

IV. REACTIONS O F  DIBASIC ACID CHLORIDES 

In this section acid chlorides derived from dibasic acids other than maleic 
and fumaric will be discussed. Often it is not char whether the isomerizz- 
tion of such compounds is spontaneous or occurs under conditions of 
acylation in the presence of Lewis acids. Accordingly some of the material 
under this general heading will be discussed in section V. 

(i) Reduction. As previously mentioned, the formation of a lactone on 
reduction of the diacid chloride of a dibasic acid has been held to indicate 
the predominant extreme of the latter in a ring form such as 42, although 



8. Rearrangements involving acyl halides 267 

it is quite feasible that cyclization occurs after reduction of one acid 
chloride group (reaction 18), perhays on the cztalytic surface. The various 

I I I -c-co 
-c-COCl -C-CHO I \  

I I 
-c-co 

I -> I n -> 1 )) 
-- f  

I -c-cc 
I 

I 

.1 (18) 
c1 

I 
-C--CH, 

\ 

-c-co 
I ?  
I 

and often rather ill-defined ccjnditions of different sets of experiments make 
it diffictlt to assess the likelihood of such a pathway or to compare the 
behaviour of different chlorides. 

Reduction of the diacid chloride of malonic acid gave5' an open-chain 
acid whereas the corresponding derivative of succinic acid gave the Iactone 
(48) and occasionally the acid (49). It was inferred that the latter dichloride 

CH,-CO 
I \ CHO 

I I ;" CH,CH,CO,H 
CH,-CH, 

(48) (49) 

existed in both open-chain and cyclic structures. In it related experiment 
dibromosuccinyl dichloride gave a lactone together with succinic anhydride, 

reaction (1 8). 
Phthaloyl dichloride was reduced to phthalide (50) and this was 

presumed58 to have arisen by prior isomerization of the symmetrical 
form (51) : under more forcing conditions some ring-opened products 

** mt: - latter presumably arising from the partially reduced substrate, cf. 

(50) (51) (52) (53) 

were also isolated59. The reduction of succinyl and phthaloyl dichlorides 
with tributyltin Iiydride gave6" chlorolacto~~es (52) and (53) respectively. 
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(ii) Sticcinyl dichloride. This substrate apparently did not isomerize in 
the presence of alulrjilium t r i ~ h l o r i d e ~ ~  znd it was coiicluded that the 
equilibrium between the open-chain and cyclic forms had been rapidly 
set up during tlie prepzration procedure. In the reactions of succinyl 
dichloride with alcohols or  phenols, the same open-chain esters were 
produced as those formed by the interactions of silver succinate and these 
reagentsG1, whereas interaction with ammonia or concentrated solutions 
of aqueous methylamine gave a mixture of products considered to be 54 
and 55 (R, R’ = H, CH,). Surprisingly, however, the anilide was isolated 
in one modification only62*63. The acylation of acetoacetic estere? and 
diethyl malonateG5 proceeded without isomerization and N-pyrrolyl 
magnesium halide reacted in the expected mannerG6, giving C-substitutions. 

CH2-CO CbIz-C--( Et), CH2-C-(OEt)2 
CHJONHR \ \ \ I P 

CH2-CO 
I P  CH,-CO I P  I 

CHJONHR’ 
CH,--$-NHR’ 

Succinyl dichloride reactedG7 with diethylzinc at low temperatures to 
form 56 and this reaction probably entai:s the cyclic fcrm whereas at 
higher temperatures the diketone is formed by the prim isomerization of 
the cyclic to the open-chain formG8. Similar behaviour has been suggested69 
in the reaction between the dichloride and anisole. 

The i.r. spectrum of the dichloride is consistent with an open-chain 
form70 and the observation71 that reaction of the half-ester chloride with 
ethanol containing suspended sodium carbonate led to 57 lends some 
support to the suggestion that the chloride cyclized after one acid chloride 
group had reacted or had been modified by interaction with a Lewis acid. 
The reactions of certain a- and IS-substituted succinyl dichlorides are also 
best accommodated on the basis of an open-chain structure70. 

(29 Glutnryl dichloride. The i.r. spectrum suggests that this exists in the 
open-chain form, and reactions with diethylcadmium or ethylmagnesium 
bromide gave products of open-chain structure71* 72. 

recognition of the existence of two 
stable and isolabie forms of this compound is one of the best-known 
examples of isomerization of dibasic acid chlorides. The symmetrical 
form (51) can be converted into the unsymmetrical form by mineral or 
Lewis acids7ziG, the isolation and interconversions have been dis- 
cussed48* 77 and the proposed mechanism78 has been opposed7s. 

(iv) Phthalojd dichloride. The 
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Heating phthalic anhydride with phosphorus pentachloride leads to 
the symmetrical form of the dichlorideS0 and whereas this reacted in 
general faster than the cyclic forms1 (cf. the situation for maleyl chloride4s) 
the two forms were not distinguishable by their reactions with ammonia 
or with compounds possessing active methylene groups. It is not possible 
to deduce from these observations whether any equilibrium between the 
different forms is sct up under these reaction conditions, but with N- 
pyrrolyl magnesium halide both open-chain (58) and cyclic (59) products 
were isolateds2, although rapid interconversions between these were not 
ruled out. 

I 
(C4 H4N 12 

C84N (59) 
(58) 

Halogen-exchange in the dichloride was achieved by heating with 
sodium fluoride at 250" and the product was considered to be a mixture 
of open-chain and cyclic fluoridesa3 but no clear evidence for the latter 
was put forward. Treatment of the mixture with aluminium trichloride 
formed the cyclic dichloride. One of the few other well-documented 
examples of acid halide exchange with rearrangement is reaction (19) : the 

cyclic structure was zssigneds4 to the solid product by reason of the value 
of its reaction with isopropanol and this compound was claimed to be 
converted into the open-chain form on melting or on heating to 90". 

Cllloro-substituted phthaloyl dichlorides have been extensively studieda6 
and the earlier works6 has been extended and revised. Clear evidence was 
obtained for the existence and interconversion of open-chain and cyclic 
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forms and reaction (20) shows the rearrangements that have been 
characterized in this system. Particular points of interest are: (i) the 
interconversions show the greater stability of the cyclic compound ; (5) 

cl&(:; (6) > c I &.! ;;2 

CI CI y CI 0 CI 0 

CI C’ 

(20) 
cl&g\o CI 0 COCl 

the rates of interconversions were greatly enhanced in the presence of a 
suspension of charcoal which points to the heterogeneous nature of some 
of these steps ; and (iii) disruptive rearrangement must have occurred when 
the cyclic form was further heated since hexachlorobenzene and 
pentachlorobenzoyl chloride were formed as by-products. 

Later investigations have confirmed the sluggish reactions of the cyclic 
form of the dichloride with alcohols and have established similar schemes 
of reaction to those of the pentachloro-compound for mono and 
dichlorophthaloyl systemss7. 

The reactions of several substituted phthaloyl dichlorides with disodium 
salicylate have been shown to give cyclic products which were accounted 
for by isomerization of the open-chain form of the substrate to the cyclic 
form before reactions8. In contrast, the open-chain forni of the dichloride 
was confirmed to be formed from reaction of tetramethylphthalic 
anhydride with phosphorous pentachloridesg and chlorination of the 
thio-analogue of phtlialic anhydride or its tetramethyl derivative gave the 
symmetrical form of the dichloride: the latter was characterizcd in the 
usual manner as well as by the finding that the velocity of its reaction with 
aniline was the same regardless of the mode of preparation. 

(v) Misceiianeous. Treatment of quinolinic acid (60) with phosphorus 
pentachloride gave a dichloride that showed no tendency to isomerize to 
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a cyclic f0r111~O, and formed the same dimethyl ester as that obtained from 
readion ofthe silvcr salt and methyl iodide. Oii iieaiiaent cif the diclii-:oridz 
with aqueous ammonia 61 was found. The adduct (62) was formed with 

(62) 

disociium salicylate, but this was rightly considered no proof of a cyclic 
structure for the cliloride. 

Although not a dibasic carboxylic acid, the compound (63) has been 
shown to give a chloride that exists in open-chain (64) and cyclic (65) 
forms, both of which are appreciably stablegwg2. 

V. REARRANGEMENTS ASSQClATED WITH 

The rearrangement of an alkyl group (R) occasioned by the interaction 
of RX and a Lewis acid is a familiar aspect of Friedel-Crafts processes of 
alkylation. The corresponding rearrangement of an acyl group (RCO), 
when an acyl halide is used, is rareg3 even when branched or cyclic sub- 
strates are involved. Thus tertiary structures of the type R,CCOCl react 
normally in almost all cases and the acid chloride derived from cyclo- 
propane carboxylic acid acylates benzene in goGd yield to give the 
expected ke t oneg4. 

This difference in behaviour between alkyl and acyl halides can probably 
be attributed to the nature of the intermediates that are foimedg5. Spectral 
evidence indicates that the complexes between acyl halides and aluminium 
trihalides aie either tighily bonded ion pairs or oxonium complexes, 
e.g. 66 or 67, and the free acylium ion is present in trace amounts only9g1oo : 
the alkyl cations are probably more loosely bonded in an ion pair and, 
in any event, have a greater density of positive charge on the a-carbon 
that evokes rearrangement very readily. 

FRI EDEL-CRAFTS REACT1 ON S 
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Despite this situation, several types of rearrangement and zccompanying 
cyclizations have been observed for the reactions of acyl halides in the 
course of typical Friedel-Crafts reactions. 

A. 
The formation of cyclic structure during acylation with this type of 

substrate has often been attributed to prior cyclization of an open-chain 
structure to a cyclic chloride. In some examples there is good evidence 
dJ-5at this occurs and in others analogy with other reactions (cf. section IV) 
suggests t\at it is possible. 

The 'normal' acylation reaction has been noted in many reactions of 
malonyl and substituted malonyl-chlorides with aromaticslo1- lo2 but 
diniethylmalonyl dichloride gave some lactone (68) on reaction with 
benzene, especially when the latter was in excess102. 

Succinyl chloride gave a similar lactonelo3 which became the main 
product of the acylation reaction if reverse addition of the reactants was 
employedl'. The lactone probably resulted from a facilc isomerization of 
the acid chloride (see section IV), and a similar duality of pr,)ducts was 
obtained with toluene'05, a l thxgh only the ketone-acid and diketone 
were isolated from reaction of m-xylene106. No isomerization was found 
when meso- or racemic-dihalogenosuccinyl chlorides were used to 

Rearrangements Occurring with Dibasic Acid Chlorides 

Ph, 
RCO--A?CI, + RCOAICI,-cl + Me& /c\ /O 

C 
(66) (67) 0 

(68) 

acylate benzene; a lactone analogous to 68 was formed, especially if the 
conventional order of mixing the reactants was reversed1". 

These studies suggest that either the open-cliain form is cyclized prior 
to the acylation reaction or the cyclization occurs after reaction of one of 
the functional groups has taken place. Repetition of earlier worklo' led to 
the recognition of two productslO*-the expected diketone and the 
lactone-from acylation of anisole by glutaryl dichloride. With adipyl 
dichloride as reactant the diketone was the only productloo. 

Friedel-Crafts reactions of substituted benzenes with the acid chlorides 
derived from fumaric acid and its methylated derivatives gave the expected 
trans-diketonesllO. On the other hand, those chlorides known to be either 
cyclic or readily to assume this structure during reaction, e.g. 69, 70 and 
71, gave other productsllO-llG. Acylation of benzene with 69 was anomalous 
in yielding 72 in over 70% yield rather than the expected lactone (73). The 
product of reaction of 74 and bromobenzene in the presence of alumhiurn 
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Sribromide was an open-chain keto-acidl10 that differed from that obtained 
from the methyl fumaroyi analogue and presumably was a geometrical 
isomer. 

B r C-C- P h MeC-C-C&H, MeC--C(Ci), 

BrC-CO 

\ II P 
HC-CO 

II b 
MeC-CO 

I1 b 

BrC-CO 
\ II P 

\ E$rC-CPh2 
CO,H 

(72) (73) 

Similar rearrangements of the acid chlorides of phthalic acid and its 
derivatives have been carefully studied. In view of the ready interconversion 
(cf. section IV) of the two forms of these dichlorides it is not surprising 
that the pattern of products is quite complex, and reaction of phthaloyl 
dichloride with benzene in the przsence of aluminium trichloride gave 
anthraquinone, a-benzoylbenzoic acid, a-(triphenylmethy1)benzoic acid 
and 9,9-diphenylanthrone depending on the conditions and on the order 
of addition of the reactants117-:!.20. Low temperatures and a short reaction 
time favoured the keto acid, and the addition of the acid chloride to the 
other premixed reactants also mhhn.ized rearrangement121 9 122, whereas 
at  higher temperatures and at high substrate concentrations the proportion 
of rearrangement products was greater1=. Analogous reactions of tol- 
uenelw, pyrogallol t rime thy le t her125 and 1 -met hy oxynapht halene126 gave 
substantial yields of rearranged products whereas rn-xylene and rn-esitylene 
furnished dike tone^'^'. 

In general the pattern of products is as in reaction (21). The lack of such 
products when the corresponding derivatives of iso- and tere-phthalic 
acids are usedlZ8 confirms the intramolecularity of the changes, but it is 
less certain to what extent all or sone of the suggested steps are necessary 
for reaction to occur. The reported'29 rearrangement of isophthaloyl 
dichloride to the para-isomer was traced12* to the presencc of the latter 
as an impurity in the reactant. 

The dichloride of naphthalic acid has been assigned130 the symmetrical 
structure 74 and an attempt131 to obtain isomeric forms was unsuccessful. 
Nevertheless, Friedel-Crafts reactions led to 75 in addition to the major 
dikptone product132* 133. 
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Several of the keto-acid chlorides which are possible intermediates in 
the reactions of dibasic acid chlorides have been shown13.1*135 to yield 
cyclic products under Friedel-Crafts conditions and so to react in the 

(74) (75) (76) 
cyclic (77) rather than the symmetrical form (76). There is independent 
evidence13G that such compounds exist preferentially in the cyclic form but 
the variation of proportions of products derived from 76 and 77 caused 
by difference such as the use of thionyl chloride or phosphorus penta- 
chloride as chlorinating agents suggests that an equilibrium between the 
two forms of the reactant may be rapidly set up under the conditions for 
acy lation. 

Detailed s t ~ d i e s ~ ~ ~ - ~ ~ ~  of products of Friedel-Crafts reactions using the 
chlorides of the anthraquinone dicarboxylic acids (78) and (79) and 

COCl 

0 COCl COCl 0 
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substituted derivatives showed that the keto group interacted with the 
chlorocarbonyl group: this influence, which was found to be modified by 
ring-substitution or variation in catalysts and solvents, altered the ratio 
of dilactone to diketone in products in a predictable way. 

Other miscellaneous rearrangements in similar reactions have been 
recorded140* 141. 

5. 
Under certain conditions the well-establi~hedl~~ tendency of acid 

chlorides of the pivaloyl type to lose carbon monoxide in the presence. of 
a Lewis acid can be suppressed. Pivaloyl chloride itself thus can react as 
in reaction (22) in the presenca of a hydride donor such as isopentanel43. 144. 

> Me,CHCOldle (22) Me,COCI __ > Me,CCO- Me,CCOMe--- 

In the absence of such a donor only products derived from t-butyl car- 
bonium ion could be detected142* 145. A similar reaction may accouilt for 
the formation146 of ethyl isopropyl ketone as well as the expected acid (80) 
in the treatment of n-pentane with carbon monoxide and aluminium 
trichloride, reaction (23). 

Rearrangements Occurring with Mydride or Alkyl Shifts 

c AICI, 

co + 
CH,W,),CH, AICl,' CH,CH,CHCH,CH, j. CH,CH,COCHCki2CH, 

C H ,C H (C H,),C H, 
i 

CO,H 
(80) derivatives 

The addition of acyl halides to olefins in the presence of Lewis acids has 
also been found to lead to rearranged products. Electrophilic attack of an 
acylium ion is believed14' to be followed by stepwise hydride shifts which 
transfer the positive centre to different sites where it is neutralized by 
chloride ion, reaction (24). By these means, the product of 1,Zaddition 
of cyclohexene is often accompanied by up to 10% of products of abnormal 
addition. When solvents capable of interacting with the intermediate 
cationic species are used, additional products can be obtained. Thus 
addition of acetyl chloride to cyclohexene in cyclohexane and benzene 
respectively gave good yields of acetylcyclohexane and 1-acetyl-4-phenyl- 
cy~lohexane~~*~ 149. Cyclopentane reacts similarly in inert solvents to give 

10 
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COPh COP11 COPh 

J 

11 
CI 

81 and 82 in 86 and 4% yieldsIs0, but cycloheptene undergoes extensive 
ring contraction to form inethylcyclohexyl ketones151. 

The occurrence of rearrangement during acylation of both straight- 
forward and alicyclic saturated hydrocarbons is well known : n-alkanes 
and cyclohexanes (but not cyclopentanes) react with acetyl chloride in the 
presence of a Lewis acid as in reactions (25) and (26) and variable amounts 

of unsaturated ketones ate also f ~ r m e d ~ ~ ” ~ ~ ~ .  The interaction of benzoyl 
chloride and cyclohexane in the presence of aluminium trichloride led to 
reduction of the former to give benzaldehyde and I-methyl-2-benzoyl 
cyclopentane as an unexpected side-product. These reactions undoubtedly 
involve the preliminary isomerization of the hydrocarbon under the 
influence of the Lewis acid : a typical proposed scheme is reaction (27) and 
the chloroketone has been detected as an intermediate in certain cases. In 
similar conditions cyclopropanes undergo ring-opening (reaction 28), 
presumably by a similar mechanism161* 162. 



8. Rearrangements involving acyl halides 277 

A C O R  A C O R  

I A RCoC' f RCO(CH,),CI 1- RCOCHMeCH,CI 

RCoC' t RCOCHMeCMe,CI J 
C. Miscellaneous Reactions 

It is difficult to systematize the other examples of rearrangements 
observed under Friedel-Crafts conditions, and some reactions have been 
mentioned in earlier sections : e.g. the isomerizations of certain a-acyl acid 
halides. 

(i) Reactions ofoxalyl halides. Reaction of oxalyl chloride with aromatic 
substrates proceededlG3 according to reaction (29) although the bromide 

(29) 

yielded some bend  and benzophenone*@. The formation of 83 and thence 
of the derived acid has also been recorded for aromatic substrates16s169: 
with naphthalene both a- and /3-naphthoic acids were isolated16%. The 
mechanism in reaction (30) has been proposedlG7, and by analogy the 

A r H  + ClCOCOCl -+ [ArCOCOCIJ - t ArCOCl 

(83) 

6 -  6 t  6 +  6 -  
ClCOCOCl + 2 AICIJ [ AICI,---CO-CO---AICI,] 

I 

ArCOCOAlCld 

V 

f -  

A r ,/ -t. + Ar'H c-c=o - > c 1- Ar-C'O ___f Ar 'COAr '  

0 I! 0 111 w-14 

ArCOCl 
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rearrangement of oxalyl chloride that was catalysed by aluminium 
tnchloride to form phosgene is written as in reaction (31). 

(ii) Alkylclzloroformates. Under Friedel-Crafts conditions, alkylchloro- 
formates furnish alkylated products170 although the aryl analogues react 
differently171. More detailed study showed172 the decomposition generally 
to be as in reaction (32) and the mechanism is doubtless similar to that 
proposed for oxalyl chloride. A similar is reaction (33). 

ROCOCl RCI c o z  (32) 

> co, + CCI, (33) 

The decompositions of certain aryl chlorocarbonates in the presence of 
aluminium tricldoride (reaction 34) are also similar to these processes17s* 177 : 

AICI, cIcooccI~ 

Q0,EC' A m ,  ~ a ; ; c l  + co (34) 

when an actkating substituent was present in the para-position, ring 
closure occurred to give 84. 

VI. REACTIONS LEADING TO CYCLlZATlONS 

Again, some examples of this type overlap with those cited in other 
sections, notably V. 

(i) Friedel-Crafts and related reactions. The cyclization of aryl-sub- 
stituted aliphatic acid halides (reaction 35) is a well-documented reaction 



8. Rearrangements involving acyl halides 279 

(35) 

with regard to the influence of ring-size, steric factors, substituent effects 
and catalysts178* 179. Formally, the reaction may be clzssified with those 
processes ir. which a new bond is formed by a migration to a cationic 
centre, although since the changes occur in  an aryl system in which a 
proton may be expelled the product is not rearranged in the strict 
sense. Cyclization of 86 led180 to an accompanying reaction to form SS, 
and deacylation of 87 occurred during attempted ring-closure181. Similar 
treatment of 88 with stannic chloride gave 89 whereas 90 formed !Illsa* lE3. 

Certain reactions of cinnamoyl chloride and some of its derivatives 
have been shownle4 to cause cyclization, although the phenyl and chloro- 
carbonyl group were trarzs-relatedls6. lB6, cf. reaction (36). The a- and 
j3-chloro-analogues also gavel8’ products of ring-closure, reactions (37) 
and (38), and reaction (39) is s i~ni lar~*~.  Sui-prisingly, use of the dimethyl- 
ated compound in the last reaction gave only open-chain products188. 

Ph 
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Ph \ / H __j &" w /c=c 
CI 'COCI 

0 

(38) 

(39) 
+ CH,=CHCOCI - >RJ 0 

(ii) Other types. Several examples in which a cyclic stnrcture may result 
from reaction of a carbonyl halide are known and the subject has been 
discussed189. 

Acid chlorides derived from a-acylamino acids rearrange rapidly into 
oxazolones (reaction 40) and urethane-type structures similarly cyclize to 

R'CH -COX R'CH -CO 

(41 1 I > I I 
N H C 0 , R  HN, /o 

C 
0 

form19o oxazolidine derivatives, reaction (41). Certain substituted hydrox- 
amic acids also lg2 cyclic products on treatment with ethyl 

R' 

chloroformate, reactions (42) and (43). The interaction of phosgene and 
8-hydroxyamides resulted in a cyclic product formed by a neiglibouring 
group interaction and this product rearranged on heatinglYJ, reaction (44). 
The corresponding urethanes lost hydrogen chloride from the intermediate 
and thus formed the oxazolidone, reaction (45). 

An unusual case is outlined in reaction (46). An acid chloride without 
a-hydrogen atoms, e.g. (92, R = t-Bu), gave 8 neutral heterocycle via an 
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COCI, 

HO(CH,),NHCOR ~ + CICOO(CIi,),NHCOR 

COCI, 
HO(CH,),NHCO,R + CI CO,(CH,), NHCOZR 

P 
CH,- CH, 

I I 
RCOO-N, ,O + H C I  

C 
0 

- + 73 

I 

+ -  ether 
KEt,BCN + C1-F-R + Et,B-C=N-C-R 

II IT 
0 0- 

(92) 

28 1 

(45) 

N-acyl nitrilium intermediate, migration of an alkyl group and ring 
closure. If a-hydrogen was present, a betaine resulted from formal addition 
of hydrogen cyanidelD4, reaction (47). 

Et, Et, 
C Et ,-,C,+ 

EtB' 'N f HCN - > ,B NH (47) 
\ 0 -CR 11 NC \O-i'R 

VII. MlSCELLANEOWS REACTIONS 

(i) The brorninatioiz of carboxylic acids. The suggestiodD8 that a- 
bromination of carboxylic acids under the conditions of the Hell-Volhard- 
Zelinsky reaction involves a rate-determining enolization of the acid, or 
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the acid bromide, has been rendered improbable by the d e r n o n s t r a t i ~ n ~ ~ ” ~ ~ ~  
that bromination of acetyi bromide definitely involved the ketonic form 
of the substrate. The evidence for prototropic change preceding reaction 
is thus inconclusive and the course of the reaction probably is dependent 
on the formation of the acid biomide. 

(ii) The reaction of carbonyl halides with Grignard reagents. Certain 
benzylic and heterocyclic Grignard reagents react with acyl halides or 
alkyl chloroformates to give products in which rearrangement to an ortho- 
and exceptionally to para-position has taken place, reaction (48) (R = Me, 

COR 

CH,MgCI CH, 

(93) CHZ 
(94) 

Et, Ph, OMe, OEt)200--203. The amount of these products varied from 
substrate to Substrate but was usually about 20% of the reaction: although 
the thiophene derivative 93 gave 72% reaction by this route204; and the 
product of acylation of 2,6-dichlorobenzyl magnesium chloride was 
apparently exclusively derived200 from reaction at position 4. Several 
similar rearrangements have been and it is interesting that 
whereas 1-naphthylmethyl magnesium chloride reacted with ethyl chloro- 
formate to give 41% of the 2-product, its naphthyl parent gave only 
1-benzoylnaphthalene on treatment with benzoyl chloride2Og. These 
rearrangements have been discussedzo8 in terms of a benzylic anion or its 
analogue in which a contributing structure is 94. The anion presumably 
exists in an aggregate in the solvents of low polarity that are typically 
used to effect the reaction, but the equilibria associated with Grignard 
reagents in solution made it difficult to identify the actual species involved. 
There is no reference to any rearrangement in a study of the reactions of 
a series of substituted aliphatic acyl halides with Grignard reagents, even 
when branched, tertiary structures were present in the acyl radica1210. 
Presumably the charge O L ~  the or-carbon in the latter species is now small 
and the normal process of reaction is followed. 

(iii) Pyrolysis of acyl halides. Decarbonylation as in reaction (49) is 
often observed211 and sometimes more complex disruption occurs212 but 
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the mechanism is obscure and few kinetic studies are available. The 
icaitang& o!zfi.ns that are also formed may result froludireisicit.composition 
of the substrate or may be derived from the alkyl halide. 

RCOCI - -f RCI + co (49) 

ROCOCI RCI 4- COP (50) 

(iv) Reactions of alkyl and aralkyl chloroforrnates. Kinetic studies of the 
decomposition of the former class in the vapour phase (reaction 50) led to 
the suggestion 2139214 that loss of carbon dioxide occurred in 
determining step, reaction (51). 

+ 
C I - c = o  . c=o 

I 
OR 7 [ --AR 1 ___f COP f RCI 

the rate- 

(51) 

The postulated inigratior? to oxygen did not apparently occur for aryl 
compounds216 and plienyl chlorofGrmate was shown to undergo bimolecular 
decomposition (reaction 52). 

Z(Ph0COCI) (PhO),CO + COCI, (52) 

The decomposition on an optically active aralkyl substrate 95 (reLCtion 
a higher degree of retention of configuration than when the 

(53) 

53) 
1 

(-) PhCHMe ___f (-) PhCHMe 4- cop 
I 

CI 
I 
0-COCI 
(95) 

chIorosulphite (99  was so reacted217 (reaction 54). It was concluded216 
that the mechanism of the former process resembled that in reaction (51), 

2 

(--) PhCHMe - + (-1 PhCHMe + SO, 
GSOCI CI I (54) I 

(96) 

but that a 1,3-positional shift of the aralkyl group took place within an 
ion pair (reaction 5 9 ,  without leading to racemization. The effect of 

R-0-C-CI d RO-C-CI 0-C-CIR "- b 1 [ -  1: 'j (55) 

I I  
0 

CO, + RCI 
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substituents in the aryl ring on enthalpies and entropies of activation were 
also discussed in terms of the details of this route. 

An attempt to test the 'degree of freedom' of the proposed carbonium 
ion in this scheme was made using neopentyl chloroformate. A relatively 
slow decomposition took place to yield olefins with skeletal rearrangement 
and it wds concluded that the initial product was neopentyl chloride. 
However, a more recent studya8 of the thermal decomposition of a series 
of alkyl chloroformates revealed extensive rearrangement in the formation 
of the chlorides comparable in extent to that encountered in the nitrous 
acid deamination of the corresponding alkyl amines. Thus rt-butyl chloro- 
formate decomposed to form sec-butyl chloride (78%); neopentyl chloro- 
formate gave i-pentyl chloride (100%) ; and iso-butyl chloroformate 
yielded almost entirely sec- and tert-butyl chlorides. The mechanism in 
reaction (55 )  may accommodate these observations (which were obtsined 
under slightly different conditions to those of the earlier experiments) if 
tne cationic species has a greater degree of freedom during arrigrztion. 
Alternatively, a cyclic transition state, cf. reaction (56), may be invoked218 
to account for some of the rearranged products. 

A detailed kinetic study of the decomposition of various chlorofonnates 
in the gas phase elucidated219 the pattern of reactions (57). Heterogeneous 
components were present but the rates were unaffected by the addition of 
nitric oxide and so radical chains could probably be ruled out. A somewhat 

Me C H =C H C H, 0 C OC I 3. M e C H C H = C H 

(57) 
MeCH=CHCH,CI MeCHCH=CH, 

I 

\ L/ cI 

C H,=CH CH = C H, 

similar reaction is that of oxalyl chloride and the diazoketone (97). 
Reaction (58) has been proposed"' but no intermediates have been 
isolated. 
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The ionization of haloformates in suitable media (e.g. SbF,-SO,) has 
bcen observed221 and f G i Z l S  a c o n ~ e i ~ k i t  i G i l i C  for The generaiion of the 

,--, 

Ph, ,CI 
Ph, ,C, 

CI 
PhCCI=CCIPh +--- ,C,.o,CO f C O  
3- co:! 

appropriate carbonium ion (reaction 59). It was not stated, however, 
whether isomerization of the cation was observed. 

(v) Acid halides derived from ortho-carbonyl-substituted benzoic acids. 
2-Formylbenzoic acid (98) and its derivatives form acid chlorides that 
have been shown to exist in the cyAic form (99) by chemical and physical 
evidence2a2. 223. The isomerization may occur during the formation of the 
compound or by spontaneous intercoilversion of first-formed 98. An 
attempt324 to prepare the acid bromide by reaction or" o-phthaldehyde with 
bromine gave only the bromolactone which could be reduced to phthalide. 
Reaction of 99 with an alcohol in the presence of potassium carbonate 
gave a #-ester, isomerjzed by dilute acid to the normal form. The reactions 
of opianic acid (100) were similar and the formation of a +-chloride and 
$-esters were well established225. 

tdeo&coJ; 

H 
(99) (1 00) 

a::: 
(98) 



286 D. V. Banthorpe and B. V. Smith 

a-Aeetylbenzoic acid also forms a chloride which is cyclic: this may be 
formed eithzr hy cydizatin~~ of the open-chain chloride or by replacement 
on the lactol(101) for which structure there is physicai evidence. However, 
treatment of the chloride with phenylmagnesium bromide gave an open- 
chain product. a-Benzoylbenzoyl chloride shows evidence of a cycljc 
structure226* 227 although two forms have been claimed to exist. The 
evidence from chemical behaviour is ambiguous : this reaction with 
methylmagnesium halides led to products with the phthalide skeleton 
whereas the corresponding phenyl-Grignard reagents gave a-dibenzoyl- 
benzene. Some evidence for cyclization in the formation of an acid chloride 
from benzil-0-carboxylic acid is also available228. 

Although a systematic investigation of the equilibria between open-chain 
and cyclic form of these keto-chlorides has not been carried out, it is fairly 
clear that the relationship between reactant and product is complicated 
by solvent and steric effects. 

(vi) Other reactions. A variety of other rearrangements that do not fit 
easily into the above classes fall within our terms of reference and can 
be conveniently grouped together. Thermal isomerization of 4-ethoxy- 
butyryl and 5-ethoxyvaleryl chlorides led to the respective w-chlotoesters. 
The reaction showed first-order kinetic behaviour at 100-1 50°, proceeded 
in the absence of catalyst, and was presumably an intramolecular process 
(reaction 601, similar to that observed with half-ester chlorides229. 

H2 F2 
H 27NC\CH2 H2Y’ ‘CH, 

I -  I --f CI(CH2),CO2Et $0) 
E t O : d  C=O 

I I 
CI Et 

0-co ,+ 

Ethyl chloroforrnate and ethyjeneimine reactedD0 to form the expected 
product, reaction (6l), in the presence of an alkylanline. In the absence of 

1 
CI (C ti,)? N HCOR 

the latter, the hydrogen chloride produced catalysed ring-opening in the 
reaction. 
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Other processes studied231-234 with varying degrees of thoroughness are 
in reactions (62-68). 

CNCH,COCI ---+ (62) 
CI 

PhCH(0H)COMe -I- PhCOCl -> PhCHCOMe PhCOCHMe 
I + 1 (63 1 

OCOPh OCOPh 

CI&, ,CI Fe, 200’ cI, ,C’ /c=c, ,c=c\ 
CI C0,Et COCl COCl 

CIJC, ,Co2H Fe CI, /H ,c=c, 
COCl COCl 

,c=c\ or  em' CI H 

CI-c-co  

CI - c -CCI* 
c’3C~C=CHCOCI (67) 
H’ 

CI,C=CCICCI=CCIOEt I I  + 
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1. INTRODUCTION 

In striking contrast to the numerous studies on the photochemistry and 
radiation chemistry of many classes of compounds containing a carbonyl 
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group, our knowledge of the behaviour of acyl halides in photochemical 
and radiation-induced processes is very limited. Apart from a few reactions 
of simple compounds such as phosgene and oxalyl chioride, which have 
also been the subject of kinetic studies, mechanistic concepts relating t$ 
more complex processes are largely speculative, based on product distri- 
bution and bond energies. For example, the gas-phase formation and 
photolysis of phosgene was the subject of a classical series of studies by 
Bodenstein and co-workers. Later on, reactions were increasingly investi- 
gated in the liquid phase. Since very complex reaction mixtures are the 
rule rather than the excepticr?, elucidation of such reaction pathways had 
to await the development of modern methods of separation and identifi- 
cation, in which, at present, gas chromatography in combination with 
mass spectrometry and n.m.r. plays the crucial role. 

The primary photochemicai step on irradiation of an acyl halide is 
probably almost invariably the formation of zn acyl-halogen radical pair. 
Complex reaction mixtures arise through secondary radical reactions, 
either of the radical pair itself or through reactions of the separated 
radicals following dissociation. Which of the secondary reactions pre- 
dominates depends on temperature, concentration and solvent (separation 
of the radical pair; possible diffusion of the radicals out of a solvent cage). 
In addition, non-photochemical reactions of the reaction products and 
substrates with acyl halide, hydrogen halide and halogen occur. 

The multiplicity of possible pathways is largely responsible for the fact 
that only a very few of the known photochemical or radiation-induced 
reactions of acyl halides have attained limited preparative significance. 
Examples will be dealt with explicitly in subsequent sections. 

111. ELECTRON ABSORBTlObd SPECTRA OF ACYL HALIDES 

As this topic is treated elsewhere in this volume, only the essential features 
of the U.V. absorption spectra of acyl halides will be dealt with in this 
chapter; a knowledge of the band positions and intensities forms the 
starting point for any photochemical experiment. 

Corresponding to the relatively small number of photochemical studies 
of acyl halides, only a limited number of absorption measurements in this 
class are available. The conflicting data to be found in the literature 
concerning such simple compounds as acetyl chlor idel * * 3 9  are a further 
limitation, and may in some cases be due to considerable difficulties 
encountered in purification (e.g. of the extremely corrosive oxalyl 
chloride) and to photochemical decomposition observedl in the course of 
measurement. 
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Comparison of the U.V. spectrum of aliphatic acyl chlorides with those 
of related classes of compounds of the type R-CO-X (where X = OH, 
OR, NHR, R)3p5 shows that all possess a band in the region between 
2% End 300 m p  with E from approximately 10 to 100, which is assigned 
to the n+ T* transition of a lone electron In the carbonyl group. As would 
be expected, the exact position of the maximum depends grertly on the 
nature of the group X, whereby the transition to heavier halogens 
(CI-+I) in the acyl halides is accompanied by a marked bathochromic 
shift with concurrent increase in extinction. Nagakura3 gives the values 
Amnx = 220 m,x with emtLs- 100 for acetyl chloride in heptane. 

This n-2 T* band shows a fairly gradual decline in intensity towards 
the long wavelength region of the spectrum, so that in the range of the 
Hg emission line at 254mp, which is important as a photochemical 
radiation source, an extinction sufficient for excitation is still available. 
The energy of this radiation corresponds to 11 I kcal, which suffices to 
rupture the weakest bond in the acyl halide molecule, normally the 
C-X bond; its dissociation energy is of the order of 70-80kcal for 
X = C1, and about 60 kcal for X = Br, to which is added a variable 
amount expended on photochemical excitation of the fragments. 

The U.V. spectra of perfluoroacyl halides were recorded in the context 
of photochemical studiesG. Here, too, a marked bathochromic shift of the 
maximum of the n+v* transition was observed on passing from the 
fluorides through the chlorides to the bromides. The measurements for 
the perfluorobutyryl halides are recorded in Table 1 .  

TABLE 1. Absorption bands of perfluorobutyryl 
halides in the U.V. region" 

n-C,F,COX Gaseous phase Cyclohexane 
X Amax mp (4 Amax nip (-4 

~~ ~~ ~ 

F 215 (66) - 
C1 258 (38) 259 (46.5) 

Br - 217 (692) 
266 (37) 266 (46) 

273 (56) 

Aromatic acyl chlorides also show great similarity in position, intensity 
and substituent shift of corresponding bands to related compounds 
ArCOX, especially to the corresponding aldehydes (X= H) and aceto- 
phenones (X = CH,)'. Benzoyl chloride in cyclohexane, with the longest 
wavelength maximum at 242 m p  ( E  = 14,500), serves as an example'. 
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In the case of phosgene*, oxalyl chloride9 and oxalyl bromidelo, com- 
pounds frequently t!ie scbject cf phetocheriical studies, ail abseijjtioii 
which continuously increased towards the vacuum U.V. without pro- 
nounced maxima was observed (in part with fine structure, as the measure- 
ments were made in the gaseous phase). 

111. PHOTOCHEMICAL AND RADIATION-CHEMICAL 
FQRMATIQN QF ACID HALIDES 

A. Photochemical Formation of Phosgene 
The formation of phosgene from carbon monoxide and chlorine under 

the influence of light belongs to the topics of classical photochemistry. 
Extensive fundamental knowledge was gained by study of the kinetics of 
this reaction, which was investigated principally by Bodenstein and co- 
workersll. l2 and by Rollefson13. The reaction is reversible under irradi- 
ation, with attainment of a photostationary state. 

Phosgene formation at  pressures greater than 200 mm at room 
temperature obeys the experimental rate law : 

d[CdqaJ = K,IabS*[C1*][CO] * 
According to Bodensteinll this kinetic behaviour is consistent with and 

can be derived quantitatively from the following kinetic scheme : 

CI, + hv - 2 CI' 
'CI + CO + M - 'COCI + M 

'COCI + M -+ CO + 'CI + M (4) 

'COCI + CI, ~ > COCI, 3. 'CI 

'COCI + 'CI - co + CI, 
Equation (2): initiation 
Equations (3) and (4): equilibrium state (M: three-body collision 

Equation (6): termination 
partner; e.g. collision with wall) 

It follows that 

For the dissociation of 'COCI into CO+'C1 an activation energy of 
only 6 kcal was calculated. 

B.  Radiation-chemical formation of Acyl Chlorides 
The system phosgene/cyclohexane was subjected to y-radiolysis with a 

G°Co radiation source14. For the formation of cyclohexane carboxylic acid 
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chloride a G value of about 70 was obtained, which supports a chain 
reaction. 

The radiochemical cldorocarbonylation of cyclohexane in the system 
CCl,/CO was investigated in greater detaiP. Reaction (9) competes with 
the principal reaction (8) : 

RH + CCI, + CO -y(60c0)t RCOCl + CHCI, (8) 

(9) 

A quantitative relationship between the rates of these two processes 
and the concentration variables can be formulated from the following 
reaction scheme : 

RH + CCI, r(GOCo)> RCI + CHCI, 

RH + 'CCI, k1 t R' + CHCI, (1 0) 

R' + CCI, " > RCI + 'CCI, (11) 

t RCOCl + 'CCI, (1 3) 

Steps (10) and (11) are familiar from the free-radica! chlorination of 
hydrocarbons with CCl,. 

The formation of dicarboxylic acid chlorides cannot be achieved, since 
the acid chloride acts as an auto-inhibitor of the reaction. Thalerlj assumes 
a competing attack of the chain-propagating trichloromethyl radical on 
the acid chloride with formation of an (unknown) radical species which is 
too stable to continue the chain. By suitable choice of the reaction para- 
meters (as derived from the results of the kinetic study) conversions 
approaching 100% with RCOCl as the greatly predominant product can 
be achieved. 

k d  RCO' + CCI, 

C. Acyf Chlorides by Photooxidation 
Haszeldine and NymanIG found that individual fluorinated acyl halides 

are formed in good yields by photooxidation of suitable halogenated 
hydrocarbons. Trifluoroacetyl chloride is accessible by the following path : 

+'12 t F,C--CHCI,C12/0z- F,CCOCI (14) CI,C=CHCI 

The photooxidation proceeds with C1, as sensitizer in 90% yield. A 
chain mechanism with primary attack by chlorine radicals was advanced16. 

Chlorodifluoroacetyl fluoride has been prepared similarly" : 

h v  
> F,C-CH,CI +HF 
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IV. PWOTOLYSIS, PHQTOCHEMISAL OXIDATION AND 
REEUCTION OF ACYh SALlDES 

A. Phosgene 
The photochemical decomposition of phosgene is caused by light of 

wavelengths less than 270 mp (predissociation boundaryls) with formation 
of the 'COCI radical as intermediatell* lo. As mentioned in section 111, A, 
a photostationary state can be reached from both sides : 

COCI, -A co + CI, (1 6) 

The oxidation of phosgene under the action of light foIlows the 

(1 7) 

The course of the reaction can readily be followed manometrically in the 
gaseous phase owing to the change in molar number (3 moles-+4 moles). 
Accepting the familiar photochemical primary reaction of phosgene, the 
reaction scheme can be formulated as follows2o : 

equation2, 

2 COCI, 4- 0, A 2 co, + 2 CI, 

(1 8) 

'COCI + 0, > co, f 'CIO (1 9)  

(20) 

'COCI 4- CI, - COCI, + 'CI (21 1 
(22) 

hv lnitiaticn : COCI, - 'COCI + 'CI 

COCI, + 'CIO - co, + CI, + 'CI 

Termination: 2'CI + M - CI, + h4 
The rate law derived therefrom, 

is closely followed experimentally. I, means intensity of light. The quantum 
yield of 2 demanded by the mechanism was also confirmed by the 
experimental value of 1.8 8. 

The photochemical reduction of phosgene in the gaseous phase also 
proceeds smoothly and has been studied in detail* : 

COCI, + H, ''" > CO + 2 HCI (24) 

As the reaction proceeds, the experimentally determined quantum yield 
decreases from 3-8 to 2.4. Montgomery and Rollefson8 have proposed a 
plausible kinetic scheme. 

The photolysis of phosgene in the presence of ethylene, which was 
studied by Wijnen2', is considerably more complex than the reactions 
discussed so far. It was found that all 'COC1 radicals formed decay into 
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CO + 'Cl (activation energy only 6 kcal). The mechanism SUggeSteQ by 
Wijnen interprets the formation of the major products 1-chlorobutane 
and l,4-dichlorobutane as due to a complex reaction sequence, details of 
which are given in the original publication21. The chloroethyl radical 
'CH,CH,Cl plays the essential part in chain propagation. 

B. Oxalic Acid Halides 
The gas-phase photolysis of oxa'lyl chloridee and oxalyl bromidelo has 

been studied by Rollefson and co-workers. As the two acid halides behave 
quite differently they will be discussed separately. 

Determination of the quzntulvi yield at the wavelengths 365 mp and 
254 m p  yielded the admittedly unccrtairr values 

4 - 2 ( A  = 365 mp) 

4 N 1 ( A  = 254 mp) 

This result, together with the kinetic treatment, led to the assumption of 
two photolytic primary steps, namely rupture of the C-Cl bond (which 
predominates at long A) and rupture of the C-C bond (predominant at 
short A) : 

The primary radicals thus formed decay in succeeding steps in the farnilizr 
manner with separation of CO. 

Although the kinetic behaviour and quantum yield are compatible with 
these assumptions, from estimates of the various dissociation energies a 
preferred rupture of the C-Cl bond when using low-energy, long- 
wavelength light is by no means self-evident. The two dissociation energies 
in question should not differ greatly from each other. For the roughly 
comparable diacetyl, values of 7222 and 6023 kcal for the dissociation 
energy of the central C-C bond have been given, which lie beneath the 
energy expected for the C-Cl bond (approx. 75 kcal). However, there are 
indications that the primary step in the photolysis of oxalyl chloride differs 
from that in the photolysis of acetyl chloride, which certainly involves 
C-Cl rupture. Namely, photoreactions with hydrogen donors proceed 
much faster and to a greater extent with oxalyl chloride and oxalic acid 
ethyl ester chloride than with acetyl chloridc (cf. section V, B and V, D). 
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In addition, the reaction can be carried out with both compounds as a 
non-photochemical process with a peroxide initiator. All these findings 
are indications that the photoreactions of oxalyl halides proceed princi- 
pally-in the sense of Kharasch's in te r~re ta t ion~~ (cf. section V, D)-via 
rupture of the C-C bond. 

In contrast, the photochemical decomposition of oxaiyl bromidelo takes 
place in a uniform manner throughout tfie entire range investigated 
(436-265 mp) with a virtually constant quantum yield #<  1, which is 
evidence against a chain reaction. Furthermore, addition of oxygen has 
almost no influence on the reaction rate. 

(COBr), hv 2 CO + Br, (28) 

The relationship between initial and final pressure required by this 
stoicheiometry, pm = 3p0, is closely followed. At longer wavelengths the 
bromine formed functions by absorption as a filter and slows down the 
reaction. The presence of free bromine atoms was demonstrated by addition 
of hexane to the reactant with formation of alkyl bromides. 

The thermal decomposition of oxalyl bromide (> 200°C) was also 
investigated by Rollefsonlo, and differs interestingly from the photo- 
chemical reaction in that bromophosgene COBr, is formed as an inter- 
mediate (E, = 32 kcal), which decays further in a heterogeneous reaction 
to carbon monoxide and bromine. 

C. Acyl Halides 
The decomposition of illuminated acetyl chloride vapour4 affords methyl 

chloride and carbon monoxide together with methane, vinyl chloride and 
much polymeric material. 

CH,COCI A z CH,CI + CO + CH, 4- CH,=CHC1 4- polymers (29) 
40-200 mm 

vapour 
(100-2000) 

The partial pressure of methyl chloride is always proportional to the acetyl 
chloride pressure. In no experiment could ethane be identified. The authors 
conclude from these findings that the photochemical primary process in 
methyl chloride formation is molecular, since all radicals are trapped by 
acetyl chloride with formation of polymers. For the two molecular pro- 
cesses (30) and (31) activation energies of 15.5 and 20.4 kcal respectively 
were obtained. 

CH,COCI hv CH,Ci + CO (30) 

CH,COCI CH,=CHCI + 0 (31 1 
A rather different situation obtains in the gaseous phase photolysis of 

acetyl bromide. Etzler and R0llefson2~ found that the decomposition takes 
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place with about 90% formation of methyl bromide and CO. In addition, 
the reaction mixture was shown to contain about 10% methane and more 
than 0.5% Br,; H,, C2E,, C2X4 arid dizicetyl arc ~ l o i  pieseiit. Thc piddct  
ratio remains constant throughout the reaction, and the pressure increase 
pa  = 2p, is observed, as anticipated. 

hv 
vnpour 

CH3COBr ~ CH,Br + CO(+ by-products: CH,, Brl, C,H,Br,) (32) 
(15-55'C) 

The reaction rate is directly proportional to the quantity of light 
absorbed; a value of about 0.5 was determined for the quantum yield. 

As methane formation can be totally suppressed by a sufficient amount 
of NO as a radical trap, the quantity of methane can be regarded as a 
measure of the proportion of CH,COBr which yields methyl radicals. 

As a result of their experiments Etzler and R01lefson~~ postulate three 
different primary steps : 

Direct dissociation: CH,COBr CH,Br + CO (33) 

(34) 

CH,COBr CH,CO' + Br' (35) 

?i V 
CH,CCdr -----+ 'CH, + 'COBr Dissociation via 

radicals: 

The authors have described the photolysis of acetyl bromide with a set 
of secondary processes undergone by the radicals thus formed. 

Irradiation of perfluoroacyl chlorides and bromides in the liquid phase 
affords perfluoroalkyl radicals, which predominantly lose carbon mon- 
oxide. The perfluoroal kyl radicals subsequently dimerize or yield 
perfluoroalkyl halides.6 

hv 
n-C,F,-COCI -> n-C,F,CI + n-CsF,, + CO 

(81%) (4%) 

CICO-(CFJ3-COCI -hv CI(CF,),CI + CI(CF,),CI + CO (37) 
(71%) (11%) 

hv 
n-C,F,-COBr - n-C,F Br + CO 

(94%) 

In the photolysis of carboxyiic acid fluorides, rupture of the a-C-C 
bond is favoured owing to the high bond energy of the C-F bond. 
Harris6 has observed decarbonylation and dimerization of the perfluoro- 
propyl radical on irradiation of perfluorobutyryl fluoride : 

n-C F 
7\ 

n-C,F,, + C F- OC, F7 h V  

lamp) (58%) n-C F7' (39) 
nGF7COF (low-pressure' 

+ CO + COP + COF, 
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Ia a specid photoreactor it was alm possible to photodimerize per- 
flucrcdiacyl fluorides25 i:: good yields. In  zzzcrdaiicc with the p i h a y  
cleavage discussed above, the reaction conforms to the scheme : 

0 0 0 0 0 0  
I I  ~ l i l t  I I  I I  hv 11 

2 FC-(CF,)n-CF 7 2 FC-(CF,), + 2'CF --. F-C-C-F 
hv 

pressure 

lamp) 0 . 1 0  (40) 

I I  I 1  
FC - ( CF&- CF 

Ethers of the type FCO(CF2CF2- 0- CF2CF2),COF react similarly. 

8. Aroyl 6romides 
The benzoyl radical C,H,CO' was first isolated in substance as an 

orange-red condensate by freezing out the vapour pumped off after 
subjecting benzoyl bromide to gas-phase photolysis2s. The radical was 
characterized by its e.s.r. spectrum which has a signal width of 15 Gauss 
(peak-peak) and a g-factor of 2.007. On warming from the temperature of 
liquid nitrogen to 125"K, colour and e.s.r. signal disappear simultaneously. 
A radical with identical properties can be obtained by photolysis of 
benzaldehyde in the same experimental arrangement. 

C,H,COBr 

C,H,CHO 
> C,H,CO' 

o ran ge-red 

g r8en red-brown 

The green p-methoxybenzoyl radical and the red-brown p-chlorobenzoyl 

In the warmed-up condensate of the benzoyl radical, benzil and benzo- 
radical were obtained similarly. 

phenone were identified as recombination products. 

V. PHOTOLYSIS O F  ACYL HALIDES IN T H E  PRESENCE O F  
HYDROGEN DONORS,  ALKANES AND ALKENES 

In the case of aliphatic and aromatic carboxylic acid halides there is no 
doubt that the photochemical primary step is excitation, involving 
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?t +T* transition of an electron of the carbonyl group to the singlet state 
with subsequent transformation (intersystem crossing) into a triplet. As 
the cnerg.l absorbed is large compared with the dissociation energy of the 
acyl-chlorine and acyl-bromine bonds (60-80 k ~ a 1 ) ~ ~ .  **, dissociation of 
carboxylic acid chlorides and bromides in the singlet cr triplet state to 
acyl and halogen radicals occurs. In  the case of aroyl bromides this could 
be proved by direct methods (cf. section IVY D). 

A. Acyr Cyanides and Fluorides 
The acyl-cyanide and acyl-fluorine bonds in acyl cyanides and fluorides 

respectively are so strong that homolysis of these bonds in the excited state 
does not occur, and consequently the familiar reactions of the carbonyl 
triplet state are observed. 

and thus behaves quite analogously to the carbonyl compouads (‘Paterno- 
Buchi reaction’3o). 

The direction of addition conforms to the principle of addition via the 
most stable diradical. 

Irradiation of acetyl cyanide in olefins affords oxetanes in good 

Ph H 
hv Ph$- C I H2 -Phj--J 

I (42) 
CH3COCN + (C,HS),C=CH, 

c-0 
/ \  CH3CN CH, CN 

52% yield 

As a mixture of cis-trans oxetane isomers is obtained from sterically pure 
olefins, it nmst be assumed that the addition proceeds via the triplet of the 
acyl cyanide. 

Smooth addition of perfluoroacyl fluorides to olefins was also 
observedG* 31 : 

hv, CF,=CF-CF, 

F c F3 - n-C,F,COF 

F F  

(43) 

Sensitized irradiation of aroyl cyanides in hydrogen donors results in 
dehydrogenation of the solvent and formation of cyanohydrin radicals 
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which dimerize. The resulting benzil dicyanohydrin loses hydrogen 
cyanide to form benziP2: 

OH 
hu, sens. I 

ArCOCN + (C,H,),O Ar-C-CN + C,H,-OCH-CH, (44) 

OH cri CN 
I I I  

I I  
OH OH 

2 Ar-C-CN ---+ Ar-C-C-Ar + ArCOCOAr -I- 2 HCN . (45) 

5. AcyI Chlorides and Bromides 
The photoreactions of acyl chlorides in hydrogen donor solvents result 

in the formation of an acyl-halogen radical pair in the immediate neigh- 
hourhood of the C-H bond of a solvent molecule. The radical pair either 
reacts at once or becomes separated, followed by reaction of the individual 
separated radicals. In the first case the course of the subsequent reaction 
can be deduced from the energies of the bonds subjected to opening and 
closure (46) or (47): 

0 

0 
II 

R-C. 0 

(47) 
>L---+ R-C-H II + Hal-C- / 

\ 
Hal \ 

Path (46) is always observed when the H-Hal bond is the strongest of 
the bonds to be formed, for example on irradiating acyl chlorides in 
hydrogen donors such as cyclohexane or ether. Path (47) represents the 
course of reactions in which the dissociation energy of the H -halogen 
bond is comparable with that of RCO-€3, as in the irradiation of aroyl 
bromides in diethyl ether. 

Irradiation of an acyl halide-olefin mixture leads to the addition of one 
of the radicals formed. The product composition can be interpreted as 
resulting from addition of the primary radical formed without assuming 
significant allylic substitution. 

The irradiation of acetyl chloride and cy~lohexane~~ for 24 h yielded 
10% acetylcyclohexane and about 3% chlorocyclohexane. The formation 
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of the identified products 1-3 is compatible with the following mechanism: 

0- -0-0 (3) 

The reaction proceeds slowly. Short chains represented by the transfer 
steps (53) and (54:) seem to play no important part. Biacetyl is not formed 
in identifiable amounts; chlorine is present in a mimte quantity during the 
irradiation. Chlorocyclohexane may be formed either from the cyclohexyl 
radical and chlorine or according to (54). 

Considerably more products result, and the extent of conversion is 
greater in the irradiation of a mixture of acetyl chloride and cyclohexene= 
than with cyclohexane. Six products (I), (Z), (4)-(7) of the reaction have 
been identified, and point to the mechanism overleaf described by 
(56)-(63); 4 and 5 may be formed by the transfer steps (62) and (63). 
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CH,COCI + 0 --% (254 mp) 0 + 0 + 0 + G C I  

COCH, CI COCH, 

(55) 
(-20%) (-5%) 

(2) (1 1 (4) (5) 

0 
I! 

0 
I I  hv 

R-C-CI + R-C' + CI' 

cb + RCOCl + 
0 4 + R-$ 

COCH, CH,CO CI COCH, 

+ RCOCI ---+ R-C + 

(4) 
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Irradiation of acyl halides in e t l i e ~ ? ~ . ~ ~  results in considerably improved 
yields and conversions. Large amounts of hydrogen halide are formed 
and remain dissolved in the ether, which undergoes non-photolytic fission 
by the acid halide to the ethyl ester of the corresponding acid (8). For this 
reason the light source used should be as strong as possible in order to 
accelerate the photoreaction and limit the extent of the competing non- 
photochemical reaction. U p  to 65% 3-ethoxy-2-butanone (9) is formed 
from diethyl ether and acetyl chloride3-': 

z C,H,OCH(COCH,)CH, + HC! (64) 
hu (254 mrc) 

CH,COCI + (C,H,),O 
(65%) 

(9) 

With increasing temperature and increasing acetyl ch!oride concen- 
tration a much greater proportion of by-products is formed. These consist 
largely of 3-acetoxy-2-butanone (lo), which is probably fornied non- 
photochemically from 3-ethoxy-2-butancne by ether fission. The photo- 
chemical reaction between acetyl chloride and diethyl ether is considerably 
faster than that between cyclohexane and acetyl chloride, which very likely 
reflects the lower dissociation energy of the C-H bond in the a-position 
of the ether. I t  is also possible that, owing to loose acecyl chloride-ether 
oxonium salt formation, the radical pair after photolysis is very close to 
the C-H bond to be broken. The following mechanism is compatible 
with products (9), (In), (12), found in addition to 3-acetoxy-2-butanone 
and ethyl acetate (8): 

CH, COOCzH5 CH,COCHCH, 
I 

(8) OCPHS 

CH,CHCOCH, (9) 
I 

OCOCH, 

(1 0) 

Dissocia:lon 

(9) 

11 

CI' + CH3CO' 
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2 CHSCHOCZH, ----+ (CzH,-O-CH-CH3)p (67) 
I 

(11) 

(1 2) 
2 C H , b  ____f CH,COCCCH, (68) 

decarbonylation of the phenyl- 
acetyl radical (equation 70) or direct scission of the benzyl-chlorocarbonyl 
bond occurs, forming benzyl radicals. The generation of small amounts 
of 1,4-diphenylbutane-2,3-dione (16), proves primary formation of the 
phenylacetyl-radical (equation 69) at least to some extent. Therefore, on 
reaction in cyclohexane and cyclohexene, the major products found are 
the combination products of the benzyl radical (1 ,Zdiphenylethane (13), 
and lY2,3-triphenylpropane (14)) and the combination products of the 
'solvent radicals', which are formed by abstraction of hydrogen by  the 
chlorine radicals (dicyclohexenyl, dicyclohexyl). On irradiation of phenyl- 
acetyl chloride in diethyl ether, a-benzyldiethyl ether (15), formed by 
reaction of benzyl radicals with diethyl ether, was identified in addition 
to large amounts of 13 and traces of the a-diketone (16). 

On photolysis of phenyIacety1 

C,H,CH,CO' 4- CI' (69) 

C,H,CH,' + CO (70) 

C,H,CH,CHCH,C,H, 
I 
C6H5 
(19 

C,H,CH,C-CCH,C,H, 
II  I I  
0 0  
(1 6) 

TABLE 2. Photoreduction of aroyl bromides 
RC,H,COCI; 0.1 mole starting mixture, 

molar ratio ArCOBr/ether 1 : 3 

R Yield of ArCH=O 
(%> 

H 
o-CH, 
tIZ-CH, 
P-CH3 
0-c1 
m- C1 
p-c1 

70 
64 
70 
64 
62 
58 
69 
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Irradiation of aroyl bromides in diethyl et1iePj leads to smooth photo- 
reduction of the bromides to aldehydes. About 20% of the ethyl ester of the 
aromatic acid is formed by a concurrent non-photochemical reaction. 

ArCOBr + (C,H,),O - ArCHO + C,H,OCHBrCH, (71 1 

The a-bromoether (17) very probably formed in accordance with the above 
equation could not be isolated. Its formation was deduced from the 
identification of large quantities of acetaldehyde. 2,3-Diethoxybutane was 
not identified. 

(17) 

C. Ethyl Chloroformate 
The photolysis of ethyl chloroformate was studied in cyclohexane, 

cyclohexene, l-octme and without solvent3'. A mercury high-pressure 
lamp was used as radiation source. The course of the reaction is very 
complex and the product distribution depends to a large degree on the 
reaction conditions. A chain mechanism is not involved. The ethoxy- 
carbonyl radicals formed in the primary step can substitute hydrocarbons 
and add to olefins, the yields being very variable. 

The authors assume the primary process to be the selective fission of the 
C-Cl bond (equation 72). 

CI-COOC,H, 'COOC,H, + 'Ci (72) 
'COOC,H, - 'C,H, + CO, (73) 

The reactions resemble those of acyl halides with alkanes and alkenes 
discussed in greater detail above, but the yields are poorer owing to the 
lability of the ethoxycarbonyl radical, which dissociates into the ethyl 
radical and CO, (equation 73) with the extremely low activation energy 
of about 1-2 kcal/mole. 

174) 

0 CI-COOC,H, + 

111'. 
0-0 COOC,H, + U C,H, + COP i 

(main products) 

CI-COOC2H, + 0% (C0OC2H5 + 
(main products) 

(75) 
+ C2He + CO, + CZH, 
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CI-COOCzH, + CH,=CHC,H,,& CH,(CH,),COOC,H, + C,H, 

+ COP 3 C,H, (76) 

310 

The olefins thus yield the corresponding saturated ethyl ester in a 
radical addition reaction. 

Conversions of only a few per cent arc obtained in these reacticns, 
with irradiation times of up to 13 11. They therefore have :lo preparative 
significance. 

D. Oxalic Acid Halides 
Aliphatic and alicyclic acyl halides are formed on light-induced or 

peroxide-initiated reaction of oxalyl chloride with aliphatic and alicyclic 
hydrocarbons. The reaction was discovered by Kliarasch and Brown3* and 
later re-examined by R ~ n g e ~ ~  : 

qoct 

0 + (COCI), A 0 + CO + HCI (77) 

The irradiation was conducted in the liquid phase at  30-60" with various 
radiation sources. Conversions of up to 60% were achieved. From hydro- 
carbons with non-equivalent C- 1-1 bonds mixtures of products were 
formed as expected, but were not analysed. If an  excess or" oxalyl chloride 
is used, it reacts further non-photochemically at  the boiling point with the 
monocarboxylic acid chloride formed to a substituted malonyl chloride : 

---4 (78) 

Mixed aliphatic-aromatic hydrocarbons such as toluene do not react; 
benzene acts as an inhibitor. This may be due to absorption of the photo- 
lytically active radiation by the aromatic system. 

The smooth course of photochemical 'chiorocarbonylation' makes the 
reaction preparatively useful in principle, although deposition of strongly 
light-absorbing decomposition products on the wall of the reaction vessel 
frequently causes premature cessation of the reaction. 

Compared with the photochemical processes discussed in the preceding 
sections, this reaction proceeds much more quickly, with significantly 
higher conversions. In  addition, the reaction can also be conducted with 



9. Photochemistry and radiation chemistry of carbonyl halides 31 1 

peroxide catalysis instead of light. These arc indications that the reaction 
proceeds by way of si1oi.i ciiaiiis aild difCets Curidamuriiaiiy from irradiation 
of acetyl chloride or  chloroformic ester in hydrocarbons. Kharasch and 
Brown38 advanced the most plausible interpretation, assuming a transfer 
step (83) to follow the two primary processes (79), (80) by cleaving the 
CO-CO bond: 

(COCI), k" > 2'COCI (79) 

(COCI), A 'CI + ' c o c o c I  

'COCI - co + 'CI 

'CI + RH - 'R + HCI 

'R + (COCI), - RCOCl + 'COCI 

The photochemical reaction of ethyl chlorogiyoxylate with hydro- 
carbons4" also proceeds as a chain reaction. The yields relate to ethyl 
chl orogl yoxyl a te converted. 

COCI COCOOC,H, 

CI-COCOOC,H, + 0 -% 6 + 0 4- C0,COz,CzH4 

Thus, in the case of cyclohexene, addition and dlylic substitution proceed 
concurrently. 
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1. INTWODUCTlOM 

Chemists are familiar with the primary irritation of eyes, skin or respiratory 
tract occasionally incurred in handling acyl halides. These unpleasant 
effects are commonly attributed to the high reactivity of the compounds. 
There has, however, been little investigation of the specific action of acyl 
halides on tissues or biochemical systems. Most texts1 refer to this action 
as strong irritation or severe tissue damage. Also, the relatively high 
vapour pressure of most members of this class entails a serious inhalation 
hazard. 

The feeling of irritation or damage and destruction of tissues are only 
the ultimate physiological expression of chemical changes which occur 
in the tissue affected. The changes may be widespread and indiscriminate 
with the more reactive agents, confined and specific with others. Hence 
carbonyl halides do not necessarily form a homogeneous toxicological or 
pharmacological group. 
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The purpose of this chapter is a balanced prcsentation of the effects of 
the zarboiijl halidcs at thc molecu!a: an:! Siochernica! levels ax! the fna! 
physiological or pathological implications of these reactions. The term 
‘carbonyl halide’ will be henceforth used to denote all members of the 
general formula R-CO-X where X is always a halogen and R may be 
a halogen, an alkyl, aryl, aikoxy, aryloxy or amino group. 

11. ACTUAL AND POTENTIAL CARBBNYL HALIDES 

Any presentation of the biological effccts of carbonyl halides would be 
lacking if it were limited to a discussion of compounds of RCOX structure 
only. Other types of compounds that do not formally classify as carbonyl 
halides are powerful, though latent, acylating agents. These potential 
carbonyl halides are capable of participating in chemical reactions which 
would eventually lead to products similar to or identical with those 
expected from the analogous reaction with the corresponding carbonyl 
halide. 

To  illustrate this, consider for example the case of a compound RCX,, 
where the carbon-halogen bond in -CX, is responsive to heterolysis in 
protic media under relatively mild conditions2; then, 

> (RCOX + 2 HX) > RCOB+ 3 H X  H a 0  RCX, 

where B represents base, e;q;. OH-, NH,, SH- or their alkyl congeners. 
I t  must be understood, however, that the carbonyl halide RCOX in the 
above reaction is implied only and may not necessarily arise stepwise in 
the course of the reaction. Yet the end products RCOB and HX are those 
expected from its reaction with the substrate HB. 

The highly-electrophilic olefins XYC=CXY where X and Y may be 
the same or different halogens Ire another example of potential carbonyl 
halides. These compounds, especially when fluorine is one of the halogens, 
readily undergo nucleophilic addition reactions, yielding ultimately an 
acylated product and a halogen acid. Thus, the reaction of perfluoro- 
propene and perfluoroisobutene with hydroxylamine, reported by 
Knunyants and co-workers3, led eventually to hydrogen fluoride and a 
fluorinated carboxylic acid: 

> CF,CHRCF=NOH + HF 
NHzOII/JICO€I CF,CR=CF, -- 

> CF,CHRCOOH + HF 
1.120 

(R = F; CF,) 

A related case is the air oxidation of compounds such as CFBr=CFBr4 
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and CHF=CBr,5 which are then converted into acid halides by 
rearransement : 

(CFBr -CFBr) CFBr,COF 0, CFBr=CFBr 
\ /  

0 2  

(CHF-CBr2) --+ CHBrFCOBr 
0, CH F =C Br2 

\ I  
0 2  

Since the oxidation of these olefins occurs spontaneously at ambient 
temperature, they should also be of concern as potential carbonyl halides. 

Presentation in this review will be limited to acylating agents not 
involved in normal biochemical processes which produce unusual toxicol- 
ogical or biological effects. Acyl transfer reactions of general biochemical 
interest have been reviewed by Bruice and Benkovic'. 

111. POTENTIAL REACTION SITES IN BIOLQGICAL MEDIA 

The end products of the reaction of carbonyl halides with a wide range of 
representative substrates have been given in a review article by Sonntag'. 
This may be taken as a general guideline to anticipate the nature of 
products that would result from the reaction of carbonyl halides with the 
constituents of body fluids and tissues. Some potential reaction sites are 
given in Table 1. 

The list of these is by no means comprehensive, but should convey a 
fair impression of tbe possible reaction pathways open to carbonyl 
halides. Also, the figures for molarity of the various functicnal groups 
should be taken with reserve, because most of these are part of highIy- 
organized structures rather than uniformly distributed as in a perfect 
solution. 

The products of the reaction of carbonyl halides with such substrates 
are a halogen acid HX, on the one hand, and a carboxylic acid RCOOH 
(or COz if R is a halogen), its amide RCONHRI or imide RCON<, an 
oxygen ester RCOORl or a sulphur ester RCOSRl, on the other, degcnding 
on the conditions and site of the reaction and on the nature and reactivity 
of the reactants. In this context, it is useful to remember that the reaction 
of acyl halides and anhydrides with nucleophiles in protic media possesses 
both an S,l and SN2 characters. The relative contribution of each of 
these two mechanisms should be of consequence in determining the course 
of the reaction in the presence of a wide range of competing substrates. 
With the exception of water, which constitutes by far the most abundant 
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molecule, the concentration of most other possible reactants lies within 
the rather narrow limits to 10"' M and, therefore, is not expected to 
have far-reaching effects on Lhe course of the reaction. Much more 
pronounced are the differences in nucleopliilicities of the various substrates, 
the range being - 6 to 4 log units. Finally, as most reaction sites are parts 
of organized structures, steric factors assume great importance. For 
example, the -NH, group which is highly reactive towards carbonyl 
halides, might not be accessible to the reagent if 'submerged' within the 
tertiary structure of a native p-otein. This situation will be considered in 
greater detail in the following sections. 

A common feature to all possible reaction pathways, however, is 
formation of one mole of acid HX for each mole of reacting RCOX. In 
view of this, it is convenient to consider the effects of carbonyl halides 
under two categories: (1) toxicological effects due to acid formation, 
mostly HX, in tissues and (2) fine biological effects due to the coupling 
of the residue RCO- to a molecule of biological importance. 

IV. TOXICOLOGICAL EFFECTS D U E  TO GENERATION OF 
ACID 

Few organisms are able to withstand a high concentration of hydrogen 
ions*. This is because the conformation of most biologically important 
macromolecules becomes altered, resulting in the reduction or complete 
cessation of specialized biological functions. According to Steinhardt and 
Beychok19, acid- or base-denaturation of proteins may be ascribed to 
loss of solubility at  the isoelectric point, loss of specific properties such 
as enzymatic activity, loss of compact structure with accompanying changes 
in the electrostatic term w, and uncovering of all or most of the previously 
inaccessible prototropic groups. The limits of reversibility given by these 
authors for various proteins, i.e. the range of pH within which confor- 
mational changes are reversible but beyond which irreversible denaturation 
occurs, are far too wide to have a practical meaning in v i v a  Control of 
the ?H of tissue fluids and of the blood within narrow limits is necessary 
for normal physiological function. For human blood, the normal range 
is 7.35-7.45; values below 7.0 are extremely rare and usually imply a 
critical condition such as advanced diabetes. 

Peters and Van SlykeZ0 gave an estimate of the total buffer capacity of 
the blood. For instance, when the pH of the blood falls from 7.4 to 7.0 

* Notable exceptions are the cells of the alga Cyanidiitm caldarium which 
withstand I N  sulphuric acid; thc pH inside the cells may be much higher than 
that of the external medium1*. 
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as may happen in severe diabetic acidosis, the contribution of the various 
buffer systems in neutralizing excess acid is as follows: 

Biifer system rnnioles acid neutralized 
Bicarbonate/carbonate 18 
Haemoglobinate/haenioglobin 8 
Proteinate/protein 1.7 
Others 2 

Since one mole of carbonyl halide generates at  least one mole of acid, 
irrespective of the site or nature of its reaction, then exposure to RCOX 
is equivalent to exposure to HX, the severity of action depending on the 
systemic or local concentrations of HX generated. Low systemic concen- 
trations of HX lead to a condition clinically described as primary alkali 
deficit. A rise in the hydrogen ion concentration of the blood moves the 
equilibrium in the bicarbonate/carbonate buffer system to the right, 
resulting in an increase in the amount of exhaled carbon dioxide: 

HCO; + H+ H,CO, - H,O + CO, (exhaled) 

The alkali reserve of the blood, i.e. HCO;, would eventually be 
exhausted if the increment in halide ion, X-, were not removed from the 
body and replaced by HCQ,. This is accomplished by the kidneys which 
also eliminate cations of sodium and potassium to compensate for halide 
ion withdrawn from circulation". 

The clinical symptoms associated with systemic acidosis are thirst, 
rapid weak pulse, slow shallow breathing, twitching of muscles, con- 
vulsions and collapse22. To a large measure, however, the gross toxicol- 
ogical effects following exposure to carbonyl halide depend on the site 
or organ that has been first exposed to the direct action of the chemical. 
For example, ingestion produces burlis on lips and mouth, severe pain 
in throat and stomach, nausea and vomiting22. Of all sites, the lungs are 
the most vulnerable because, in addition to the special properties of the 

TABLE 2. Estimated total surface area 
of various organs in human adults 

Organ Surface area 
(m2> 

Eyes, lips 0.001 
Skin 1.8 
Small intestine 10 
Lungs 80 
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alveolar membrane which permits rapid exchange of material, they also 
offer the largest area of the verteb;.ate body to external conditions 
(Table 2). 

In  view of this, the more volatile carbonyl halides became the focus of 
interest as chemical warfare agents. A few of them, like phosgene, were 
used in actual combat. 

V.’ P H O S G E N E  AND RELATED COMPOUNDS 

The clinical symptoms of phosgene poisoning in man, following use of this 
compound by the Germans as chemical warfare agent in 1915, were first 
given by Gilchrist, quoted by Prentiss”. In moderate cases of exposure, 
slight symptoms such as coughing and a sensation of irritation in the 
trachea and bronchi may appear immediately after inhalation of phosgene, 
though not to the extent of interfering with a man’s normal activities. 
However, the condition of the victim may become suddenly worse, with 
signs of extreme cyanosis, followed by collapse and death. Pulmonary 
oedema appears very early and is the outstanding condition at the height 
of the illness. After the second or third day, if death does not occur, the 
oedema fluid is reabsorbed and recovery follows unless complications 
intervene. 

A number of theories have been advanced to explain the action of 
phosgene. The LCTso* of phosgene is 5000, which means that exposure 
for 10 minutes to an  atmosphere containing phosgene at  a concentration 
of 500mg per cubic metre would be fatal to 59% of the individuals 
exposed. Under these conditions, the total arnount of inhaled phosgene 
by a person breathing air at the rate of 20 litres per minute would be 
about 100 mg which, in turn, is equivalent to 70 mg of hydrogen chloride, 
assuming 100% retention in the lungs. This amount of acid would have 
insignificant effects were it adriiinistered patenterally, or by inhalation. 
Doses of phosgene and diphosgene far above those that are lethal on 
inhalation (see Table 3) have been administered intravenously or intra- 
peritoneally to experimental animals with, a t  most, only some local 
damage%. It  is now generally accepted that inhaled phosgene acts im- 
mediately and strictly locally on the lung tissues. The agent as such does 
not appear past the lungs and has no effect on the rest of the body. Thus, 
when a plug was placed in a main bronchus of a dog and the animal 
exposed to a dose far exceeding the normal lethal dose, then the plug 
removed from the protected lung, the animal could live indefinitely, 

* _Concentration in air (mg/rn3) x Time of exposure (min) that would be 
Lethal to 50% of the individuals exposed. 
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despite extreme pathology in the exposed lung and retention in the body 
of many times the lethzl amount of pho~gene*~."~.  Another line ofevidence 
corroborating the above findings was obtained by crossing the circulation 
between two dogs of which only one was exposed to phosgene. After some 
hours the dogs were separated and the exposed animal died but the other 
survived undamaged24- 24rr. 

Lungs removed from experimental animals immediately after exposure 
fail to collapse as do normal ones. Emphysema is the first pathological 
condition. There is a steady acciimulation of water and chloride in the 
lungs, till these become waterlogged and may have four or five times their 
normal weight. A frothy oedema fluid finally obstructs the larger air 
channels and death follows severe interference with blood oxygen&tion24. 

The far-reac?iing systemic consequences of phosgene poisoning are most 
probably triggered by a local reaction that destroys the semipermeability 
of alveolar capillary mzmbrane. The normal lung is lined with a thin film 
of lipoprotein, rich in lecithin, which fulfils the function of lowering the 
tension of the sharply curved alveolar surface. Otherwise, the latter would 
set up a negative pressure resulting in transudation from the capillaries, 
collapse and compensatory emphysema25. There is no evidence, however, 
that the 'lining film', which is freely permeable to gas, is damaged by 
phosgene. 

Phosgene is not very reactive in the gas phase, even in the presence of a 
strong nucleophile such as NH,2C. This casts serious doubts on the 
assumption that the agent undergoes rapid hydrolysis to hydrogen 
chloride in the humid space of the air channels. To achieve lung damage 
comparable to that caused by phosgene in experimental animals by use of 
hydrogen chloride from an extraneous source, about 800 equivalents of 
HC1 were required2G. 

A more likely course is reaction of phosgene in the condensed phase 
with a nucleophilic group (see Table 1) in the alveolar capillary membrane 
leading to protein or other macromolecule analogue of carbamoyl 
chloride or alkyl chloroformate: 

Protein-NH-COCI Protein-0-COCI 

accompanied by primary release of HCl at the site of reaction. The 
consecutive reaction leading to the release of a second mole of HC1 is 
most probably of a different nature and is expected to proceed a t  a slower 
rate. An example is N,N-dimethylcarbamoyl chloride, (CH,),NCOCl, 
which is known to hydrolyse by an  ionization mec!ianism, as indicated 
by the insensitivity of its rate of disappearance to the concentration of 
strong nucleophiles like hydroxide. The SNl mechanism here, as in the 



Phosgene 

cIcooccI ,  
Dipliosgcnc 

IXzO > 2 CO, + 4 HCI 

COz + CH,OH + HCI irritating or 
lachryrnatory agents I CICOOCH, > 

CH,COCI “‘O > CH,COOH + HCI 

Tripliovgene 

CICOOCH,CI > CO, + CH,O 3- 2 HCI 

Recently, however, a lethal case of chloroformate intoxication has been 
reported31a. Some toxicologica1 data on phosgene and related compounds 
are given in Table 3. 

There are no publications on the biological reactions of COBrZ2, 
COF233, COC1F3*, COBrF35 and COIF36. The last four compounds should 
be of special interest because their reaction with amines stops at the 
carbamoyl fluoride stage, RNHCOF or R,NCOF, these being relatively 
resistant to further displacement of fluoride by nucleophileP. 37. 

Finally, inhalation of sub-micron particles of zinc chloride, ZnCI,, 
which is a major component of the smoke generated by smoke-grenades, 
is known to lead to a pathological condition similar to that caused by 
phosgene3s, implicating a slow and localized release of NCI at the alveolar 
level. An unusual but perhaps related case of intoxication resulted from 
the inhalation of masonry dust containing adsorbed phosgene38a. 
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TABLE 3. Toxicological data of some carbonyl halidcs" 

Compound LCT.50 MAC LIR IC 

323 

COClR_ 

c1coocc1, 
cl,cocoocc1, 
CICOOCHzC1 
ClCOOCH, 
CICHzOCH2Cl 
BrCH,0CH2Br 
HCQF 
CH3COF 
ZnClz 

~~~ ~ 

5000 (man) 0.5, 4 5,  12 20 
500 (cat) 

2000 (rat) 
3000 (mouse) 

10,000 (dog) 
5000 
5000 

10,000 

4700 
4000 

10,030b 
20,000b 

2000 

5 

50 

14 

40 

2 
45 
40 

a Compilation of data from references 22: 23, 24, 26, 31 and 38. 
LCT,,: concentration (mg/m3) x time (min) that would cause death to 50% of the 

individuals exposed. The values given are for different animals under different 
experimental conditions and may not be directly comparable. 

MAC: maximum allowable concentration in mg/m3. 
LIR: minimum irritating concentration in mg/m3. 
IC: intolerable concentration in nig/m3. 
* Estimated from data in reference 31. 

The premise that phosgene or diphosgene reacts with a nucleophilic 
group in lung tissue suggested the use of an effective competing nucleophile 
as a potential prophylactic agent against phosgene poisoning. In a pre- 
liminary screening test using baker's yeast as a trial organism, it was found 
that a number of amines afforded complete protection against the action 
of diphosgene in aqueous mediumtq. 24b. Concurrently, the effectiveness 
of the nucleopb.ile in competing with water for the reaction with phosgene 
was determined by measuring the volume of CO, evolved from the solution 
of the nucleoplde. The less CO, is evolved, the more -CO- is trapped 
by the nucleophile : 

H O  
/---'-->CO, f 2 H C I  , 

COCI, 
~ > C O ( N H R ) ,  + 2 HCI 

No quantitative correlation could be found between the ability to 
protect yeast on the one hand and that to bind the -CQ- group on  the 
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other (Table 4); nor c c d d  a simple structure-activity relationship be 
deduced from the results. 

TABLE 4. Eft'ectiveness of some nucleophiles in protecting yeast against the 
action of diphosgene in aqueous medium" 

Compound Protectionb CO binding capacityC 

Hexamethylene tetramine 
p-Aminobenzoic acid 
Ethyl p-aminobenzoate 
2-Naphthylamino-6-sulphonic acid 
Anihe-3,4-disulphonic acid 
Coagulin 
Glycine ethyl ester HCi 
Glycine, pH 10.5 
Glycine, pH 7.0 
1,2-diaminobenzene-4-sulphonic acid 
Taurine 
Sulpnanilic acid 
Plasma 
Diethylamine 
Aniline 
Cysteine 
Glutathione 
Serine 
Choies terol 

complete 
complete 
nane 
complete 
complete 
complete 
considerable 
fair 
none 
considerable 
fair 
fair 
fair 
none 
none 
none 
none 
none 
none 

80 (1); 88 (10) 
65 ( 1 ) ;  80 (10) 
20 
50 (2) 
20 
20 
60 ( 1 ) ;  80 (10) 
30 (10) 
0 (10) 
80 (2)  
30 (10) 
45 (1): 70 (10) 
10 

a Data from references 24 and 24b. 
Protection is expressed as a qualitative measure; 10 moles of protective agent 

werz ilszd for 1 equivalent of diphosgene. 
Percentage of COP that failed to evolve on addition of diphosgene to water 

containing nucleophile; equivalents of nucleophile used for each equivalent oi 
dirihosgene are shown in parentheses. 

A possible reaction that could account for some of the ambiguous 
results consists in the formation of a carbamic acid derivative rather than 
a n  N,W-substituted urea which would eventually decompose into CO, 
and the original amine: 

> RNHCOCI > RNHCOOH n+ > RNH, + CO, COC12 RNH, 

The more active compounds conferred a fair degree of protection on 
experimental animals when they had been injected intraperitoneally prior 
to exposure to a lethal concentration of diphosgene, but none had any 
effect when administered after exposure ('fable 5)=. 
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TABLE 5.  Effectiveness of some prophylactic agents in animals against 
diphosgene poisoning" 

Agent Doseb Timec Survivorsd 
(msl k s) (h) (%I 

Hexamethylene tetramine 2 or less 0-6 42 
None 3 

Hexamethylene tetramine 
None 

Taurine 
None 

2 0.25 100 
0 

2-6 0.5- I *O 31 
5 

1,2-Diaminobenzeiie-4-sulphonic acid 2-4 0.25-6 29 
None 13 

2-Naphthylamine-6-sulphonic acid 0.8 0.5 12 
None 0 

Coagulin 

None 

atomized 3-6 2G 
suspension 

0 
-- 

a Data from reference 24. 
Intrzperitoneally to rats and mice. 
Time interval between administration of prophylactic agent and exposure to 

Indefinitely, usually after 24 h. 
diphosgene. 

Outstandifig among the prophylactic agents is hexamethylene tetramine, 
the activity of which was also confirmed by P o r e m b ~ k i i ~ ~ ~ .  Some electro- 
lytes also proved beneficial, e.g. the subcutaneous injection of a soluble 
calcium salt proved effective in preventing reactions induced by sub-lethal 
concentrations of phosgene for as long as 24 h after admini~t ra t ion~~.  
Also, death in frogs, the skin respiration of which had been impaired after 
exposure to phosgene, could be prevented by parenteral administration of 
sodium chloride or by maintaining the animals in a NaCl bath40. The 
molecular processes underlying these effects have so far remained 
unexplored. 

Another line of approach for the study of the reaction of phosgene with 
lung tissue is based on an immunochemical investigation of proteins 
derived from these organs. It has been found that lung-protein extracts 
derived from various animals which had been exposed to phosgene contain 
an immunochemically related antigen and elicit in rabbits antibodies 
directed against a common molecular groupin@'. This occurs to such an 
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extent Chat differentiation between proteins from normal lungs and proteins 
from lungs exposed to phosgene is possible with the aid of the anaphylactic 
r e ~ c t i n n ~ ~ .  That is, animals sensitized to phosgene-treated proteins respond 
violently to an inoculum of phosgene-treated proteins but not to normal 
proteins. Most probably, any  modification of protein due to cross-linking 
of adjoining chains through -NH-CO-NH-, --NI-T-CO-O -or 
-0-CO-0- groups is of a temporary nature, since no sensitization 
to phosgene occurred in guinea-pigs that had been subjected to repealed 
exposure to low concentrations of the agent43. I t  is also remarkable that 
in repeated exposure of cats to sub-lethal concentrations of phosgene, 
those cats that had been exposed more frequently than others showed no  
greater respiratory impairment than those exposed only a few times". 

From a physiological standpoint, Enikeevag51 4G showed that irritation 
of tracheal or bronchial mucosa with 20-30% sulphuric acid causes 
emphysema in dogs and cats but not if preceded by vagotomv. However, 
such treat.ment as vagotomy, atropine-block of the vagus nerve or respir- 
atory narcosis with procaine failed to prevent the occurrence of emphysema 
in cats that had been exposed for 15 min to diphosgene at  a concentration 
of 0.2 mg per litre air. The author concluded that emphysema due to mere 
acid irritation of these organs is not of the same origin as in phosgene 
poisoiiing. 

Artificial oxygenation of the blood of victims suffering from anoxia 
following phosgene poisoning is not recommended. Motylev4' reported 
that prolonged inhalation of oxygen-enriched air (3045%) lessened the 
severity of cyanosis and dyspnoea in cats and mice that had been exposed 
for 15-30 min to  diphosgene at  a concentration of 0-26-1.44 mg per litre 
air. However, neither the course of poisoning nor the mortality rate was 
significantly affected. This is not surprising in view of the observation 
by Ohlsseng8 that the lesion produced by phosgene is localized in the 
alveolar wall, while oxygen poisoning may affect the capillary wall. Thus, 
the combined action of the two agents could be more damaging than the 
separate effect of phosgene a!one. 

VI. HALIDES OF TOXIC CARBOXYLIC ACIDS 

Certain acid halides owe their action not to the carbonyl halide function 
as such, but to toxic carboxylic acids which they eventually generate in 
vivo, either through direct hydrolysis or by the metabolic brcakdown of 
amides and esters derived from their interaction with various substrates. 
In this case, the toxicity of thc halide is qualitatively and quantitatively 
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equivalent to that of the parent acid itself and is of systemic nature rather 
than confined locally to the organ or tissue directly exposed to the action 
of the agent. 

Classical examplcs are the halides of fluoroacetic acid, a powerful 
syste,+c FO~SOII which acts by blocking the conversion nf ritrate to cis- 
aconitate in the tricarboxylic acid cycle4D* 5Os 51. That t?ie action of these 
halides resides in the FCH,CO- group rather than in the carbonyl halide 
function has been proved unequivocally by Saunders and S t a ~ e y ~ ~  after 
submitting test animals to the action of compounds embodying the 
FCHzCO- group on  the one hand and R-COX (X = F, CI, Br) on the 
other. The results confirmed that acyl halides derived from fluoroacetic 
acid were far more toxic than corresponding compounds derived from 
acetic or cliloroacetic acid, the magnitude of the effect being almost 
independent of the method of administration. Some results are shown in 
Table 6.  This subject has been adequately covered in a comprehensive 
monograph by PattisonS3. 

TABLE 6.  Toxicities of some derivatives of 
fluoroacetic and formic acids 

Compound Toxicity (reference) 

0.1 5 2  FCH,COCl 6-10 " 
FCH,COBr 3-25 51. 5s - 
FCtI,COF 6-10 '* 0.1 52 

FCHnCOOCH3 6-10 52.  5 6 .  6 7  0.1 5 2  

FCOQC2H5 insignificant 52 

FCOCH, insignificant 52 

FCOCK2Cl insignificant 53 

a LC,, is the lethal concentration for a 10 min exposure. 

8111. FLUORQ-ALMENES AS LATENT CAR50NYL HALIDES 

Certain fluoro-alkenes which are extremely toxic when inhaled appear to 
exert their action iiz vivo by a mechanism analogous to the one attributed 
to carbonyl halides. Indeed, a common structural feature to both classes 



328 Sasson Cohen 

of compounds is a highly electrophilic sp2 or trigonal carbon atom which 
is highly susceptible to attack by nucleophiles : 

.. 
1 
II  

x-c-x 
X = F, CI, Br 

Y = 0 in carbonyl halides 

Y = CR' R2, where R' and R2 are electron-withdrawitq groups in  fluoro-alkenes 

In  both cases, the end products of the reactions with nucleophiles are 
an acyl derivative of the latter on the one hand and one or, more often, 
two moles of halogen acid on the other. Presumably therefore, the local 
toxic action of fluoro-alkenes may be due to the in :itu generation of acid. 

There has been no systematic investigation of the action of the fluoro- 
alkenes on biological systems at the molecular level. However, an indi- 
cation of probable reaction pathways may be obtained from a large 
volume of data on the reactivity of these compounds in ~ i t m  with selected 
substrates. 

For example, in the reaction sequence of a fluoroalkene, CF,=CFX 
(X = F or C1) with a primary a ~ n i n e ~ ~  two moles of hydrogen fluoride are 
formed in the course of the reaction, first following addition of the 

t RN=CF-CFXH -13 F C F, =C FX +RNR2> (R N HC F,- C FXH) 

> RN=C-CFXH 
I 
NHR 

i -RNFIz,  -HF* 

primary amine to CF,=CFX to yield an imidyl fluoride, then following 
addition of a second mole of primary amine to the latter to yield an 
amidine. Thus, both fluorine atoms in the terminal CF, group have been 
substituted in reasonable analogy with the reaction of a carbonyl halide, 
COX,, with amines. 

In the presence of water, an amide may be obtained as in the following 
c a ~ e s 5 ~ .  Go : 

t CHF,CONHC,H, + 2 HF 1320 

Xi43 (EtiO,H?O) 

C,H,NH, + CF2=CF2 - 
(CF,),C=CF, -- t (CF,),CHCN + (CF,),CHCONH, + 2 HF 

In general, the reaction with amines proceeds in the cold and without 
the aid of a basic catalyst5*. It is reasonable to assume, therefore, that 
similar reactions occur at nucleophilic sites in vivo. 

The reactions d flnor+alkenes with nucleophiles were reviewed by 
Chamber and MobbsG1, according to whom the order of chemical reactivity 
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increases along the series CF,=CFX < CF,=CF, < CF,CF=CF, < CF, 

The paucity of data on the biological reactions of fluoro-alkenes makes 
any correlation between toxicity and chemical reactivity necessarily 
speculative. Even so, it may be stated that the more reactive compounds 
are also the more toxic ones. This may be inferred from a comparison 
between toxic fluoro-alkenes and closely related non-toxic analogues, with 
the understanding that the demarcation line between toxic and non-toxic 
compounds is a diffuse one, depending 011 the relative concentration of the 
agent in air and on the length of exposure. Some fluoro-zlkenes reported 
to be toxic are shown in Table 7. 

TABLE 7. Some toxic and non-toxic fluoro-alkenes 

= C(CF,),. 

~~ 

Toxic Xeference Non-toxic Re ;erence 

CF,=CF, 53, 62 
CF,=CFCl 53, 63, 64 
CF3-CF=CF2 53 
(CF,),C=CF2 53, 65 
CF,--CF-CF, 66 

\ /  
-2 

CF2=CH2 53, 62 

cF3-CF=CF- CF, 65 
CF,-CF,-CF=CF, 65 

66 

CF,=CCl, 53 

CF2-CF2 66 
I 1  

CF=CF 

66 CF=CF 
I 1  

CF CF, 

c F2 
\* / 

66 

Perfluoroisobutene, (CF,),C= CF,, the most reactive compound in 
the seriese0* 65, has been reported to be ten times more toxic than phos- 
genes. It appears to be a constituent of the dangerous gases arising from 
the accidental or intentional pyrolysis of perfluoro-ethylene p ~ l y r n e r ~ ~ - ~ ~ .  
The symptoms following exposure include respiratory distress, dyspnoea, 
gasping and prostration. Acute pulmonary irritation, characterized by 
haemorrhage and oedemd, was revealed by post-mortem examination of 
test animals. Perfluorisobutene itself is exceptional among the perfluoro- 
butenes in that it will react with alcoho'is even in neutral or slightly 
acidic media65* 658. 

A 4 h exposure of dogs, rabbits or rats to air containing 0.5% by volume 
of CF,=CFCl resulted in the death of all animals from pulmonary 
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hypostatic congestion and oedemn". As in the case of phosgene poisoning, 
no immediate signs of intoxication could be observed, death occurring 
wiihirt a delay of a few l i u u i - B .  A i i ~ b i d ~  showed that CF,=CFCl undzr- 
goes oxidation with molecular oxygen at  30°, yielding a polymeric peroxide 
(C,F,C100), and CF,CICOF as main products, with COF, and COFCl 
in  lesser amounts. A 3 1.1 exposure of rats to CF,=CFCI led to the death 
of all animals within 3.511 when the concentration of the agent was 
250 mg per litre. At a concentration of 30 mg per litre death occurred 
within one week. At concentrations less than 15 mg per litre no death 
occurreda. 

In a n  investigation of respiratory irritants, Gerard and co-workersz41 24b 
found that kstene acts much like phosgene, being even more toxic. In the 
absence of halogens in the molecule, one has to assume that it has 
properties not shared by other acylating agents. For example, it could 
acylate free -COOH residues in proteins to yield anhydrides which may 
then react with neighbouring nucieophiles to yield cross-linked proteins : 

0 0 
I t  II 

r Protein-C-0-C-CH, CHz=C=O 

Protein-NHa - Protein-CO-NH-protein + CH,COOH 

Protein-COOH 

These views, however, have not yet been substantiated by adequate 
experimentation. 

The LCT of ketene to mice is about 750 which means that its toxicity 
by inhalation is eight times greater than that of phosgene. After a 1.5 min 
exposure to air containing 0.5 mg ketene per litre, seven out of eight mice 
died"-4b. Like phosgene, ketene considerably inhibits enzymatic activity in 
lung homogenates and completely inhibits that of baker's yeast (Table 8). 

TABLE 8. Effect of equivalent amounts of ketene, hydrochloric acid and 
diphosgene on enzymatic activity of lung homogenates and yeast 

Material Measurement Substrate Inhibition (%) 

Ketene Diphosgene HCI 

Lung methylene blue none 80 70 -- 

succinate 70 65 35 
glycero- 

phosphate 70 40 15 

homogenate reduction 

Yeast CO, production giucosc 100 100 0 

a Data from reference 24b. 
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VIII. FINE BIOLOGICAL EFFECTS O F  CARBONYL HALIDES 

A protein molecule may be modified by  the incorporation of an  acyl 
residue in its structure. T!ic properties of the modified protein may differ 
from those of the native one, as surface charge, hydration, topology or 
tertiary structure depart from the original. I f  modification has not been 
so extensive as to result in the complete and irreversible loss of original 
character, then some qualitative and quantitative changes in the function 
of the molecule will occur. 

In  general, reaction of carbonyl halides with proteins consists of a fast 
and non-selective acylation of free amino groups and thiols, which are 
followed in reactivity by aromatic and aliphatic hydroxyl groups of 
tyrosine, serine and threoi-~ine~~. 73. Usually however, use of the less- 
reactive acid anhydrides has been preferred by protein chemists. A review 
on this subject has been given recently by Stark’3. 

Limited success has been achieved by the use of carbo-iyl halides. An 
example is the controlled treatment of insulin with phosgene. The deriva- 
tive produced possessed a short or moderate insulin effect when admin- 
istered subcutaneously, but larger amounts of phosgene led to inacti- 
~a t ion ’~ .  S l ~ y t e r m a n ~ ~  showed that the acetylation of insulin with acetic 
anhydride, depending on the relative amounts, could give partly acetylated 
insulins, containing 33-93% of the theoretical amount of possible 
N-acetyl residues. 

Bier, Ram, Nord and Terminiello found that whilst the incorporation 
of acyl residues in the trypsin molecule had little effect on the proteolytic 
activity of the enzyme with respect to its substrate, acylated trypsin was 
not subject to self-digestion as in the case of native t r y p ~ i n ’ ~ ~  77. In  
particular, acylated trypsin showed a diminished tendency to bind to 
inhibitory factors such as ovomucoid or inhibitors normally present in 
human serum78. Some quantitative results are shown in Table 9. 

Provided the integrity of the tertiary structure is preserved and the 
reactive centre in enzymes not blocked, the net effect of carbonyl halides 
should be expressed in a reduction of positive charge on the protein 
surface : 

i- 
Protein-NH, Protein-NHCOR + HX + H + 

In view of this, the capacity of acylated proteins to participate in ionic 
interactions should be impaired ; otherwise, acylation will have little 
effect on interaction requiring hydrophobic bonding. Thus, the binding 
of testosterone by bovine serum albumin (BSA) is unaltered, even after 
extensive acetylation of the proteinig. 
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TABLE 9. Effect of the incorporation of acyl residues on some properties of 

trypsin" 

Ac yl Free- NHJ Substitution Relative K" 
residue lo4 g protein (%I activityb x 107 M 

None 8.8 
Acetyl 1.3 
n-Propionyl 2.9 
n-Butyryl 1.3 
Citraconyl 4.5 
I taconyl 2.2 

0 100 2.2x 10-2 
85 75 5.2 x lo-? 
67 92 1.5 x lo-' 
85 70 1.1 
49 71 1.4 
75 68 1.5 

(I Data from refcrcnces 76-78. 

c. K is defined as the dissociation constant of enzyme-human serum complex. 
With respect to casein as substrate. 

Thk contrasts with the finding of Theorell and Nygaard80*81 that 
acetylation of flavoprotein (old yellow enzyme) prevents the interaction of 
the apoenzyme with flavin mononucleotide which requires the presence of 
free amino and hydroxyl groups for attachment: 

0- 
On the other hand, the interaction between antigens and their corres- 

ponding antibodies seems to be of the non-ionic type, since the presence 
of free-amino groups is unessential. This conclusion has been borne out 
by the results of Marrack and Orlans81a and Nisinoff and PressmanSlb 
who subjected either antigen or  antibody to acetylation, thereby blocking 
the &-amino groups of lysine. Acetylation did not result in any appreciable 
loss of hapten-binding capacity. Loss of charge, however, led to a loss in 
the precipitating capacity of the antigen-antibody complex. 

Numerous examples exist of the modification of proteins with acylating 
but it is not clear to what extent the analogous reactions would 

occur irt vivo. One difficulty lies in the very low probability of achieving 
selective acylation with the extremely reactive carbonyl halides or 
anhydrides when these are applied to the whole organism. Also, the fate 
of E-N-acyl-lysyl residues which would arise after such an application is 
unknown. Of relevance to this problem is the discovery by Paik and 
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co-workers of an acyl-lysine dezsy!ase that w2s isolated from rat kidney. 
This enzyme hydrolyses ~-N-acetyl-~-lysine arid E-N-chloroacetyl-L-lysine 
but is ineffective towards c-N-carbobenzoxy-L-lysine, E-N-aCetyl-D-lySine 
and 6-N-chloroacetylornithinee". 

The effect of acid chlorides on the rate of tumour induction in mice by 
3,4-benzpyrene was investigated by Crabtrees". All proved inhibitory 
when applied to the skin, but the degree of inhibition could not be corre- 
lated with any physical or chemical parameter of the compounds tested 
(Table 10). Remarkably, the most erective agent was benzenesulphonyl 
chloride, the hydrolysis rate of which is considerably lower than that of 
the aliphatic carbonyl chlorides used (Table 15). The author concludcii 
that the action of acid chlorides dwells on a non-specific impairment of 
cell-functions. For example, the rate of gIycolysis in a slice of tissue is 
reduced equally whether treated with an acid chloride or the equiva1e:it 
amount ~f IIC!. 

TABLE 10. Average induction time for papillomas in mice treated 
with benzpyrene and acid chlorides" 

Acid chloride Average induction time (days) 

0.3% benzpyrene 0.1% benzpyrene 

None 79 99 
Stearoyl chloride 103 121 
Palmitoyl chloride 103 115 
Valeroyl chloride 112 160 
Acetyl chloride 122 156 
Benzenesulphonyl chloride 177 186 

Data from reference 82a. 

Encouraging results were obtained with latent carbonyl halides which 
would generate the halide or an  intermediate of equivalent reactivity under 
normal physiological conditions. An example is 6-trichloromethylpurine 
which acts as though it were the chloride of purinoic acids3: 

YO-NHR 

A A 
(R = alkyl, aryl o r  protein residue)  
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The acylation reaction may proceed by two differcnt pathways, de- 
pending on the p H  of the mediums4. Since the pK, of 6-trichloromethyl- 
purine is 7-70, it wilI exist as an anion to the extent of 24% at p H  7-2. The 
latter species will expel chloride in a rate-determining step to yield a 
highly reactive intermediate which would add H,O, ROH or RNH, to 
yield in one or more steps the corresponding derivative of purinoic acid. 
At low p H  where the concentration of the anion would be negligible, or 
in a case where the proton in position nine has been replaced with an 
alkyl group, acylation may still proceed but at  a considerably slower rate: 

H 
pH 5-10 

Judged by its rate of hydrolysis, 6-trichloromethylpurine anion ranks 
amongst the least reactive carbonyl halides (Table 11). This relative 
stability may account, at least partly, for the selective acylation of amino 
groups even in very dilute aqueous solution. 

TABLE 11. Rates of hydrolysis of some acid chlorides 

Acid chloride Conditions lo4 k, (s-l) Ref 

p-Methoxybenzoyl chloride 30% H,O/acetone, 0" 7.03 85 
p-Methylbenzoyl chloride 33% H,O/dioxan, 25" 14-83 86 
Benzoyl chloride 50% H,O/dioxan, 25" 26 85 
p-Nitrobenzoyl chloride 40y; H,O/acetone, 0" 50.16 85 
Acetyl chloride . 25% H,O/acetone, 25" 8600 87 
6-Trichloromethylpurine H 2 0 ,  pH 1-2, 25" 8 x 84 
6-Trichloromethylpurinc anion H 2 0 ,  pH 5-1 0, 25" 10.9 84 

6-TtichloromethyIpurine displays an interesting range of biofogicaf 
properties which could not be accounted for exclusively by the purine 
structure were it not able to 'couple' to some biologically important 
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molecule via the carbonyl group. For example, it has a marked anti- 
neoplastic activity against a number of experimental turnoursEE. 

The reaction of 6-i.riciiloromethyipurine with various proteins has been 
studied irz vifro. In  the pH range 7-9 it acylates the €-amino groups of 

TABLE 12. Activity of 6-trichloromethylpurine against 
niouse tumoursn 

Tumour Result 

Sarcoma 180 (solid) no effect 
Sarcoma 180 (ascitic) 
Ehrlich carcinoma (ascitic) complete inhibition 
Adenocarcinoma E0771 slight inhibition 
Carcinoma 1025 slight inhibition 
Lewis lung carcinoma no effect 
Wagner osteogen’ IC sarcoma no effect 
Ridgwa:, osteogenic sarcoma marked inhibition 
Mecca lymphosarcoma complete inhibition 
Harding-Passey melanoma slight inhibition 
Glioma 26 no effect 
Friend virus leukaemia slight inhibition 

coEp!ete ir.hibitisn i 

a Data from reference 88. Dose of 6-trichlorornethylpurine was 60 nig/kg/day. 

lysine residues without much interference with the tertiary structure of 
the recipient protein or its activity if it were an  enzymesg* Thus, bovine 
pancreatic ribonuclease containing three purinoyl residues per mole 
protein was still enzymatically active, proving that €-amino group of 
Iysine in position rii, known to be essential for enzymatic activity, has 
remained unaffected”. In general, purinoyl proteins prepared under mild 
conditions are homogeneous, contain a constant number of purinoyl 
residues pcr mole protein and possess higher T,,, values than the corres- 
ponding native proteins (Table 13). 

An important property of purinoyl proteins is their ability to elicit 
purine-specific antibodies in rabbits”, mices9* 89a and hamstersg2. These 
antibodies cross-react with single-stranded deoxyribonucleic acid. Some 
of the purinoyl proteins are antineoplastic, inducing regression of Ehrlich 
ascites turnour in mices9* 89a. and SV-40 induced tumour in hamstersB2. 
The antigenicity of the purinoyl residue and the antineoplastic activity of 
:he protein seem to be interdependent propertics with a common origin. 
The properties of some purinoyl-protein conjugates are given in Table 13. 
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TABLE 13. Some N-acylated proteins and their biological activity" 

Acyhting Proteinb Acyi residues1 T,,: Reiative nnti- 
agent mole protein neoplastic activityd 

None 

CCIJ 
I 

C H 3  

$OCl 

CClJ 
I 

H,N L = N >  N 

HSA 
RNase 

HSA 
RSA. 
3-y-G 
RNase 
RNase 

HSA 

RNase 
B-y-G 

HSA 

I-ISA 
RNase 

0 
0 

14 
14 
12 
3 
8 

14 
12 
8 

12 

14 
8 

73" 0 
62.5" 0 

54" 100 
100 
75 

20 

79" 100 
30 
30 

65" 

77.5" 10 

71" 0 
0 

Data from references 89 and 90. 
HSA: human serum albumin; RSA: rabbit serum albumin; B-y-G: bovine 

y-globulin; RNase: bovine pancreatic ribonuclease. 
T,,, is the temperature at which 50% transition occurs from the native helical 

structure to the random coil structure, measured in 0 . 0 1 ~  phosphate buffer, pH 7.0. 
Against Ehrlich ascites tumour, by intraperitoneal injection of 100 pg protein 

per mouse. 

N-Acylation of proteins with 6-trichloromethylpurine derivatives 
bearing various substituents in position two, eight or  nine of the purine 
ringg39 proceeds under similar conditions. Among the other halogen 
analogues, 6-tribromomethylpuri~ez is more reactive and, therefore, less 
suitable for acylation reactions in aqueous media, whilst 6-trifluoromethyl- 
purineg5 has proved siiigularly unreactive. In contradistinction, 5-tri- 
fluoromethyluracil (pK,, 7-35) undergoes rapid hydrolysis in water to  
yield iso-orotic acid and will acylate glycine or glycylglycine in protic 
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media and under extremely mild conditions to yield the N-iso-orotyl 
derivativesDe : 

0 

H 
0 

(R = CH,COOH; CH,CONHCH,COOH) 

The facile heterolysis of the C-F bond in --CF, groups has been 
reported by several  group^^^-^^, but little effort seems to have been made 
so far to apply the acylating properties of such compounds with molecules 
of biologkal interest. 

IX. SELECTIWTY VERSUS REACTIVITY 

With few exceptions, little success has been achieved in usins the carbonyl 
halide group, -COX, for the design of active site-directed inhibitors of 
enzymes. The mechanism of action of such inhibitors is based on the 
following concept, formulated by Bakerloo : ‘The macromoIecular enzyme 
has functional groups on its surface which logically could be attacked 
selectively in the tremendously accelerated neighbouring group reactions 
capable of taking place within the reversible complex formed between the 
enzyme and an inhibitor substituted with a properly placed neighbouring 
group.’ 

The apparent lack of selectivity that characterizes the carbonyl halides 
stems to a large extent from their intrinsic reactivity which is the highest 
in a given series of halides of carbon, phosphorus and sulphur acids. The 
less reactive a halide, the more it will discriminate among the various 
possible substrates, structures or functions. Added selectivity could be 
conferred on the halide by desigriing it to conform to the molecular 
structure and shape which makes the closest and best-oriented fit with the 
biological functioli to be modified. 
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Thus chymotrypsin could be selectively acylated or alkylated at each of 
three different sites, depending on the type of active site-directed inhibitor 
1Ised’Ol: 

Inhibitor Formula Reaction 
(site of specific attack) 

- 

N, N-Diphenylcarb- Acylates -OH in scrim 
amoyl chloride (195) 

3-Phenoxy-1, 2-ePoxY- Alkylates inethionine 
propane (1 92) 

N-Tosyl-L-p henyl- C_\)-CH,~H--CO-CH,~,Alrylater histidine 
alanyl-chloromethane (57) N H - Tosyl 

The relationship between in vifro reactivity on the one hand and selec- 
tivity on the other is best exemplified in a series of sulphonyl, phosphoryl 
and carbonyl halides, certain members of which react preferentially with 
the -OH group of serine in  the active centre of hydrolytic enzymeslo2. 
The reactivity of these halides in non-catalysed hydrolysis in protic media 
follows the sequence : 

RCOX > (R),NCOX > ROCOX > (RO),P(O)X > RSO,X 

where R is aikyl or aryl and X is chlorine orfluorine, correspondingly103* lo4. 

Maximum biological activity is reached with the acid fluorides which 
are also the most stable under ‘neutral’ conditions (Table 14). 

The remarkable selective activity of the sulphonyl and phosphoryl 
fluorides is also shared by N,N-dimethylcarbamoyl fluoride which owes 
its high toxicity to the inhibition of the enzyme acetylcholinesterase, with 
consequent accumulation of acetylcholine. The symptoms of acute 
intoxication with such agents are probably due chiefly to acetylcholine 
itself, the normal removal of which has been blocked by inhibition of the 
enzyme. All anti-cholinesterase agents which are active ir2 vivo produce 
the so-called ‘muscarinic effects’ which include bronchoconstriction, 
sweating, salivation, anorexia, nausea, abdominal cramps, vomiting, 
diarrhoea, involuntary defaecation and increased urination. The ‘nicotinic 
effects’ of these agents include muscular twitching and fasciculation, 
increased fatigability and weakness of skeletal muscles. Death occurs 
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TABLE 14. Reactivity of halides of sulphur, phosphorus and carbon acids in 
non-catalysed hydrolysis at 25" a 

Acid halide Solvent 1 04k (s-l) Relative Reference 
rate 

C,H,SO, F 
(iso-PrO),PGF 

CHsCOF 
CEHbCOF 

C~H,OCO C1 
CGH,SOZCI 

C a  HSCO C1 
(CH,O),POF 

(CH,),NCOCI 
(CH30),POCI 
(is0-Pr0)~POCl 
CH3COCI 

50% H,O/acetone 0.0005 
H2O 0.01 7 
25% H,O/acetone 0.082 
25% H,O/acetone 1.1 
H*O (20") 2.1 5 
50% H,O/acetone 2.4 
H2O 4.0 
25% H,O/acetone 7.2 
H,O (8.5") 56 

H2O 81 
25% H,O/acetone 8600 

ethanol (- 8.5") 60 

1 
3.4 x 10' 
1.6 x lo2 
2.2 x 103 
4.3 x 103 
4.8 x 103 
8-OX 103 
1.4 x 1 0 4  
1.1 x 105 
1 . 2 ~  105 

1.7 x 107 
1.6 x lo5 

87 
103 
87 
87 
28 
87 

104 
87 
28 

104 
103 
87 

a Mcst data from compilation by HaImanlo3. 

TABLE 15. Biological activity of some halides of sulphur, phosphorus and 
carbon acids 

~~~ ~~ ~ ~ 

Acid halide -log k," PT50b LD,,C Reference 
(mg/kg) 

A B C D 

(CH,),NCOF 7-8* 6.4 5.2 5.5 5.7 7 105 
CH3S0,F 6-7* 5.0 3.9 4.2 3.3 3 105 

(iso-PrO),POF 5.8 6.7 5.0 7.1 7.2 4 105 
(CH,0)2POF 3.4 - - 7.0 - 30 106 

107 
(Pr nO)2POC1 2.0 - - - > 20 108 

CeHSSO2F 7-3 3.2 3-1 3-6 4.9 100 1 C5 

- 

a k, = first-order rate constant for hydrolysis under 'neutral' conditions*03; figures 
marked * have been derived by estimation. 

~ 1 , ~  = --log molar concentration required to produce 50% inhibition of A, rat 
brain cholinesterase; B, rat brain tributyrin esterase; C, serum pseudocholinesterase; 
D, serum tributyrin esterase. 

For rats, by injection. 

following paralysis of the rcspiratory muscles. A detailed account of these 
effects has been given in numerous textslog. 

In principle, all carbamates where X in R1R2N-CO-X is a potential 
leaving group are capable of acylating the hydroxyl group of activated 

12 
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serine in the esteratic site of the enzymellO. Like acetylated cholinesterase, 
the carbamoylated enzyme may recover its original activity by losing the 
carbamoyl residue, but at a much slower rate which is also independent 
of the nature of the leaving group X1ll* Illa* I12. 

The inhibition of acetylcholinesterase with carbamates has been 
rationalizedl1la~ lI3 in terms of the structural similarities between the 
natural substrate, acetylcholine, on the one hand, and the carbamates on 
the other. A presentation of the structure-activity relationship in cart&- 
mates has been given by Long114 and by Casida and co-workers115. 

In the csrbamoyl halides proper, Metzger and WilsonllG found that in 
all cases the fluorides were more powerful inhibitors towards a number of 
hydrolytic enzymes than the corresponding chlorides (Table 16). In view 

TABLE 16. Specific rate constants for the r2action of hydrolytic enzymes with 
carbamoyl halides" 

Inhibitor k (I/mole s) 

AcChE Human serum Chymo- Trypsin 
ChE trypsin 

(GHANOCF 337 12,900 3790 58 
(CeH5)2NCOCl 2-2 145 480 7 
h E 0 F  

C,H,NCOF 12,300 2070 18 0.14 

160 89 8 8.3 
kRCOCl  

I 
CH, 

I 
C6H5NCOCl 2300 163 3.5 0 

CII, 
kBCOF 

kRCOCl  
5.4 13 5 

~ 

a Data from Metzger and Wilson*16. 

of these results, the authors concluded that an electrophilic mechanism 
is involved in the process of acylation. A change from C1 to F in -COX 
entails a promotion in the electrophilicity of the carbonyl carbon which 
becomes more susceptible to attack by nucleophiles. The change is 
accompanied by a transition from an S,l to an SN2 mechanism, in 
conformity with the findings of Swain and Scott8' that the basic hydrolysis 
of C,H,COF proceeds 40% faster than that of C,H,COCl while the rate 
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of hydrolysis of C6H,COC1 under neutral conditions is 100 times faster 
than that of C,H,COF. 

Another line of zpproach dwells on a rational choicc of the gioups 
and R2 so that they are able to conform to specific structural requirements 
of the enzyme. An example is the discovery by Erlanger and 
~ o - w o r k e r s ~ ~ - ~ ~ ~  that diphenylcarbarnoyl chloride is a specific inhibitor 
of chymotrypsin. 

TABLE 17. Specific rate constar?ts of the inactivation of 
chymotrypsin and trypsin with specific inhibitors" 

In hi bi t or k (I/mole s) 

Chymotrypsin Trypsin 

(CjH6)zNCOCl 610 8.2 
(iso-PrO),POF 317 
C,H,-CH,CHCOCH,Br 2.37 

I 
NM- tosyl 

a Data from Erlanger, Cooper and CohenllG. 

The reaction of diphenylcarbamoyl chloride with chyrnotrypsin 
proceeds to completion in a mole/mole ratio and may be competitively 
inhibited with irrdole. These results strongly suggest the involvement of the 
active site of chymotrypsin on the one hand and at least one of the two 
aromatic rings of the inhibitor molecule on the other. A similar inhibitor 
of chymotrypsin is N-chloroformylphenothiazine120, in which the free 
movement of the -COCI group relative to the aroinatic structure is 
subject to considerable constraint. In  these carbamoyl chlorides the 
aromatic ring is believed to fulfil an active role in positioning the inhibitor 
on the enzyme surface as may be inferred by comparing the structure of 
the inactivator molecules with that of specific substrates such as l-keto-3- 
carbomethoxy-l,2,3,4-tetrahydroisoquinoIine and benzoyl-L-phenylalanine 
methyl ester. In three-dimensional models, one could see that the orien- 
tation and distance of the -COOMe group with respect to the phenyl 
ring is similar to that of the -COCl group in the inhibitor molecules120. 

In vitro, dip'ilenyl carbamoyl chloride N-acylates a wide range of amino 
acids and peptides under relatively mild conditions"'. 

Recently, however, MakinenlZ2 reported that the hydrolysis of L-arginyl- 
2-naphthylamide by human foetal liver homogenate is subject to a specific 
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D i p hen y Ica r b a m o y 1 c h lo ride N-c h I o rof o r my1 p hen o t h iaz i n e 

I I  
0 

I-Keto-3-carbomet hoxy-l,2,3,4- Benzoyl-L-phenylalanine 
tetrahydroisoquinoline methyl ester 

and non-competitive inhibition by diphenylcarbamoyl chloride. The 
following K,(M) values were reported (where KJM) is the molar constant 
of inhibition) : 

2.5 x 1 0 - 4  
3 x 1 0 - 5  

NH-tosyl (L-isomer) 1 x 10-0 

The enzyme inactivated by these agents, tentatively identified as amino- 
peptidase-B, is believed to react with the inhibitors at a nucleophilic group 
at  the catalytic site rather than at the substrate-binding site proper. 

x. CONCLUDaNG NOTES 

In retrospect, the evolution of thought on the possible biological effects 
of the acid halides has undergone a profound change with the advent of 
the more specific agents, first made public in 1946lZ3* lN. The early pre- 
occcpation with highly reactive agents such as phosgene gave way to a 
more rational concept of biological activity. Specificity is also a function of 
chemical reactivity, but while, for example, ethyl chloroformate appears 
less reactive than dimethyl phosphorofluoridate or dimethylcarbamoyl 
chloride, both of which represent groups of highly specific agents, the 
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chloroformates are just lachrymatory. Neither has there been mention of 
any specific activity on behalf of the far more stable fluoroformates126. 
Formyl iiuoride, the only stable halide of formic acid, is not endowed 
with any particular property in biological media that could be an  extension 
of the range of its reactions with simpler substrates’”. 

Finally, and because the biological activity of the carbonyl halides 
depends in the first place on the creation of a covalent bond between the 
carbonyl group and any of the functions exemplified in Table 1, their 
relative value as potential chemotherapeutic or investigational agents 
should be weighcd in the light of knowledge of compounds known to  
exert their specific effect by a similar process. Surprisingly enough, the 
alkylating agentslZ7 lack specificity in their therapeutic activity or tox- 
icity12* and, like the carbonyl halides, they react rather indiscriminately 
with most of tlie nucleophilic sites in tlie macromolecular constituents of 
the cell. However, one particular reaction among a multitude of possi- 
bilities seems to confer on the alkylating agents their antineoplastic 
property-namely the alkylation of N-7 in guanine or N-3 in adenine 
bases of deoxyribonucleic acid129. No such common property has been 
found yet for the carhonyl halides. 
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1. iNTRODUCTION 

The thiocarbony1 halides comprise a class of extrcmely reactive organic 
molecules which, in contrast to their oxygen analogues, have received 
relatively little attention largely on account of their inaccessibility. The 
counterparts of the simple acyl halides are still unknown except for poly- 
fluorinated derivatives and most attention has been focused on the 
thioaroyl halides. Because of this unavailability, many alternative ways 
of introducing the thioacyl or thioaroyl group have been devised. Attention 
is drawn to thcse alternat:.ves where appropriate in this chapter. 

A large body of literature deals with thiocarbonyl chloride (thiophosgene) 
and the ready availability of this prodact has resulted in its use in numerous 
synthetic sequences for the introduction of the thiocarbonyl group. 
Derivatives of thiocarbonyl chloride where one of the chlorine atoms has 
been replaced by amino, alkoxy or thioalkoxy groups comprise an im- 
portant group of compounds containing the thiocarbonyl chloride group. 
Their properties are modified by the presence of these groups but they 
behave as thiocarbonyl chloricks and are discussed In this chapter. 

11. PREPARATION O F  THIOCARBBNYL HALIDES 

A. General Considerations 
The reactivity of the thiocarbonyl group has made the most direct route 

to the various thiocarbonyl halides inapplicable. Thus, rezction of the 
corresponding acyl halides with various sulphur-containing reagents has 
not met with success. Similarly, attempts to utilize thiocarbonyl chloride 
as a source of the chlorothiocarbonyl function have been thwarted when 
it was hoped to form a carbon bond with the thiocarbonyl group. Dicon- 
densation products were formed under these Friedel-Craft type reaction 
conditions. However, when nucleophilic displacements were utilized, 
corn-ol of the reaction conditions readily resulted in formation of the 
desired thiocarbonyl halides. 

B. Thioaroyl Halides 
Thiobenzoyl chloride is the best known of the aryl-thioacid chlorides 

and may be preparedl from sulphur-containing derivatives of benzoic 
acid2 and halogenating agents such as chlorine/thionyl chloride. Under 
these conditions various sulphw-containing by-products were obtained'. 
Refinement of the dithiobenzoic acid (1)-thionyl chloride method3&* b 

has resulted in reproducible yields (80%) of thiobenzoyl chloride (2), a 
violet oil, b.p. 60-65"/0-1 mm. This procedure has been extended satis- 
factorily4 to the preparation of various substituted thiobenzoyl chlorides 
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(2; R =  H; 0-, m-, p-CH,; m-, p-CI; p-OCH,) as well as thiophen-2- 
thiocarbonyl chloride* (3). Tliiobenzoyl chloride is not especially stable 

S S S 
I! 

(1 1 (2) (3) 

thermally, polymerizing to a black product above 130" and, in presence of 
excess copper powder, it forms cupric sulphide, cupric chloride, and a 
small amount of tetraphenylthi~phene~". The action of Raney nickel in 
boiling toluene quickly brings about complete decomposition, leading to 
trace amount of stilbene". 

C. Thioacyl Halides 
Thioacetyl chloride, the simplest thioacyl halide corresponding to its 

oxygen analogue, is as yet unknown?. However, various fluorinated and 
chlorinated derivatives are available and they make up an extreniely 
interesting and reactive class of compounds. 

A general route to these products involves reaction of various chloro- 
and bromofiuoroethylenes with boiling sulphur6. Thus, passage of chloro- 
trifluoroethylene (4) through boiling sulphur yields chlorodifluorothio- 
asetyl fluoride (5). Bromotrifluoroethylene also reacts with boiling sulphur, 

CFCI=CF, + S 5 CCIF,CF 
(4) (5) 

in this case bromodiffuoro thioacetyl fluoride being formed. When 
1,1-dichloro-2,2-difluoroetliylene (6) is reacted under these conditions the 
product obtained is chlorodifluorothioacetyl chloride (8). A possible 
intermediate6 in this reaction is the episulphide (7) which could undergo 
rearrangement with migration of a chlorine atom to give the product 
obtained. 

S 
I I  

S 
II 

CF,=CCI, + S 

(6) (7) (8) 

* Alternative IUPAC name (Rule C-543.5) is 2-thiophenecarbothioyl 

An unsuccessful attempt5 involved reaction of acetyl chloride with P&,. 
chloride. 
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Alternative syntheses of thioacid fluorides have been described. A 
convenient procedure involved reaction of perfhoroalkyl mercurials with 
sulphur6. Thus, perfluorothioacetyl fluoride (11) was obtained from both 
bis(perfluoroethy1)mercury (9) and bis(1-chloroperfluoroethy1)mercury 
(10). Similarly, reaction of bis(1 , 1-dichloroperfluoroethy1)mercury with 
sulphur under these conditions gave trifluorothioacetyl chloride. 

The yields obtained in the above reactions varied from 37% to 67%, 
and the hazards associated with the toxicity of these compounds require 
the utmost care in their manipulations. 

The perfluoroalkylmercurials were readily prepared from reaction of 
mercuric fluoride with fluoroalkenes at 50-100" under autogenous pressnre. 
Thus, from tetrafluoroethylene, trifluoroethylene and I , 1-difluoroethylene, 
yields of the order of 5 6 6 6 %  of bis(pentafluoroethyl)mercury, bis( 1,2,2,2- 
tetraethy1)mercury and bis(2,2,2-trifluoroethyl)mercuryy respectively, weix 
obtained'. 

Other methods available6 for the synthesis of perfluorothioacid fluorides 
involve reaction of phosphorus pentasulphide at 550" with perfluoroethyl 
iodide. In this case, perilnorothioacetyl fluoride is obtained and, under 
thesc conditions, 1-iodoperfluoropropane (12) is converted into perfluoro- 
thiopropionyl fluoride (13). 

S 
It 

CF,CFzCFJ ::$ > CF,CF,CF 

(12) (13) 

An interesting variation6 of the above types of procedure is that involving 
reaction of 4,4-diiodoperfluoro-1-buteneS (14) with sulphur at 450". In 
this case sulphur reacted principally at the position of the iodine atoms with 
the formation of perAuorothio-3-butenoyl fluoride (15) in 70% yield. 

S 
? II 

C F2=C FC F,C FI, 45007 CF,=CFC F,C F 

(1 8 (15) 

Other methods which yield thioacyl fluorides involve the elimination 
of hydrogen fluoride from fluorinated ethanethiols with fluorine atoms 
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on the carbon containing the -SH group9. Thus, 1,l ,2-trifluoro-2-chloro- 
ethanethiol (16), prepared by X-ray-initiated addition of hydrogen 
suiphide ro I ,  I ,2-trifluoro-2-cfrloroethene, when passed in the vapour 
phase diluted with nitrogen through 3 tube packed with sodium fluoride 
pellets gave in good yield (62%) chlorofluorothioacetyl fluoride (17). 

S 
I I  

HCICFCF,SH HCICFCF + NaF.HF 

Under these conditions 2-H-tetrafluoroethanethiol (18) and 2-H-2- 
methoxytrifluoroethanethiol (19) gave difluorothioacetyl fluoride (20) and 
methoxyfluorothioacetyl fluoride (21), thc latter being extremely unstable 
and polymerizing at - 80". 

(1 81 (17) 

S 
I I  

(18) (20) 

HCF,CF,SH - HCF,CF 

S 
II  

CH,OCHFCF,SH r CH,OCHFCF 
(19) (21 1 

Reduction of 2-chlorotetrafluoroethanesulphenyl chloride (22), prepared 
by chlorination of dichlorooctafluorodiethyl sulphidel* with tin and 28% 
hydrochloric acid, has been reported'l to give chlorodifluorothioacetyl 
fluoride (23). A by-product in this reaction was 2,2-dichlorooctafluoro- 
diethyl disulphide. 

S 
I/ 

CF,CICF CF,CICF,SCI RCI + Sn 

(22) (23) 

Though of no practical significance, an example of a stable thioacyl 
bromide has been reported12. Reaction of ethylene trithiocarbonate (24) 
with bromocyanoacetylene yielded a product to which the structure 
a-cyano-1 ,3-dithiolane-A2n &-thioacetyl bromide (25) was assigned. The 

S CN 
[I>S + BrCrCCN __f 

250 W C B r  4 
S 

9 4 )  (25) 

brilliant-violet, crystaIIine product fumed in moist air and the n.m.r. 
spectrum (CT3,CI.J showed a symmetrical pentuplet centred at 8 3.68. 
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Reaction of this thioacetyl bromide with potassium fluoride in refluxing 
acetonitrile gave the corresponding thioacetyl fluoride, similar in colour 
to the bromide above. The :?F mnx.  spectrum li& a sharp singlet a t  
- 110.2 p.p.m. from CI,FCCFCI,, consistent with the reported resonances 
of tl~oacyl fluorides between - 107 and - 162 p.p.m. from C12FCCFC126. 
The unusual possibilities for electron delocalization in 25 probably account 
for its stability. 

D. Thiocarbonyl Chloride 

';'he simplest chlorothioacid chloride, thiocarbonyl chloride (thio- 
phosgene)* (26), has been prepared in a large variety of ways, most of 
which are of no interest from a preparative point of view. In addition to 
poor yields, the thiophosgzne is usually admixed with impurities13. The 
reduction of trichloromethanesulphenyl chloride (perchloromethyl 
mercaptan) (27) with a wide variety of reducing agents provides the most 
convenient route to thiophosgene. A procedure utilizing an organic 
reducing agent such as tetralin14 is the ma:  promising, with yields of the 

+ 
4 HCI 

order of 80% being obtained. Other organic substrates such as tetrahydrc- 
. acenaphthene, cyclohexylxylene, naphthalene, anthracene and dodeca- 
hydroacenaphthene were found to be effective. The reduction also occurred 
readily (6542%)  when refluxing xylene coritaining ferric chloride as 
catalyst was used15 and variations have included the use of chlorobenzene, 
toluene, benzene, naphthalene and biphenyl and catalysts such as aluminium 
chloride, zinc chloride and stannic chloride. A wide variety of reducing 
agent@* l7# l9 has been used to convert trichloromethanesulphenyl 
chloride into thiophosgene and none of these procedures offers any 
advantage over those described above. 

E. Thiscarbonyl Fluoride 
A recent synthesisG has now made the simplest fluoroacid fluoride, 

thiocarbonyl fluoride (30), conveniently available. The three-step process 
involved conversion of thiophosgene (26) into its dimer20 (28), fluorination 
of the dimer with antimony trifluoride to give 2,2,4,4-tetrafluoro-1,3- 
dithietane (29), and pyrolysis of 29 at 475-500". As would be expected in 

* IUPAC name (Rule C-545.1) is thiocarbonyl dichloride. 
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the fluorination process, 2,2,4,4-tetrafluoro-1,3-dithietane (29) was con- 
Litlmilzted with small amounts of the mixed chlorofluorodi:hictanc;, thc 
2-chloro-2,4,4-trifluoro- and the 2,2-dichloro-4,4-difluoro products. The 

* - --: 

k / (29) 
S S 
II II 

FCCl FCF 

(31 1 (30) 

former, on pyrolysis at 450", gave a mixture of thiocarbonyl chlorofluoride 
(38) and thiocarbonyl fluoride (30), whereas the latter formed thiocarbonyl 
fluoride and thiophosgene. 

Reaction of tetrafluoroethylene with sulphur at 500-600" may a150 be 
used as a route to thiocarbonyl fluorideG. Appreciable amounts of tri- 
fluorothioacetyl fluoride (11) and bis(trifluoromethy1)disulphide (32) were 
formed in the reaction but could be separated by distillation. I t  has been 
reported that the composition of the product mixture is affected noticeably 
by the reaction conditions. Thus, when tetrafluoroethylene undergoes 

(30) (11) (32) 

reaction with sulphur vapour over a bed of activated charcoal, the major 
product formed is trifluorothioacetyl fluoride21. 

Another procedure for obtaining thiocarbonyl fluoride involves reaction 
of thiocarbonyl chloride and molten alkali metal fluorides2z. Other 
procedures described in the literature are of little consequence in light of 
the above syntheses and a compilation of references to this topic is 
availablez2. 

F. Thiocarbonyl Bromide 
Thiocarbonyl bromide (33) was unknown until the work of the DuPont 

group in 1965. It was preparedG by the addition of hydrogen bromide to 
thiocarbonyl fluoride (30), and mercaptan iritermediates that eliminate 
hydrogen fluoride were thought to be involved in this reaction. Thio- 
carbonyl bromide, though it distils as a heavy orange-red liquid, is quite 
unstable, readily decomposing in sunlight or on standing, largely to 
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bromine. These addition characteristics of the thiocarbonyl group are of 
considerable interest and are discussed in greater detail in section IV, F. 

S 
-HF 

BrCF 
11 HBr 

FCF 4 fBrCF,SHI - 

II 
BrCBr [Br2CFSHI 

G. Mono- and Disubstituted Aminothiocarbonyl Halides 
Representative examples of this type of substituted thiocarbonyl halide 

have been known for many years. In  the case of the N,N-disubstituted 
thiocarbamoyl ‘ororides*, a recent procedure for their synthesis involving 
bromination of the corresponding thioformanilides with bromine in 
refluxing carbon tetrachloride is now the method of choice=. A wide 
variety of substituted thioformanilides (34), available from the amide and 
phosphorus pentasulphide in boiling benzene24, have been converted into 
the corresponding substituted thiocarbamoyl bromides (35). 

R R 
I H  I Br  

A ~ ~ I - N C ’  -+ .A~YI--NC’ 
+S % 

(34) (35) 

The N,N-dialkylthiocarbamoyl bromides are apparently relatively 
unstable. They have been prepared25 by reaction of dialkylthioformamides 
with disulphur dibromide and the unstable bromide was then allowed to 
react with ethanol to form the corresponding thiourethane. 

In contrast, the N,N-disubstituted thiocarbamoyl chlorides are stable, 
useful entities and are readily prepared from thiocarbonyl chloride and a 
variety of amines. The great reactivity of thiocarbonyl chloride makes the 
choice of experimental conditions critical in reactions of this type. With 
secondary amines such as dimethylamine, the reaction is carried out in 
anhydrous ether at  ca. 5” using 2 moles of the amine and 1 mole of thio- 
carbonyl chloride. The resulting N,N-dimethylthiocarbamoyl chloride 
(37) is formed in good yield2G. An alternative procedure, resulting in yields 
of product varying from 60% to 85%, is to treat a disubstituted thioamide 
with sulphur chloride in pyridine. Thus, when N,N-dimethylthioformamide 
(36) was treated with sulphur chloride in dichloromethane in the presence 

* IUPAC name (Rule C-43 1.2). 
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of an equivaleni' amount of pyridine, N,N-dimetliylthiocarbamoyl chloride 
(37) was formed in 73% yield25. Sulphur dichloride may also be used in 

this reaction sequence which is also applicable to N-alkyl-N-arylthioamides. 
Another procedure2' which should be capable of wide application 

involves reaction of the trimethylsilyl derivative (38) of the secor&iijl 
arnines with carbon disulpl~de. The resulting trilnethylsilyldithiocarbamate 
(39) is then treated with phosphorus pentachloride or tllionyl chloride to 
give 37. Secondary amines such as dimethylamine, diethylamine, pyrrol- 
idine, piperidine and morpholine have been used in this sequence, the 
yields of products being over 80%. 

Another procedure involves treating the sodium salt of dimethyldithio- 
carbamic acid with perchloromethyl mercaptan, in which case a 33% 
yield of 37 was obtained along with other products2*. 

S 

Primary aromatic amines react readily in ether solution with thio- 
carbony1 chloride with formation of a monosubstituted thiocarbamoyl 
chloride, an isothiocyanate or a disubstituted thiourea. Heating, or addition 
of water, favoured formation of the isothiocyanate and the symmetrical 
diarylthiourea was invariably formed when 2 moles of the amine were 
used29. The effect of substituents in the aromatic ring on the course of the 
reaction is discussed in these publications. 

However, the thiocarbamoyl chlorides derived from secondary aromatic 
amines such a.s N-methyl-, N-ethyl- and N-n-propylaniline are much more 
stable and may Se prepared in the presence of protic solvents. Reaction 
of N-methylaniline in chloroform in the presence of an equimolar amount 
of the corresponding amine hydrochloride followed by 2 moles of aqueous 
sodium hydroxide gave i:he corresponding N-methyl-N-phenylthio- 
carbamoyl chloride in good yield30. An alternative synthesis of equal 
merit involves reaction of the secondary aniine in chloroform in the 
presence of a tertiary amine to act as the hydrogen chloride acceptor3I. 

Thiocarbamoyl chlorides derived from primary amines are too unstable 
to be isolated, usually undergoing elimination of hydrogen chloride to 
form the isothiocyanate or reacting with a second mole of aminc to give 
the thiourea. 
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H. Alkoxy- and (Alky1ehio)thiocarbonyl Chlorides 
This variety of thiocarbonyl halide may be regarded 2 s  a derivative of 

thiocarbonic acid and may be described by the trivial names alkoxy 
or aryloxythiocarbonyl chlorides, (alkylthio) or (ary1thio)thiocarbonyl 
chlorides. Alternatively, Chemical Abstracts treats compounds of this type 
as derivatives of formic acid, e.g. chlorothiofor-mic acid, 0-ethyl ester (40). 
The most direct route for their synthesis involves reaction of an equivalent 
amount of the sodium salt of the alcohol, phenol or thiol with thiocarbonyl 
chloride. Thus, reaction32 of alcoholic sodium ethoxide with thiocarbonyl 
chloride in chloroform gave ethoxythiocarbonyl chloride (40). With 
phenol, addition of a chloroform solution of thiocarbonyl chloride to a 5% 
sodium hydroxide solution of the phenol gave33 phencxythiocarbonyl 
chloride (41) in 70% yield together with O,0-diphenylthiocarbonate (42). 

S S s 
II II II 

EtOCCl PhOCCl PhOCOPh 
(40) (41 1 (42) 

Variation of the above reaction conditions has been reported3* to yield 
a variety of products and several orgsrnic solvents have been utilized in 
the reaction35. These procedures have been reported to be satisfactory for 
higher and more complex alcohols3G. 

The corresponding S-alkyl compounds are also readily available from 
the appropriate thiol and thiocarbonyl chloride. Thus, methanethiol and 
thiocai Sonyl chloride at - 18" over several days gave37 (methy1thio)thio- 
carbonyl chloride (43); the corresponding ethylthio compound (44) was 
formed slowly when a mixture of ethanethiol and thiocarbonyl chloride in 
carbon disulphide was allowed to stand34. (Pheny1thio)thiocarbonyl chloride 
(45) was obtained3* in 80% yield when thiocarbonyl chloride and thio- 
phenol in chloroforin were mixed with aqueous sodium hydroxide 
solution. In addition, the dicondensation product, diphenyltnthiocarbonate 
(46), was also obtained. 

S S S s 
II II II 

CH,SCCI EtSCCl PhSCCl PhSCSPh 
II 

(43) (4) (45) ($6) 
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111. PWYSlCAL PROPERTIES OF THIOCARBONYL 
HALIDES 

A. General Characteristics 
The majority of the arylthiocarbonyl halides described in the litn ,ratwe 

are highly coloured, labile oils with pronounced pungent odours. Purifi- 
cation is usually effected by repeated distiilation in high vacuum. The 
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various halogen-substituted alkylthiocarbonyl halides arc low-boiling, 
toxic liquids varying in colour from yellow to red. Extreme care is advised 
i" hmdling these preducts. 

Tncorporation of an oxygen, sulphur or nitrogen atom into the system 
increases the stability of the halides and has a marked effect on their 
properties. The oxygen compounds are yellow oils which, with increasing 
molecular weight, are obtained as yellow, crystalline products. The intensity 
of the colour is increased in the analogous sulphur. products. On the other 
hand, the nitrogen-containing products are either colourless or, with 
those containing aromatic groups ettached to the nitrogen atom, pale- 
yellow crystalline materials. These characteristics are summarized in 
Table 1 for representative thiocarbonyl halides. 

TABLE 1. Physical properties of some thiocarbonyl halides 

B.p. 

"C 
Structure (m.p.1 Form d& n g  Reference 

CGHSCSCI 
O-CH~C 0 H, CS C1 
I?I-CH,CGH,CSCI 
p-CH,CsHaCSCI 

nl-ClC,H,CSCI 
p-CIC,H,CSCI 

CFJCSF 
CF,CSCI 
CF3CF2CSF 
CF2= CFCF,CSF 

BrCF,CSF 

CICF,CSF 

CICF,CSCI 
F,CS 

C1,CS 
ClFCS 

Br,CS 

60-65"/0-1 m m  
76"/0.1 mm 
85"/0*1 mm 
75-76"/0-4 mni 

99-100"/1.4 mm 
91°/1.2 mm 
82"/1.5 mm 
- 22" 
38-29" 
9" 
45-46" 

(1 2-1 3") 

41-42" 

23", 36" 

- 10" 
- 54" 

73" 
6-7" 

142-1 44" 

violet oil 1.338 
violet oil 1.212 
violet oil 1-194 
violet oil 1.209 

violet oil 1-362 
violet oil 1-3 85 
blue-red oil 
ycllow oil 
bright-rcd oil 

bright-yellow 

bright-yellow 

bright-yellow 1.5 183" 

deep-red oil 
colourless 

liquid 
red oil 1*5085* 
bright-yellow 

orange-red 

oil 

oil 

oil 

oil 

oil 

4 
4 
4 
4 

4 
4 
4 
6 
6 

6 

6 

6, 11 

1 -4465 6 
6 

13 
6 

1.6015 6 
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TABLE 1. (coal.) 

B.p. 

"C 
Structure 6n.p.) Form el3 p i g  Reference 

HCICFCSF 56-57" bright-yellow 1.41 82 9 

HCFzCSF 14-16' bright-yellcw 9 

CH,OCHFCSF - 13" to - 1 1'1 bright-yellow 9 

oil 

oil 

0.9 nim oil 

0.1 mm (42") xieedles 30 

0-1 mm (49") 

98.5') 25, 27, 39 

(CH,),NCSCI 88-89'1 colourless 25, 26, 27 

(Et),N CSCl 63-65'1 27 

C,H,NCSCI (96') (97.5- 

CSH1 ,NCSCI 82-83'/0.1 mm 1-5960 25, 27 

C,H,ONCSCi (66-5') 100- 
92-34'/0.4 mrn 1-5937c 

101"/10.7 mm 25, 27 

N-CHB, N-2,6- (68-72') colourless 23 

N-CH,C,H,, N- (121-121-5') colourless 23 

(59-60") 

(CH,),C,H,CSBr needles 

2,6-CI2C,H,CSBr needles 
C2H50CSCI (126-127") yellow oil 32 
C,H,OCSCl 91"/10 inw. yellow oil 33 
C,H,SCSCI 135"/15 mm orange-red 1.331 38 

oil 

B. U.V. Spectra 

Table 2 lists the main U.V. absorption bands for a series of substituted 
thiobenzoyl chlorides4. All show a characteristic long-wavelength absorp- 
tion between 532 and 520 nm in cycloliexane which is shifted about 11 nm 
to shorter wavelength in acetonitrile. The low intensity (log E 1.78-2.1 1) 
and the negative solvent effect indicate that this band is due to a symmetry 
forbidden n -+ 7 ~ *  transition of the thiocarbonyl group. An intense absorp- 
tion between 350 and 304nm, which shows a positive solvent effect 
(ca. 3 nm) is most likely a r+n* absorption. Using the various sub- 
stituted thiobenzoyl chlorides described in Table 2, good agreement has 
been found for the energy involved in this r-> 7 ~ *  transition. 
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TABLE 2. U.V. abscrption spectra of some substituted thiobenzoyl chlorides4 

Substituent Solvent 
Absorption" 

A,, nm (log 4 
H 

m-C1 
p-c1 

p-OCH3 

cyclohexane 

acetonitrik 

cyclohexane 
acetonitrile 
cyclohexane 

acetonitriie 

cyclohexane 

acetonitrile 

acetonitrile 
cyclohexane 

acetonitrile 

cyclohexane 

224" (3-90), 228" (3*90), 243" (3-70), 
260" (3*6), 272" ( 3 . 3 ,  313 (4*14), 
530 (1.82) 

518 (1.78) 
225 (3*74), 248" (3.9, 317 (4-08), 

230 (3.97), 310 (3.89), 520 (2.19) 
228 (3.901, 312 (3-79), 509 (2.1 1) 
232 (3.90), 243" (3-74), 251" (3*69), 

263" (3.53, 315 (4*09), 525 (1.88) 
230 (3*75), 251 " (3*43), 3 19 (4*08), 

515 (1.93) 
231 (3*85), 236 (3.86), 250 (3.69), 

328 (4*17), 527 (1.85) 2 

231 " (3.78), 236 (3-79), 259 (3*66), 
333 (4*17), 576 (1.92) 

233, 245, 307, 522 
233 (4*02), 239 (4*01), 254" (3.83), 

232 (3*89), 255 (3-71), 327 (4.2I), 

223, 248, 273, 282, 350, 522 

324 (4-15), 532 (1.83) 

522 (1.85) 

" Shoulder. 

From a consideration of the absorption spectra of a large number of 
various thiocarbonyl compounds, it has been shown40 that the values of 
absorption bands calculated by means of absorption increments are in 
good agreement with the experimental results. This led to the prediction 
that in the unknown thioacetyl chloride the colour-imparting first 
absorption band would occur at 480f9 nm (empirical method) or 491 f 
15 nm (quantum chemical method) and that the first intense band would 
be observed at 241 & 8 nm (quantum chemical method). It is interesting to 
note that perfluorothioacetyl fluoride and difluorothioacetyl fluoride are 
yellow in colour and show absorption maxima at 410 nm and 220 nm9. 

C. 1.r. Spectra 
Thiocarbonyl chloride, dissolved in carbon disulphide, has been 

reported41 to show a strong C=S stretching absorption at 1120 crn-I in its 
i.r. spectrum. Strong absorptions at 810 cm-l and 780 cm-l were assigned 
to C-CCI stretching vibrations. In thiocarbonyl fluoride an observed i.r. 
frequency at 1375 cm-l was assigned42 to the C=S stretching absorption. 
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In more complex structural systems the C=S i.r. absorption is of limited 
use in  structural diagnosis because of the large number of absorptions 
which occur in the above areas. This is clearly shown in the spectrumC of 
perfluorothioacetyl fluoride which contained absorption bands at 135 1 , 
1242, 1183, 1055 and 1049 cm-l. However, on the basis of values reported 
in the literature for vc-cI in thiopho~gene~l (812 cm-l), benzoyl chlorideL3 
(880 cm-l) aTtd phosgeneg4 (849 cm-l) it is possible to assign a strong and 
wide absorption at 850cm-' in thiobenzoyl chloride to the C-CI 
vibration. Similarly, on the basis of a vr-cE vibration at 779 cm-I in 
benzoyl chloride, an analogous vibration at 770 cm-l in thiobenzoyl 
chloride is most likely due to the C--I4 vibration. In thiophosgene and 
thiobenzophenone a band at 1121 cm-l and 1207 cm-l, respectively, has 
been assigned to the C=S group and a strong and wide absorption at 
1253 cm-l in thiobenzoyl chloride has accordingly been assigned to this 
group3a. Similar absorption in ethyl thiobenzoate and phenyl thiobenzoate 
has been noted in the region 1200-1300 cm-l. 

D. 1V.m.r. Spectra 
The thiocarbonyl group exerts a mzrked de-shielding influence in IH 

n.m.r. spectra, much more so than the corresponding carbonyl groupg5. 
However, the major use of the n.m.r. technique in this area involves 
fiuorine n.m.r. spectra. The appearance of peaks at !ow field for fluorine 
attached to C=S was observed6* in a series of thioacid fluorides. Thus, 
in perfluorothioacetyl fluoride the ISF n.rn.r. spectrum showed a quartet 
(J= 10 cps) centred at - 120.9 p.p.m.* of relative area 1 and a doublet 
(J= 10 cps) centred at +7.66 p.p.m. of relative area 3. Similarly, in 
thiocarbonyl chlorofluoride, the 19F n.m.r. spectrum consisted of a single, 
unsplit line at - 16.8 p.p.m. which in thiocarbonyl difluoride occilrred at 
- 108 P.P.M.6* 4p. 

IV. CHEMICAL lPROPERT1ES O F  THIOCARBONYL 
HALIDES 

A. Reaction with Nsrcleophiles 
1. Amines 

The thiocarbonyl halides all react readily with a variety of nucleophiles. 
Rcaction with amines such as piperidine provides a convenient way of 
characterizing the labile tllioaroyl halides. The thiobenzpiperidides are 

* Spectra measured at 56.4 Mc/scc were calibrated in terms of displacement 
in p.p.m. from the lSF resonance of 1,2-difluoro-1,1,2,2-tetrachloroethane 
used as an external standard. 
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usually pale-yellow, crystalline products easily purified by recrystallizatim 
from aicohoP. Aromatic amines such as aniline are aiso useI"u1 for cha- 
racterization purposes and the majority ~f aromatic and heteroaromatic 
amines could be utilized for this purpose. Phenyll~ydrazine likewise forAms 
a th i~hydraz ide~~.  

N-Alkylthiobenzamides, prepared from thiobenzoyl chloride and the 
aliphatic amine in ether, are usually obtained as Iow-melting solids or 
yellow oils in  good yields3". Thus, N,N-dimethylthiobenzamide, obtained 
in 69% yield, melts at 67" and distils at 180-186"/18mm7 whereas the 
N-n-butyl derivative (85%) distils at 155-164"/0-6-O.7 mm. 

An acceptable alternative to the use of the thioacid chloride as an 
acylation agent is to utilize, for example, thiobenzoylthioglycollic acidd6. 
Thioacylation of amines occurs very readily with this reagentq7 and various 
other alternatives have also been describedqs. In this context the use of 
ethyl dithioacetate, S-carboxymethyldithioacetate and S-carbometh- 
oxymethyldithioacetate provide the alternative far the unknown thioacetyl 
chloridedg. 

2. Alcohols, phenols, thiols and thiophenols 
Alcohols also react readily with aromatic thioacid chlorides forming the 

corresponding t h i ~ e s t e r s ~ ~ .  A comparison of the rate constants for the 
methano1ysi.s of a series of substituted thiobenzoyl chlorides (o-CH,, 
T ~ z - C H ~ ,  o-C1, mCI, p-C1) with the corresponding benzoyl chlorides 
indicate that the thio compounds react more slowly with methanol50 
except for o-chlorothiobenzoyl chioride. Activation energies and entropies 
indicate that different reaction mechanisms are involved with the two 
classes of acid chlorides (Table 3). 

With sodium alcoholates, formation of the corresponding thiocar- 
boxylate is very rapid. Thus, ethyl thiobenzoate was obtained as a yellow 

TABLE 3. Kinetic data for the methanolysis of substituted thiobenzoyl 
chlorides 

Thiobenzoyl Ic (min-l) E ,  A S ,  

ch I ori dcs 0" 10" 15" 20" (kcal/mol) (e.u.) 

Unsubstituted 0.0022 0.0064 0.0110 0.0179 16.9 - 17-5 

i n - C H ,  0.0033 0.0099 0.0171 0.0281 17.4 - 14.9 

p-CI 0.001 35 0.0034 0-0056 0.0086 14.5 -26.1 

o - C H ,  > 1  

P - C H  3 0.0040 0.01 65 0.0322 0.0619 21.9 +2-1 
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oil, b.p. 56-65"/0.8 mm, from the reaction of thiobenzoyl chloride and 
sodium ethxidc in ethanol3*, the same product also being obtained from 
absolute cthanol and the thiobenzoyl chloride by refluxing ucder nitrogen. 

Similar reactions have been reported with phenols. A pyridine solution 
of phenol was to  give phenylthiobenzoate, a yel!ow oil distilling 
at 92"/0.1 mm, whereas the corresponding thiophenol reacted with thio- 
benzoyl chloride in the absence of a hydrogen chloride scavenger. Phenyl- 
dithiobenzoate was obtained as a red oil which distilled at  145-150"/1 mm 
with some decomposition. 

The presence of an electron-releasing group attached to the chloro- 
thiocarbonyl function imparts greater stability to the thiocarbonyl chloride. 
However, a1 koxy-, thioalkoxy- and aminothiocarbonyl chlorides react with 
alcohols, thiols and amines. Thus, in the reaction of phenol with thio- 
carbonyl chloride a small amount of the dicondensation product, 0,O-di- 
phenylthiocarbonate (42) was always obtained33. This arose by reaction 
of phenol with the phenoxythiocarbonyl chloride (an), the major product 
in the reaction. Variation of the reaction conditions in terms of temperature 
and molar proportion of reactants enables either the mono- or diconden- 
sation product to be formed in greater amount51. This method leads to a 
simple 0,O-ester but alternative routes are available for preparation of the 
mixed 0,s-ester. 

Reaction of the potassium salt of an alkoxy dithiocarboxylic acid (47) 
(a potassium xanthogenate) with alkyl halides52, alkyl su1phates3 or 
diazonium provides a ready route to 48. 

S S 
I I  II 

ROCSK + RX ROCSR 
(47) (48) 

The reaction of N,N-dimethylthiocarbonyl chloride with phenol is the 
basis of a very convenient synthesis of thiophenols. Thermolysis of the 
initially formed 0-aryldirnethylthiocarbamate (49) results in high yields 
of the S-aryldiniethylthiocarbamate (50) which is easily hydrolysed to the 

S S 0 
I I  II  I1 

ArOH -I- (CH,),NCCI + (CH,),NCOAr + (CH,),NCSAr 

(50) 

(49) / 
ArSH 

thiophenol. This procedure may be extended to suitable hydroxyhetero- 
cycles and, as the thiols are readily desulphurized with Raney nickel, it 
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provides an attractive alternative for replacing aromatic liydroxyl grougs 
with hydrogen5 5. 

Aminothiocarbonyl chlorides (51) react readily with amines to give 
substituted thioureas which are also available from an amine and thio- 
carbonyl chloride. Utilization of the aminothiocarbonyl chlorides enables 
an unsymmetrical thiourea (52) to be prepared by condensation with 
another amine.56 

With sodium alcoholates, thiocarbamic acid-@-esters (53) are formed. 
This method is not of great i m p ~ r t a n c e ~ ~  as this class of coapounds is 
very conveniently prepared in good yield from alkoxythiocarbonyl 
chlorides (54) and aminesG8. 

s S S 
11 NaOR II R,NH I I  

(51 1 (53) (54) 

R,NCCI ~ > R2NCOR <- ROCCI 

S 2 c- 

I I  II R,NH !i 
R,NCNHR' R,NCSR f--- ClCSR 

152) (55) (56) 

Though reaction of the aminothiocarbonyl chloride with thiols or their 
sodium salts 1eadP  to the dithiocarbamic ester ( 5 3 ,  numerous other 
advantageous methods of synthesis of 55 are available. Thioalkoxythio- 
carbonyl chlorides (56) and secondary amines yield the desired product 
which, when primary amines are used, is always a non-uniform products0. 
Other routes involve the reaction of isothiocyanates with thiolsG1 and 
amines with trithiocarbonic acid diestefi2. 

3. Cyanides 
Thiobenzoyl chloride reacts3& with cuprous cyanide, or potassium 

cyanide in aqueous acetone, to give thiobenzoyl cyanide (57) together 
with its dimer (SS), represented as 1,4-dicyano-1,4-dipheny1-1,3-dithia- 
cyclobutane in analogy with the dimer of thiocarbonyl chloridez0, and 
some dicyanosti1bene (59). Thiobenzoyl cyanide cannot be distilled and, 
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on heating at 150" in an oil-bath, breaks down to sulphur and dicyano- 
stilbene, especially in the presence of copper salts. 

4. Sodium azide 
Thiocarbonyl chloride, in water at -5" ,  and sodium azide, gave rise 

to 5-chloro-l,2,3,4-tliiatriazole (60). Caution must be maintained in 
reactions of this type and occasional violent detonations of an unpredict- 
able nature were ob~erved"~. G4. N,N-Disubstituted thiocarbonyl chlorides 
also react readily with sodium azide in aqueous medium, giving 5-(di- 
substituted-amino)-l,2,3,4-thiatriazoles (61). The nature of the groups 

S 
I1 

> ClCCl + NaN,  - 
N-N N-N 

attached to the nitrogen had considerable influence on the reaction 
conditions with a reaction temperature of 100" and a reaction time of 
2 hours being required for N,N-dimethylthiocarbonyl chloride@. 

Thiobenzoyl chloride and sodium azide also undergo ready reaction to 
form 5-phenyl-1 ,2,3,4-thiatriazoleG5. 

5. Heterocyclic tertiary amines 
Ethoxythiocarbonyl chloride and phenoxythiocarbonyl chloride have 

been to react with quinoline or isoquinoline and potassium 
cyanide to give Reissert compounds of type 62 and 63. It was not possible 
to utilize thiocarbonyl chloride in this reaction; instead o-isothiocyanato- 
trans-cinnamaldehyde (64) and 3-oxoimidazo[ 1,5-a]quinoline (65) were 
obtained in very small amounts when quinoline and potassium cyanide 

CCH0 q \ 0 
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were used. With isoauinoline and thiocarbonyl chloride two products 
were also obtained. These were identified as 66 and 67. p-Chlorothio- 
phenoxythiocarbonyl chloride has also been reacted with isoquinolinesG 
and in this case the product obtained was identified as 68. 

CHO 

H 

H\  / ,c=c, H, /c=c, 
SCN H OH 

(68) (69) 

It  is interesting to note45a t h t  thiocarbonyl chloride and alkali (either 
2N-sodium hydroxide or better, barium carbonate) and pyridine resulted 
in the formation of ~rmts,trmzs-l-formyl-4-isothiocyanatobuta-l73-diene 
(69). 

6. Reaction with Diaroalkanes 
Diazomethane has been shown to react with thiobenzoyl chloride to 

giveG5 2-phenyl-173,4-thiadiazole (70). Ringclosure in the manner en- 
visaged was established by synthesis of (70) from N-benzoyl-N'-fonnyl- 
lydrazine and phosphorous pentasulphidP. Use of diazoacetic ester in the 
reaction leads68 to 2-zarEethoxy-5-phenyl-~1,3,4-thiadiazole (71). 

S 
II 

> PhCCJ + CH,N, - 

S 

PhCONHNHCHO a phy 1 
N-N 

(70) 

. I  

N-N 



368 k. T. Potts and C. Sapino 

It has also been establishedG7 that tliocarbonyl chloride and diazo 
ketones result in formation of the 1,3,4-thiadiazole nucleus rather than 

(72) and thiocarbonyl chloride, thc m j a r  product obtained w3s 2-chloro- 
5-p-nitrobenzoyl-l,3,4-thiadiazole (73) and some w-chloro-p-nitroaceto- 
phenone. Similarly, p-chlorobenzoyl diazomethane and thiocarbonyl 
chloride gave rise to 2-chloro-5-p-chlorobenzoyl-l,3,4-thiadiazole, 

L L  LIIG - 1,2,3-iliiadiiizole systemGg. Thus, from p-niirobenzoyl diazomethane 

S 

i74) 

w-chloio-p-chloroacetophenone and the dithiadiene (74). This last product 
undergoes an interesting extrusion reaction when he:ited at 190" for 
90 min. Sulphui is lost and 2,4-di-(p-chlorophenyl)thiophene is formed. 

C.  Reaction with 5-P henyltetrazole and other Heterocycles 
Thiobenzoyl chloride and 5-phenyltetrazole (75) react in the presence of 

pyridine to give 5-phenyl-2-thiobenzoyltetrazole (76). On warming, or 
when its preparation is carried out above 70°, nitrogen is lost70. This may 
be interpreted in terms of a cis-elimination, the thermal instability being 
z consequence of the formation of stable, molecular nitrogen on decom- 
position of 76 and the fomation of a resonance-stabilized intermediate 
(78) via a species such as 77. The final product is 2,5-diphenyl-1,3,4- 
thiadiazole (79) which is formed in 50% yield. It has been suggested that 

CSPh s 
II N=NCSPh 

z Ph?: 
"NH PhCCl 

Ph-( N~ N I - Ph< N 5 N  I + N E N  
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this rearrangement be regarded as a 1,5-dipolar cyclization involving a 
conjugated ~~itii!ii~iii~e'~. 

Under these conditions 2-benzoyl-5-phenyltetrazole results in 2,5- 
diphenyl-l,3,4-oxadiazole. I t  has been shown that the decomposition is a 
first-order reaction, independent of excess of acid chloride, indicating that 
the ring-cleavage must be the rate-determining step". 

1-Thioacylazetidines show a ready tendency to isornerize when treated 
with concentrated hydrochloric acid47. Thus, 1-thiobenzoylazetidine (SO) 
gave 2-phenyl-4,5-dihydro-6H-1,3-thiazine (81) on standing with acid at 
room temperature for severs1 days. 

(80) (81) 

The thiobenzoylazetidines show a greater tendency to isomerize than 
do the corresponding 1-acylazetidines. 1-(Aryloxythiocarbony1)- and 
1-(dithio-pch1orophenyloxycarboKyl)azetidine as well as 1-(N-phenyl- 
thiocarbamyl)-2-methylazetidine all undergo isomerization. 

D. Friedel-Crafts Reactions 
A wide variety of thiocarbonyl chlorides undergo reaction with aromatic 

substrates in the presence of Friedel-Crafts ca talystsi3. Thiobenzoyl, 
o-thiotoluoyl and p-tleotoluoyl chlorides ($2) react under mild conditions 
(40" in 1,2-dichloroethane) with benzene, toluene, ailisole or biphecyl in 
the presence of aluminium chloride to give the corresponding thiobenzo- 
phenone (83). This reaction is analogous to the earlier condensation of 

R S 

(82) (83) 

thiocarbonyl chloride with aromatic hydrocarbons to form thioketonesi4. 
Phenoxythiocarbonyl chloride also reacts73* i 5  in the presence of aluminium 
chloride with a variety of substituted benzenes to form thiobenzoic acid- 
0-aryl esters (84). The corresponding thiobenzoic acid-0-alkyl esters are 
not so readily accessible by this procedure due to elimination of carbonyl 
sulphide from the intermediate complex with aluminium chloride. 

(Alky1thio)- or  (arylthio)thiocarbonyl chlorides, in the presence of 
aluminium chloride or stannic chloride, react with a wide variety of 
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aromatic hydrocarbons (or heterocycles such as furan and thiophene) to 
give in good-to-excellent yieid the corresponding dithiobenzoic acid 

S S 
II AICI, I t  

PhOCCl + ArH or > PhOCAr 

S S 
II 

RSCAr 

(85) 

I I  AICI, 
or 

SnCI, 

RSCCl + ArH 

esters (85). With monosubstitu ted benzenes, substitution always occurred 
in the para-position. As has been observed in other Friedel-Crafts reactions 
involving furan and thiophene, it was necessary to use the more moderate 
catalyst stannic chloride. 

Under analogous conditions, N,N-disubstituted thiocarbonyl chlorides 
also react with similar aromatic hydrocarbons forming the corresponding 
N,IV-disubstituted thioamides (85) in good yield73. However, benzene 

S S 
II II 

(CH,),NCCI i ArH - 3 (CH,),NCAr 

s o  
II II 

(CWzNCSCN(CHJ, 
(87) 

itself does not give the expected thioainide but rather a product identified 
as 87. This arose from the intermediate complex formed from the thio- 
carbonyl chloride and aluminium chloride which was decomposed with 
water. 

(86) 

E .  Dimerization Reactions 
Simple thiocarbonyl halides all show a tendency to dimerize to some 

degree, especially fiuorothio:\.cyl fluorides. Thiocarbonyl chloride dimer 
is well known20 and an analogous structure has been proposed for the 
dimer of thiocarbonyl fluoride. 1.r. and Raman spectral data are consistent 
with structure (88) and it was concluded from the lack of coincident 
frequencies that the molecule has a centre of symmetry and belongs to 
the point group D21,76. The various other mixed thiocarbonyl halides all 
form dimers of the same type6. 

Trifluorothioacetyl fluoiide (11) does not dimerize spontaneously6 but 
when irradiated with U.V. light at temperatures below O", it was transformed 
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into approximately equal amounts of cis- and trmrs-2,4-difluoro-2,4- 
bis(trifluoromethyl)-1,3-dithGctane (89). U.V. light irradiation also caused 

(11) (89) 

trifluorothioacetyl chloride and chloro- and bromodifluorothioacetyl 
fluorides to dilnerize to the corresponding dithietanes, whereas chloro- 
difluorothioacetyl chloride dimerized spontaneously at  room temperature. 

F. C)rcloaddition Rea coions 

The simplest cycloadditioii of a thiocarbonyl halide is of the [2 + 1 J type 
in which thiocarbonyl fluoride adds carbenesc. Diazomethane (and 
diphenyldiazomethane) reacted to form the unstable thiirane (90) which 
immediately eliminated sulphur to give the olefin (53). In a [4+2] Cydo- 

S 
ll 

FCF -k R,C: --+ 

(90) (93) 

addition, thiocarbonyl fluoride reacted as a dieneophile with cyclopenta- 
dieiie to give a relatively unstable adduct (94). Removal of the double bond 
in the cycloadduct by addition of bromine imparts stability to the product 
which otherwise must be kept in the cold. The corresponding adduct (95) 
from hexachlorocyclopentadiene had good stability77. 

(94) (95) 

Thioacyl fluorides are also exceedingly active dienophiles’‘, though 
they are less reactive than hexafluorothioacetone. Triff uorothioacetyl 
fluoride, at - 78”, reacted with butadiene (and dimethylbutadiene) 

13 
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yielding the corresponding dihydrothiopyrans (96). These cycloadducts 
readily lost hydrogen fluoride to form the thiopyran (97). 

(96) (97) 

Thiocarbonyl chloride has also been reported7* to undergo an analogous 
reaction with ir-arzs,tr.arzs-l,4-diphenyl-l,3-butadiene (98). In this case 
2-chloro-3,6-diphenylthiopyi-ylium chloride (100) was formed, most 
likely from the initial cycloadduct (99). 

(98) (99) (1 00) 

In the reaction of trifluorothioacyl fluorides with dienes, stability is 
imparted to the initial cycloadduct if the diene component is chosen so 
that elimination of hydrogen fluoride would result in a double bond at a 
bridgehead positions7. Thus, trifluorothioacetyl fluoride and cyclopenta- 
diene gave the stable adduct (101) and with anthracene the adduct (102) 
was obtained. An analogous stable adduct also resulted from the reaction 
of antlxacene with pentafluorothiopropionyl fluoride. 

(1 01 1 (1 02) 

G. Reaction with Metal Carbonyls 
ThiobenzoyI chloride undergoes reaction with the strong Lewis-base 

sodium manganese pentacarbonyl at - 78" in tetrahydr~furan'~. The 
product initially formed, represented by 103, lost carbon monoxide (at 
ca. -60") on warming the reaction to room temperature, giving brown 
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trimeric, tetrameric and polymeric tetracarbonyl(thiobenzoy1)rnanganese 
complexes represented by the general expression 104. These complexes 

S 
I I  

PhCCl + Na[Mn(CO),I -+ PhCSMn(CO), 

-=I ('03) 

i P h C S M n (C 0), 1, 
(1 04) 

are thermally stable and diamagnetic. 1.r. data, especially a vC+ absorp- 
tion at 630 cm-I and a series of bands attributable to the CO group in the 
regions 2100, 2020, 201 1 and 1955 cm-l, indicate that these products may 
be represented as either a thioketone (105) or a thiocarbene complex (106). 

Ph 

H. Miscellaneous Reactions 
Esters of hydroxymethylphosphonic acid (107) react readily with 

N,N-dimethylthiocarbonyl chloride to giveso esters of the type (108) in 
yields of 68-79%. 

0 S 0 S 
II II II II  

(107) (1 08) 

The group R has been varied between ethyl, propyl, isopropyl, 

In addition to the normal reaction of thiocarbonyl chloride 

(RO),PCH,ONa -I- (CH,),NCCI ----+ (RO),PCH,OCN(CH,), 

arid isobutyl, all of which yielded 108 as oils. 
butyl 

with 
hydrazines in which the cldorines are displaced by the amine function, a 
new type of reaction occurs when the reaction medium is dilute hydro- 
chloric acids1. Thus, from phenylhydrazine and thiocarbonyl chloride, 
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phenyl isothiocyanate and 1,2,4-triisothiocyana~obenzene (109) were ob- 
taiaed. These pi-oducts havc been rationalized in terms of the fo!!owing 
reactions : 

S 
I1 

2 PhNHNH, + ClCCl + CS(NPhNCS)2 

I 
C,H,(NCS)zNH, t- PhN(NCS)2 4- PhNCS 

C,H3( NCS), 

(109) 

Related rezcticns were z!sc observed with semicarbazide, thiosemi- 
carbazide and sekoxan-rzzide. 

Thiocarbonyl chloride is a particularly effective cyclization agent for 
the synthesis of a variety of heterocyclic systems13. Substituted 2-amino 
alcohols react readily and from 1,1,2-triniethyl-2-aminoethano! (llo), 
2-mercapto-4,5,5-trimethyl-2-oxazoline ( I l l )  is obtaineds2. 

CH3\ / CH3 

C H3-C - C H 
/ \  

H HO NH2 

As would be, anticipated, thiocarbonyl chloride has found considerable 
use in cyclizations of this type. Reaction of 2-thiobenzoylmethylhydrazine 
(112) with thiocarbonyl chloride yielded the mesoionic 1,3,4-thiadiazole 
derivative (113), a ring-closure which probably involves formation of the 
intermediate isothiocyanates3. This procedure has been applied to the 
synthesis of other mesoionic ring systemss4. With a heterocyclic hydrazine, 
such as 2-pyridylhydrazine (114)>, cyclization occurred with great eases5 to 
the s-triazolo[4,3-a]pyridine-3-thiol (115). Numerous other examplcs of 
this type of utilization of thiocarbonyl chloride have been described in an 
earlier review13. 

A particularly interesting application of thiocarbonyl chloride is in the 
synthesis of bis(trifluorornethyl)thioketene, the first tliioketene to be 
handled, distilled and storeds6. Diethyl sodisil-,alonate and thiocarbonyl 
chloride yielded tetraethyl 1,3-dithietane-Aev a : 4 *  a'-dimalonate (116) 
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which, on heating with sulphur tetrafluoride in the presence of hydrogen 
fluoride, gave 2,4-bis[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]-1,3-di- 
thietane (117). This is the dimer of bis(trifluoromethy1)thioketene (118) 
and when it was pytolysed at 750” in a platinum tube packed with quartz 
rings, the monomer was obtained in 70% yield. 

> cF3xsxcF3 CF, S CF, 

(1 18) 

A recent reports7 of the utilization of N,N-dimethylcarbamyl chloride 
and N,N-disubstituted carbamates with organolithium reagents to form 
ketonss indicates a potentially useful applicatiog of the corresponding 
thiocarbonyl compounds. 

V. THlOARQYh CHLORIDE S-OXIDES 

There are three main routes for entry into this interesting group of 
thiocarbonyl compounds which may be regarded as chlorosulphoxides. 
Reaction of phenylmethanesulphonyl chloride (119) and triethylamine in 
benzene or cyclohexane gave a mixture of trmts-stilbene, cis-diphenyl- 
ethylene sulphone, triethylammonium chloride, triethylammonium 
methanesulphonate and cis- and trans-oxythiobenzoyl chloride, (120) and 
(121), respectivelyss. These compounds are stable at - 5” for several weeks 
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but at room tcmperature in the presence of moisture or light, rapidly 
decompose. 

The thioacyl halide structure was first proposed for the product 
obtainede9 by treating camphor-10-sulphonyl chloride with triethylamiile 
but this is the first instance in which both geometrical isomers have been 
isolated. It is also the first demonstration of cis-trans isomerization about 
a double bond in which one of the atoms of the double bond is a second 
(or higher) period element. 

The same mixture of cis- and trans-isomers was prepared by a second 
general procedure. Phenyimethanesulphinyl chloride (122) was first 
converted into thiobmzaldehyde-S-oxide (123) in carbon tetrachloride- 
ether medium. This was then treated with chlorine to give the dichloride 
(124). Further treatment with triethylamine resulted in formation of a 
reaction mixture which gave 14% of trans-oxythiobenzoyl chloride (121) 
and 25% of the corresponding cis-isomer (120), together with meso- and 
d,l- 1,2-dichloro- 1 ,2-diphenylethanegO. 

0 
4 

PhCH,SOCI ---+ [PhCH=S 1 

(1 22) (1 23) 

A similar reaction sequence appliedg0 to 2-methoxy;laphthalene-l- 
thial-S-oxide (125) gave 2-methoxy- 1 -thionaphthoyl chloride-5'-oxide (126). 

Thiocarbonyl chloride 5'-oxide (127) is another interesting member of 
this family of chlorosulphoxides. PreparedD1 in 32% yield by oxidation of 
thiocarbonyl chloride with m-chloroperbenzoic acid, or by hydrolysis of 
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trichloromethaaesulphenyl it undergoes an interesting cyclc- 
additiodl with cyclopentadiene at - 40" to give a re!ative!y unstable 

0 
4 

CH=S 

CI 0 
\ / /  c-s 

product (128) which was stabilized by oxidation to the sulphone (129). 
This procedure iliustrates the third general method for the preparation 

of tluoacyl chloride S-oxides. I t  has also been applied successfully to the 
synthesis of I20 and 121 by oxidation of thiobenzoyl chloride with 
monoperphthalic acid". 
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I .  INTRODUCTION 

The compounds to  be given major coverage in this chapter are described 
in the literature as chloroformates, chlorocarbonates or (mainly in peptide 
synthesis applications) as alkoxy-, aryloxy- or arylalkyloxy-substituted 
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carbonyl chlorides. I n  Clmzical Abstrccts they are found under the general 
heading of formic acid and are listed under ‘formic acid, chloro-, esters 
of’. The alternative names arise from the possibility of considering them 
as named froin carbonic acid (H,CO,) by replacement of a hydroxyl 
group by chlorine, from formic acid (H,CO,) by replacement of a hydrogen 
by chlorine, or from carbonyl chloride (COC!,) by replacement of a 
chlorine by an alkyloxy, aryloxy or  arylalkyloxy group. 

The parent acid (HOCOCI) is extremely unstable and attempts to 
prepare it. invariably lead to carbon dioxide and hydrogen chloride. The 
esters are of varying stability, dependent upon the nature of the organic 
group introduced. Aryl, methyl and primary alkyl chloroformates are 
fairly stable. Secondary aIkyl and benzyl chloroformates are somewhat 
less stable but are commercially available. Tertiary alkyl chlorofcrmates 
can be prepared but they are quite unstable and are not commercially 
available; they can be considerably stabilized by placing the tertiary carbon 
at a bridge.head. 

Doe to their inherent instability and their lachrymator properties, handling 
and storage of chloroformates should be with suitable caution. Storage should 
be at csol temperatures. This was impressed upon the author when a bottle 
of benzyl chloroformate was carelessly stored upon an open shelf. After 
several months, the bottle exploded violently. 

Methyl, ethyl a id  isopropyl chloroformates are produced in bulk and 
they have suggested applications as intermediates for dyes, plastics, 
chemicals, pharmaceuticals and flotation agents1. I n  the laboratory, benzyl 
chloroformate (benzyloxycarbonyl chloride) is often used, under relatively 
mild alkaline conditions, to introduce a protective group during peptide 
synthesis2. 3* 

OH- + RNX, + C,H,CH,OCOCI -----+ H,O + C1- + C,H,CH,OCONHR 

The benzyl-ester link will subsequently undergo fairly rapid cleavage, 
either by treatment with 2~ hydrobromic acid : 

C,H,CH,OCONHR + HBr C,H,CH,Br + CO, + RNH, 

or by hydrogenolysis : 

C,H,CH,OCONHR + 2[H] > C,H,CH, + CO, + RNH, 

Modifications include use of p-nitrobenzyl chloroformate, which gives 
more readily crystallized derivatives, and azo-substituted benzyl chlorofor- 
mates, which give coloured derivatives and simplify column chroma- 
tography. The bridgehead chlorcformate, 1-adamantyl chloroformate, has 
recently been found to be usefu15~ 6. Since the use of chloroformate esters 
to introduce these urethane-type protecting groups into amino compounds 
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has already been discussed within this series4, it will not be given further 
consideration during this chapter. 

A review of the chemistry of chloroform ate^^ appeared in 1964. This 
review attempted a complete coverage through 1962 and it included 750 
references. While not completely neglecting reaction mechanism, con- 
sistent with the affiliation of the authors with the research and development 
department of the plastics division of a large industrial corporation, the 
emphasis was largely upon preparation, physical properties and reactions 
of chloroformates. It concluded with a survey of the utiiity of chlorofor- 
mates in polymer synthesis. The present chapter is intended to supplement 
and not to replace this review. Emphasis will be upon reaction mechanism 
and especially upon work since 1962. Also, there will be coverage of other 
haloformates and of the related chloroglyoxalate esters (ROCOCOCl). 

I I .  SYNTHESIS 

Alkyl chloroforniatzs are nearly always synthesized** by interaction of 
alcohols with carbonyl chloride (phosgene) at or below room temperature 
(to minimize dialkyl carbonate formation), preferably in the presence of a 
tertiary amine (essential when acid-sensitive groups are present and also 
used to increase the rate of reaction). The reaction probably proceeds 
through an intermediate which is a very effective acylating agent9. lo: 

+ 0 [-i-8-cl] RO-C-CI I 1  f --Nf-H I 
1 

Aiyl chloroformates are synthesized from the less reactive phenols at 
temperatures above 75" or, more readily, by first converting the phenol to 
an alkali metal phenoxide and reacting with phosgene in the presence of 
an organic solventll. Again, tertiary amhe?, preferably of the N,N- 
dimethylaniline type, are frequently used as catalysts. 

I I  1. TH ERMAk DECOMPOSITION 

A. In the Liquid Phase 
The thermal decomposition of a chloroformate ester to yield the corre- 

sponding chloride and carbon dioxide is one example of a fairly widespread 
type of molecular decomposition. These decompositions are accompanied 
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by the ejection of small highly stable molecules. Some examples are given 
below : 

i i o c o c i  -- > RCI + CO, 

ROCOCOCl___ > RCi + co + co, 
ROSOCI RCI + ~o~ '1 . l~  

R--N=N-02CR' ___ R0,CR' + N,"*15 

R-N=N-O,CR ---+ RO,CR' + ~ ~ 0 3 6 ~ 1 7  

4, 
0 

The latter two reactions have been discussed, together with closely related 
reactions, within a previous volume of this series1*. 

One interesting feature of these decompositions is that they frequently 
(but not always) proceed with retention of configurationlD. The reactions 
can formally be considered as a nucleophilic replacement of a relatively 
large anion by a smaller anion, generated by loss of a stable molecule from 
thelargeranion. Within the Hughes--1ngold terminology, they are designated 
as SNi reactions (internal nucleophilic substitution). As recognized by 
1ngoldl9, the mechanism is less well defined than the SNl and SN2 
mechanisms and several detailed mechanisms have been proposed, depen- 
dent upon the substrate and the reaction conditions. The diazonium type 
compounds have been considered to favour initial ionization to give a 
diazonium salt ion pair, followed by loss of nitrogen and subsequent 
collapse of the new ion pairlG: 

R-N=N-X R-N=NX- -> R+*N,.X- - > RX 3. N, 

This mechanism is not, however, favoured for chloroformate or  chloro- 
sulphinate decompositions, where the decomposition has usually been 
expressed in terms of either cyclic or tight ion-pair processes, with the 
possibility of a continuous spectrum of mechanisms intermediate between 
the two  extreme^^^-^'. 

Using chloroformates as an example, the covalent process can be 
expressed : 

and the ionic process: 

R-0-C-CI f-------- R'(OC0Cl)- 4 R+CI- + COP 
II 
0 

RCI 
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There is also evidence for some chlorosulpsnate decompositions 
favouring an SN2 mcde of decomposition19. 

ROSOCl - > Cl- /+7. R -pOs~+ ~v+ CIR + SO2 

n-Butyl chlorosulphinate yields 1-chlorobutane without any 2-chloro- 
butane and (i-)-1-methylheptyl chlorosulphinate gives little or no re- 
arrangement and a preponderance of inversion2B. However, chloro- 
sulphinates with phenyl substituents20 or branched alkyl groups2e have 
been found to rearrange. 

One feature of nucleophilic substitutions, including S,i reactions, is for 
elimination reaction to compete with substitution, provided /I-hydrogens 
are present. In  terms of covalent processes, this will involve competition 
between the four-centred transition state for substitution and a six-centred 
transition state for elimination : 

One feature of such a six-centred transition state is that it requires a 
cis-elimination process. 

Alternatively, if ionic processes operate, there will be a c o m o n  step 
invo1vir.g formation of an ion pair which either collapses to substitution 
product or the counter-ion abstracts a proton from the carbonium ion (a 
process which has been studied for elimination from t-butyl derivatives30). 
M i l e  an ionic process does not demand a cis-elimination, it is possible to 
visualize how a rapid proton extraction could find the chloride ion ideally 
situated for this types of process: 

At least five standard tools for investigation of reaction mechanism have 

(a) Effect on the reaction rate of variation within the R group, including 
Hammett p5  correlation^^^ for a-phenylethyl derivatives. 

(b) Response of reaction rate to solvent ionizing poweis2 variations. 

been applied to the study of chlorofomiate decompositions : 
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fc) Isotopic labelling, especially a sesrch for lag equilibrations within 
'unreacted' chloroformate ester. 

(d) Study of a l k ~ l ~ ~  and allylic rerrrangement~~~ during decoqcsition. 
(e) Stereochemical studies3G with optically active chloroformates. 
Contrary to earlier reports, it has been found that pure aryl chlorofor- 

mates are very stable thermally37. Either in solution or in the gas phase, 
the relative stabilities are C6H+ 1" > 2" > 3". Benzyl chloroformates 
decompose quite readily to the respective chlorides. While not demanding 
a completely ionic process, these results do suggest that the favoured 
transition states incorporate considerable charge development on the 
a-carbon, such that the same factors which stabilize or destabilize 
carbonium ions influence this charge developaent. 

In solution, a quantitative study of the electronic requirements at the 
a-carbon of the transition state has been carried out in terms of the 
Hammett pa equatio@. 

Five p-substituted a-phenylethyl chloroformates were investigated in 
both toluene and dioxan solution. The volume of carbon dioxide liberated 
was measured as a function of time. Each derivative was studied at three 
temperatures, separated by 10" and within an overall range of 30-90". The 
variation ir, reaction rate with thz substituent was very large. The m-bromo 
was very slow and thep-methyl was very fast in terms of the analytical 
technique employed. Tkz Hammett p l o P  gave, in each solvent, a good 
linear plot for four compounds but the unsubstituted parent compound 
reacted slower than required to fall on this plot. Such behaviour has also 
been observed in other systems39* 40. The slope of the line (p value) was 
-3-86 in dioxan and -3-56 in toluene. Although the enthalpies and 
entropies of activation varied in a seemingly random fashion, they were 
in general lower in toluene than in dioxan. This effect is commonly 
observed in reactions with relatively ionic transition states". Benzyl 
chloroformate was found to rearrange, in dioxan, considerably slower than 
any of the a-phenylethyl chlorofonnates studied. Neopentyl chloroformate 
was found to be very unreactive. Taken as a whole, the data presented 
strong evidence in favour of a carbonium ion process, which is strongly 
assisted by electron-donating groups and strongly retarded by electron- 
withdrawing groups : 

0 .A 
R-0-C-CI f--------i Rf - .C-Cl RCI i- CO, 

0 I I  0' 

One means of obtaining evidence for carboxylate containing ion-pair 
intermediates, such as the one outlined above, is to demonstrate oxygen 
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equilibration in. unreacted substrate, presumably due to ion-pair returna. 
This approach has been elegantly incorporated into a study of the closely 
related decompositions of arylalkyl thiocarbonates : 

Ar-CHO-C-SR -> ArCHSR + CO, 
I l l  I 

PI1 0 Ph 

This reaction has been shown to involve ion-pair inte~mediates~~ and the 
observation that ether-oxygen 180-labelled p-chlorobenzhydryl thiocar- 
bonates undergo equilibration faster than decomp~sitioii~~, supported by 
the observation of a faster racemization than decompo~i t ion~~~ indicates 
the following mechanism, with k, less than I C - ~ :  

k k 
R’-0-C-SR [R+’O;CSR] - - - k + C O ,  + [R+’S-R] 

II 
0 

where R’ = p-CIC6H,CH 
I 

C6H5 

A corresponding scheme for the 
would be as f01lows~~~ 45* 4G: 

kr 
R‘SR 

analogous chloroformate decomposition 

R-0-C-CI < “ ’ [Rf-O,CCI] ” CO, + [R+CI-] 
k-0 

\x; 
I 1  
0 

RCI 

However, since C1- is a much better leaving group than SR-, it is reason- 
able to suppose that k, will be larger than lc-, and ion-pair return (and 
equilibraticn) will be unimportant. This has been supported for the partial 
decomposition of a-phenylethyl chloroformate, with l 8 0  label in the 
ether-oxygen, in dioxan at 60”. Unreacted chloroformate showed no 
equilibration between ether and carbonyl ox~igens~~.  While this observation 
would also be consistent with a covalent four-centred process47 for 
decomposition, comparison with the analogous thiocarbonate decom- 
positions strongly indicates an ionic process in which internal return of 
chloroformate anion is unable to compete with its rapid loss of carbon 
dioxide to generate chloride ion. Internal return of the chloride ion leads 
to product. It should, of course, be pointed out that, with experiments of 
this type, there is always the possibility of ‘hidden return’ (a rapid internal 
return which occurs without equilibration or racemization). 
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The decomposition of optically active a-phenylethyl chloroformate, in 
either dioxan or toluene, proceeded with retention of c o n f i g ~ a t i o n ~ ~ .  This 
is consistent with the above ionic scheme in which steps kb and k, are 
sufficient!y rapid for the anion to rareIy, if ever, take up a position (either 
by migration or rotation of the cation) such as to lead to return, either 
to chloroformate or chloride, with inversion of configuration. A faur- 
centred covalent transition state would, of course, also lead to a retention 
of c~nfigurat ion~~.  Retention of configuration in the resultant chloride 
was also observed in an earlier study of the reaction of a-phenylethanol 
with phosgene in the presence of a small excess of q~inol ine*~;  larger 
amounts of quinoline led to an inverted product. Similarly, the decomposi- 
tion of neat opticaily active 2-octyl chloroformate at 130" proceeded with 
retention of configuration", but the pyridine-catalysed reaction proceeded 
with inversion5O. 

Inversion iil the presence of tertiary amines has also been observed for 
reactions proceeding through chlorosulphinate ester intermediate~~l. The 
rationalization given for these catalysed decomp~s i t ions~~~  52 involves a 
nucleophilic substitution at the acyl carbon, fallowed by SN2 inversion in 
an attack by the displaced chloride ion at the a-carbon: 

Support for this mechanism comes from the observation of a chloride ion 
catalysis to the decomposition of chloroformate esters in a~e ton i t r i l e~~  or 
in the absence of solvent54. The SN2 characteristics of this process are 
supported by the relative second-order rate coefficients for the reaction 

ROCOCI + CI- - CIR + CO, + CI- 
in acetonitrile at 25-0", as the nature of the R group is varied53: 

Me (26) > Et (1) > n-Pr (0.94) z== isoPr (042) > isoBu (0.042) 

and by the suppression of otherwise observed rearrangement on addition 
of pyridine hydrochloride to the neat decomposition of n-butyl, isobutyl, 
n-pentyl and isopentyl chloroform ate^^^. 

The study of alkyl group rearrangements as a tool in investigating 
reaction mechanisms has been greatly refined by the advent of gas 
chr~matography~~.  Recently, a study of this type was followed by a report54 
of extensive alkyl rearrangement during the thermal decomposition of 
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alkyl chloroformates, in the liquid phasc and under reflux at temperatures 
within the range 125-180". Several primary and secondary butyl and pent,yl 
chloroformates were cxamined. In all cases, both elimination and sub- 
stitution were observed and the rearrangement patterns were similar to 
those observed during reactions of aliphatic amines with nitrous acidbs. The 
findings were consistent with an ionic process for decomposition, within 
which carbonium ions are free to rearrange. An alternative process 
involving concerted displacement-rearrangement was also mentioned as a 
possibility. Such a process would proceed by way of a five-centred transition 
state: 

Olefin by-products may arise, in part, by elimination from a carbonium 
ion, possibly after rearrangement. One important feature, however, is the 
formation of terrinal olefins as the main by-product from secondary 
chloroformate esters, in vioIation of Saytzeff's rule. The explanation put 
forward involved a cis-elimination, with chlorine preferentially removing 
hydrogen from the least sterically hindered carbon atom. This elimination 
process was formulated as passing through a six-membered cyclic transition 
state but, as outlined earlier in this chapter, a cis-elimination could also 
result from an ionic process and, if it was preferentially generated from the 
least crowded conformer, the chloride would be ideally situated for 
extraction of a terminal hydrogen from the counter-ion. 

Consistent with a previous observatioi~~~, decomposition of neopentyl 
chloroformate was very slow and the products (formed in small yield even 
after 32 hours at 180") were completely rearranged, with 20 parts of 
t-pentyl chloride for each part of alkene (19% 2-methyl-1-butene; 81% 
2-me thyl-2- but ene). 

Studies of allylic rearrangements during S,i decomposition, what is 
termed S,i' decomposition, were first made for the decomposition reactions 
of chlorosulphinates. Meisenheimer 2nd LinkSG, studying the reactions of 
1- and 3-ethylallyl alcohol with thionyl chloride, found the main products 
to be with rearrangement, the primary alcohol giving secondary chloride 
and vice versa. Similar results57 were obtained for 1- and 3-methylallyl 
alcohols with thionyl chloride in the absence of solvent. However, in 
dilute ether solution complete rearrangement was observed. With optically 
active trans-l,3-diniethylallyl alcohol, optical purity was preserved. 
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conversion of the intermediate chlorosulphinate to product : 
Roberts, Young and Winstein5* proposed a cyclic SNi' process for the 

Later it was pointed out20* 59 that rigidly oriented ion-pair intermediates 
could also account for the observed rearrangements. 

Ally1 chlorosulphinate can be isolated and a studyz2 of its decomposition 
showed a reaction rate increase of at least three powers of ten in going 
from decane to liquid sulphur dioxide, a solvent of relatively high ionizing 
power. Use of allyl chlor~sulphinate-l-~~C showed, in decane at 140", 
virtually complete rearrangement during decomposition with the allyl 
chloride being 99.1% allyl chloride-3-14C. In the absence of solvent at  80", 
the allyl chloride was 88-89% allyl ~hIoride-3-~~C. In other solvents 
substantial, but reduce?, amounts of rearrangement were observed. 

A study of 1 -trifluoromethylallyl chlorosulphinate60 gave rather different 
results, the rate increase in going from decane to nitrobenzene at 100" 
being approximately seven. In the absence of solvent, in decane and in 
nitrobenzene, the only product observed was 3-tri€luoromethylallyI 
chloride. While rearrangement can be explained by a suitably oriented 
intimate ion pair, the small variation in reaction rate with solvent ionizing 
power suggested a mechanism with little charge development in the 
transition state and closely akin to a classical cyclic S,i' process58. 
Especially revealing was the observation that introduction of the electron- 
withdrawing trifluoromethyl substituent increased the rate of decomposition 
in decane at 100" by a factor of about lo3. It was concluded that the sub- 
stituted allyl chlorosulphinate decomposed by an essentially covalent 
proccss and the parent allyl chlorosulphinate decomposed (at least in the 
more polar solvents) by an essentially ionic process. 

Studies with allyl chlorofonnates have been carried out by Olivier and 
Young23. The kinetics and products of the thermal decomposition of I- 
and 3-methylallyl chlorofonnates in a series of solvents were studied. 

Studies with allyl chloroformates, formally analogous to those with 
chlorosulphinates, are simplified by the comparitive ease of isolation. The 
decomposition had quite different product characteristics to those ob- 
served for corresponding chlorosulphinates. Even in tz-butyl ether, 
appreciable amounts of both 1- and 3-niethylallyl chlorides are obtained 
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and, in all the solvents studics, product ratios were quite similar irrespec- 
tive of whether I-methylallyl or 3-methylallyl (crotyl) chloroformate was 
decomposed. It was suggested= that both reactions proceed by alkyl- 
oxygen fission and the carbonium-chlorosulphinate ion pair, but not the 
carbonium-chlorofoimate ion pair, is suEciently stable for the structural 
orientation required for collapse to the S,i' product to be attained. This 
argument is rather difficult to follow since one wodd picture after orien- 
tation an intimate ion pair of the typez2* 

CH 
J .y 

0 - 0  
\ /  
S 
I 

CI 

CH,CH + CH, 

and, after loss of sulphur dioxide, no special preference for S,i' relative 
to S,i. If the ion-pair mechanism is accepted for these decompositions, 
and as we shall see there is other evidence for it, a reverse interpretation 
would appear to be required. The results can be rationalized if the chloro- 
formate passes through the oriented intimate ion pair, of the type indi- 
cated above, but the chlorosulphinate anion decomposes, after carbon- 
oxygen heterolysis, prior to orientation and so as to leave the chloride ion 
favourably disposed for SNi' attack. This chlorosulphinate mechanism 
could be considered as an extremely polar version of the classical six- 
centred mechanism5*. Indeed, the results from the subsequent60 study of 
the I-trifluoromethylallyl derivative sugzest, especially in solvents of low 
ionizing power, the possibility of an essentially non-polar decomposition 
for the chlorosulphinate. 

Decomposition of (+)-I-methylallyl chloroformate in four solvents 
gave the following amounts of excess retention in the 1-methylallyl 
chloride portion of the product, the remaining percentage of I-methylallyf 
chloride being racemic : toluene (1 5%), methylene chloride (250/,), n-butyl 
ether (28%) and dioxan (49%). I-Methylallyl chloroformate decomposed 
slightly faster than 3-methylallyl chloroformate in both n-decane and 
methylene chloride. 

Striking evidence in favour of an ionic process came from a comparison 
of the rates of decomposition of 1-methylally1 chloroformate in a variety 
of solvents. The dielectric constants ranged from n-decane (2.0 at 20") to 
nitrobenzene (34.8 at 25.0") and, at 750", the rate in nitrobenzene was 
about 10,000 times that in decane. The intermediate rates did not correlate 
perfectly with dielectric constant but it is well recognized that dielectric 
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constant is only one of several factors controlling ionizing power. The 
general trend of increased reaction rate with increase in dielectric constant 
of the solvcnt can be considered as strong support for an ionization 
mechanism. In  agreement with the coiiveniectly measurable rates of ally1 
cldoroformate decompositions resdting from formation of resonance 
stabilized carbonium ions, ethyl chloroformate was found to be extremely 
stable in methylene chloride at 75.0". 

Olivier and Young", bringing together qualitative data from the 
literature, noted a similarity between the relative rates of liquid-phase 
decomposition of ROCOCI and the stability of R+ (as indicated by the 
behaviour of RC1 in solvolysis62)). Updating. this sequence to include more 
recent data, we can express it: triphenylinethylG3> benzhydryP3 > t- 
alkyP4* G5* 6'J, ~y-phenylethyl~~ > l-adamanty146 > I-methylally123 > 3-methyl- 
allyP > benzy13*, secondary a l ! ~ y I ~ ~  > primary alkyl's phenyP7. 

In a study of ionic decomposition processes, it would be advantageous 
to study t-alkyl chloroformates. t-Butyl chlorofonnatz was found to 
decompose rapidly above 10" and to yield, in addition to carbon dioxide, 
isobutylene and hydrogen chloride64, rather than 1-butyl chloride. t-Pentyl 
chloroformate has been reportedG6 to be slightly more stable, although it 
has not been isolated in pure form, but again decomposition would be 
expected to proceed with extensive, if not complete, elimination. 

The bridgehead tertiary chloroforniate, I-adamantyl chloroformate, 
has desirable characteristics for a skdy  of ionic decomposition in that it 
has a tertiary structure and, due to substitution being at a bridgehead 
involving reasonably small (six-membered) rings, the decomposition 
product will be exclusively 1-adamantyl chloride. Also, rearside nucleo- 
philic participation by external chloride ion53* 54 (an especially troublesome 
side-reaction in chlorosulphinate decompositionsG0* Gi) is sterically 
excluded. The interpolated reaction rate45, in nitrobenzene at 50°, was 
approximately 20 times that measured for 1-methylallyl chloroformate23 
and, consistent with a slightly more polar transition state, the rate variation 
in going from decane to nitrobenzene, at 54", was 205,000 for 0 . 0 6 ~  
solutions. Indicating considerable ionic character, even in a low polarity 
solvent, the rate in decane was quite sensitive to the concentration of the 
more polar 1-adamantyl chloroformate. The solvent influence ratio can 
be compared with a value23 of approximately 10,000 for 0 . l M  solutions of 
1-methylallyl chloroformate, at 75". By interpolation, the corresponding 
(0.1~) 1-adamantyl ch lo r~ fo rma te~~  ratio can be estimated as about 
140,000, at 54". 

In benzene a very small amount of acid formation (0.5% at 54") accom- 
panied the decomposition45. Increased, but still small, amounts of acid 
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formation accompanied decomposition in nitrobenzene (3.0% at 15") and 
it appears that alky!ation of the solvent can accompany the decomposition. 
Additim of silver hexafluoroantimonate, to rcmove chloride ion and 
prevent its return, Iect to the isolation of l-(m-nitrophenyI)-adam~ntane, 
TIUS experiment was based upon the preparation of I-(m-nitropheny1)- 
apocamphane by Beak and Trancik". 

Addition of chloride ion as its tetra-n-butylammonium salt led to a 
modest increase in decomposition rate and the extent of solvolysis 
accompanying decomposition was reduced. The reduction was in accord 
with a rompetitim betwzzn chloride ion and solvent for dissociated 
I-adamantyl carbonium ions. It required, at I5", a competition factor of 
550 in favour of chloride ions relative to nitrobenzene molecules. In the 
absence of external chloride ion, it is reasonable to assume that the pro- 
duction of dissociated carbonium ions can be equated to solvolysis: 

To summarize, the mechanisms proposed for decomposition in the 
liquid phase have been predominantly ionic in character. There does not 
appear to be any good evidence for four-centred covalent processes for 
either chloroformate or chlorosulphinate decompositions and SNi reactions 
appear to involve heterolysis of the carbon-oxygen bond followed by 
decomposition of the anion within a tight ion pair and internal return of 
chloride ion. For allylic systems, chloroformates appear to follow a 
similar pathway and internal return of chloride to the mesomeric carbonium 
ion yields appreciable amounts of both S,i and S,i' products. In contrast, 
ally1 chlorosulphinates can follow a mechanism of this type in relatively 
polar solvents but in solvents of low polarity, and for 1-tri8uoromethylallyl 
chlorosulphinate even in quite polar solvents, a six-membered cyclic 
covalent transition state appears to be favoured. Due to the greater strain 
involved in forming four-membered rings, the observation of covalent 
processes for S,i' but not S i reactions is not surprising. I t  has been 
suggested that elimination reaction from secondary alkyl chlorosulphinates 
is ionic in characterG9. However, the recentM observation of a predominance 
of Hofmanii (anti-Saytzeff) elimination in the decomposition of secondary 
alkyl chloroformates was explained in terms of a six-membered cyciic 
transition state resulting in a cis-elimination from the least sterically 
hindered carbon atom. It is, however, possible that the dominance of 

N. 
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Hofmann elimination could be a feature of rapid proton abstraction within 
an ion pair. 

B. In the Gas Phase 
Gas-phase reactions of chloroformate esters fit into a general pattern 

of ‘molecular elimination reactions’. Maccoll and Thornas’O have proposed 
a spectrum of polarities in the transition state, running from quasi- 
heterolytic in the case of alkyl halides to essentially symmetrical processes 
without charge development in the cases of substituted cyclobutanes. The 
concept of varying polarity has not yet been put on a quantitative basis, 
but one would predict that chloroformate ester decompositions would lie 
towards the quasi-heterolytis extreme. Howevci, since there is evidence 
for a spectrum between covalent multicentred transition states and ionic 
processes for decompositions in the liquid phase, it is natural to suppose 
that in the absence of solvent, the ultimate condition for providing a 
medium of low dielectric constant, there will be an increase in covalent 
character. 

Experimental procedures which can be used to follow the kinetics of 
gas-phase molecular eliminations have recently been included as part of a 
review of the pyrolysis of alkyl halides’l. The four methods currently in 
use can be classified as static, flow, shock tube and chemical activation; the 
first two of these have been applied to chloroformate ester decompositions. 

The decomposition of chloroformate esters (molecular eliminations) can 
proceed, as in the liquid phase, to both substitution and elimination 
products. 

-c-c-0-c-Cl : : \  \ I  
H 

\ 
/ C=C: + HCI + CO, 

Since elimination reactions usualiy have higher activation energies than 
the corresponding substitutionsi2 and gas-phase decompositions are carried 
out at higher temperatures than in the liquid phase, elimination in the gas- 
phase constitutes a greater proportion of the overall decomposition. The 
formation of three molecules per chloroformate molecule in elimination 
but only two in substitution is a fzctor which has to be taken into account 
if pressure measurements are used to follow the kinetics. 

In a discussion of measurements which have been carried out, it may 
be advantageous first to mention some recent observations by Lewis 2nd 
Wittei3. They used a diffusively stirred flow systemz4, with nitrogen carrier 
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gas, and analysed the steady-state effluent. They studied benzyl and allylic 
chlorofomates. Radical chain processes74 were ruled out for allyl chloro- 
form2te by showing an insemitivity to added nitric oxide75. Only allyl 
chloroformate decompostd with exhibition of a linear Arrhenius plot, and 
even this was curved at the lower temperatures. Ally1 chloroformale was 
also the only compound insensitive to seasoning effects. Benzyl, l-methyl- 
allyl and 3-methylallyl all gave markedly curved Arrhenius plots, indi- 
cating a mixture of a low-activation energy heterogeneous reaction and a 
Qgh-activation energy homogeneous reaction. The worst behaviour was 
for 1- and 3-methylallyl chlorides which interconverted and decomposed 
to butadiene with rate coefficients almost independent of temr>erature; 
these were believed to be entirely heterogeneous reactions. 

Lewis and ‘Witte concluded that their results ‘show the importance of 
heterogeneous processes and the severe limitations inhercnt in these 
studies of very polar materials in the gas phase, which have convinced us 
that further work on chloroformates is unpromising’. 

This warning is to be borne in mind in the following review of earlier 
literature. However, the pessimism is probably not completely justified. 
The heterogeneous component was greatest for the reactions of 1- and 
3-methylally1 chlorides and yet 1-methylallyl chloride has been found to 
decompose essentially homogeneously, and with a linear Arrhenius plot, 
when static pressure increase measurements were used to follow the extent 
of decomposition in a vessel coated with a thin carbonaceous layer76. The 
specific rate at 346” was 1.7 x lo4 s-l, as compared to an essentially 
identical valuei3 for heterogeneous reaction at 245”. Also, 3-methylallyl 
chloride77, 3,3-dimethylallyl ch l~r ide’~  and 1,l-dimethylallyl chloride78 
dehydrohalogenations have been successfully studied by the static method. 
The disubstituted compounds decompose much faster than they inter- 
convert and, at 29d”, the 3,3-disubstituted compour?d decomposed twice as 
fast as the 1,l-disubstituted. This is contrary to the relative solvolysis rates 
and the transition state was believed to have more multi-centred (six- 
centred) covalent character than is usual for dehydrohalogenations. 

Since the static method can be applied to at least one homogeneous 
decomposition of a polar substrate for which the flow method failed 
miserably, there is every reason to believe that homogeneous reactions of 
chlorofomates, which made at least some contribution during the flow 
reactions, could be successfully examined in seasoned vessels under static 
conditions. There would, of course, be some loss of versatility as regards 
simultaneous analysis for several products. 

Study of one alkyl chioroformate, isobutyl chloroformate, accompanied 
the first systematic investigation of the pyrolysis kinetics of aIky1 halides79. 
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The static method, with clean glass vessels, was employed. In  tenns of the 
Arrhenius equation, k = Ae-E/Rz', a frequency factor ( A )  of 1013 s-l and 
an activation energy (Ej of 40 kcal/mole has been estimateda0 from the 
data reported at 267" and 302". 

It was found later that t-butyl chloride decompositions became repro-. 
ducible only after decomposition products had placed a carbonaceous 
layer on the walls of the vessela1. However, Choppin, Frediani and 
Kirby reporteds2 ethyl chloroformate decomposition to proceed quite 
smoothly a t  150-195" by a homogeneous unimolecular mechanism. 
They reported only a slight effect on either packing the vessel or 
coating the walls. T!ieir rates were considerably faster than those 
reported for isobutyl chlorofmmatc : thz rzte at 175" was almost 
identical to that reported for isobutyl chloroformate at 302". At low 
pressure, the rates fell off and an approach to  second-order kinetics was 
observed. They reported a frequency factor of 5.5 x 1O1O s-l and an 
activation energy of 29.4 kcal/mole. The only products were ethyl chloride 
and carbon dioxide. Foreign gases, other than in maintaining the high 
pressure rate, had little effecta3. 

Isopropyl chloroformate was similarly investigateds0 and was found to 
decompose in clean glass vessels, at least in part, by a heterogeneous 
reaction. Both substitution and elimination reaction were observed in the 
temperature range of 220-232", with 45-52% of overall reaction being 
elimination. A flow method was developed, with nitrogen carrier gas, and 
used in the range lY,.,%220". In the flow experiments the reactor walls 
eventually became coated with decomposition products. However, unless 
there is an order of magnitude error in  the reported data, it appears that at 
220" the flow decomposition rate is some 30 times that of the static (which 
was already assumed to be in part heterogeneous)! Concurrent four- and 
six-membered ring decomposition processes were postulated for sub- 
stitution and elimination and the more negative entropy of activation for 
elimination was considered to arise from a freezing of more degrees of 
freedom in six- rather than four-membered rings. The overall decomposi- 
tion, as measured in the flow system, had a frequency factor of 3.1 x lo9 s-l 
and an activation energy of 25.4 kcal/mole. 

A reinvestigationa4 of ethyl chloroformate pyrolysis showed that, at 
slightly higher temperatures, elimination accompanied substitution. A 
sensitivity to surface conditions was noted and 27-59% elimination was 
indicated. Although rate data were not quoted, the ability to follow the 
reaction kinetically at 330" was quite inconsistent with the Arrhenius 
parameters of the earlier work82, which indicate a half-life of about 1 s at 
this temperature%. 
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Prior to the next gzs-phase chloroformate ester investigationz4, Maccoll 

and Thomass5 pointed out the similarity betwcen unimolecular solvolysis 
rates and pyrolysis ~ X ~ C S  for alkyl halides and, on this b z ~ i ~ ,  they postulated 
considerable dipole development in the pyrolysis transition states. Indeed, 
Ingolds6 had taken th’s argument to the extreme and proposed the actual 
development of an  intimate ion-pair intermediate. The relative rates 
observed24 for decomposition of ROCOCl at 240°, as R is varied, were 
CH3 = 1, CzH, = 2-2, i-C3H7 = 220, sec-C4H, = 640. The acceleration by 
a-substituents was considered to indicate a rather polar transition state 
with positive charge development on the or-carbon. The relatively slow 
decompositions7 of trichloromethyl chloroformate, coupled with the 
formation of two molecules of phosgene rather than carbon dioxide plus 
carbon tetrachloride, was also rationalized on this basis. The expecimental 
procedure involved a nitrogen carrier gas-flow technique. The rate for 
the ethyl compound was similar to that of L e s ~ i n g ~ ~  for the isobutyl 
but only to lo-“ (depending on temperature) that of Choppin and 
co-workerssO* 8z. There was about a 10 kcal/mole higher activation energy 
for elimination as coinpared to substitution, for both isopropyl and sec- 
butyl chloroformates, coupled with a compensating more favourable 
entropy of activation of about 20 entropy units (approrimately -20 e.u. 
f9r substitution and approximately 0 e.u. for elimination). MaccolP noted 
that the relative rates of pyrolysis for ethyl, isopropyl and sec-butyl 
chloroffiimates paralleled very closely those of the corresponding chlorides 
and bromides and suggested ‘an ion-pair transition state’ (intermediate ?) 
‘of the type R+CO,Cl- in the case of chloroformates, analogous to RfX-- 
in the case of halides’. 

Stereochemical studiesz5 were carried out in the same flow apparatus 
as was used for kinetic studies. A slow flow rate was used to ensure 
extensive decomposition. Optically active sec-butyl chloroformate decom- 
posed with clean retention of configuration. The alkene products from 
erythro- and tlzl.eo-sec-butyl-3-d, chloroformates had deuterium contentss9 
requiring a completely stereospecific cis-elimination. The stereochemistry 
was consistent with four- and six-membered cyclic trarisition states for 
substitution and elimination. However, such transition states do not appear 
to accord with the entropies of activationzg of - 17 e.u. for substitution 
and - 1  e.u. for elimination. As pointed out earlierso, more degrees of 
freedom should be frozen as the ring size of a cyclic transition state is 
increased. It was subsequently pointed i4 that the activation 
parameters could be in error. 

I t  was further shown by Lewis and HerndoriZG that, at 240°, neopentyl 
chloroformate decomposed at roughly the same rate as ethyl chloroformare 
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to yield unrearranged neopentyl chloride and methylbutenes, the latter 
requiring a rearrangement. Similarly 1-butyl chloroformate, at 255", gave 
only 1-butyl chloride as the substitution product but both 1-butene and 
2-butenes, the 2-butenes requiring rearrangement, as the elimination 
products. The substitution results are in marked contrast to liquid-phase 
decompositionsm, where neopentyl chloride, at 1 80°, gave no unrearranged 
products and decomposed relatively slowly cqmparei to iz-butyl chloro- 
formate, at  150", which gave as substitution product mainly (78%) 
rearranged sec-batyl chloride. The formation of unrearranged neopentyl 
chloride does not necessarily rule out an intimate ion-pair intermediate. 
Fraser and Hoffmannso have produced evidence that for neopentyl 
tosylate, in solution, the first formed ion pair is unrearranged and product 
formation from an unrearranged ion pair (for which collapse would be 
an extremely favoured reaction path in the gas phase) can compete with 
rearrangements. Recent views of intimate ion-pair intermediates have 
stressed the retention of some weak covalent bindings1* 02. Rearrangements 
would require further separation, a process much more difficult in the 
gas phase than in solution. A mechanism for carbon dioxide loss to give 
substitution product with retention of configuration and without rearrange- 
ment, and which also incorporates the observed facilitation by alkyl groups 
could be as fol!ows: 

slow, k, \?if s- 
-c---ococI 

fast, k - ,  / 
-\cococr f 

/ 

- + co, 

The above scheme treated by steady-state kinetics would give an experi- 
mental rate coefficient, k = k,k,/(lc-, + kz). If ion-pair return is dominant, 
k-, % k ,  and k = k,k2/k-,. 

Presumably, when gas-phase elimination is after a rearrangement (and 
in the liquid phase), further separation of charge can occur with formation 
of a non-bonded carbonium ion. One driving force, compensating 

\s+ s- fast I 0, 
/ fast / \ 07 

-c--ococI C +  - c-CI 
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to some degree for increased charge development, will be the increased 
resonance energy of a fully symmetrical chloroformate anion. In the 
liquid phase, loss of carbon dioxide can lead to  a new ion pair and allow 
collapse to rearranged chloride. In the case of I-adamantyl c h l ~ r o f o r m a t e ~ ~ ,  
there is compelling evidence for even further. charge separation in  fairly 
polar solvents. 

The gas-phase loss of carbon dioxide from the fully developed anion, 
while producing a very stable molecule, would also require cnncentration 
of the negative charge on one atom, without any compensating solvation 
effects. A chloride-ion transfer reaction to a suitabiy situated hydrogen 
atom, with simultaneous ejection of carbon dioxide, could well be a more 
favoured pathway in the gas phase. The absence of transfer to the a-carbon, 
after rearrangement", can possibly be correlated with the stereochemically 
favoured pathway requiring additional charge separation over that 
required for elimination : 

It should be noted that, in tlie above schemes, intimate ion pair formation 
is rate-limiting and the products and their stereochemistries are governed 
by competition between fast Frocesses. 

An eli~iunation scheme within the intimate ion pair (competitive with 
ion-pair return, formation of free ions and with the substitution process) 
can be visualized as follows: 

S+ 8 -  fast 
H---CI __t HCI 

The recent investigation by Lewis and Witte was partially reviewed a t  
the heginning of the sectioni3. One additional feature of interest in this 
work was the observation of reversible allylic rearrangements of the 

CHI--CH--CH=CH, e. CH,-CH=CH-CH,OCOCl 
I 
OCOCI 

chloroformate esters ; these rearrangements are analogous to those observed 
for other allylic c a r b o x y l a t e ~ ~ ~ ~ ~ .  
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IV. PMOTOLYSIS 

There has been little work on this aspect of chloroformate ester chemistry. 
There is, however, a studys6 of the photolysis of various substituted ethyl 
formates (RCO,C,H,) in hydrogen-donating solvents such as cyclohexanc. 
This study included ethyl chloroformate (R = CI). E1ectro~"withCiawing 
substituents (R = CN or C1) gave 15-207; yields of the ethyl carboxylate. 

In a typical experiment, 38 g of ethyl chloroformate and 147 g of cyclo- 
hexane were mixed and irradiatcd, for 25 h, with a 350 W high-pressure 
mercury arc lanip. Gas (450 ml; was evolved, which was found to be a 
mixture of hydrogen chloride, carbon dioxide, ethane and carbon mon- 
oxide, plus small amounts of methane and ethylene. ?'he liquid products 
were ethyl cyclohexanecarboxylate (1 5%, based on ethyl chloroformate 
consumed), cyclohexyl chloride (4.5%) and bicyclohexyl, plus small 
amounts of methyl cycloliexyl carbinol, diethyl oxalate and ethyl cyclo- 
hexane. 

Clearly, the overall reaction scheme must be complex. The following 
four steps, following upon excitation, have to be considered : 

hv 
CI- C-OC2H5 [ a  1' CI- C-OC,H, --t T. f 

I I  
0 

CI' + 'C-OC,H, (1) 

CI-C' + 'OC,H, (2) - HCI + COP i- C,H, (3 1 

(4 1 

II 
0 

0 

---' CI' + CO 1-'OC,H, 

The ethoxycarbonyl radical produced in step 1 can decompose exo- 
thermically with an activation energy of only 1-2 kcal/mole9', leading to 
ethyl radical formation. 

The route to ethyl cyclohexanecarboxylate would appear to involve 
step 1, followed by abstraction of a cyclohexane hydrogen by a chlorine 
atom to give a solvent radica! which can combine with the ethoxycarbonyl 
radical. Alternatively, subsequent to step 1, two solvent radicals can 
dimerize, the solvent radical can combine with a chlorine atom, or the 
solvent radical can combine with an ethyl radical (formed by loss of carbon 
dioxide from the ethoxycarbonyl radical). Minor products may arise 
following steps 2, 3 or 4. 



12. Chloroformate esters and related compounds 40 1 

A studyg6 was also made of phenyl chloroformate photolysis. Conditions 
were similar to those just described for ethyl chloroformate, but a 1 kW 
high-pressure mercury arc lamp was used for 7.2 h. Gaseous products 
were hydrogen chloride and carbon monoxide. The main 'liquid product' 
was phenol, and only traces of phenyl cyclohexanecarboxylate were 
obtained. The main homdysis step is believed to be step 4 (possibly step 
1 followed by loss of carbon monoxide), to give a resonance-stabilized 
phenoxy radical. 

In a different type of study, photolysis has been used to form the parent 
chloroformic acid as an unstable intermediate, which then decomFoses to 
carbon dioxide and hydrogen chloride. The original techniqueg8 employed 
WBS photolysis of chlorine and formic acid mixtures by use of a 500 W 
tungsten lamp. The high quantum yields indicated a chain mechanism 
which most logically proceeded through chloroformic acid. 

It I )  
Ct, - 2CI' 

CI' + HCOOH - HCI + 'COOil 

'COOH + CI, -- CICOOH + CI' 

CICOOH HCI + CO, 

also 
COOH - CO, + H' 

H' + CI, - HCI + CI' 

2CI' ____, CI, 
The first direct evidence for chloroformic acid formation is due to Herr 

and PimentelD9* loo. Flash photolysis with a unit capable of dissipating 
1500 J in about 30 p s produced about 300 p mole of quanta in the spectral 
range 5000-2000 A. The flash was followed by rapid-scan i.r. spectroscopy. 
A new absorption at 768 cm-I was observed in the first spectral trace 
(70 p s after the flash) and this disappeared within 3-6 ms. 

A study of the 768 cm-I band under higher resolution allowed a 
determination of its kinetic behaviour as a function of temperaturelo'. 
The decomposition was unimolecular over a temperature range of 15-70" 
and the frequency factor was 5 x l O I 3  s-l and the activation energy was 
14 kcal/mole. 
A mechanism with a rate-determining cis-trans conformation change 

was proposed. The activation energy of 14kcal/moIe is not too far 
removed from the 17 kcal/mole proposed as a barrier to rotation in formic 
acidlo2. 
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Support for the assignment of the 768 cm-l band as a C-CI stretching 
motion came from the band width and, more directly, from the absence 
of frequency shift on deuteration. 

H’ 
CI 

HCI -I- CO, 
fast 1 

(fc\o,H 

V. PHYSlCAL PROPERTIES AND CONFORMATION 

Refercnces to reports of basic physical properties of chloroformate esters 
(such as density, refractive index, molar refractions and parachors) have 
been given in an earlier review’. This review also included three references 
to studies of i.r. spectra and four references to Raman spectra studies. 
The references to spectral studies need updating in the light of more recent 
work, mostly carried out with instrumentation of increased sophistication. 

As part of a broadly based study of carbonyl group vibration frequencies 
and intensities in various compounds, methyl, ethyl, n-butyl and isobutyl 
chloroformates were investigated in carbon tetrachloride solution103. 
During a study of donor characteristics of the carbonyl group, an i.r. study 
was made of methyl chloroformate in both the gas phase and in dilute 
carbon tetrachloride so1utionlo4. As part of a study of frequency corre- 
lations for C-H and C=O bands, concentrating mainly on thiolesters, 
a very accurate study was made of methyl chloroformate, vinyl chlorofor- 
mate and methyl thiochloroformate in dilute carbon tetrachloride solu- 
t i o n ~ ~ ~ ~ .  The ethyl chloroformate absorption spectrum in the 2000- 
700 cm-I range has been presented in detaillo6. 

The most detailed i.r. study that has been made for a chloroformate 
ester appears to be that of Collingwood, Lee and Wi lmsh~rs t ’~~  for 
methyl chloroformate (and also for dimethyl carbonate). The absorption 
spectrum was studied in detail for the 4000-400cm-1 range, both in the 
vapour and in solution. Carbon tetrachloride was used as the solvent for 
the 4000-1400 cm-l range and carbon disulphide for the 1400-400 cm-l 
range. The Raman spectrum of the liquid was also obtained. It is generally 
believed that there is a barrier to rotation around the carbonyl carbon- 
ether oxygen bond in chlorofcrmate esters and there have been several 
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attempts to determine whether the molecule normally exists in the cis or 
the trans conformation. 

CI 0 
\=4 
i 

C! 0 

I 
0 

\=& 

CH: 

cis con f o r ma t i o n trans conformation 

It was predicted that both cis and trans conformations should give rise 
to three types of bands in the i.r. However, these bands should have 
distinguishable characteristics [or the different conformations. The vapour 
spectrum showed the three types of bands expected from molecules in the 
cis conformation and none of the three expected fix the trans confor- 
mation. Assuming the molecule to be in the cis conformation, it was then 
possible completely to assign the fundamental modes, other than torsional 
modes. 

The cis conformation had previously been indicated by an electron 
diffraction studylo8 of methyl chloroformate. This gas-phase investigation, 
using vapour from liquid samples at or below room temperature, was 
part of a wider stndy which also included methyl formate and methyl 
acetate. AU three esters were found to have approximately planar heavy- 
atom skeletons with the ester methyl group cis to the carbonyl oxygen 
atom. Some rotatory oscillation of the rnethoxy group relative to the 
carbonyl group was indicated. For methyl chloroformate, the average 
dihedral angle of rotation from the planar conformation was 20" and 
limiting values for the average were 0" and 30". Bond distances and bond 
angles were reported for all three molecules. For methyl chloroformate, 
bond distances were as follows (the error values are only rough estimates) : 
C=O, 1.19 -t 0.03 A; C(carbony1)--(ether), 1.36 5- 0.04 A; C(methy1)-0, 
1-47 f 0.04 A; C-Cl, 1-75 ? 0.02 A. Bond angles were as follows: 
O=C-0, 126i-4"; C-0-C, 1 1 1  t4"; C1-C-0, 112f3". The belief 
that the cis conformation arises, a t  least in part, due to resonance was 
supported by the marked shortening of the C(carbony1)--(ether) bond 
and the apparent widening of the C-0-C angle. Similar effects were 
observed for methyl formate and methyl acetate. 

Electron diffraction has also been used to investigate the structure of 
monochloromethyl ch lor~formate*~~.  The bond distances and angles (and 
error estimates) were essentially identical to those for methyl chlorofor- 
mate with the exception of the C(carbony1)--(ether) and C(chlor0- 
methyl)-0 distances which were both 1.40+0*04 A, as opposed to 
1.36 f 0.04 and 1-47 rt 0.04 for the corresponding distances in methyl 

14 
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chloroformate108. A trans arrangement of the chlorine atom of the chloro- 
methyl group and the carbonyl carbon atom was observed. Monochloro- 
methyl chloroformate was thought to have less C(carbony1)--(ether) 
double-bond character and less hindrance to libration than methyl chloro- 
formate. The increased libration and the shortening of the C(ch1oro- 
methyl)-0 bond were tentatively explained by a contribution to the 
resonance hybrid of a structure of type 

40 c1-c, 
O=Ctl, 

-1- - 

Contrary to a statement in an earlier reviewl*O, this paper does not report 
a tram arrangement of the chloromethyl group and the carbonyl oxygen. 
The inclusion of structures such as the one drawn above as contributors 
to the resonance hybrid confirms that a cis conformation, similar to that 
reported for methyl chloroformatelo8, is assumed 

Dipole moments can be a powerful tool in investigating molecular 
structure, including conformational effects. Thers have been several 
reviews of the theory, experimental procedures and applications of this 
techniquelll. However, as LeFkvre has pointed out112, the best success has 
been obtained when quantitativc intcrpretation is not required, and a 
choice can be made betveen two alternatives with dipole moments which 
differ greatly and in an obvious manner. At the other extreme, the complex 
conformations of many organic molecules make an interpretation of their 
dipole moments extremely difficult. Chloroformate esters appear to lie 
between these two extremes and, although accurate measurements are 
now available, different schools have interpreted the dipole moments in 
terms of both of the two basic conformations (cis or trans). 

Following early and rather inaccurate reports113* 114* 115, the first detailed 
study was by Mizushima and KubollG. They investigated several esters, 
including methyl and ethyl chloroformates, over a fairly wide temperature 
range (about 180") in the gas phase and recorded the variations of dipole 
moment. For methyl acetate they obtained a constant value of 1-696D 
within the range 35-210", in good agreement with a previous determination 
by Zahnll'. They concurred with Zahn117- 118 that this implied a structure 
of the type 

0 

0 
4 R-c, ,R 

with a cis arrangement of methoxyl methyl 
carboxylic resonance in methyl acetate was 

and carbonyl oxygen. The 
assumed to be sufficiently 
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pronounced for the double-bond character of the C-0 bond severely to 
restrict rotation. With dim:t!iyl carbonate the dipole moment increased 
slightly with temperature and this was interpreted in terms of a lower 
barrier to C-0 rotation. Due to thc lower barrier, at  elevated tempera- 
tures the population of other conformations, with higher dipole moments, 
was increased. 

Substituting chlorine, the dipole moments of both methyl and ethyl 
chloroformates were examined as a function of temperature. In both cases, 
the dipole moment fell as the ternperaturc increased. At 35", the values 
were 2.38 and 2-56 D for methyl and ethyl chloroforniates and these 
values fell to 1.68 and 1.43 D at 207". This was interpreted in terms of the 
molecule being, at lower temperatures, primarily in a tram conformation. 
Increased amounts of rotation wcre assumed to result as the temperature 
was raised. The relative dipole moments of cis and trans isomers were 
obtained by vector addition of bond moments and, for methyl chlorofor- 
mate, estimates were given of 2.15 D for the tram and 1.53 D for the cis 
conformations. These estimates were admitted to be crude, since they 
neglect mutual effects between bond moments as well as (possibly large) 
resonance effects. The conclusion that the molecule exists at low tempera- 
tures in the tram conformation is, of course, contrary to the later i.r.lo7 
and electron diffractionlos evidence. 

LeFkvre and S ~ n d a r a m ' ~ ~  measured the dipole moments and molar 
Kerr constants for several methyl esters, including methyl chloroformate, 
in benzene. They concluded that there was nothing especially unusual as 
regards the methyl chloroformate structure. Both polarity and polariz- 
ability considerations indicated in all cases that, while the effective con- 
formation was not exactly cis (as regards methyl group and carbonyl 
oxygen), a 30" rotation from the cis structure could put apriori calculations 
in accord with observations. They assumed the conformations to  be very 
similar in both the vapour phase and in solution. The dipole moment for 
methyl chloroformate in benzene at 25" was repcrted to be 2.37 D. 

In 1967, the dipole moments were reported120 for methyl, phenyl and 
the C,-C, primary alkyl chloroformates in dilute benzene solutions at 25". 
The value for methyl chloroformate of 2.38 D was in excellent agreement 
with the earlier value119 of 2-37 D. The C ,  through C, primary alkyl 
chloroformates had values of 2.66, 2.70, 2.71 and 2.71 D respectively. 
Phenyl chloroformate had a value of 2.39 D. The small value for phenyl 
chloroformate, relative to the primary alkyl chloroformates, was believed 
to be due to the electron-withdrawing properties of the phenyl group. 

An attempt was made to dctermine the conformation for methyl chloro- 
formate on the basis of average bond dipole moments reported by Smith'21 
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and the structure data reported for methyl formate'223. Vector addition 
gave values of 1.6 Tz for the cis conformation and 2.0 D for the trans 
conformation. This approach parallels the one carried out thirty years 
earlier116 when corresponding values of 1-58 D and 2.15 D were obtained. 
Not surprisingly, the Canadian workers concluded, as the Jzpanese 
workers had earlier, that the most probabk conformation is with the 
methyl group trans to the carbonyl oxygen. 

The Australian school, led by LeFkvre, has recently attacked123 the 
conclusions reached by Bock and Iwacha120 (who overlooked the 1962 
paper1l0 of the Australian school) with much vigour. They express their 
belief that underlying uncertainties in the bond momests used in vector 
addition render the Bock and Iwacha procedure almost useless. They 
re-examined the results in benzene and obtained new data with carbon 
tetrachloride as solvent. The dipole moments (p) and molar Kerr constants 
of solutes at infinite dilution, ,(mK,), are given in Table 1. 

TABLE 1.  Dipole moments (p) and molar Kerr 
constants at infinite dilutions123 

MeOCOCl CC14 2.32 71.4 
MeOCOCl C6HC 2.35 104 
EtOCOCl CC14 2-58 117 
EtOCOCl Cll HI3 2.62 157 
PhOCOCl eel, 2.28 169 
PhOCOCl C6HC 2.33 184 

Solute-benzene interactions do not have any appreciable effect upon 
the dipole momeiit measurements which are virtually identical ir?. benzene 
and the relatively inert carbon tetrachloride. The molar Kerr constants 
at infinite dilution arg, however, consistently greater in bznzene than in 
carbon tetrachloride and this can most plausibly be attributed to the 
formation of transient, stereospecific, solute-benzene complexes with Kerr 
constants larger than for uncomplexed solute molecules. 

In addition to uncertainties as regards the relevant bond moments to be 
subjected to vector addition, the inductive and electromeric effects were 
also supposed to render this simplified addition procedure invalid. An 
alternative approach was used. Microwave spectroscopy studies122 of 
methyl formate have indicated a dipole nioment of 1-77 D and have shown 
the location of the dipole moment re:lative to a required cis conformation. 
This dipole moment was witha C-CI bond moment of 1-25 D 
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(from experimental moments of acetyl chloride124 and phosgenP5) and, 
assuming a Me-0 bond moment of 1-14 D, consideration of rotation 
around the C(carbony1)--(ether) bond gave calculated dipole moments 
of 2-29 D for the cis and 2.60 D for the trans conformations. This is 
consistent with a cis or near cis disposition of methyl group and carbonyl 
oxygen in methyl chloroformate (2.32 D in CCI, and 2.35 D in C,H,). 
However, the variation of dipole moment with angle of rotation is quite 
small and a detailed structure could not be assigned. One experiment 
which does not seem to fit the cis conformation proposal is the reduction 
in dipole moment of both methyl and ethyl chloroformates with increase 
in temperature, which was observed by the Japanese workersllG. It seems 
generally agreed116* that the trans conformation will have the higher 
dipole moment and any change from a cis conformation should lead to an 
increase in dipole moment. 

In summary, for methyl chloroformate, i.r.lo7 and electron diffraction 
studieslos indicate a basically cis arrangement of methyl group and 
carbcnyl oxygen. This is consistent with the structures proposed for many 
other esters, where the assignment of conformation is on a sounder 
footing, including microwave spectroscopy evidences22. Dipole moment 
results, although now well established experimentally for d.ilute solutions, 
have been interpreted by di!€erent groups of workers as supporting both 
iram and cis conformations. Di%culties in interpretation arise due to 
inherent uncertainties in predicting dipole moments as a function of 
structure, coupled with a fairly low sensitivity of the dipole moment to 
rotation about the C(carbony1)--(ether) bond1=. Since there is general 
agreemenP. 120. that the tram conformation will have the higher 
dipole moment, the reduction in dipole moaent observed in the gas phase 
on increasing the temperaturellG does seem to present sonie evidence in 
favour of a stable (low tenperature) trans conformation. On balance, at 
the present time, the structure of methyl chloroformate, in both the vapour 
phase and solution*1g, appears best representedlo8 by a cis conformation, 
with an approximately 20" effective rotation around the C(carbony1)-0 
(ether) bond and with some rotatory oscillation. 

VI. N WCLEOPWlLlC SUlBSTlTlJTI8M REACTIONS 

A. General Considerations 

Nucleophilic substitution reactions of chloroformate esters (ROCOCI) 
formally parallel those of other types of carboxylic acid esters. However, 
acid-catalysed substitutions are not of any major importance and 
mechanisms to be given consideration are S,l or SN2 (BALl or BAL212G) 
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attack at  the a-carbon of the R group and unimolecular or bimolecular 
substitution at  the acyl carbon (BAkcl or BAC2IzG). These substitutions can 
be complicated by concurrent or subsequent loss of carbon dioxide. 

As is generally the case for carboxylic acid esterslZ0, bimoIecular attack 
occurs most readily a t  the acyl carbon and speciaI conditions are needed 
to see B,,2 attack. For methyl benzoate, a B,,,2 (SN2) attack was 
observed by use of methoxide ion as the nucleophilic reagent12’. The 
concurrent, and faster, B,,2 attack merely regenerated substrate and 
dimethyl ether was isolated in 74% yield. Observation of B,,2 attack with 
chloroformate esters would require chloride ion as the nucleophile. An 
experiment of this type has been carried out in acetonitrile using tetra- 
ethylammonium chloride5J. A parallel study was carried out using tetra- 
ethylammonium nitrate, a szlt containing a considerably weaker nucleo- 
phile. ‘fhe second-order rate coefficients, reported in Table 2, show clearly 
the B,,3 characteristics of attack by chloride ion and iiie BAc2 character- 
istics of attack by nitrate ion. 

TABLE 2. Second-order rate coefficients (I/mole-s) for nucleophilic substitution 
reactionss3 of chloroformate esters (ROCQCI) with C1- and with NO; in 

acetonitrile, at 23.0” 

R: Me Et Jz-Pr isoPr isoBu Ph 

1 O6 kzC1- 164 6.2 5.8 0-75 0-26 G 

I O6 kzNo; 20 10.6 3.5 11.7 670 

(I No detectable reaction. 

The pathway for mimolecular reaction appears to be Ii;.ore delicately 
balanced and it is, of course, a function only of the structure of the 
chloroformate ester and its environment. An additional complication is 
that the formation of aa R+ carbonium ion can be either direct or by 
formation and subseqilent decomposition of a carbcxylium ion (ROCO+)*. 
Possible schemes leading to Rf are formulated below: 

ROCO+ + CI- * R f  7 + co, + CI- 

slow 
ROCOCI - > Rf + CO, + CI- 

Rf + OCOCI- t R+ -I- COP CI- 
fast - - = k L  

* This is the nomenclature used by Beak (references 196, 198, 199). While 
‘alkoxycarbonyl ion’ would be more precise in the present instance, 
‘carboxyIium ion’ can be used in a general sense for alkoxy-, aryloxy- or 
arylalkyloxy-substituents. 
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On the other hand, reactions which show unimolecular characteristics and 
which, also, give products with carbon dioxide retention must hwe 
proceeded through a carboxylium ion (BAcl mechanism). Unfortunately, 

ROCO+ + CI- ROCOCI > ROCOY + CI- 
f net 

it appears that studies of this type have usually been carried out under 
conditions where the ROCOY product is itself unstable. There is, however, 
stereochemical evidence for carboxylium ion formation in the hydrolysis 
cf secondary alkyl chloroformates*28. Solvolysis of the tertiary alkyl 
chloroformate, 1-adamantyl chloroformate, is conveniently explained in 
terms of a B,,1 (SN1) type mechanismd5, since no ROCOY type product 
is formed under conditions where this was shown to be stable. Any 
carboxylium ion formed would be required to decompose appreciably 
faster than it reacted with the alcohol solvent, to be able to invoke it as 
an intermediate. 

Chloroformates have been extensively used to study substitution reactions 
involving replacement of chlorine attached to an acyl carbon. The reason 
for this is that acid chlorides (RCOCI) tend to react too fast for the 
kinetics to be followed by conventional techniques. Insertion of an oxygen 
atom between the R group and the acyl carbon slows down the reaction 
considerably and frequently places it within a velocity range convenient 
for study. For example129, in 89.1% by volume acetone (10.9% water) 
at -2O", acetyl chloride (CH,COCI) solvolyses with a specific rate of 
1 0 . 9 ~  10"'s-l and methyl chloroformate with a specific rate of 
0.0012 x 10"' s-l, a rate difference by a factor of about lo4. At least two 
factors appear to be responsible for the slow nucleophilic substitution 
rates of chloroformate esters. 

Bimoleculat reaction rates for attack at acyl carbon are sensitive 
functions of the electron deficiency at the acyl carbon. In the presence of 
an attached etlcr linkage tI clectronegativity of the carbonyl oxygen can 
be countered by conjygative release from the ether oxygen. This can be 

regarded as giving initial state stabilization of a type not possible for 
related carboxylic acid chlorides. 

Unimolecular reaction rates are favoured by electron release. The 
conjugative (mesomeric) stabilization of a carboxylium ion will, to some 
extent, be counterbalanced by the initial state conjugation mentioned 



410 Dennis N. Kevill 

above. There will also be a very powerful electron-withdrawing (destabil- 
izing) inductive effect of the attached alkoxy group. This electron- 
withdrawicg inductive effect will bc mcdcratci! li)r elestron release hiii 

the R group. 
In discussing nucleophilic substitution reactions of chloroformate 

esters, it must be borne in mind that in many respects the mechanisms 
have features common to substitution reactions of carbonyl halides in 
general. These general features are discussed in another chapter of this 
volume. Emphasis will be placed upon aspects of chloroformate ester 
substitutions which differ in character from those for related replacements 
within carboxylic acid chlorides. 

5. Solvolysic Reactions 

It was realized quite early in the nineteenth century that chloroformate 
esters hydrolyse to give the corresponding alcohol or phenol and hydrogen 
chloride, with liberation of carbon dioxide. Complications can arise with 
alkyl chloroformates because the alcohol formed in the hydrolysis is also 
able to react with further chloroformate to give as a side-product the 
disubstituted carbonate. It was also discovered, very early, that  alkenes 
can be formed during the hydrolysis. 

Aliphatic alcohols were found to react readily with chloroformate esters 
to yield disubstituted carbonates and hydrogen chloride. Thiols gave 
corresponding monothiocarbonates. Phenols were found to be relatively 
unreactive, even at elevated temperatures. Addition of base to the phenol 
and chloroformate ester led smoothly to high yields of the aryl alkyl or 
diary1 carbonate. From reactions with carboxylic acids, esters were 
isolated. 

References to this early work can be found in the review of Matzner, 
Kurkjy and Cotter7. 

In 1937, Leimu reported130 a kinetic study of the methznolysis of several 
chloroformate esters. The relative rates obtained as R was varied 

ROCOCI f MeOH ROCOOMe 1- HCI 

(CIC,H 4> CH, > C,H, > 2-C3H7) were consistent with a birnolecular 
mechanism. A of the hydrolysis of ethyl chloroformate in 100% 
water gave a specific rate of 2.1 x lo4 s-l. Investigations in three mixed 
aqueous-organic solvents, of varying composition, were also reported. 

A study of the hydrolysis of several acid chlorides, including ethyl 
chloroformate, was made by Hall132. He obtained an  order of relative 
rates: CH,COCI > C,H,COCl> C,H,OCOCI < (CH,),NCOCl. He con- 
cluded that the carboxylic acid chlorides and ethyl chloroformate 
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iiydrolysed by a bimolecular mechanism and the dimethylcarbamyl 
chloride by rate-determining ionization, with liberation of a chtcrids ien. 
The hydrolysis of ethyl chloroformate in pure water had an activation 
energy of 19-0 kcal/mole and an entropy of activation of - 12-4 e.u. The 
entropy of activation contrasted sharply with a value of f5.6 e.u. for 
dimethylcarbamyl chloride hydrolysis in pure water and the valiles were 
iucely ccnsisteni with bimolecular afid unimolecular processes. Confir- 
mation of the duality in mcchan.ism came frcm- a study with 2-substituted 
piperidines in the low-ionizing power solvent benzene133. Under these 
bimolecular conditions, ethyl chloroformate reacted considerably faster 
than dimethylcarbamyl chloride. 

Bimolecular hydrolysis of ethyl chloroformate would be expected to 
lead to ethyl hydrogen carbonate (C,H,@COOH) and this compound has 
been shownlS" to decompose rapidly to yield ethanol and carbon dioxide. 
This decomposition can be p i ~ t u i e d ' ~ ~  as occurring by the following 
pathway : 

8 
C,H,OCOOH C,H,-O-CO, + C,H,OH + CO, 

I 
H 

Crunden and Hudson135 studied the solvolysis of methyl, ethyl and 
isopropyl chloroformates in both 65% aqueous acetone (35% water) and 
in formic acid containing 1% water. In the aqueous acetone, they observed 
the rate sequence: CH, > C2H, < i-C3H,. In moist formic acid they obtained 
the rate sequence : CH, < C2H5< i-C,H,. Addition of sodium formate to 
the solvolysis in formic acid increased the rate by 27% for ethyl chlorofor- 
mate and by about 7% for isopropyl chloroformate, as compared to a 
1000-fold increase for addition to p-nitrobenzoyl chloride s o l v o l y ~ i s ~ ~ ~ .  
Similarly, ethyl and isopropyl chloroformates were insensitive to a 
variation in the water content within the range 1-5%. Solvolysis rates for 
p-nitrobenzoyl chloride were proportional to the water content in this 
rangGs6. It was concluded that, in the aqueous acetone, methyl and ethyl 
chloroformates solvolyse by bimolecular mechanisms but the isopropyl 
chloroformate predominantly by a unimoIecular mechanism. In moist 
formic acid, it was concluded that the unimolecular mechanism was 
dominant. However, the small rate decrease from ethyl to methyl would 
seem to  indicate an appreciable bimolecular contribution to the solvolysis 
of methyl chloroformate, even in moist formic acid. 

of the solvolysis of optically active 2-octyl 
chloroformate in 98% formic acid at 21" led to the formation of 2-octyl 
formate with almost complete inversion of configuration. While the 

A stereochemical 
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solvolysis of secondary alkyl chloroformates appears to proceed primarily 
by a unimolecular mechanism the evidence produced by Crunden 2nd 
Hudson did not allow a distinction to be made between the following 
mechanisms : 

R+CO,CI- ---+ R+ + CO, + CI- 

ROCOCI ROH +CO, + HCI 

R O C O + C l - .  / 
ROCOOH + HCI 

The path involving nucleophilic capture of the czrboxylium ion appeared 
unlikely in 98% formic acid since inversion and not retention was observed. 
However, to give the formate (rather than the alcohol) the reaction would 
have to go through a mixed anhydride, iIi place of the hydrogen carbonate, 
and inversion could possibly be an unusual characteristic of the decom- 
position of mixed anhydrides of formic acid. Mixed anhydrides of carb- 
oxylic acids usually decompose with retention of conf ig~ra t ion~~~ .  Two 
plausible pathways not considered would be a concerted ionization- 
decomposition to give directly the carbonium ion, the chloride ion and 
carbon dioxide and an SN2 type nucleophilic attack on the carboxylium 
ion to lead to inverted products. 

To clarify the mechanism of solvolysis for secondary alkyl chlorofor- 
mates, further work was carried out by Green and Hudson138. They studied 
the rates of solvolysis of cyclopentyl, cyclohexyl, cycloheptyl and cyclooctyl 
chloroformates and found each of them to react at a similar rate in formic 
acid and in 65% aqueous acetone. They all reacted slightly faster than 
isopropyl chloroformate and there was a gradual increase in rate from C ,  
to C,.  This behaviour contrasted sharply with the relative rates of SNl 
reactions of cycloalkyl su1ph0natesl~~- 140 2nd halide3"B ld2. For both of 
these types of compounds, the rate order C, > C, < C, < C8 is wcll estab- 
lished and, also, the variations in rate are considerably larger than for 
cycloaIkyI chloroformate solvolyses. The differences in behaviour were 
taken to indicate that, for chloroformate esters, the unimolecular reaction 
involves a rate-determining ionization to give a carboxylium ion (ROCO)'. 
This would parallel the rate-determining step proposed by Hall for 
dimethylcarbamyl chloride132. The previous stereochemical study of 
2-octyl chloroformate in 98% formic acid was extended to 85% aqueous 
acetone and it was found that the reaction led to 2-octanol which was 
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formed with 90% retention of configuration, as opposed to 90% inversion 
in the formolysis. Boiling the secondary chloroformates in a 1~ phosphate 
bu%r led lo 3&60>: alkene formation, except fai tr.a~zs-4-t-butyl-cyclo- 
hexyl chloroformate. For this latter compound the chloroformate group 
is in an equatorial position and E2 (but not E l )  elimination will be greatly 
retarded143. 

The observations were correlated by the following scheme : 

ROCOCI -ROCO+ + CI- (1 1 

( 2 4  
€2 

!?OCOf + H,O ___f alkene + H30.' + CO, 

H,O + ROCO+------  "* >H,OR + CO, (2b) 
+ 

4- 
ROCOf + H,O ROCC)OH2 Hyo t ROH + CO, + H,O+ (2c) 

40 + 
H-c\ + ROCO+ 5N2 > HCOPR + CO:, 

-0 

H i -  :B 
H' 

ROCO++ HCOOH - ROCO-0 COH + ROCOH + CO, + BHf (2e) 
I 
H 

The stereochemical results require that in formic acid SN2 attack on the 
carboxylium ion (2d) dominates over nucleophilic addition to the car- 
boxylium ion (2e) but in aqueous acetone the reverse is true and (2c) 
dominates over (2b). The kinetic results would also be consistent with a 
one-step ionization-decomposition for which, in the transition state, 
carbon-chlorine heterolysis was running ahead of carbon-oxygen 
heterolysis. However, such a scheme could not as conveniently explain 
the observed stereochemistries and the lack of elimination in the presence 
of a 4-t-butyl substituent within cyclohexyl chloroformate. 

A study has been made144 of the effect of a para-t-butyl group upon the 
rate of solvolysis of phenyl chloroformate in an aqueous-dioxan solvent 
at 25". The rate of this bimolecular substitution is reduced, as one would 
predict, but the effect is quite modest. Introduction of the substituent 
lowers the specific rate by a factor of one-third. 

K i ~ i n e n ' ~ ~  has carried out an extremely detailed study of the kinetics of 
solvolysis of ethyl chloroformate in water, methanol, ethanol and several 
binary mixtures containing one of these three hydroxylic compounds as 
one component. The rate measurements in water agree fairly well with 
those of but rather poorIy with those of Bohme and S c h ~ r l i o f f ~ ~ ~ .  
In water the entropy of activation is -24 e.u. (Hall132 gives - 12-4 e.u.1, 
in methanol -34.4 e.u. (in agreement with a value calculated from the 
data of Leimu130) and in ethanol -33.7 e.u. Kivinen concluded that the 
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macroscopic kinetic behaviour was very similar to that for bimolecular 
solvolyses at the saturated carbon of alkyl halides and he expressed a belief 
that the bimolecular solvolysis of ethyl chloroformate and other acid 
chlorides can best be represented by an SN2 rather than an addition- 
elimination mechanism. Acid chloride solvolysis mechanisms are 
considered elsewhere in this volume. 

K i ~ i n e n l ~ ~  has also studied the specific rate of solvolysis of ethyl 
chloroformate in water and deuterium oxide and he reports values, at 
25", of 38.9 x s-l, corresponding to a kHPo/kDP0 
value of 1.95. There has also been a report concerning the effect of pressure 
on the rate of hydrolysis of ethyl chloroformate in water at O0l4'. 

has studied, in great detail, the hydrolysis of a series of alkyl 
chloroformates arid phenyl chloroformate (and dimethylcarbamyl chloride) 
in water. By use of extremely sensitive temperature control and a precise 
conductometric teclmique for determining the extent of reaction, he was 
able to determine not only the heat ( AH*) and entropy ( A S :  of activation 
but also the hcat capacity of activation ( ACp*). Studies in D20 as well as in 
H 2 0  allowed solvent isotope effects to be determined. The kL120/kU20 value 
for ethyl chloroformate of 1-82 was in fcirly good agreement with the 
value of 1.95 previously reported by K i ~ i n e n l ~ ~ .  The hydrolysis rates for 
ethyl chloroformate were in reasonable agreement with those of Hall132 
and K i ~ i n e n l ~ ~ .  Data extracted from Queen's paper are presented in Table 
3, S,:milsr to  the explanation previously given by Hall132 for the positive 

s-l and 20.0 x 

TABLE 3. Rate coefficients, activation parameters and solvent isotope effects 
for hydrolysis of chloroformate esters (ROCOCI) in water14* 

R 

Me 1 *23 162 - 19.1 - 36.0 1.89" 
Et 0.76 17.1 - 17.0 - 3.5 1.82" 
Pr 0-85 17.1 - 16.6 + 2.2 
isoPr 2.36 24- 1 i 10.1 - 9-1 1 ~25" 
Ph 34.6 14.1 - 19.8 - 42.2 1 *79' 

- 

a Determined very accurately but at slightly varying temperatures, within the range 
10 L- 0.2". 

kcal/inole. 
cal/rnole-deg. 
cal/rnole-deg. 
At 25.0". 

f At 7.5". 
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entropy of activation for dimethylcarbamyl chloride solvolysis, Queen 
assumed the sudden increase in entropy for isopropyl chloroformate 
solvolysis to follow from a change in mechanism from bimolecular for 
phenyl, nethyl and primary alkyl chloroformates towards unimolecular 
for secondary alkyl chloroformates. Also, there was a related discontinuity 
in the solvent isotope effect. This conclusion was consistent with the findings 
of Hudson and c o - w o r k e r ~ ~ ~ ~ * ~ ~ *  for solvolyses in aqueous acetone or 
formic acid. Queen proposed a mechanism proceeding through a tetra- 
hedral intermediate for the 5imoiecular solvolyses, as oppc-aed to the 
one-step S,2 mechanism proposed by K i ~ i n e n l ~ ~ .  For the solvolysis of 
isopropyl chloroformate, two concurrent mechanisms were proposed. 
One involves unholecular fission of the acyl--halogen bond (as proposed 
by Green and Hudson138) and the other either S,l or SN2 displacement 
at  the alkyl group. It was emphasized, however, that other explanations 
are possible. Also, t;ihile the heat capacities of activation may ultimately 
be useful in assigning mechanisms to these solvolyses, there is need for 
more data from related systems to be available for comparison before 
more than very tentative assignments can be made on this basis. 

Aryl chloroformates have been shown to be reactive towards dimethyl- 
f ~ r m a r n i d e ~ ~ ~ .  The reaction, to give aryloxy-substituted immonium salts, 
is believed to proceed as follows: 

Ar-0-COCI i- O=CH-N(CH,), * 

Ar--O-C-O-CH-N(CH3), 
;? n -Q Q 

ArO- + CO, + CI-CH=N(CH,], 
II 

G 0 
Ar-0-  + CI-CH=N(CH-J, --+ Ar-0-CH=N(CH,), + CI- 

The reaction sequence is initiated by a, presumably bimolecular, replace- 
ment of chloride by nucleophilic attack by the solvent. 

C. Non-soholytic Reactions 
The products isolated from non-solvolytic nucleophilic attack on chloro- 

formate esters show a similar duality in character to those isolated 
from solvolytic reactions. For bimolecular substitution reaction 
(ROCOCI +Y--+ ROCOY + Cl-) the isolated product depends on the 
stability of ROCOY-. With azide and fluoride, for example, stable azido- 
formates and fluoroformates can be isolated. With iodide or nitrate, for 
example, the nitratoformates and iodoformates are much less stable than 
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the chloroforniates, and loss of CO, leads to RY products. With ilucleo- 
philes of type QZ-, loss nf czrhon dioxide from ROCOOZ can occur in 
either of two ways: 

The R-0 bond retention pathway can formally be considered to 
involve ionization of Zf and attack by Zf at the ether oxygen. The R-0 
bond fission pathway can formally be considered to involve ionization of 
OZ- and attack at  the a-carbon of the R group. If the a-carbon is asym- 
metric, optical activity studies can help to distinguish between these 
pathways. 

A possible complication, believed to operate in the tertiary-amine- 
catalysed decomposition of chloroformate esfers5O, is for the initially 
liberated chloride ion to attack at the a-carbon with ejection of the 
substituted formate ion (or its fragments). 

For unimolecular reaction, ionization to give a carboxylium ion followed 
by a fast union with Y -  will lead to ROCOY and, ultimately, to the same 
products as for bimolecular attack. However, loss of carbon dioxide from 
the carboxylium ion, direct ionization to Rf and ZCOCI-, or  a concerted 
ionization-decomposition (to give Rf and C1- directly) will lead t o  pro- 
ducts derived from the carbonium ion. Also, formation of the car- 
buxylium ion and attack at its a-carbon by Y -  (or Cl-) will correspond to 
a fast SN2 reaction subsequent to a slow unimolecular ionization. 

Although formulated as negative, the nucleophile can, of course, be 
neutral (as in attack by tertiary amines), with corresponding charge 
differences in the above schemes. Also, in the general case, elimination 
reaction wiil accompany substitution. 

I t  has been known for many years that the addition of hydroxide can 
strongly catalyse hydrolysis reactions150 and, as one would predict, addition 
of other powerfxl nucleophiles greatly speeds up bimolecular reactions, 
but with diversion to non-solvolytic products. 

Amines in aqueous solution react very rapidly with chloroformate 
esters. HalPS1 has been able to obtain semi-quantitative second-order rate 
coefficients for reactions of ethyl chloroformate with amines by working 
in sufficiently acid solutions. The buffers used were phenolsulphonic acids 
which had bdky t;iOiips ortho to the l i y k x y l ,  so as to render the phenolic 
function ker t  to acylation by ethyl chloroformate. In these aqueous acidic 
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solutions, the second-order rate coefficients (l/mole-s) for attack by free 
amine on ethyl chloroformate were approximately lo4 for piperidine, 
lo2 for 2-mcthylpiperidifie and rz-butylamine, 10 for sec-butylanzine and 
1 for t-butylamine. The most obvious characteristic was a very marked 
steric hindrance effect. 

The reactions with phenols are less rapid but, in the absence of ortlio- 
substituents, to lo-' M concentrations of phenoxide ion will dominate 
over the solvent water in reaction with ethyl chl~roformate '~~.  A study, at  
O", of the reaction of ethyl chloroformate with several para-substituted 
phenols has been made under conditions where the solution was initially 
adjusted to p H  of 8.0 by addition of sodium liydroxide. The background 
solvolysis rate was 3.9 x s-l and, as an example, with 0-055 M phenol 
added a t  pH 8.0 the specific rate of reaction of the ethyl chloroformate 
was 75 x s-l. Calculating the concentratiori of phenoxide ion at 
pH 8.0 and allowing for background solvolysis, second-order rate co- 
efficients were calculated. I t  was found that a plot of the logarithms of 
these rate coefficients against the pK, of the phenol was linear and the 
slope (a value) of this Br~nsted relationship was 0-78. 

I t  might be noted that in reactions involvingp-nitrobenzyl chloroformate 
under quite strongly c.lkaline conditions significant amounts of di-(p-nitro- 
benzyl) carbonate were often formed as a b y - p r o d u ~ t l ~ ~ .  This presumably 
involves attack upon p-nitrobenzyl chlorofixmate by the anion of p-  
nitrobenzyl alcohol. 

Reaction of alkyl and aryl chlorofarniates with catalytic amounts of 
triphenylphosphine in diethyl ether, in the presence of 5% quinoline, leads 
to quite good yields of the corresponding chloride; even aryl chlorides 
can be prepared in this way1". Several aliphatic chloroformates gave good 
yields of aliphatic chlorides even in the absence of quinoline and, in some 
cases, also in the absence of solvent. Reaction of several aliphatic 
chloroformates (ROCOCI) with a 10% excess of the phosphine led to 
phosphonium chlorides (RPPh,)+CI-, usually in high yields. 

Green and Hudson155 have studied the influence of various anions on the 
rate of reaction of ethyl chloroformate in 85% aqueous acetor,e at 25". The 
order of reactivities normally observed, in aqueous solvents, for SN2 attack 
at  a saturated carbon is S,O:- > SCN- > I- > N3- > OH-> Br-> C1- > 
AcO-. This order is similar to the oxidation-reduction p ~ t e n t i a l s l ~ ~ .  
Towards ethyl chloroformatz, the order was quite different (Table 4). A 
detailed explanation could not be given for the extremely marked difference 
in relative rates from those for Sx2 attack. It appears that there must be 
large differences in the relative importance of solvation, repulsive and 
bond-foimation energies L i  chc two types of substitutions. 
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One complication to the study by Green and Hudson was that only the 
azide and phenoxide attacked to give products which were stable under 
the experimental conditions. The overall effect of the other anions was to 

TABLE 4. Second-order rate coefficients for reactions of ethyl chloroformate 
with anions in 85% aqueous acetone at 25" 

~ ~~ ~~ ~~ 

Anion": Me,C=N-0- OH- OPh- NO: N, F- S20i- 
kab: 500 x 103 167 50 31 17.5 0.22 -0.6" 

~ ~ ~ ~~ ~~ 

" NO detectable reaction with Cl-, Br-, CNO-, SCN-, C10; or NO,. 
In units of I/moIe-min. 
Attack at the ethyl group. 

catalyse the solvolysis. It was assumed that the catalysis involved nucleo- 
philic substitution at the acyl carbon followed by rapid reaction of the 
new compound, leading eventually to ethanol. However, when the final 
product was ethanol, it was difficult to be sure that the catalysis was not, 
at  least in part, a general-base catalysis to a direct solvolysis, followed by 
decomposition of the hydrogen carbonate. 

Green and Hudson did not investigate the rate of chloride exchange. 
This has been done1j7 by reacting ethyl chloroformate with s6C1-labelled 
tetra-n-butylammonium chloride in several water-acetonitrile compositions 
at 30". Assuming formation of a symmetrical tetrahedral intermediate, 
the rate of exchange is one-half the rate of chloride addition to the carbonyl 
group. Chloride exchange was found to compete very effectively with 
solvolysis for a range of water concentration from 40 to 85%. 

In inert aprotic solvents, not only is competition from the solvent 
eliminated but, also, nucleophilicities of anions are enhanced (and spread 
out) in these solvents. Hydrogen-bonding assistance towards breaking the 
carbon-leaving group bond and towards dissociation of ion pairs, which 
prevents internal return, is greatly reduced. The overall result of these 
features is a tendency towards bimolecular and away from unimolecular 
substitutions. Early measurements of this type were made by Conant, 
Kirner and Hussey158*159 for the reaction of ethyl chloroformate with 
potassium iodide in acetone. These rates were compared to those for other 
organic chlorides. Product studies do not appear to have been carried out 
but the product would be expected to be ethyl iodide formed via the 
unstable iodoformate. Indeed, this reaction can be a very useful synthetic 
route to alkyl iodides. For example, cholesteryl iodide can be very 
conveniently prepared by interaction of cholesteryl chloroformate with 
scldium iodide in acetonclcqa. Under similar conditions, reaction with 
sodium azide leads to the stable cholesteryl azidoformate. 
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The order of reactivities for reaction of phenyl, methyl, primary alkyl 
and isopropyl chloroformates with chloride and nitrate ion in a~e ton i t r i l e~~  
has alrezdy been reviewed and data prcsented in Table 2. Reactizlii with 
fluoride ion will be discussed later, in connexion with the synthesis of 
fluoroformates. 

Reaction of optically active 2-octyl chloroformate with potassium 
acetate, either in the absence of solvent or in ethanol, led to some alkene 
together with 2-octanol and 2-octyl acetate formed with retention of 
conf igura t i~n~~.  Similar results were obtained with potassium benzoate 
and Tarbell and LongosP7 have isolated the intermediate benzoic-2- 
octylcarbonic anhydride and confirmed that it deconposes with retention 
of configuration. Reaction of 2-octyl chloroformate with sodium p -  
toluene~ulphinate~~ led to 2-octyl p-toluenesulphinate, which on hydrolysis 
gave 2-octanol of retained configuration. 

Tlie reaction of ethyl and methyl chloroformates with an acetonitrile 
solution of silver p-toluenesulphonate has been investigatedlG1. A rather 
slow precipitation of silver chloride was observed and, on warming the 
resultant solution, carbon dioxidc was evolved and the alkyl p-toluene- 
sulplionate could be isolated. The intermediate carbethoxy- and carbo- 
methoxy-p-toluenesulphonates were isolated as a colourless oil and colour- 
less crystals respectively. Reaction of ethyl chloroformate with 180-labelled 
silver p-toluenesulphonate gave ethyl p-toluenesulphonate with no loss of 
label. The carbon dioxide evolved is derived entirely from the chlorofor- 
mate ester. Reaction of isobutyl chloroformate led to both isobutyl and 
sec-butyl p-toluenesulphonate plus isobutene. The tertiary butyl ester 
would have been unstable under the experimental conditions, even if 
initially formedlG3. Due to the carbonium ion type rearrangements and the 
path used for loss of carbon dioxide, the decomposition of the carbalkoxy- 
p-toluenesulphonate was believed to proceed by ionization to give a 
carbalkoxy-p-toluenesulphonate ion pair, followed by loss of carbon 
dioxide from the cation and carbonium ion equilibration. These processes 
were followed by either collapse to alkylp-toluenesulphonate or elimination 
within the ion pair to lead to isobutene and p-toluenesulphonic acid. I t  
is of interest that, in corresponding reactions with alkyl chlorosulphites, 
the sulphur dioxide is lost in a manner corresponding to carbon dioxide 
loss from alkyl chloroformates but rearrangement of the isobutyl group 
is not observedlG3. Cholesteryl chloroformate has been shown to react 
with silver trifluoroacetate in ether to yield cholesteryl trifluoroacetatelG4. 

There have been several investigations of the reactions of chloroformate 
esters with silver nitrate in acetonitrile. This reaction affords a convenient 
synthetic route to alkyl nitrates. Aryl chloroformates do not react to 
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give phenyl nitrates, unknown compounds, but usually give nitro- 
substituted phenols. 

BoschanlG4 showed that n-hexyi chloroformate reacted to give n-hexyl 
nitrate with 76% retention of an 180-label introduced adjacent to the hexyl 
group. Optically active 2-octyl cldoroformate gave 2-octyl nitrate with 
optical activity consistent with 68% retention of configuration accom- 
panied by 32% inversion of configuration. The kinetics were shown to be 
approximately second-order. Two competing mechanisms were proposed : 

R-O*-C-CI + AgN03 ___f R-OO*-C-ONO, + AgCl (A) 
II  
0 

II  
0 

Four-centred R 6 F I 0 ,  + CO, 
I I  
0 

R-OLC-CI -t- Agf-> R-O*-C@ + AgCl (5) I I  II ' 
0 0 

NOT + R-05CC0 ---+ RONO, + *O=C=O 
II 
0 

A more detailed kinetic study for methyP5, e t h y P ,  isobutyP and 
phenyP  chloroformates in acetonitrile showed these chloroformates to 
be unreactive towards silver perchlorate and to react with dissociated 
nitrate ions from silver nitrate at approximately the same rate as with 
tetraethylammonium nitrate. These results require reaction to be a 
bimolecular displacement by nitrate ion at the acyl carbon, and the silver 
ion, except for rendering some assistance to chloride loss from the tetra- 
hedral intermediate165, is inert and serves only to precipitate chloride ion 
from solution. In order to explain the 76% retention of the alkyl-oxygen 
bond observed by Boschanl", it is necessary to assume the nitratoformate 
can proceed to products by two pathways. The pathway lerding to 
retention could proceed by the four-centred transition state proposed by 
Boschan; it is, however, attractive to consider an ionization to give a 
nitronium which can attack at the oxygen adjacent to the alkyl 
grouplG5 o r  at the aromatic ring in the case of aryl chloroform ate^^^^. 
The pathway leading to inversion presumably involves attack by nitrate 
ion at the a-carbon of the alkyl group, this attack could be either upon 
the nitratoformate by excess nitrate ion or upon the carboxylium ion 
formed by an ionization which also liberates a nitrate ion. 

A kinetic study of the reactions of an acetonitrile solution of isopropyl 
chloroformate gave quite different results166. The dominant mechanism 
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was now the silver-ion assisted mechanism (B) proposed by Boschan (or 
one of several possible variations of (B)). Both silver perchlorate and 
tetraethylammonium nitrate react with isopropyl chloroformate at 
measurable rates. The rate of reaction with silver nitrate can be taken as 
the sum of two processes. One process can be equated to the ratc of reaction 
with the same concentration of silver perchlorate and a smaller contribution 
is due to bimolecular attack by dissociated nitrate ions. The overall 
situation for reactions of alkyl chloroformates with silver nitrate in 
acetonitrile is rather reminiscent of the solvolysis in aqueous acetone, 
which has been discussed ear1ie1-l~~. Methyl and primary alkyl chloro- 
formates react by a bimolecular nucleopliilic substitution. Isopropyl 
chloroformate reacts mainly by an ionization mechanism but an appreciable 
bimolecular nucleophilic substitution component is also present. 

MortinierlG* reacted n-propyl chloroformate with an  acetonitrile 
solution of silver nitrate in the presence of a fairly small amount of 
pyridine as catalyst. At low temperatures (approx. - 17") chloroformate 
was consumed but no carbon dioxide was liberated. Mortimer assumed 
formation of the nitratoformate ester as an intermediate. The inter- 
mediate decomposed on warming to room temperature, with evolution of 
carbon dioxide and formation of n-propyl nitrate. The pyridine-catalysed 
reaction was proposed as a quick, mild and quantitative synthesis of alkyl 
nitrate esters. 

The reaction of phenyl chloroformate with silver nitrate in acetonitrile 
was found to lead to quantitative reaction in lerms of silver chloride 
precipitation and a 64% yield of o-nitrophenol was isolatedl'j!'. I t  was 
thought that this may be formed through phenyl nitrate, which would 
rearrange to the more stable isomer. Subsequently, it was found that this 
reaction gives, in addition to the o-isomer, substantial amounts of 
p-nitrophenoP7. It  was shown that the ortlzo and para isomers do not 
interconvert under the reaction cocditions. Also, decomposition of phenyl 
chloroformate in the presence of p-cresol led to nitration of the p-cresol 
and a 43% yield of 2-nitro-4-methylphenol was isolated. These results 
were nicely consistent with the previous proposal that the nitratoformate 
ester ionizes to produce a ilitronium ion1G5. 

In a further inve~tigation"~ of the reactions of several aryl chlorofor- 
mates with silver nitrate in acetonitrile, the lack of dependence upon the 
silver-ion concentrationlGG was confirmed and for a series ofpara-substituted 
derivatives a Hammett p value of + 1.5 at 10" was obtained, consistent 
with rate-limiting attack by  nitrate ion at  the acyl carbon165* l'jG. The fit 
to second-order kinetics was only approximate, as previously reported 
for reactions with tZ-hexyl1u4 and niethyllG5 cliloroformates. With 
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2,6-disubstituted aryl chloroformates, in addition to the 4-nitro-derivative 
of the phenol, fairly small amounts of tlie quitione dimers were also 
produced as dark red solids. 

R R 

o = o = q R = = O  (R = Me or i-Pr) 

-With 2,4,6-trimethylphenyl chloroformate, dark red crystals separated 
from solution which were identified as 3,5,3’,5’-tetramethy1-(4,4’)- 
stilbenequinone. 

R 

CH3 

o = o  =CH-CH= ($0 

CH3 CH3 

Reaction of phenyl chloroformate with silver trifluoracetateliO led to 
isolation of o-hydroxyphenyl trifluorometliyl ketone, conceivably formed 
by a similar mechanism to that. for silver nitrate reaction. 

D. Competing Solvolysis-Decomposition 
Concurrent with the decomposition of 1-adamantyl chloroformate in 

nitrobenzene, a small amount of solvolysis, to give 1-(m-nitrophenyl) 
adamantane, was It hqs been foundl’l that, in hydroxylic 
solvents, reaction proceeds with appreciable amounts of both solvolysis 
and decomposition. In alcoholyses, primary and secondary alkyl chloro- 
fonnates are known to give disubstituted carbonates‘. Alcoholysis of 
I-adamantyl chloroformate gave none of this type of product, which was 
shown to be stable under the experimental conditions, but gave a mixture 
of 1-adamantyl alkyl ether and 1-adamantyl chloride. In t-butanol, 
I-adamantanol was formed and it was independently shown that 
I-adamantyl :-butyl ether decomposed to 1 -adamantan01 under the 
experimental conditions. 

Additions of tetra-n-butylammoniun bromide, chloride, iodide or 
percllorate caused moderate rate increases, of similar magnitude, and the 
product composition was virtually unchanged. It was found that solvolysis 
was favoured relative to decomposition as either the temperature or the 
ionizing power of the solvent was increased. Some typical kinetic data 
are presented in Table 5. 

The entropy of activation of + 7.6 e.u. for the solvolysis-decomposition 
in aqueous ethanol is some 16-20 e.u. more positive than values which 
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have been reportedli2 for solvolyses of 1-adamantyl halides in this solvent. 
The bulk of this unusually large difference can be considered to arise from 
loss of carbon dioxide. This could be a consequence either of a direct 

TABLE 5. Specific reaction rates at 25.0" and enthalpies (AH*)  and entropies 
( A S )  of activation for the competing solvolysis-decomposition of 1-adamantyl 

chloroformate 
~~ 

Solvent k ( s - 9  AH* (kcal/mole) AS&,,, (e.u.) 

80% Ethanol (1-15 rt 0.02) x 22.3 f 0.6 + 7.6 k 2.2 
Methanol (3.36 k 0.03) x 21.9 2 0.2 + 3.7 k 0.7 
Ethanol (5.53 2 0.01) x 1 0 - 4  23.8 rt 0.1 + 6.3 k 0.4 
Isopropanol (1.64 2 0.05) x lo-' 24.4 rt 0.2 + 6.0 k 0-6 
f-Butanol (9.89 5 0.04) x 1 0 - 5  23.8 -c 0.4 + ? e l  f 1-4 

ionization-decomposition to two ions and a molecule or a consequence of 
loss of carbon dioxide after ionization to an ion pair, with circumvention 
of appreciable ion-pair return. Other factors being equal, ion-pair return 
tends to reduce experimental entropy of activation measurements for the 
overall processli3. 

A reaction scheme is proposed in which loss of carbon dioxide leads to 
a 1-adamantyl-chloride ion pair. This ion pair then either collapses to 
1-adamantyl chloride or it separates, with separation being followed by 
solvolysis : 

The lack of any increase in RC1 formation on adding up to 0 . 1 ~  tetra-n- 
butyl-ammonium cliioride indicates little, if any, 1 -a.dzmantyl chloride 
formation from dissociated ions. The mechanism leading to formation of 
the R+CO,Cl- aggregate is not established but initial ionization to give a 
carboxylium ion (ROCO)+ would require its decomposition to be faster 
than capture by alcohol molecules. 

In order to carry out a treatment of the solvolysis-decomposition in 
terms of the Grunwald-Winstein equation (log k/k, = 132 Y)li4,  a study 
was also made in several aqueous-organic solvents of known Y-value. 
Both overall kinetics and product composition were determined in each 
case17ss 176. In this way, it was possible to carry out parallel treatments of 
both the solvolysis and the decomposition components of the overall 
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specific rates. These results are shown in Table 6. The quantitative corre- 
lation of specific decomposition rates against solvent ionizing power 
(Y-values) is we believe the first to be reported for an S,i type decom- 
position. The pronounced dependence of both solvolysis and decomposition 

TABLE 6. nr-Values for reactions of l-adamantyl chloroformate at 25.0" 

Solvents No. of Solvolysis- Soivo:ysis Decomposition 
points decomposition 

SO-lOO% Ethanol 3 0.650 f 0.005 0.684 k 0.010 0-587 f 0.003 
90-100% Methanol 2 0.658 0.669 0.612 
Dry alcohols" 4 0.721 f 0.042 0.906 k 0.012 0.537 st 0.055 
80-90Yo Dioxan 2 0.64 1 0-704 0.55 1 
80-95~0 Acetone 3 0.424 k O*OC)2 0.442 f 0.003 0.38 1 f 0.003 
A:: but aq. acetoneb 9 0.682 k 0.030 0.795 k 0.036 0.546 t- 0-032 
All alcoholicc 7 0.682 i- 0.028 0.800 f 0.036 0.543 f 0-023 

a Methanol, ethanol, isopiopsnol and t-butanol. The points for 100% methanol 
and 100% ethanol were also included in the plot for the appropriak aqueous alcohol 
system. 

Summation of first four entries. 
c Summation of first t h e e  entries. 

rates upon solvent ionizing power is consistent with the postulated ionic 
mechanism. Also, a greater dependence would be expected for solvolysis 
rates, relative to decomposition rates. Following common development 
of the R+C1- ion pair, solvolysis requires further separation and an 
additional dependence upon solvent ionizing power (more strictly, 
dissociating power) while decomposition features a competing ion-pair 
collapse. 

-4 delicate balance between attack a t  the acyl carbon and ionization is 
indicated by introduction of an appreciable second-order contribution on 
addition of small concentrations of sodium ethoxide to the reaction in 
ethanol. This second-order reaction leads to the mixed carbonate and not 
the ether. For example, in the presence of 0 .006~  sodium ethoxide, 95% 
of initial reaction involves bimolecular attack and only 5% is underlying 
unimolecular solvolysis-decomposition. Similarly, addition of azide has 
been 

It is of interest that examples of decomposition under solvolytic con- 
ditions which have been abstracted176 from the early literature relate to 
alkyl chloroformates with chlorine substituted within the alkyl goilp. 
Such substitution would tend to favour bimolecular attack at the acyl 

to lead to l-adamantyl azidoformate. 
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carbon and disfavour ionization mechanisms. It would appear that these 
decompositions must proceed by mechanisms which are different to the 
one operating for 1-adamantyl chloroformate. The mechanisms of these 
reactions are currentIy under investigation within our Laboratories. 

WI. ELECTRBPHILIC ASSISTANCE TO REACTIQNS 

A. Friedel-Crafts Reactions 

Ethyl chloroformate has been reported to be inert towards benzene, 
even in sealed tubes at  150" 179. Friedel and Crafts were able to induce a 
reaction by addition of aluminium chloride. The product was, however, 
not the aromatic ester but ethylbenzene, formed by loss of carbon 
dioxidelE0 : 

ArCOOEt + HCI 

ArEt + COP + HCI 

EtOCOCl + ArH 

They proposed that the reaction involved hydrogen chloride saponifi- 
cation of the ester to give ethyl chloride, which then entered into a 
Friedel-Crafts alkylationlel. RennSS2 confirmed the experimental results 
but proposed a direct decomposition of ethyl chloroformate to ethyl 
chloride and carbon dioxide, without the need for hydrogen chloride 
intervention. 

The scheme proposed by Rennie was supported by Buu-Hoi and 
Janicaud18,. They studied the catalysed reactions of ethyl chloroformate 
with a variety of aromatic systems and in no instance were they able to 
detect any ester formation. They investigated the efficiency of other 
chlorides in promoting decomposition and found FeCI, to be effective but 
ZnCl,, SnCl,, AsCl, and SbCl, to be ineffective. The claim that zinc 
chloride is ineffective as a decomposition catalyst is surprising and 
inconsistent with earlier reportsls4-lE6. Underwood and B a r i P  found 
that addition of 7inc clA_nrlde to ethyl chloroformate produced a spon- 
taneous evolution of carbon dioxide. They isolated 17.7% ethylene and 
25.7% ethyl chloride, together with 25.3% unchanged ester. Similarly, 
n-propyl chloroformate gave 5% propylene and 23% iz-propyl chloride. 
Zinc chloride was also found to be effective in decomposing several other 
types of esters, in some cases with fornation of alkyl chlorides (with 
chlorine incorporated from the zinc chloride). B o ~ d e n ' ~ ~  subsequently 
reported that a variety of alkyl carboxylate esters could be used, in con- 
junction with aluminium chloride, to alkylate benzene. Frequently, 
carbonium-ion type rearrangements were observed to occur. 
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Recently, it has been found that antimony pentachloridc is effective in 
promoting decomposition of ethyl chloioformate in ethylene chloride 
solutionlss. Proprionyl chloride formed an equilibrium concentration of 
an addition complex but with ethyl chloroformate reaction occurred, with 
a heat of reaction of -214+0.2 kcal/mole, to give ethyl chloride and 
carbon dioxide. Only traces of hydrogen chloride, which would have 
accompanied ethylene formation, were observed. Chloroformates have 
been found to be useful intermediates for generating carbonium ions from 
primary and less reactive secondary alcohols in antimony pentafluoride- 
sulphur dioxide s o l ~ t i o n ~ ~ ~  : 

> R+(SbF,CI)- + CO, SbFs-SOz ROH + C3CI,-------t ROCOCI 

The basic scheme for Friedel-Crafts alkylation of aromatics can be 
expressed : 

ROCOCI + AICI, + (ROCO)+AICI;- R - ~ A I C I ;  + cop 

R+AICI;, HRC1 + A1C13 

' A R A r  + HCI + AICI, 

There is no direct evidence for the carbalkoxylium ion and there could be 
direct decomposition to R+, CO, and AlCI,. Evidence for the R+AlCl, 
ion pair comes from work using ethyl chloroformate and aluminium 
bromide, a mixture which reacts with benzene to give ethylbenzene. In 
the absence of benzene, and with slight cooling, a brown solution is 
formed and, on being warmed to 35", ethyl halides are evolved. The 
composition of the evolved gases was found to be 82% ethyl bromide and 
18% ethyl chloride. This was rationalized in terms of halide-ion capture 
from a C,H,+(AlClBr,)- ion pairxD0. 

A detailed study of the reactions of several alkyl chloroformates with 
benzene and with several alkylbenzenes was made by Kunckeli and 
U l e ~ ~ ~ l ~  lg2. Friedel-Crafts reactions of alkyI chloroformates have been 
briefly reviewedlg3. 

Friedel-Crafts reactions of aryl chloroformates do lead to the corres- 
ponding esters1g" : 

Ar'OCOCI + ArH ~ z ArCOOAr' + HCI 

An aromatic carboxylium ion would not be expected to eject carbon 
dioxide to give a high-energy aryl carbonium ion. This aromatic entity is, 
therefore, presented with the opportunity to act as the electrophile in a 
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Friedel-Crafts acylation. Phenyl, p-chlorophenyl and p-phenylphenyl 
chloroformates attacked benzene to givc isolated yields of 5 0 4 4 %  of the 
corresponding benzoates. Attack by p-phenylphenyl chloroformate on 
toluene was primarily at the para pasition and a 30% yield of the p-toluate 
was isolated. 

B. Silver-ion Assisted Reacticns 
Several silver salt-chloroformate ester reactions were reviewed in 

section VI, C.  In most instances the role of the silver ion, other than the 
obvious one of precipitating chloride ion, was not clear. A rather detailed 
kinetic investigation of the reactions of silver nitrate with several 
chloroformate esters in aeetonitrilelG5~ indicated that for phenyl, methyl 
and primary alkyl chloroformates, the rate-limiting factor was attack by 
dissociated nitrate ion at the acyl carbon and, at most, the influence of the 
silver ion u p n  the kinetics was to give some secondary assistance to 
chloride-ion loss from a tetrahedral intermediate. With isopropyl chloro- 
formate, the dominant pathway was a silver-ion-assistpd ionization but, 
even here, there was a minor contribution from the pathway operating for 
primary alkyl chloroformates. Consistent with these observations, the 
hydrolysis rate of i.t-buty1 chloroformate, in  water, was found to be 
independent of the concentration of added mercuric ionlg5, a powerful 
electrophilic reagent towards alkyl halides and, also, towards an aqueous 
solution of dimethylcarbamyl chloridelg5, which is known to favour 
ionization reactions in water132. Similarly, the rates of solvoiysis of ethyl 
chloroformate in acetonitrile-water mixtures were unchanged by addition 
of silver per~hloratel~'. In this section, we will concentrate on those 
silver-ion-assisted reactions which take place in the presence of a weakly 
nucleophilic or non-nucleophilic counter-ion, and which proceed many 
orders of magnitude faster than the corresponding reactions in the absence 
of silver ion. The most inert of the counter-ions which have been investi- 
gated is the essentially non-nucleophilic hexafluoroantimonate. The 
fluoborate is quite useful but it is much easier to extract a fluoride ion'". 
Tlus property of fluoborate is quite well known and a standard preparation 
of fluoroaromatics is by decomposition of the appropriate diazonium 
fluoborate. Perchlorate is not compietely non-nucleophilic. It competes 
successfully against benzene in silver-ion-assisted reaction of methyl 
iodidSv7, and its effectiveness as a competitor in silver-ion-assisted 
reactions of alkyl chloroformates in benzene can lead to useful mechanistic 
information. 

These silver-ion-assisted reactions can fornzafly be considered 
as proceeding through carboxyliurn ions (ROCO'). It has been 
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shown196* l S 8 9  lQD that the reactions have many points of resemblance to 
diazonium-ion reactions and, in som.: instances, to Friedel-Crafts 
reactions. They afford routes to aliphatic carbonium ions of high energy 
which are often difficult to prepare in other ways. For examplelg6, 
I-apocamphanyl chloroformate will react quite readily with silver 
fluoborate in chlorobenzene at ambient temperatures. Under identical 
conditions, l-apocamphanyl chloride is unreactive. It is, however, possible 
to deanunate 1 -am.inoapocamphane200. The reaction yieldslgO* 198 52% of 
l-apocamphanyl fluoride and 24% of a mixture of isomers of (1- 
apocamphanyl) chlorobenzene (40% ortho, 32% ineta and 28% para) and 
10% of I-apocamphanyl chloride. Under Friedel-Crafts conditions, with 
boron trifluoride in chlorobenzene at 50-60", 1-apocamphanyl chloro- 
formate will react to give 48% I-apocamphanyl chloride and 18% of a 
mixture of isomers of (I-apocaniphanyl) c h l o r ~ b e n z e n e ~ ~ ~ ~  lS9. 

-With silver hexafluoroanrimonate subsiiiuted for silver Auoborate, 
the yield of isomers of (1-apocamphanyl) chlorobenzene was raised to 
8l%ls8* lS9 and the percentage composition was essentially unchanged; 
there was also 17% l-apocamphanyl chloride and less than 5% 
1-apocamphaiiyl fluoride. In the presence of two equivalents of the base 
tetramethylurea the yield of 1 -apocamphanyl fluoride was raised to 29%. 
The isomer distribution of the (l-apocamphanyl) chlorobenzenes was 
identical when produced by action of either nitrosyl chloride or nitrosyl 
hexafluoroantimonate with I -aininoapocamphane in chlorobenzene or 
when produced by the action of silver fluoborate with l-apocamphanyl 
chlorosulphinate in chlorobenzene. The identical isomer distribution 
from these five reactions in chlorobenzene strongly suggests that they 
proceed through a common intermediate : the 1-apocamphanyl carbonium 
ion. 

In  nitrobenzene, silver hexafluoroantimonate reacted readily with 
l-apocamphanyl chlorofomxite to give a 24% yield of m-( l-apocamphanyl) 
nitrobenzene and 16% of l-apocamphanyl chloridelS8. lg9. 

OCOCI 

NO2 

Reaction of I-aminoapocamphane with nitrosyl chloride in nitrobenzene 
gave 4% of ni-(l-apocamphanyl) nitrobenzene. This novel alkylation of 
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nitrobenzene, to give the nzeta isomer, confirmed that attack was by a 
cationic (and not a radical) species. I: has subsequently been found that 
1-adamantyl chloroformate reacts with silver hexafluorantirnonate in 
nitrobenzene to give nz-( 1-adamantyl) nitrobenzene". 

Aryl chloroformates in reaction with silver fluoborate or  silver 
liexafluoroantiinonate do not give any products resulting from fission of 
the aryl-oxygen bond'"# ID9. Reaction of phenyl chloroformate with 
silver fluoborate in refluxing chlorobenzene gave a 46% isolated yield of 
the fluoroformate. In the presence of tetramethylurea, an 82% yield of 
phenyl N,N-dimethylcarbamate was isolated. Abstraction of a fluoride ion 
from fluoborate by acylium ions is well documentedzo1P 202. 

Both cyclohexyl chloroformate and cyclohexyl chloride gave an overall 
81% (39% orrho, 6% mera and 55% pnra) of cycloliexylchlorobenzene on 
treatment wit11 silver fluoborate in chlorobenzene at room temperature199. 
Hov.evtr, the ring-alkylation products are probablv farmed via cyclohexene 
which, in the presence of simultaneously produced Auoboric acid, can 
alkylate the chlorobenzene. Indeed, in the presence of two equivalents of 
tetramethylurea, cyclohexyl chloroformate produced only 0.5% cyclo- 
hexylchlorobenzenes, together with 27% cyclohexene, 48% cyclohexyl 
fluoride and 13% cyclohexyl chloride ! Reactions of n-propyl chloroformate 
and n-propyl chloride show similar behaviour. In the absence of added 
base, both give the same ratio of ortlzo and para-isopropylchlorobenzenes 
(47 : 53) but, under ide-itical conditions, the chloroformate gave 56% (84% 
silver chloride) and the chloride 6% (13% silver chloride); less than 1% 
propene was identified. Again, the presence of two equivalents of 
tetramethylurea cut down the ring-alkylation products to less than 1%. 
With silver hexafluoroantimonate, in the presence of two equivalents of 
tetrametliylurea, 47.5% propene was identified. A comparison of these 
studies with and without added base (towards which the chloroformate 
esters are unreactive) shows very clearly the need, when acid is con- 
currently produced, to consider subsequent reactions of initially formed 
alkenes. 

A kinetic and product study203 of the reactions of alkyl and arylalkyl 
chloroformates with silver perchlorate in benzene at 25.0" has been carried 
out. Phenyl chloroformate was inert under these conditions. 

ROCIO, -I- R'OCIO, 
AgCIO, t 

ROCOCl 4> alkene + HCIO, ---+ polymer 
,1CcHc 

RC,H, + R'C,H,(+HCIO,) 
b 
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Due to the explosive properties of alkyl perch1orates2O4, product. isolaiion 
was not attempted. The p.m.r. spectra of the aliphatic protons in the 
product solutions were integrated, after addition of a known concen- 
tration of toluene as an internal integration standard. The products 
identified and the percentage conversion to these products are indicated 
in Table 7. The only products identified were alkylbenzene and alkyl 

TABLE 7. Percentages of products identified in the p.m.r. 
spectra after reaction of 0 . 1 6 ~  chloroformate esters 
(ROCOCI) with 0 . 2 0 ~  silver perchlorate in berzene at 

25.0" 

R ROCIO, RCsHG R'OC103 R'C,H6 

Me 86" 14" 
Et 47 37 
n-Pr 7OC 1 o c  

isoPr 70 10 
isoBu O b  Ob 3 7 d  

a No toluene added, thesc percentages are ratios. 
b No evidence for methylene doublet of isobutyl group. 
c Isopropyl derivatives. 

t-Butylbenzene. 

perchlorate; carbonium-ion rearrangements were observed with appro- 
priate alkyl groups. In some instances the jnitially colourless solution 
became brown. The lack of material balance may be due in some instances 
to polymerization (when unidentified peaks are present) and in others due 
to loss of alkene vapoui from the loosely stoppered reaction mixture. 

In general, much of the alkylbenzene (and perchlorate ester?) may well 
be formed via an acid-promoted alkylation involving initially formed 
aikenelg9. However, the toluene formation, ivhen methyl chloroformate is 
the substrate, shows that direct alkylation can compete with collapse to 
perchlorate ester. Reaction of rnethy1lg7 or iodide with silver 
perchlorate in benzene leads only to the perchlorate ester, without any 
benzene alkylation. This difference in behaviour is nicely consistent with 
the diazonium-ion analogy for chloroformate-silvcr ion  reaction^'^^^ lg9. 

It is well established that carbonium ions formed from diazonium ions 
are 'hot' and less selective than those formed from alkyl ha1ides2OG. 

Initial second-order rate coefficients were found io ine:ease in value 
with the initial silver perchlorate concentration (0-01-0-07~). Typical 
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kinetic data are reporicd in Table 8. Rate-determining attack by perchlorate 
ion at  the acyl carbon, followed by fast precipitation of silver chloride 
and progress to stable products, would give a fast reaction for phenyl 

TABLE 8. Initial second-order rate coefficients", 
kn, for reaction of O - l h i  chloroforniate esters 
(ROCOCI) with 0.035~ silver perchlorate in 
benzene at 25*0", and the relative rates of reaction 

R 10"/lc2 (I/mole-s) Relaiive rateb 

Methyl 
Ethyl 
Ally1 
n-Propyl 
Isopropyl 
Isobutyl 
Benzyl 
p-Ni tro benzyl 
Cholesteryl 
Cholestanyl 

0.0113 
0.49 
0-76 
0.48 

30.0 
0.4 1 
2.5 
0.058 

13.1 
26.0 

0.022 
1 *00 
1 -4s 
0.94 

58.0 
0.84 
4.8 
0-1 14 

25.0 
52.0 

a d[AgCl]/dt = k,[ROCOCl][AgCIO,]. 
Calculated at 0.0165, 0.035 and 0.070~ [AgCIO,] and a mean value taken. 

chlol oformate, which is inert under the experimsntal conditions. A 
mechanism with well-developed ionization character is indicated by the 
considerably fister reaction of isopropyl chloroformate, relative to primary 
alkyl chloroformates. A silver-ion-assisted reaction with concurrent Sx2 
attack at the a-carbon of the R group is ruled out by almost identical rates 
for ethyl, 12-propyl and isobutyl chloroformates, a series of alkyl derivatives 
for which steric hindrance to SN2 attack would increast- apI;i&ab!j.. 
The observation of extensive carbonium-ion-type rearrangements with 
both n-propyl and isobutyl chloroformates would appear to rule out 
either Sx2. attack of the above type or a fast SN2 attack upon a prefoimed 
carboxylium ion. 

The extensive carbonium-ion rearrangements and the absence of any 
benzoate ester product would appear to require one or the other of two 
basic reaction paths. In the low polarity solvent, benzene, these reactions 
almost certainly involve aggregates and the following schemes are intended 
only to  indicate the basic features. The first scheme involves a silver-ion- 
assisted ionization, t o  give a cmboxylium ion, which can be followed by 
loss of carbon dioxide: 

ROCOCI + A g +  slO'v > (ROCO)+ + CI -Ag+  fnrt -, R+ + CO, + CI-Ag' 
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The second scheme involves a silver-ion-assisted ionization-fmgmentation 
process to yield the carboniuin ion directly : 

ROCOCI + Ag+ a R +  + CO, + CI-Ag+ 

Along the a-methylated series (methyl, ethyl and isopropyl) the rate 
differences are quite large. However, in the absence of suitable models, it 
is not possible to decide whether the magnitudes correlate with inductive 
stabilization of a proximate or  a remote positive charge. Benzyl chloro- 
fonnate is an  important member of the series. The phenyl group would be 
expected to stabilize positive charge development at  the a-carbon by a 
conjugative mesomeric effect207 but its effect upon a remote positive 
charge should be one of destabilization, due to its electron-withdrawing 
inductive effect; the polar substituent constants ( P )  are +0.215 for 
benzyl, zero for methyl (by definition) and -0.190 for isopropy1208. The 
observation that benzyl chloroformate reacts about 200 times faster 
ihan methyl chioroformate suggests, at least for benzyi chloroformate, 
appreciable charge development at  the a-carbon. Consistent with this 
proposal, a p-nitro-group reduces the rate of reaction of benzyl chloro- 
formate by a fairly large factor. On the other hand, ally1 chloroformate, 
despite the mesomeric stabilization of an  incipient carbonium ion, reacts 
only some 50% faster than n-propyl chloroformate. Also, benzyl chloro- 
formate reacts about 12 times slower than isopropyl chloroformate, in 
contrast to a faster reaction by a factor of about 60 for the corresponding 
chlorides under the same reaction conditions. 

The available evidence can best be accommodated by a transition state 
of varying structure in which both carbon-oxygen and carbon-chlorine 
heterolyses can have progressed to varying degrees. 

6+ - s -  
R...O-C...CI AS+ 

II 
0 

A possible alternative to this mechanism would involve slow reaction to a 
(ROCO)+Cl-Ag+ ion triplet, and with a fast internal return of chloride 
occasionally circumvented by loss of carbon dioxide, followed by reaction 
to products. The overall rate would again be a function of the ease of both 
carbon-oxygen and carbon-chlorine heterolyses. 

Aryl chlcroformates will react with silver ion only at elevated tempera- 
ture, to give products with the aryl-oxygen bond retainedlgg. These 
reactions can be considered as lying at one extreme of a spectrum of 
mechanisms with varying amounts of R-0 and C-Cl heterolyses in the 
transition state of the rate-determining step. Benzyl chloroformate, with 
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its high reactivity relative to methyl chloroformate and its large sensitivity 
to ring substitution, probably has appreciable R-0 bond heterolysis at 
the transition sPate. However, the low reactivity relative to isopropyl 
suggests that C-Cl bond heterolysis is also well developed; this heterolysis 
will be hindered by a remote phenyl group but assisted by a remote 
isopropyl group. If one is prepared to discount the possibility of fast 
internal return from an ion triplet, the reaction with benzyl chloroformate 
is probably best represented as by-passing the carboxylium ion and 
proceeding directly to the carbonium ion. Indeed, for alkyl and arylalkyl 
chloroformates, the physical difference between the two pathways may be 
quitc small, with the difficult, and quite common, task of attempting to 
determine whether or not extremely unstable intermediates exist along the 
reaction pathway. 

Analogous mechanisms can no doubt be applied to Friedel-Crafts 
reactions of chloroformate esters. The same difference in behaviour 
between aryl and alkyl chlorofonnates is observed and carbonium-ion 
rearrangements are prevalent in both types of reaction. 

VIII. O T H E R  HALOFORMATES 

A. Preparation of Fluoroformates 
Relative to chloroformates, fluoroformates have increased thermal 

stabiiity209 and increased susceptibility to hydrolysis155. One major 
difficulty in preparation is the sensitivity to moisture, acids and bases. 

The majority of the fluoroformate syntheses involve an exchange of acyl 
chloride with inorganic fluoride. The basic difference in the two principal 
techniques is as to whether the sxchange is carried out at the phosgene 
(carbonyl chloride) stage or at the chloroformate ester stage. 

The first reported preparation of fluoroformate esters involved a very 
early use of thallium in organic synthesis. Treatment of methyl or ethyl 
chloroformate with powdered anhydrous thallous fluoride led to the 
corresponding fluoroformates210* 211. Subsequent modifications involved 
treatment with potassium fluoride in an autoclave at elevated temperatures 
to prepare methy1212 and ethyI2I3 fluoroformates. In both instances the 
yields were only fair and, after cooling, pressure measurements indicated 
appreciable decomposition. Olah and Pavlath214 used potassium fluoride 
in dry acetylacetone, with exposure to U.V. radiation, to convert ethyl 
chloroformate to the fluoroformate in 51% yield. Similar yields were 
obtained by Kitano and E-ukui2I5 in nitrobenzene and without irradiation. 
Anhydrous hydrogen fluoride2I6 and sodium fluoride in tetramethyl- 
enesulphone217 have also been employed. Nakanishi, Myers and .Tensen2I8 
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returned to the original use of thallous fluoride and synthesized several 
primary and sccondary alkyl and cycloalky; fluoroformates in 50-70% 
yields. In the syntheses of carbohydrate fluoroformates, it was found that 
Iower reaction times and better yields were obtained by refluxing with 
thallous fluoride in acetonitrile219. Green and Hudson16G prepared ethyl 
fluoroformate in 80% yield by stirring the chloroformate in carbon 
tetrachloride with an equivalent of dry ammonium fluoride in the presence 
of one-half an equivalent of acetamide. 

The alternative approach, introduced by Emeleus and Wood220, has been 
favoured by industrial research laboratories. I t  invol-ies treatment of the 
alcohol or phenol with either carbonyl fluoride (COF,) or carbonyl 
chlorofluoride (COCIF). Emeleus and Wood prepared both these carbonyl 
compounds by interaction, in an autoclave, of phosgene with an appro- 
priate amount of antimony trifluoride. Other inorganic fluorides which have 
been substituted include AsF, and SiF,221. A simple procedure for COF, 
involves interaction of phosgene with sodium fluoride in acetonitrileZz2. 

Emeleus and Wood prepared ethyl and phenyl fluoroformates by use of 
COF, in toluene or benzene, in the presence of a pyridine catalyst for the 
ethyl derivative and in an autoclave at loo", in the absence of catalyst, for 
the phenyl derivative. Reaction of ethanol with carbonyl chlorofluoride at 
solid carbon dioxide temperature gave ethyl fluoroformate and no ethyl 
chlorofornate; some diethyl carbonate was also formed. 

Carbonyl chlorofluoride has been found to be a versatile reagent. It 
has been used221*223 to prepare several aryl fluorofonnates from the 
corresponding phenols. In a typical experiment, the phenol was dissolved 
in toluene, in the presence of a tributylamine catalyst, and three equivalents 
of carbonyl chlorofluoride were added. After agitation for 5h at 50°, 
volatile products were bled off and the product vacuum distilled. The 
increased thermal stability of t-butyl fluoroformate, over that of t-butyl 
chlorofor~nate~~, has allowed it to be madez2" at reduced temperatures by 
interaction of t-butanol with COCIF. It is reasonably stable at  0". The 
p-methoxy- and 3,4,5-trimethoxy-benzyl fluoroformates were also pre- 
pared. 

With cyclic ethers, in the presence of suitable catalysts, COClF reacts 
to give w-chloroalkyl fluoroformates209. 

(CH,), 4- COClF ---+ CI(CH,),OCOF 

( 0 )  

Tertiary amines are good catalysts for 3- and 4-membered rings. For 
higher-membered rings, addition of ethylene glycol leads to Iiberation of 
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hydrogen chloride. The hydrogen chloride also serves as a catalyst, 
probably by ring opening to the alcohol which then reacts with the COClF 
(activated by the tertiary amine). 

Sheppard2e5 has prepared aryl fluoroformates by interaction of phenols 
with COF,. The phenol is placed in a pressure vessel, which is evacuated 
at  solid CO, temperature and a 25-50% mole excess of COF, added. After 
heating at 100-200" for 1-4 h, the residue is dissolved in methylene 
chloride and fractionated or recrystallized. The method has been extended 
to aliphatic fluoroformates with moderate success22G. Usually, the aliphatic 
fluoroformates were not isc!ited but were subjected to further reaction 
within the pressure vcssel. 

A related method for the preparation of primary and secondary alkyl 
and cycloalkyl fluoroformates involves reaction of the alcohols with 
carbonyl bromofluoride (COBrF). The COBrF was prepared from bromine 
trifluoride and carbon monoxide : 

BrF, + 2CO ------+ COBrF + COF, 

The subsequent reaction was started at -60" and completed at  30 to 40", 
no bromoformate was formed and yields were quite good2,'. 

C3BrF + ROH ----+ ROCOF + HBr 

TriAuoromethyl fluoroforniate has been prepared by insertion of carbon 
monoxide into trifluoromethyl hypofluorite, under the influence of U.V. 

radiation at 35". The reaction also progressed slowly in the dark at 90". 
It was believed to be a chain reaction involving the F,COCO* radical,". 

B. Physical Properties and Conformation of Fluoroformates 
Routine physical properties can be abstracted from appropriate 

references given in section VIII, A. The boiling points of methyl, ethyl 
and phenyl fluoroformates are some 30-40" less than for the corresponding 
chloroformates. Ethyl fluoroformate has a density marginally greater than 
water211. 

More sophisticated measurements include a study of the microwave 
spectrum of methyl fluorofoimatee2e", proton and fluorine n.m.r. and 
dipole moment studies in benzene solution for several fluoroformate 
estersyJ0, and a study of the fluorine n.m.r. in ethyl, methyl and isopropyl 
fluorofo rmatePl. 

The microwave spectroscopy report229 was of a preliminary nature. It 
included structures of type MeOCOX, where X was F, CN, C r C - H  
and CH,. A heavy atom skeleton cis-geometry was deduced for X = CN 
or C=C-H. This was in accord with related microwave122 and electron 

15 
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diffraction' O8 studies. Although the geometry was probably identical for 
X = F or CH,, the evidence was less clear-cut on account of 0, F and CH, 
having similar masses. The fluorine - 19 n.m.r. studym1 was as part of a 
wider study of acid fluorides. It was concluded that the major contributior, 
to the shielding of the fluorine nucleus was from conjugation transmitted 
through the carbonyl group, with the field effect of the substituent being 
of lesser importance. 

The dipole moment study in dilute benzene solution at  25.0" paralleled 
that reported earlier for chloroformate esters'". The dipole moments 
were uniformly higher, by about 0.2 D, than for the corresponding 
chlorofoimates. A similar vector-model bond-moment calculation to that 
carried out for methyl chloroformate120 predicted values of 2.33 D for the 
trans (carbonyl oxygen relative to methyl) conformation and 1.64 D for 
the cis conformation of methyl fluoroformate. The experimental value 
(2-61 D) is actually considerably higher ihan cither of these vahies, 
bringing to mind the adverse comments, by LeFkvre and co-workerslm, 
about this type of calculation. It was concluded that the fluoroformate is 
probably in the trms conformation; the value calculated for this confor- 
mation is the closest to the experimental value. The results of proton aRd 
fluorine n.m.r. mexuremerits support the trans conformation only if a 
'through-space' coupling mechanism is assumed for the long-range spin- 
coupling (&$). However, comparison of methyl group signals in 
methyl and ethyl fluoroformates show one broadened signal for the 
methyl and spin-spin coupling for the ethyl compound ; this suggests that 
the number of intervening bonds (4 or 5 )  is the critical factor. Methyl, 
ethyl, n-propyl, n-butyl, n-pentyl and phenyl fluoroformates were examined 
in these studies. 

The conformation is clearly far from being well established. Possibly, 
with further refinement, the microwave spectroscopy will 
eventually give a conclusive answer. 

C. Chemical Properties of Fla~oraformates 
Although it is generally accepted that fluoroformates are thermally 

more stable than corresponding chloroformates209, there does not appear 
to have been any quantitative comparison. Aryl fluoroformates are not 
decomposed to aryl fluorides by basic catalysts such as pyridine or Lewis 
acid catalysts such as boron trifluoride-etherate, which are effective for 
alkjjl fluoroformates218* 232. Some carbon dioxide is evolved but the 
decomposition products are high-boiling and apparently consist of polymer 
and carbonatem. Decomposition can be smoothly effected221* 223 by passing 
the gaseous vapours through a. quartz tube containing platinum gauze 
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maintained at  temperatures of 660-790". The rate and course of the reaction 
are very sensitive to the nature of the walls of the vessel and the packing 
material221. Phenol and tars can be troublesome side-products. However:, 
under the conditions described above, yields of aryl fluoride can be in 
excess of 90%. An SNi-type mechanism was proposed223. However, in view 
of the obvious heterogeneity of the reaction, any detailed mechanism 
would have to include the nature of the surface effects. 

Alkyl fluoroformates can readily be decomposed to alkyl fluorides. On 
heating at 70-80" with an equimolar amount of pyridine, ethyl, isopropyl, 
sec-butyl and cyclohexyl chloroformates decomposed to give 60-75% 
yields of the corresponding fluoridese1s, presumably by the following 
pathway : 

Cyclopentyl fluoroformate did not decompose to givc the fluoride. 
Boron trifluoride-etherate was found to be very effective for decomposing 

these alkyl fluoroformates, including cyclopentyl f l uo ro f~ r rna te~~~ .  
Decomposition occurred readily, even a t  ice-bath temperature. Indeed, 
these Lewis acid-catalysed decompositions took place considerably more 
readily than the corresponding reactions of chloroformates, where 
temperatures of 60-90" were required. Boron trifluoride catalysis has also 
been used to decompose w-chloroalkyl fluoroformates to the corres- 
ponding w-chloroalkyl fluorides (on passing the vapour over a metal-oxide 
catalyst, these can be dehydrochlorinated to give u-fluoroalkenes)209. 
t-Butyl fluoroformate is sufficiently stable at low temperatures for 
prcparation and use224, at  p H  7-10, in the synthesis of amino-acid 
derivatives3, 4. 

In 8S% aqueous acetone at  0", ethyl fluorofomate ~olvolyses*~~ with a 
specific rate of 46 x s-l. Under identical conditions, ethyl chlorofor- 
mate has a specific rate of 1-6 x s-'. A previous study234, in aqueous 
acetone, had shown rate ratios favouring the chloro-compound (RCl/RF) 
of from lo6 for triphenylmethyl halides, lo4 for acetyl halides and less 
than lo2 for benzoyl halides. However, for reaction with hydroxide ion, 
benzoyl fluoride reacted some 40% faster than benzoyl cliloride. These 
ratios were rationaked in terms of the relative extents of C-X bond 
breaking (C-F stronger than C-Cl) and 0-C bond making (carbon 
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more electron-deficient with C-F than with C--1) at the transition 
state. Consistent with this view, nucleophilic aromatic substitution at  a 
C-X bond, in cases where the transition state of the rate-determining 
step is considered to involve bond making to carbon with only a cliange in 
hybridization of the C-X bond, favours RF over RCl by a large factorm5. 
With ethyl haloformates, the RCl/RF rate ratio of significantly less than 
unity requires a transition state in which C-0 bond making is con- 
siderably progressed relative to C-X bond breaking and this is nicely 
consistent with an addition-elimination mechanism progressing through a 
tetrahedral intermediate. Conversely, the RCl/RF rate ratios of appreciably 
greater than unity for acetyl and benzoyl halides suggest a fundamental 
differencr: in solvolysis mechanisrii for these compounds, and they throw 
considerable doubt upon the validity of extending conclusions leached 
for chlorofonnatc ester sclvolyses to other acid-chloride solvolyses. 
Consistent with the previously determined ratioszM, dimethylcarbamyl 
chloride, which has lg5 been shown to solvolyse in 
water by an ionization mechanism, 

t (CH3)zNCO+ 4- CI- SlOlV (CH3),NCOCI 

solvolyses about I OG times faster than the corresponding fluoride235. 
Ethyl fluoroformate can be reduced to fluoromethanol by lithium 

aluminium hydride in dry diethyl ether"'. 
Fluoroformates have been used as intermediates in the syntheses of aryl 

and suitably substituted alkyl trifluoromcthyl ethers. The synthesis of aiyl 
trifluoromethyl ethers is a general onezz5. The fluoroformate is reacted 
with sulphur tetrafluoride in a pressure vessel at autogeneous pressure and 
temperatures of 160-175" for several hoim, in the presence ofan anhydrous 
hydrogen fluoride catalyst. After removal of hydrogen fluoride by a base 
wash or by sodium fluoride, yields of 50-800/, were isolated in pure form 
by  distillation. A parallel synthesis can be conducted with the fluorine of 
the fluorofomate replaced by a perfluoroalkyl group. 

With alkyl fluoroformateP thc reaction is not a general one but is 
restricted to an initial choice of alcohols with electron-withdrawing 
substituents on the p-carbon. The intermediate fluoroformate and the 
hydrogen fluoride, formed simultaneously in the synthesis from alcohol 
and carbonyl fluoride, were immediately reacted with sulphur tetrafluoride. 
With one electronegative substitucnt, overall yields were 3040% and, 
with three, they were increased to 50-60%. \Methanol did progress to 
methyl trifluoromethyl ether (29%) but other unsubstituted alcohols gave 
only tars or carbonaceous products. 
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14. Bromoformates and fodoformates 

Although bromoformates were first reported23B prior to fluorofor- 
mates2'** ?ll, very Iittle work has been done with these compounds. The 
preparation involved treatment of the respective alcohol in dry diethyl 
ether, or petroleum ether, with carbonyl bromide and subsequent distil- 
lation of the ether layer at reduced pressures. In this way ethyl, propyl, 
isopentyl and benzyl bromoformates were prepared as transparent liquids. 
Protected from moisture, they were of moderate thermal stability. By 
comparison with the relative stabilities of chlorcformate esters, the ability 
to prepare and distil (96" boiling point st 9 mm) benzyl biomoformate 
suggests that many bromofomate esters should be quite stable. Indeed, 
for ethyl bromoformate an atmospheric pressure boiling point of 116" was 
measured. Reaction of carbonyl bromide with 8-hydroxyquinoline led, 
however, not to the bromofonnate but to a mixture of 5-bromo- and 
5,7-dibromo-8-hydroxyquinoline. 

There has been very little subsequent work with these compounds. 
Bromoformates of polyethylene glycols have been prepared by interaction 
with carbonyl bromide?39 and ethyl bromoformate has been included in a 
study of nuclear quadrupole resonance spectra of 35Cl- and iSBr-containing 
compounds2". 

Iodoformates do not appear to have been characterized. There is one 
reference in Chemicnl Abstracts to an iodoformateBil. TlGs is a reference 
to a patent dealing with aryl haloformate inhibition of the polymerization 
of vinyl chloride. It is possible that this ester, y-nitrophenyl iodoformate, 
is claimed as a member of a class without having been individually 
investigated. However, in view of the reasonable stability of alkyl and 
arylalkyl bromofomates238, preparation of the more stable members of 
the iodoformate family may well be feasible. Reaction of cholesteryl 
chloroformate with sodium iodide in acetone, at 35", led to cholesteryl 
iodidelGO. This was anticipated, because the iodoformate of this secondary 
system, with the additional possibility of neighbouring group participation 
in carbonium-ion formation, would be expected to be one of the less 
stable iodoformate esters. 

IX. HALQGYLQXALATES 

A. Introduction 
The haloglyoxalate nomenclature, for compounds ofthe type ROCOCOX, 

is consistent with the haloformate nomenclature for compounds of the 
type ROCOX. It is the nomenclature employed in Chetnicaf Abstrncts. 
It visualixs the replacement of the hydrogen of glyoxalic acid by a halogen. 
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An alternative naming, as halooxalates, is parallel to the naming of 
compounds of type ROCOX as halocarbonates. This naming visualizes 
the replacement of a hydroxyl group of oxalic acid by a halogen. Related 
to the latter nomenclature is the naming as alkyl or aryl cxaly! halides or 
as the abbreviated form, alkoxal yl or aroxalyI halides. 

The presence of a second carbonyl group leads to important modifi- 
cations of the properties, relative to halofonnates. The i.r. spectrum now 
shows two distinct carbonyl-stretching frequencies, which have been 
documented for the ethyl, n-octyl and phenyl chIoroglyoxalates~2. 

Only chloroglyoxalates have been subjected to detailed investigation. 
Ethyl fluoroglyoxalate has been prepared by reaction of EtOCOCOOH 
with potassium hydrogen f l~o r ide~3 .  Bromoglyoxalates and iodogly- 
oxalates do not appear to have been reported. 

Considerable work has been carried out on derivatives of h.log!y- 
oxalate esters. Important derivatives are 2-substituted oximes, serni- 
carbazones and arylhydrazoiies of the type : 

R- 0- C--C=N-Z 
I 1  I 
o x  

where X = C1 or Br and Z = -OH, -NHCONH2 or -NHAr. Several 
procedures are available for synthesis of these compounds, but these do 
not pas; through the haloglyoxalate. The 2-oxime of ethyl chlorogly- 
oxalate can bz converted to the corresponding iodo-compound by treat- 
ment with sodium iodide in acetone2". These derivatives have been widely 
used in the syntheses of a variety of heterocyclic systems. Frequently, the 
bromine or chlorine is introduced as the final step in their preparation245. 
In other syntheses, it is already present in the reactants; for 

MeOH, 0' 
p-NO,C,H,N,X + N,CHCO,Et ____f p-NO,CGH,NHN=C-COpEt 

I 
X 

The extensive chemistry of these derivatives would be out of place in a 
volume devoted to carbonyl halides and only the preparation and reactions 
of the 'parent' haloglyoxalates will be discussed. 

B. Preparation of Chloroglyoxalates 

Three basic techniques exist for the preparation of cllloroglyoxalates 
end all have beeii used quite extensively. The references given for the uses 
of the various techniques are not intended to be all inclusive. 

Interaction of the alcoho12'12* 247 or  phenol2'I2 with commercially 
available oxalyl chloride is a reasonably good procedure. The main 
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disadvantage is the tcndency for further reaction to give the d i o ~ a l a t e ~ ~ ~ .  
An inert diluent such as diethyl ether2'12 or ch lorof~r rn~~ '  can be used and 
the reaction can be accelerated, and hydrogen chloride driven off, by use 
of a steam bath2". A good procedure is to treat the oxalyl chloride with 
an equivalent of the alcohol. added dr~pwise '~~ .  Ally], cyclohexyl , octyl, 
menthyl, cetyl and p-nitrobenzyl esters were prepared in this way. 

A second method involves treatment of the appropriate dialkyl oxalate 
with phosphorus pentachl~ride'~~. For the preparation of ethyl chlorogly- 
oxalate, this was the method favoured by BarrC249. The reaction proceeds 
through an alkyl alkoxydichloroacctate2". 

ROCOCOOR + PCI, - z ROCCI,COOR + POCI, 

ROCCI,COOR - z CICOCOOR + RCI 

The third method involves interaction of the monosubstituted oxalic 
acid, or the potassium salt of this acid, with thionyl chloride. Ethyl 
chloroglyoxalate has been made by treatment of diethyl oxalate with 
excess anhydrous oxalic acid at 130" to give the monosubstituted acid, 
which was then converted to the chloroglyoxalate by heating with thionyl 
ch10ride~~l. This method of preparation of ethyl chloroglyoxalate has also 
been used by Bergmann and Kaimus252. More usually, this procedure has 
involved preparation, and reaction with thionyl chloride, of the potassium 
salt. Southwick and Seivard?= considered this method to be superior to 
the reaction with phosphorus pentachloride. Dialkyl oxalate is treated 
with an equivalent amount of potassiuni acetate, in the appropriate 
alcohol, to give the potassium salt of the monosubstituted acid: 

ROH 
(COOR), i- KOAc - COOR -t ROAc 

I 
COO- K+ 

Heating with thionyl chloride on a steam bath led to the methyl or ethyl 
chloroglyoxalates. Overberger and Gainerzs4 used basically the same 
procedure, but with petroleum ether as a diluent in the second step. This 
reaction has been used in other work for preparation of methyl2", 
n -butyP and n - h e ~ y l ~ ~ ~  chloroglyoxalates. It would appear to be re- 
stricted, however, to substrates which allow bimolecular attack of acetate 
at the a-carbon of the R group. The most general procedure is the inter- 
action of the alcohol or phenol with oxalyl chloride, and this was the 
method chosen for the synthesis of I-adamantyl chIoroglyoxalatel'6. 

C. Reactions of Chiorogiyoxaiates 
The carbonyl-bound chlorine is very susceptible to nucleophilic dis- 

placement. Hydrolysis leads to the corresponding monosubstituted acids. 
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Unlike the monosubstituted carbonic acids, these half-esters can be 
isolated if the calculated amount of water is used. With excess water, 
further hydrolysis to alcohol or  phenol and oxalic acid can occur267. 
With alcohols or phenols, disubstituted oxalate esters are produceP2. 
Quinoline was found to be a useful catalyst and hydrogen chloride 
acceptor, especially for the reactions with phenols. It is of interest that 
1 -adamantyl chloroglyoxalate solvolyses in methanol to give the mixed 
oxalate esterliG. This is in contrast to the solvoiysis-decomposition, to 
give the methyl ether and the chloride, which was observed for 1-adamantyl 
chloroformate under identical conditionsl’l. This is just one example, 
several more are given below, of the tendency for chloroglyoxalates to 
retain the (-OCOCO-) unit under reaction conditions where chloro- 
formates eject their (-OCO-) unit as carbon dio.tide. Nucleophilic 
displacement of chloride occurs readily with amines and their derivativeszs3. 

Nucleophilic displacement by the potassium salt of the half-ester leads 
to anhydrides. Methoxalic acid anhydride, prepared in this way is highly 
active and useful for hydroxyl group dete-r~ninations~”. 

CH,OCOCOCI + K(OOCCOOCH,) -----+ (CH,OCOCO),O + KCI 

Friedel-Crafts reactions of alkyl chloroglyoxalates are further examples 
of reactions proceeding without loss of the (-OCOCO-) unit, under 
conditions where chloroformates react with loss of the (-OCO-) unit. 
Bertzs8 showed that, in the presence of aluminium chloride, ethyl clloro- 
glyoxalate reacts with cumene to give the para-substituted derivative : 

AlClp EtOCOCOCl + (CH3),CHC6H5 -> p-(CH,),CHC,H,COCO,Et 

In cold nitrobenzene, a similar reaction occurs with benzene, to give a 
53% yield of ethyl phenylglyoxalate. Other ethyl arylglyoxalates were 
similarly produced in 70-80% yields. These arylglyoxalates can be 
catalytically reduced to mandelates (ArCH(OH)C02Et)z50. This technique 
has also been used for p-reaction with anisolez5*. 

Using aluminium chloride in carbon disulphide as catalyst, 1,2,3- 
trimethoxybenzene was reacted with ethyl chloroglyoxalate for 5 h at 
water-bath temperature. The CS, was removed, the mixture treated with 
ice-cold HCI and the oil taken up into diethyl ether. The resultant ethyl 
ester ef 2-hydrox~-3,4-dimethoxyphenylglyoxalate was saponified to the 
free acid, which was ring-closed by dehydration in acetic anhydride, at 
temperatures below 120°, to give the c o u m a r a n d i ~ n e ~ ~ ~ .  
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A simpler procedure to several coumarandioiies is the direct reaction of 
aryl chloroglyoxalates with aluminium chloride in carbon disulpkideZG0. 
These ring closures can be considered as intramolecular Friedel-Crafts 
reactions. Only the more stable coumarandiones were isolated in good 
yield. In other systems, products which can be visualized as resulting from 
a subsequent hydrolytic ring-opening were isolated. Reaction of rn-tolyl 
chloroglyoxalate led to approximately 50% of 6-methylcoumarandione. 
However, phenyl chloroglyoxalate gave primarily o-HOCGH,,COCO,H 
and the decarbonylation product, o-HOC,H,CO,H. 

The reaction of organocadmium compounds with chloroglyoxalate 
esters would be expected to provide a convenient route to a-keto-esters. 
Gilman and Nelson2'j1 isolated, from the addition of ethyl chloroglyoxalate 
to an ij2 silu preparation of diethylcadmium, the a-hydroxyester, pre- 
sumably formed by further reaction of the a-keto-ester. 

c 
EtOCOCOCl CdEts r EtOCOCOEt CdE:tz z EtOCOC(OH)Et, 

Stacey and McCurdyZG2 attempted to limit the second reaction by a slow 
addition of the organocadmium compound to the ethyl chloroglyoxdate. 
They isolated only traces of the keto-cster and primarily the ethoxalyl 
derivative of the a-hydroxyester ; further reaction occurs, in this case, due 
to the presence of excess ethyl chloroglyoxalate. They did manage to 
increase yields of a-keto-ester by introduction of bulky groups into the 
organocadniium compound; 7% with diisobutylcadmium, 22% with 
di-p-tolylcadmium and 50% with di-o-tolylcadmium. 

K o l l ~ n i t s c h ~ ~ ~ ,  investigating the reactivity of organocadmium com- 
pounds in general, found that the in situ preparations, which had always 
been prepared from the Grignard reagent and a cadmium. halide, were 
unusually active due to the operation of a catalytic salt effect. The 
catalysis by simultaneously formed magnesium halide was especially 
powerful. The catalysis by lithium salts was found to be milder in character 
and sufficient to lead to the a-keto-ester but not for any appreciable 
further reaction. When it-butyl lithium was reacted with cadmium bromide 
in ether at - 30°, the ether removed by distillation, and tetrahydrofuran 
substituted, addition of this solution to ethyl chloroglyoxalate led to a 
70% yield of ethyl a-ketohexanoate. In a similar way, dimethylcadmium, 
activated by lithium bromide, gave a 51% yield of ethyl pyruvate. 

The reaction of ethyl chloroglyoxalate with ketene is best carried 
out in liquid sulphur dioxide. Treating the resultant acid chloride 
solution with ethanol gave a fairly good yield of ethyl ethoxalylacetate 
(Et02CCOCH2C02Et)26** 265. 
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A new class of /3-y-unsaturated a-keto-esters has been prepared by the 
reaction, for 2 h at 180", of two equivalents of ethyl chloroglyoxalate with 
one equivalent of 1 , I-diphenylethylene or the p-cldoro-derivative262. 

(p-CIC,H,),C=CH, $- EtOCOCOCl - (p-CIC,H,),C=CHCOCO,Et 

Irradiation of ethyl chloroglyoxalate in a quartz tube by an unfiltered 
high-pressure mercury arc (600 W), in an atmosphere of nitrogen, was 
carried out in the presence of various alkenes2G6. With norbornene, carbon 
monoxide, carbon dioxide, ethane and ethylene were evolved, and the 
liquid products were diethyl oxalate (1 679, ethyl norbornane-exo-2- 
carboxylate (27%) and a derivative of norbornane-traws-2,3-dicarboxylic 
acid, with one acid function as the ethyl ester and the other as the acid 
chloride (32%). Similar photochemical reaction with I-hexene and 
1-octene gave 10-1 5% of the n-alkylsuccinic acid derivatives. 

7. 

L ne foliowing mechanism was proposed : 

hv 
ClCOCOOEt %OCl + %OOEt (I) 

\ /  I I  

I I  
,c=c,+ I .C-C-(II) 

COOEt 

I I  

I I  
ClCO COOEt 

I I  
-C-C- 

I I  
H COOEt 

I1 + ClCOCOOEt ---+ -C-C- + I 

It + a hydrogen donor --++ 

The investigation has been extended to attack upon cyclohexane, 
cyclohexene and toluene267. In cyclohexane, a cyclohexyl radical is 
believed to  attack at the carbon of the acid chloride function, to cause a 
chain reaction. Cyclohexanecarbonyl chloride (5  1%) and ethyl cyclo- 
hexylglyoxslate (2-3%) were formed as the major products. The same 
major products were obtained, in similar amounts, when the reaction was 
initiated by dibenzoyl peroxide. The minor products were, however, 
different. With cyclohexene and toluene the material balance was not 
good but the products identified suggested that cyclohexen-3-yl and 
benzyl radicals were unable, under the reaction conditions employed, to 
attack ethyl chloroglyoxalate. 

Rhoads and MichelZ7 have investigated the thermal decomposition of 
several chloroglyoxalate esters. With pyridine present, ethyl, n-butyl, 
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sec-octyl and a-phenethyl chloroglyoxalates decomposed readily to give 
high yields of the corresponding chlorides. With opticr,lly active sec-octyl 
and a-phenethyl esters, it was possible to show a clean inversion of 
configuration. The mechanism was formulated as paralleling the similar 
pyridine-catalysed decompositions of chloroformate 52. 

With pyridine absent, ethyl, n-butyl and sec-octyl chlorcglyoxalates 
were found to be stable, both in the neat phase and in a variety of solvents, 
at  temperatures of up to 250". The cY-phenethyl chloroglyoxalate decom- 
posed in the neat state at 125" to give 40% styrene and 60% a-phenethyl 
chloride, formed with extensive racem-ization and a small degree of 
retention of configuration. In nitrobenzene at  IOS", the percentage of 
chloride was 90%, formed with at least 60% retention of configuration 
(40% or less racemization). The relative rates in nitrobenzene, bis- 
(Zmethoxyethyl) ether and tetralin were as 13-6 : 2.34 : 1. 

With 1-adamantyl chlorogly~xalate'~~, decomposition of the solid, 
on standing at room temperature for 2 months, gave a little tar and 
1-adamantyl chloride (80%) was isolated. In solution the decomposition 
was less clean. In nitrobenzene, 94% of the hydrogen chloride assayed 
after addition to methanol disappeared after 76 h at 95" and only a little 
tar was produced. In benzene, appreciable amounts of tar were formed 
and, after several recrystallizations from metlianol, a 13% yield of 
1-phenyladamantane was isolated. In n-decane, much tar was formed and 
a new carbonyl peak appeared in the i.r. spectrum of the solution. Although 
the analytical technique employed was strictly applicable only to reactions 
proceeding to 1-adamantyl chloride, the decompositions were appreciably 
slower, and the solvent polarity effect was much less, than for 1-adamantyl 
~hloroformate~~.  

Rhoads and MichelZ7 pointed out that rate-determining alkyl (or 
aralky1)-oxygen bond fission would require a chloroglyoxalate to have a 
decomposition rate intermediate between those of the Corresponding 
chloroformate and chlorosulphinate. To explain the much slower rates, 
they suggested that carbon-chlorine bond fission was also an important 
factor. They preferred a rather polar version of a mechanism proceeding 
through a five-centred transition state over an alternative ionic mechanism, 
incorporating extensive ion pair rcturn. This was supported for decom- 
position of a-phenethyl chloroglyoxalate by the low solvent polarity 
response and the large negative entropy of activLiion (-- 27 e.u.) In nii-icl- 

benzene. However, the reaction would not follow this mechanism if 
a faster ion-pair mechanism was available and extensive ion-pair return 
(k-l @k,) is required to expIain the lower rates relative to chloroformates. 
Such return wouId not be too surprising because other reactions, already 
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outlined, have shown tile tendency for the (-OCOCO-) unit to be 
retained under conditions where the (-aoCO-) unit is lost. 

k ,  
ROCOCOCI R+(OCOCOCI)- A R"CI- + CO + CO, 

k ,  

A -  1 

ROCOCOCI R+(OCOCOCI)- A R''CI- + CO + CO, 

\ 
.L 

RCI 

The large negative entropy of activation is not easily correlated with the 
above ion-pair meclianism but could result from a modification in which 
the carbonium ion extracts a chloride ion from the chloroglyoxalate ion, 
a process which would require a restricted orientation. Also, extensive 
internal ion-pair return tends to lower experimental entropy of rctivation 
values for the overall processli3. Another important factor, which should 
be considered, is that the low sensitivity of the reaction rate to changes in 
solvent polarity may result from the incursion of free-radical processes, 
at least in the lower polarity solvents. The observations concerning 
I-adamantyl chloroglyoxalate thermolyses in benzene and decane would 
be consistent with free-radical processes. 
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1. IINTRODUCTION 

The acyl hypohalites, which have a n  oxygen-halogen bond, are closely 
related in their chemical reactivity t o  alkyl hypohalites and the halogen 
oxides and are not strictly carbonyl halides, whose reactions are associated 
primarily with their carbonyl function. Unlike the well-known acyl halides, 
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the acyl hypohalites are not, in general, stable substances that may be 
isolated and characterized. Rather, they have been postulated as inter- 
mediates in a number of reactions and in many cases their existence has 
been inferred simply from an examination of the final products of these 
reactions, based on analogy with related processes and from an expectation 
of what the chemistry of such substances is likely to be. Only perfluoroacyl 
hypofluorites and acetyl hypochlorite have been isolated in the pure state. 

Recause the acyl hypohalites (referred to occasionally as acyl hypo- 
halides or halogen carboxylates) are not stable substances, it has not 
been possible to discuss tlteni in the conventional categories of methods 
of preparation, physical properties and chemical reactions. Instead, we 
have approached the subject by discussing separately the hyyshalites of 
fluorine, those of chlorine and bromine togcther. and finally those of 
iodine. The fluorine compounds are properly fluorides because of the 
electronegativity of fluorine; the hypochlorites and hypobrcmites are 
very similar, but are different from the derivatives of iodine, iargely on 
account of the greater propensity of iodine towards polycovalency. The 
discussions of the chlorides and bromides and of the iodides are further 
divided according to the reaction type by which the hypohalite was 
prepared. In  each case, we have tried to emphasize the limited direct 
phy3cal evidence that exists for the intermediacy of these substances. A 
brief concluding section considers the chemistry of some related sub- 
stances in which the halogen atom is replaced by a nitrogen-containing 
group. 

This account is not intended to be an encyclopaedic catalogue of all the 
instances in which an acyl hypohalite intermediate has been proposed, 
but it is hoped that most important literature references up to mid-1970 
have been included. 

I I .  ACYL HYPOFLUORITES 

Only four members of this isolable but very reactive class of compounds 
have been prepared; these are the hypofluorites of the fully fluorinated 
acids, formic through butyric. Perfluoroacetyl hypofluorite was the first of 
these to be discovered; it is prepared by the action of fluorine on 
trifluoroacetic acid at room temperature'. Water appears to be a necessary 
catalyst for the reaction2, but its role is not understood. I t  is of interest, 
however, that the reaction requires water as a catalyst, for the acyl 
hypohalites of the other halogens are readily hydrolysed in its presence 
(seclion 111, B). Presumably the strength of the H-F bond of the 
by-product, hydrogen fluoride, provides the driving force for formation 
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of the hypofluorite from the acid (equation 1 j. Perfluoropropionyl and 
perfluorobutyryl hypofluorites have been prepared3 by analogous reactions, 
but fluoroformyl hypofluorite has been prepared only by the action of 
fluorine on fluorocarbonyl peroxide (equation 2). Illumination with a 
mercury arc source is necessary for this last reaction". 

+ RFCO,F + HF (1 1 RFCO,H + F, 

(FCO,), + F, FC0,F + other products (2) 

The stability of the acyl hypofluorites appears to decrease with increasing 
molecular weight and, indeed, only the first three compounds have been 
completely characterized. These three are all colourless gases at room 
temperature and have been demonstrated to be monomeric by vapour- 
density measurements. Thermal stability decreases with increasing 
molecular weight: only fiuoroformyl hypofluorite is not reported as being 
explosive, the others may be decomposed thermally or with an electric 
spark. The perfluoroacetyl and perfluoropropionyl compounds give CO, 
and carbon tetrafluoride and hexafluoroethane respectively (equation 3). 
No report of decomposition of FCOzF to fluorine and COz has appeared. 

RFCO,F ___f RFF + CO, (3) 

In !he case of trifluoroacetyl hypofluorite, the course of the decom- 
position has been studied in more detail5, and a free-radical chain 
mechanism is proposed to accommodate the observed kinetics : (equations 
4-6). An alternative sequence of reactions, replacing (5)  with the two-step 

(4) 

(5)  

2 CF;- C,F, (6) 

process (5a, 5b), would make, formally, the decomposition analogous to 
the Hunsdiecker reaction (section 111, B). The observed kinetics are 

CF; + CF,CO,F - CF, + CF,CO; ( 5 4  

(5b) 

equally compatible with a free-radical chain sequence in which fluorine 
atoms are the chain-czrrying species (equations 7-9). The decomposition 

F' + C F , C O , F - - - +  F, + CF,CO; (7) 

(8) 

CF; $- F, CF, f F' (9) 

is inlibited in the presence of chloiine, which acts as a free-radical trap 
and the reaction now assumes the stoicheiometry of (10). 

(1 0) 

D20 

2 CF,CO,F - CF,CO,F + CF; + CO, f F' 

CF; + CF,CO,F - CF, + CF; 4 CO, 

CF,CO; - CF; f CO, 

CF,CO; -> CF; f COZ 

CF,CO,F + CI, - > FCI + CO, + CF,CI 
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Spectral data are available only for fluoroformyl hypofluorite. The i.r. 
spectrum shows several strong bands, including those ascribed to the 
stretching of C=O (1930 cm-l), C-F (1 192 cm-l), C--0 (993 cm-l) and 
O--F (913 cm-l). The n.m.r. spectrum (40 Mc/s SF, standard) comprises 
two doublets due to C-F (+94.4 p.p.m.) and 0-F (- 151.8 p.p.m.), 
J = 141 cjs. The position of the hypofluorite fluorine resonance is close to 
the values observed for perfluoralkyl hypofluoritcsG. 

A few reactions of the acyl hypofluorites are known. All are powerful 
oxidants, liberating iodine from KI solutions (explosively in the case of 
CF,CO,F). Attack on glass yields SiF,, particularly for FCO,F, and so 
the use of polyethylene containers is required when studying these com- 
pounds. Fluoroformyl hypofluorite is also known to add fluorine in the 
presence of a caesium fluoride catalyst, giving difluoromethane dihypo- 
fluorite (equation 11). The same compound gives a variety of products 

on photolysis in the presence of sulphur tetrafluoride, including CO,, 
COF,, SF,, SOF,, SO,F, and FCO,SF,. All the acyl hypofluorites are 
destroyed by aqueous base; for FCO,F the reaction follows the stoicheio- 
metry of equation (12). 

2 FCO,F + 8 NaOH ___f 2 Na,CO, + 4 NaF + 4 H,O $- 0, (12) 

As already noted, the stability of these compounds decreases as the 
molecular weight rises and presumably further members of the series will 
be isolablc only with greater difficulty. As in the case of the alkyl hypo- 
fluorites, only perfluoro-derivatives are known to date, and probably in 
both series the fluorinating power of these compounds makes unlikely 
the isolation of derivatives that are not fully halogenated. 

!I[ .  ACYL WYPQMALITES O F  CHLQRINE AND BROMINE 

A. Physical Evidence 
The only acyl hypochlorite claimed to have been isolated in the pure 

state is acetyl hypochlorite, which was obtained by Schutzenberger' by 
the interaction of chlorine monoxide and acetic anhydride (equation 13). 

CI,O + (CH,CO),O - 2 CH,CO,CI (1 3) 

The near-colourless liquid may be distilled under reduced pressure, but it 
explodes at  temperatures approaching loo", generating chlorine, oxygen 
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and acetic anhydride. The reversal of equation (13) to form chlorine 
monoxide and the subsequent decomposition of the halogen oxide to 
chlorine and oxygen could satisfactorily explain this observation. Water 
converts it instantly to acetic acid and hypochlorous acid; mercury and 
zinc give the respective metal chloride and metal acetate. Iodine is reported 
as producing acetyl hypoiodite, but the evidence for this reaction is quite 
tenuous. 

Bockemuller and Hoffmann8 obtained colourless solutions by the 
action of silver carboxylstes on solutions of bromine or chlorine in carbon 
tetrachloride. Filtration yielded solutions which lost their oxidizing power 
gradually at U", or more rapi6ly on exposure to light. Addition of olefins 
to the filtered solutions resulted in the formation of 2-haloalkyl carboxy- 
lates, and since the silver-containing substances had been filtered off, 
tliese may be regarded as derivatives of the non-isolated acyl hypohalites. 

Solutions in carbon tetrachloride of acetyl hypochlorite obtained by 
the action of chlorine on silver acetate, or of chlorine monoxide on acetic 
acid were found to absorb in the U.V. at  A,,, 264 m p  (c 240) in caxbon 
tetrachloride solutiong. However, since the positions of the chlorine 
monoxide maxima appear to be identical with those of acetyl hypo- 
chlorite9, and since a complex equilibrium between the haiogen oxides and 
protic solvents exists in non-homogeneous medial0, an evaluation of these 
results should be made with some reservation. A similar intermediate 
prepared by the action of chlorine on mercuric acetate had Amas 
250 mp ( E  - 240) in acetic acid'l. The presumed acetyl hypochlorite 
prepared by this latter method was reported to co-distil with the acetic 
acid solvent under reduced pressure12. 

Recently a paper appeared which examined the i.r. spectrum of acetyl 
hypochlorite prepared by the mercuric acetate reaction13. Several bands 
were assigned, including those due to the 0-CI, C-C, C-0 and C=O 
stretching modes. The spectrum was interpreted as showing that the 
molecule adopts the conformation (1) in which the carbonyl oxygen and 

the chlorine lie on the same side of the hypochlorite bond. The C1--0 bond 
dissociation energy was estimated at -55 kcal/mole. In the same study, 
the methyl group of acetyl hypochlorite was observed to resonate at  8 
2-24 p.p.m. in the 11.m.r. (CCI,, - 10"). 
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Acetyl hypobromite also absorbs in the U.V. having A,,, 320 mp9* 14. 

In the i.r. a band at  670 cm-l is ascribed to the 0-Br stretching 
frequency by analogy with a similar band in the spectrum of t-butyl 
hypobromite14. This work has been challenged by Ogata and co-workers, 
who find no evidence of any maximum above 250mp in solutions of 
acetyl hypobromite15. An attempt a t  isolation of acetyl hypobromite was 
unsu~cessful~~.  

In similar fashion, some evidence for the intermediacy of benzoyl 
hypochlorite in the reaction of lithium chloride with benzoyl peroxide 
(section 111, C )  comes from observation1* of a band at 751 cm-l in the i.r. 
(cf. r-butyl hypochlorite 760 cm-l). An attempt1’ to isolate benzoyl 
hypochlorite was partly successful. Filtration of the product of reaction 
of silver benzoate with chlorine in ‘Freon 113’, followed by removal of 
the solvent, gave a light-brown solid with retained oxidizing properties ; 
assuming that the oxidizing entity was benzoyl hypochlorite, it had a 
purity of about 40% by iodoinetric titration. 

B. The Action of Chlorine and Bromine on Metal Carboxylates 
This reaction (equation 14) is believed to yield acyl hypochlorites and 

hypobromites as the first-formed intermediates, and has received very 
considerable attention, including earlier reviews18* 19. Three main reactions 

RCO,M + X, - RCO,X + MX (1 4) 

of the acyl hypohalite so formed have been studied: these are (i) electro- 
philic halogenation of aromatic nuclei, (ii) addition of the elements of the 
acyl hypohalite to an  olefin (Prtvost reaction) and (iii) decarboxylation to 
an  organic halide (Hunsdiecker reaction). Although very often one of 
these processes does not occur to the exclusion of the others, it will 
nevertheless be convenient to consider them separately. 

A problem common to all these discussions, however, is the role 
that water plays in the reactioiis of acyl hypohalites, and unfortunately 
there is considerable lack of agreement about this. For instance, it is well 
known that the presence of small quantities of water is extremely delete- 
rious to the success of the Hunsdiecker decarboxylation reaction and it is 
usually supposed that hydrolysis (equation 15) occurs. In support of this, 

RCO,X + H 2 0  t RC02H + HOX (1 5) 

if the Hunsdiecker reaction is carried out with improperly dried materials, 
all that is isolated is the free acid. 

The action of water in destroying acyl hypohalites is confirmed by 
Schutzenberger’s experiment7 in which he showed that acetyl hypo- 
chlorite reacts instantly with water. Furthermore, de la Mare and 
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co-workers showed that the equilibrium (16) for hydrolysis lies far to the 

CH,CO,CI 4- HZO CH3C02H + HOCI (1 6) 

side of hypoclilorous acidll. By contrast, the U.V. spectrum of acetyl hypo- 
bromite is claimed1" to be unchanged by the addition of 3% water to the 
acetic acid solvent (a1 though the U.V. spectrum itself has been questioned15). 
The addition of small amounts of water to the Cristol-Firth modification 
of the Hunsdiecker reaction, mercuric oxide, carboxylic acid and halogen, 
is reported not to hinder the formation of the alkyl halide, which arises 
presuniably via the acyl hypohalite (see section 111, D). It would thus 
seem that the part pIayed by water in these reactions is still open to  
question. 

1. Efectropkilic halogenation of aromatic compounds 
Electrop&lic halogenation of aromatic conipounds by acyl hypochlorites 

and hypobromites has been little studied as a preparative procedure, 
probably became it offers few advantages over more conventional 
halogenation techniques. Proposais have included the use of silver 
acetate/halogen20 and silver trifluoroacetate/halogenzlp 22 as halogenation 
reagents when presumably the respective acyl hypohalite would be the 
halogenating entity. From the isomer distributions of the aiyl halides 
obtained, it may be assumed that these are electrophilic rather than 
free-radical substitutions22. 

More commonly, electrophilic substitution is observed as an unwanted 
side reaction of the Hunsdiecker decarboxylation of aromatic substances, 
particularly when an  activated aromatic nucleus is present. In the latter 
reaction, yields of SO-SO% of the aryl halide may be achieved if substituted 
silver benzoates bearing deactivating groups are used ; poor yields are 
obtained with electron-releasing substituents and in addition nuclear 
halogenation 0cc~rs?3-~~.  From silver p-anisoate and bromine, 3-bromo-4- 
methoxybenzoic acid is the major product=. In the case of the reaction of 
bromine with silver 3-(rn-methoxyphenyl)-propanoate (2), the product is 
exclusively 3-(2'-bromo-5'-methoxyphenyl)-propanoic acid (3) rather than 
rn-methoxyphenethyl bromide (4)". 

q C  H c H CO, A g &c H & H,CO, H q C  H ,C H , r 
\ \ 

OCH, OCHj OCH, 

(2) (3) (4) 



462 
5 

Dennis D. Tanner and Nigel J. Bunce 

Several authors have studied the chlorination of aromatic compounds 
by solutions containing, or potentially containing, acetyl hypochlorite. 
De la Mare and his school prepared acetyl hypochlorite by the action of 
chlorine on merciiric acetatelacetic acid followed by disiil1ationl2. The 
chlorinations using this reagent have been studied in acetic acid containing 
various quantities of water''. 12* 2 7 - ~ 0 *  , under these conditions equilibrium 
(16) is almost entirely to the right. 

In the acidic media normally employed, halogenation by any of the 
following species must be considered : CH,CO,CI, CH,CO,ClH+, HQCl, 
H,OCl+, and Clf. Molecular chlorine is not present, for chloride ion is 
removed by silver perchlorate. For the more reactive substrates, the rate 
law embodies a component which does not involve the aromatic compound; 
this is interpreted to mean that the very reactive acetyl hypochlorite is 
formed in the rate-determining stcp and that it chlorinates as quickly as 
it is formed. (Equilibrium (16) has been shown not to be established 
instantaneously under these conditionsll.) The substance must indeed be 
a very reactive chlorinating agent, because the reactions are very rapid, 
yet the equi!ibrium concentration of acetyl hypochlorite in the aqueous 
media used must be very small. 

Other authors have set up equilibrium (16) by studying the chlorination 
of aromatic substrates by hypochlorous acid in acetic acid solution30. 
Although hypochlorous acid itself is a relatively unreactive reagent (as 
might be expected from Ingold's proposaP1 that an  effective halogenating 
reagent Hal-Y should possess a good leaving group Y -  and, at  the 
same time, be easily polarized to Hal&+-Y8-), these reactions show 
a contribution from a very reactive component and again acetyl 
hypochlorite is implicated by kinetic studies. An alternativc explanation 
for the decreasing reactivity of C1-Y in electrophilic substitution 
CI-QCOCH,> Cl-Ci > Cl-QH has been offeredI3; since the CI-Y 
bond strengths increase in the order of decreasing reactivity, it is suggested 
that bond energy factors are responsible. 

Mercuric acetate/bromine solutions are also found to  be vigorous 
brominating agents and acetyl hypobromite is thought to be responsiblel4. 
For the system hypobromous acid/acetic acid/aromatic compounds, 
however, arguments have been put forward to explain the kinetic results 
in terms of either acetyl hypobromite3L or protonated hypobromous 
acid33 as the active species. 

2. Addition to olefins 
The addition of acyl hypohalites to olefins, giving 2-haloalkyl esters, 

has not been studied very systematically. However, an important 
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observation was made by Bockemiiller and Hof€mann8, who showed that 
the product of reaction of silver carboxylates and halogen, after removal of 
the precipitated silver halide, added to olefins and thus provided evidence 
for the independent existence of acyl hypohalites in  silver salt/halogen 
reaction mixtures. A number of alkanoyl and aroyl hypohalites were 
added to cyclohexene by Uschakow and T c h i ~ t o w ~ ~  and by Prkvost and 
Wiemann35. Various have added acyl hypobromites to styrene 
and p-substituted styrenes. No polymerization of the styrene was reported 
and in the cases investigated the adducts formed were all of the structure 
C,H,CH(OCOR)CH,Br. This suggests first that free radicals were not 
involved, and second that the acyl hynobromite added as Br+RCO;. 
A similar conclusion has been reached for l - b ~ t e n e ~ ~  and for l - h e ~ e n e ~ ~ .  no. 

The positive nature of the halogen in acyl hypohalites is also seen in their 
reaction with diethylmercury and diphenylmercurf', when ethyl bromide 
and bromobenzene, respectively, result. 

RC0,Br + R:Hg - R'Br + R'HgOCOR 

Acetyl hypochlorite has been added to some aryl-substituted unsaturated 
compounds. The reagent shows lower stereoselectivity than that shown in 
the addition of chlorine in acetic acid to the same substrates4,. Unlike the 
addition of acyl hypoiodites (section IV, B) which has ieceived more 
attention, no more is known about the mechanism of addition of acyl 
hypochlorites and hypobromites. Prkvost has suggested the intermediacy 
of a non-isolable complex in solution similar to the Sirnonini complex 
RC0,Ag-RCO,I, but, as noted by Wilson18, the known facts require 110 
more than addition of the simple hypohalite. Bockemiiller and Hoffmann's 
experiments with the silver-free solutions would seem to exclude a silver- 
containing reaction intermediate. 

From a synthetic point of view, acetyl hypobromite has been used as a 
reagent capable of adding to steroidal double bonds faster than hypo- 
bromous acid and, unlike the latter, under non-acidic  condition^^^. The 
resulting bromacetate is then easily converted to an epoxide, or, by the 
use of zinc/copper couple, the original olefin may be regenerated. These 
results suggest the possibility of the use of acetyl hypobromite as a n  
olefin protecting group. 

3. Decarboxylation (Hunsdiecker reaction) 

RC0,M + X, - RC0,X + MX ~ > RX + CO, 

An enormous number of publications covering both the synthetic and 
the mechanistic aspects of this reaction has appeared. Two reviews in 
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19561° and 1957'* cover the work prior to those dates, so that this earlier 
work will be only summarized here. 

As a synthetic and degradative technique, the Hunsdiecker reaction is 
of wide applicability. Secondary and particularly primary aliphatic 
halides may be prepared in excellent yields, though the reaction fails fGr 

tertiary halides. The failure of the reaction with tertiary halides presumably 
is due to their reaction w-ith the silver salts present in the mixture which 
assist in the ionization and hence in the destruction of the tertiary halides 
as they form, (equation 17)44. Bridgehead halides in rigid bicyclic systems 

RX + Ag+ AgX + R* ___f products (1 71 

may be prepared in excellent yield; here the tertiary halide is inert to 
assisted ionization by the silver salts. The reaction is also useful for the 
formation of ary! halides with the limitation that the aromatic ring should 
not be substituted by electron-releasing groups, else electrophilic halo- 
genation is preferred over decarboxylation. Great success has been 
achieved also with a number of perfluorocarboxylic a,cidP. 

Experimentally, the reaction is usually carried out using the halogen 
and the dry silver salt with carbon tetrachloride as the reaction medium. 
Metal salts other than silver may be used, but usually only those of the 
heavy metals (PbII, Hgl, HgII, TI1) give good yields of alkyl halide and 
even with these the reaction is often s l o ~ ~ ~ * * ~ .  Occasional uses of the 
alkali and alkaline earth metals have been reported. Carbon tetrachloride 
is usually the reaction medium of choice, since it is easily rendered 
anhydrous and is relatively inert towards the free radicals believed to be 
intermediates in the reaction. In one stud+' the best yield of alkyl bromide 
from silver palmitate was obtained when carbon tetrachloride was the 
solvent, out of a field of eleven different reaction media. Other solvents 
to be used successfully, however, include nitrobenzene, chloroform, 
trichloroethylene, bromotrichloromethane, ethyl bromide, carbon 
disulphide, benzene and acetonitrile. In  the perfluoro series, the reaction 
is most often carried out without a solvent, though perfluorotributyl- 
amine has been used with success. 

Concerning the mechanism of the Hunsdiecker reaction, most workers 
now fzivour a free-radical chain pathway for decarboxylation such as that 
outlined in equations (1 8)-(21). Proposals involving carbonium ion or 

RC0,Ag + X, > RC0,X + AgX (1 8) 

(1 9) RC0,X --> RCO; + X' 

RCO; R' + CO, 

R' + RC0,X - RX + RC02 



13. The acyl hypohalites ,465 

carbanion intermediates or an intramolecular pathway (equation 22) have 
now been largely discarded. 

(22) 

A mass of evidence now supports the intermediacy of free radicals in 
the decarboxylation process. The rate of decomposition of the acyl 
hypohalite may be increased by photoinitiationsJ l7 or by the use of the 
free-radical initiator azobisisobutyroi~itrile~~ and in reactions conducted 
at low temperatures an induction period has been noted48. In many cases, 
typical free-radical processes occur simultaneously with decarboxylation; 
added alkanes49 or toluene22 undergo free-radical halogenation and in one 
case bibenzyl has been isolated from reaction mixtures to which toluene 
was addedz2. In another instance a coupled product R-R has been 
&tzinedSQ and recently it was reported that the benzoyloxy radical has 
been observed by e.s.r. spectroscopy in a solution in which the reaction 
of bromine with silver benzoate was being carried out5'. When dichloro- 
methane was used as a solvent in the reaction of bromine with silver 
2-methylpentanoate, it was noted that small amounts of bromodicliloro- 
methane were formed in the reaction52. 

Quite frequently, brominations conducted in carbon tetrachlor- 
ide23* 24s 53-55 or tetra~hloroethane~~ have yielded the chloride (RCl) in 
addition to the desired bromide. These products are proposed as arising, 
in the case of carbon tetrachloride, through the free-radical sequence of 
equations (23) and (24). Contamination of the product by chloride is most 

'CCI, + RC0,Br - BrCCI, + RCO; (24) 

often observed when R is aryI, or more particularly if R is derived from 
the bridgehead of a rigid bicyclic system. This may be taken as evidence of 
;he unusually high reactivity of bridgehead free radicals in that they are 
sufficiently indiscriminating to abstract chlorine from carbon tetrachloride 
in the presence of the (lower) concentration of the acyl h y p ~ b r o m i t e ~ ~ .  

By the use of optically active acids either in the biphenyl series5', or of 
the constitution R1R2R3C02H53- 5841 it has been demonstrated that the 
product alkyl bromide is completely racemized and hence that a three- 
coordinate intetmediate is involved. Claims of the production of optically 
active bromides from silver ( +)-cr-phenylpropionateG2 and from silver 
( +)-2-ethy1hexanoatea3 could not be substantiated"* 5 0 3  63-6G. (Optically 
active 1,2-dibromides from optically active silver 1 ,Zdicarboxylates may 
represent a special case and are discussed later.) 

40 

+ RX + co2 c/ 
X 

R' + CCI, - RCI + 'CCI, (23) 
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That the three-coordinate intermediate is not a carbonium ion is shown 
by the fact that silver salts RC02Ag containing groups R that undergo 
rearrangements as R+ yield exclusively unrearranged halides, RX, on 
treatment with halogens. Thus silver 3,3-dirnethylpentanoate is converted 
to neopentyl bromideG7 and silver cyclobutane carboxylate to cyclobuty! 
brc1mide5~. G8. No rearrangement is observed in the production of 
halides in the bicyclo-2,2,1-heptyl and the bicyclo-2,2,2-octyl systems, 
and no change in ring size is observed on treatment of the silver salts (5) 
and (6) with bromineGs. GD. 

The eirect of temperature on the Hunsdiecker reaction has rcceived 
little attention. In  some cases a low temperature is demanded by the fact 
that the silver salts are themselves thermally unstable4*. I t  has recently 
been suggested17 that the yields of primary halides are relatively in- 
sensitive to the operating temperature, whereas secondary halides are 
produced more successfully at  lower temperatures, possibly because 
destruction of the product by assisted ionization (equation 17) is then 
less important. By contrast, aryl halides are obtained in much higher 
yields at  temperatures above ambient and it is suggested that the relative 
difficulty of decarboxylation (equation 20) when R is aryl (as opposed to 
when R is alkyl) results in the radicals ArCOB being diverted, especially 
at lower temperatures, to products in which the carboxyl moiety is 
retained. 

Much interest has recently been displayed in the stereochemistry of 
the Hunsdiecker reaction. In substituted cycloalkyl systems, it has been 
noted that the same mixture of cis- and trams-halides is produced whether 
the starting carboxylate group lies cis or trans to the s ~ b s t i t u e n t ~ ~ - ~ ~ .  In 
the 4-t-butylcylohexyl system, Eliel and Acharyasl found that the 
Hunsdiecker reaction gave cis- and tram-bromide in a ratio of 34/66, but in 
a reinvestigationi2 of the reaction, it was reported that the distribution of 
the two bromides was essentially statistical. 

The Hunsdiecker reaction applied to substituted 2-norbornyl systems 
likewise gives the same mixture of exo- and ertdo-bromides whether the 
exo- or the etido-carboxylate Nas the starting material. It was obs~rved’~  
that the Hunsdiecker reaction gives exoletrdo-bromides in the ratio 69/3 1 
whereas the decomposition of the corresponding peroxide in the presence 
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of bromotrichloromethane gives only the exo-bromide. It has since been 
notediGi6 that in norbornyl systems the ratio of exo- to endo-products is 
dependent upon the nature of the transfer species and that the observed 
differences in substitution reactions are possibly steric in origin. 

The action of bromine on some cyclic silver 1 ,2-dicarboxylates has been 
studied. Both cis- and tram-silver cyclohexane-l,2-dicarboxylates are 
reported to give exclusively the trans-dibrornideii. In the cyclobutane 
series a siniilar result has been rep~rted '~,  but it has subsequently been 
claimed that both isomeric dibroinides are obtained. The cis-diacid was 
reportedi9 to give 14% cis- and 78% trans-dibronlide, while for the trans- 
diacid, the corresponding yields were 26% and 65%. From optically 
active trans-cyclobutane dicarb3xylic acid (aD = - 83.4"; 46% racemic), 
Applequist and FoxDo obtained an all-trans-dibromide which retained 
some optical activity (a,, = - 6", optical purity not stated). Similar 
experiments applied to optically active silver cyclohexane- 1 ,Zdicarboxylate 
gave an all-trans-dibromide which again was optically active, but whose 
optical activiiy was highly irreproduciblesl. 

It may be noted that the stereospecificity of the reaction in tending 
towards all-trans-geometry is not necessarily incompatible with the free- 
radical pathway of equations (1 8)-(21). Free-radical additions of hydrogen 
bromide to bromoolefins"* 83 and free-radical bromination of bromo- 
alkanes both yield 1 ,Zdibromides whose geometry is mainly t r a n ~ ~ " * ~ .  

The slight 'endency of the cyclobutane dicarboxylic acids to yield 
optically active products and of the optically active cyclohexane dicar- 
boxylic acid to yield optically active, but inverted products, has been 
alternatively explained as followss1. The intermediate diacyl dihypobromite 
would be unlikely to suffer rupture at  both. hypobromite centres simul- 
taneously. Fission of one 0-Br bond followed by loss of CO, yields 
radical (7). Radical (7) may abstract bromine from another acyl hypo- 
bromite rnolecule (equation 21), but alternatively may abstract bromine 

I 40 1 4  0 I 
-C' -c-c, -c-c, 

0-Br + I O'+Br '  + I 
-C-C0,Br -C-C0,Br 

I 

I I I 

(7) 

-C- C0,Br 

intramolecularly (equation 25). When bromine abstraction by (7) is 

1 Br I 

16 
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intermolecular, racemic, but mainly trawdibromide predominates ; when 
intramolecular abstraction occurs, the optically active system is partly 
preserved since the second bromine will tend to be directed trans to the 
first. Since the first bromine must be intramolecularly transferred cis, net 
inversion will result. 

Also of great interest has been the stereochemistry of the Hunsdiecker 
reaction for silver a,p-unsaturated carboxylates. The Nunsdiecker 
reaction does not proceed normally with unsaturated acids and those 
with a,P-unsaturated acids are dif-icult to study for they produce mainly 
polymers. Thus ConlqPs obtained only polymer from the action of bromine 
on silver methacrylate; in more recent work 3% of CO, was evolved, but 
no 2-brornopropene was obtainedsi. Polymer was also the major product 
from tEe similar reaction of silver acrylaieg7, though same 1 , 1 ,Ztri- 
bromoethane (dibromide adduct of vinyl bromide) was also formed. 

Aromatic a$-unsaturated acids have been studied more successfully. 
Berman and Prices8 obtainzd trans-P-bromostyrene from both cis- and 
rrans-silver cinnamates, suggesting that a vinyl radical is incapade of 
maintaining its geometry. Studies involving vinyl radicals generated by 
other means have led to similar conclusionss9, except in the case of the 
8-phenylstyryl radicals (8), which when gemrated from the corresponding 
stilbene acid peroxides (9), yielded products in which the stereochemistry 

is largely retained”. Berman and Prices8 found that the Hunsdiecker 
reaction applied to the stilbene acids yielded only polymer, but reinvesti- 
gation of the reaction by S ~ k m a n ~ ~  afforded the a-bromostilbenes. From 
the cis-acid the ratio of cisltrans-bromides was 25/75 while the trans-acid 
gave a ratio of 10/90, implying a modest capability of 8 to maintain its 
stereochemistry. 

In unsaturated acids where the double bond i.s further removed than 
the a,P-positions, addition of the acyl hypohalite to the double bond is 
observed. Thus the silver szlts of allylacetic acid4* (PO,R= H) and 
benzylallylacetic acidg1 (10,R = CH,C,H,) afford bromoiactones on 
treatment with bromine. Likewiseg2 a bromolactone has been obtained 
from the bicyclic silver carboxylate (11). 

In a number of cases attempted, Hunsdiecker reactions have yielded 
products other than the expected alkyl halides. For example, whereas the 
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reaction succeeds when halogen18* or ~ a r b o x y l ~ ~ s  o4 substituents are 
present on the a-carbon, or even when the a-carbon itself is a carbonyi 

CH3 CH3 
\ /  

II 

"' BrCH,CHCH,CHR 
R 

CH,=CH CH,CHCO,Ag 
I I 
0-c 

\Q 

(10) (11) 

groupG8, the a-hydroxyG8, aminoG8 and acetoxy9s derivatives yield aldehydes 
and ketones when their silver salts are brominated (equation 26). 

R'R2 C C0,Ag Brz > R'R*C=O (26) 
I 
Y 

Y = OH, NH,, OAc 

~V-Acylaminoacidsg6, however, yield the isolable, but easily hydrolysed 
N-acyl-a-bromoanlines, the normal product. 

R1R2C(NHAc)C0,Ag > RIRzC(Br)NHAc H20 f R'RZC=O 

Sometimes the radical intermediates undergo rearrangement rather 
than giving the normal products. This is proposed to be the case for the 
radicals generated from the cyclic p-hydroxy silver carboxylates (12) and 
(13), which afford open-chain products after the treatment of the original 
reaction mixture with LiAlH, (equation 27)". 

n ,OH OH 
I 

CH,-CH--(CH,),-CH, (27) 
(CH,), c 

I 'CH2C02Ag '* ''' z 
2. LiAIH! I y 2  

(12) n = 3; 
(13) n = 4 

Silver P,#?,P-triphenylpropionate gives a mixture of esters on treatment 
with bromine9* and again it is proposed that the intermediate radical (14) 
rearrsnges. By studying the rearrangement products of phenyl-substituted 

> - (C,H,),CCH,CO; nn 
(C,HJ,CCHzCOzAg 

(1 4) 

---+ (C~HJ,~CH,CO,C,H, 

---+ (C,H,),C=CHCO,C,H, + (C,H,),C=C(Br)CO,C,H, 
9% 20% 

16* 
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silver &3,/3-triarylpropionates7 i t  has been concfudedQ9 that the re- 
arrangement possibly involves a transition state (or intermediate) such as 
15, but not one such as 16 (R = C,H,X). No rearrangement is observed 
in the Hunsdiecker reaction of silver 6,6, 6-triphenylbutyratelo0. 

Q! Rfi 0 

z o  H 

(1 5) (1 6) 

p:/3-Diphenylpropionic acid also rearranges when its silver salt Is 
treated with brominelol and yields the lactones (17) and (IS). Possible 
routes to these products involve either 16 (R=  H) or 19. Lactone by- 
products have been obtained in a number of cases, including the reactions 
of silver 6-p-nitrophenylvalerate102 and /3-phznylbutyrateG1. 

The neophyl radical (20) generated from several sources has been 
shownlo3 to rearrange in part to the more stable tertiary radical (21). It 
is to be expected that the Hunsdiecker reaction applied to silver 
/3-methyl-/3-phenylbutyrate would give a rearranged as well as an un- 
rearranged product. Aithougli both rearranged and unrearranged products 
are q u o t e P  as having been obtained from a Hunsdiecker reaction on 
~-phenyl-/?-methylbutyric acid, a reinvestigation of the reaction indicated 
that only the unrearranged bromide (from 20) was produced1O4. Possibly 
in this latter report, due to the reaction conditions, the chain-transfer 
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reaction of 20 with the acyl hypobromite is faster than its rearrangement 
to 21. 

CH, CH, 
I I 

CH3 
I 

I I I 
C,H,CCH,CO,Ag _j. __f C,H,C-cH; --+ C,H,C-cH,Br 

C H 3  

C. The Action of Chloride and Bromide Salts on Diacyl Peroxides 
Rather little work has been done with these systems; indeed only 

benzoyl peroxide and valeryl peroxide have received attention. 
Bamford and Whitelo5 noted that the rate of decomposition of benzoyl 

peroxide in .VN-dimethylformamide (DMF) solution is greatly enhanced 
in  the presence of lithium chloride. Previously Bredereck and co-workerslo6 
had noticed the increased rate of decomposition of 1-tetralyl hydroperoxide 
and of benzoyl peroxide in the presence of the hydrochloride or the 
hydrobromide of buiylamine. The reaction between lithium chloride and 
benzoyl peroxide is first-order both in chloride ion and in benzoyl peroxide, 
suggesting equztion (28) as the rate-determining step. The activation 

(C,H,CO,), + CI- > C,H,CO,CI + C,H,CO,- (28) 

energy for (28) was estimated at 19 kcal/mole. Unlike the thermal 
decomposition of benzoyl peroxide (E, 28 kcal/mole), (28) does not lead 
to polymerization of added lo5, addition to the monomer being 
preferred16. In DMF the final products of the reaction are benzoic acid 
and the benzoate (22), derived from the solvent; in dichloroethane attack 
on the solvent gives benzoate (23). 

HCON(CH,)CH,OCOC,H, CICH,CH,OCOC,H, 
(22) (23) 

In the less reactive solvents, acetic acid16 or a~e toni t r i le~~,  moderate 
yields of the expected free-radical decomposition product of the hypo- 
chlorite, chlorobenzene, were obtained. In acetic acid a transiently 
observed i.r. band at 757 cm-l was tentatively assigned to benzoyl 
hypochloritelG. The decomposition to clilorobenzene is presumed to take 
the course described for the silver saltlhalogen intermediate (section 



472 Dennis D. Tanner and Nigel J. Bunce 

111, B) and, as in that reaction, chlorobenzene formation is suppressed by 
the addition of water to the solvent49. Oxidation of hydrogen chloride by 
benzoyl peroxide gives no more than traces of ch lor~benzene~~.  This fact 
is attributed to destruction of the intermediate acyl hypochlorite by 
hydrogen chloride, by analogy with the instability of N-chloroamines, 
N-chloroamidzs and alkyl hypochlorites towards hydrogen chlorideD* lo'. 

The addition of alkanes to the chloride ion/benzoyl peroxide reaction 
mixture largely suppresses chlorobenzene production and, in its stead, 
alkyl chlorides are formed in moderate to good yield. In the case of 
toluenelG both side-chain and nuclear halogenation are observed; the 
free-radical chlorination is suppressed when cupric chloride is added to 
the solution (contrast the effect of copper salts with valeryl peroxide 
below). The mechanism of alkyl chloride formation has been proposed49 
to be that depicted in  equations (29)-(31), in which hydrogen abstracticn is 

CI' + RH - HCI + R' (29) 

HCI + C,H,CO,CI - C,H,CO,H + CI, 

R' + CI, ~- > RCI + CI' 

by way of chlorine atoms. This mechanism is analogous to that observed 
in the chlorination of substituted toluenes by t-biltyl hypochlontSo8 
(though alkanes are chlorinated with this reagent by way of t-butoxy 
radicals abstracting)lo9. The change in reactivity of the reagent, as the 
ratio of chloride ion to peroxide is varied, has been ascribed to participation 
in the hydrogen abstraction process by the phenyl radicals that are 
produced by the decomposition of benzoyl peroxide itself49. 

Alkanes may be halogenated by hydrogen chloride and benzoyl peroxide 
almost quantitativelp9* llO.  The mechanism of this oxidation is believed49 
to follow the course of equations (29)-(31) with the complication that 
hydrogen abstraction is, in this case, reversible (equation 32). The reaction 

R' + HCI - RH + CI' (32) 

of hydrogen bromide and benzoyl peroxide in the presence of cyclohexane 
yields cyclohexyl bromide and probably follows a similar courselll. 

The facile addition of benzoyl hypochlorite to styrene has already been 
noted and addition of the reagent to cyclohexene is also observed49. Both 
1,2-dichlorocyclohexane and 2-chlorocyclohexyl benzoate are produced 
(equations 33-35, X = Cl). In the corresponding reaction of magnesium 
bromide with benzoyl peroxide and cyclohexene, 1,2-dibromocyclohexane 
is formed, but the report makes no mention of 2-brornocyclohexyl 
benzoate112. This is consistent, however, with the much more facile attack 
of bromide ion on acyl hypobromites (equation 34:X= Br) than that of 
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chloride ion on the hypochlorites (see below); consequently this would 
serve to remove benzoyl hypobromite before it could react with cyclo- 
hexene. The greater nucleophilic power of bromide ion compared with that 

C,H,CO,X + x- - x, + C,H,CO, (34) 

of chloride ion seems to be general for nucleophilic displacement on 
divalent oxygen; the attack of nucleophiles on hydrogen peroxide in 
aqueous solution is fastest for the larger, more polarizable nu~ leoph i l e s~~~ .  

In the presence of aromatic compounds at least as reactive as chloro- 
benzene, electrophilic chlorination by the lithium chloride/benzoy! 
peroxide reagent in acetic acid is observed16. This reaction has been 
studied only in the presence of excess lithium chloride and under these 
conditions equation (34,X = C1) appears to be dominant and substitution 
is by way of the molecular halogen. This may be deduced from the similarity 
of the resultant o/p ratios and the relative reactivity of benzene and toliiene 
with the reagent compared with those observed for elemental chlorine, and 
their deviation from the values characteristic of ‘positive halogen’, i.e. acetyl 
hypochlorite. The bromination of anisole by lithium bromidejbenzoyl 
peroxide also involves molecular bromine; in this case the colour of 
bromine is observed immediately on mixing the reagents. 

The reaction of benzoyl peroxide with chlorides of metals in a low- 
valency state leads mainly to oxidation of the metal ion in the cases 
studied (CuI 114, SnlI and S t F  9. With stannous chloride some stannic 
chloride is produced; one could speculate that this may have arisen by 
oxidation of chloride ion to chlorine by benzoyl peroxide, via benzoyl 
hypochlorite, followed by interaction of the chlorine with more stannous 
chloride. 

Some important differences are noted in the reaction of chloride ion 
with valeryl peroxide1lG. First, the rate of the reaction in the presence of 
cldoride ion is but little greater than the rate of the thermal decomposition 
of the peroxide. Second, while valeryl hypochlorite is implicated as an 
intermediate, its free-radical decomposition appears to be very much 
more efficient than that of benzoyl hypochlorite, for good yields of the 
decarboxylation product, butyl chloride, are formed. (This difference 
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between acyl hypochlorites of aliphatic and aromatic acids has been 
alluded to above in section 111, B.) Third, decarboxylation to butyl 
chloride predominates even when anisole is added to the reaction mixture, 
though the small amounts of chloroanisoles formed are once again in a 
ratio characteristic of chlorination by elemental chlorine. It would thus 
appear that in this system free-radical decarboxylation occurs faster than 
the attack of chloride ion on the hypochlorite. Butyl chloride formation 
is reduced, however, by the addition of toluene to the reaction mixture, 
when benzyl chloride resuits. 

Copper salts have been shown to be very effective catalysts for the 
decomposition of peroxy including valeryl peroxide118. 
However, in the cldoride-ion-assisted decomposition of valeryl peroxide, 
addition of cupric chloride has very little effect on the reaction rate. The 
copper-catalysed reaction has been found to involve the oxidation- 
reduction sequence of equations (36)-(39), and it is believed that the lack 
cf activity of the copper salt in the ckloride-ion-promoted reaction is due 
to removal of the CuI species necessary for step (36) by the oxidizing 
action of either valeryl hypochlorite or molecular chlorine (equation 39, 
X =  C1 or RC02). 

(36) 

RCO; ---+ R ' +  CO, (37) 

R' + Cu2+ > R +  + C u +  (3) 

Oxidation: 2Cu* + X - CI > 2 cu2+ + x- + CI- (39) 

When reactive aromatic compounds or alkenes are added to the reaction 
mixtures containing copper salts, a large catalytic effect by the copper is 
once more observed and it is suggested that the aromatic compounds or 
alkene have removed the oxidizing agents before they are able to oxidize 
:he CuI salts and thus interrupt the chain sequence of equations (36)-(38). 

Valeryl peroxide also reacts with lithium bromide and, here again, the 
intermediate hypobromite enjoys only a transitory existence before it is 
destroyed by the attack of a second bromide ion. This is reflected in the 
stoicheiometry of the reaction (equation 40), and also by the lack of butyl 
bromide as a product (presumably (41) is too fast a process to allow 

2 Br- + (C,H,CO,), ----+ Br, + 2 C,H,CO, 

Br- + C,H,CO,Br ___f Br, + C,H,CO, (41 1 

decarboxylation to compete). The use of cupric bromide as the bromide 
ion source in contrast gives a high yield of butyl bromide and very little 
bromine. It is thought that in this case the acyl hypobromite is not involved 
but rather that the mechanism of equations (36)-(39) is followed. 

Cu+ + (RCO,), ---+ RCO; + RCO; + Cu2+ 

(40) 
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D. From the  Acid by Transhalogenation 
The unfavourable enthalpies of these reactions dictate that many 

transhalogenation equilibria (42) tend to favour the acid rather than the 
hypohali te. 

(42) 

In the equilibrium (42) involving chlorine and bromine, the reaction 
has been shown to lie far to the left and hence the exchange is not a 
practicable method of making the hypohalites. For example, halogenation 
of arornatic compounds by solutions of chlorine in acetic acid has been 
shown119* ln0 to proceed entirely through molecular substitution and not 
via acetyl hypochlorite. (Electrophilic halogenation of aromatic compounds 
is discussed in section 111, B.) 

The action of the halogen monoxide on the acid has received some study 
(equation 43). 

X,O + RCO,H r e  HOX + RC0,X (431 

Anbar and Dostrovskyg found that for acetic acid the reaction followed 
the stoicheiometry of (44); on removal of the water formed, they observed 

CI,O + 2 HOAc H,O + 2 ClOAc (44) 

the U.V. absorption spectrum of acetyl hypochlorite. This report seems 
strangely out of accord with the reported hydrolysis equilibrium constant 
of 400 for acetyl hypochloritell and so far as decomposition products of 
the hq-pochlorite are concerned, no more than traces of the desired alkyl 
halides were formed by the action of chlorine monoxide on several acids121. 
Chlorination at  alternative sites predominated. Attempts at trans- 
halogenation to give acyl hypohalites with carboxyiic acids and either 
t-butyl hypochlorite or N-bromosuccinimide were likewise unsuccessful. 
N-Bromosuccinimide has been used, however, to form olefin bromoacetates 
in acetic acid solution122 (equation 45) though the acyl Iiypobromite is not 
a necessary intermediate here. 

RC0,H + X - A k- RC0,X + HA 

X = Halogen 

In the case of the rather unstable bromine monoxide however, the single 
case investigated (Br,O+valeric acid) gave a moderate yield of the free- 
radical decomposition product of the presumed valeryl hypobromite 
(i.e., butyl bromide)lB. This reaction appears to be related to the 
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degradation of acids to alkyl bromides by bromine and mercuric oxide1%. 
It is suggested that the Cristol-Firth reaction takes place via the formation 
of bromine monoxide in situ followed by attack on the acid. For example, 
only those oxides that have oxidizing properties (e.g. PbO, Ag,O, CdO) 
may replace mercuric oxide'25. It is thus likely that this reaction proceeds 
through the acyl hypobromite and certainly there is at least one common 
intermediate, for the degradation of a substituted 2-norbornane carboxylic 
acid gives the same ratio of exolendu-bromide whether the Hunsdiecker 
method or Br,/HgO is usedlZ6. 

As a synthetic technique, the mercuric oxide method has been claimed 
as possessing these advantages over the Hunsdiecker degradation : the 
often hard-to-prepare silver salts are not required and less rigorous 
exclusion of moisture is necessary. In several instances50* loo* lZ7 the 
method gave a yield of bromoalkane better than that obtained from the 
silver salt, and for bromocyclopropane127 without the risk of explosion 
that had been noted in that case'2s. 

An apparent instance of transhalogenation by an acyl hypobromite and 
a different carboxylic acid has been observed by RottenberglZg who found 
Hunsdiecker decomposition products from both the possible acyl hypo- 
bromites (equations 46-47). The halogen-donating tendency of acyl 

RC0,Ag + Br, > RC0,Br + AgBr (46) 

RC0,Br + R'CC,H - RCO,H + R'C0,Br (41) 
J 

R'Br + CO, 
4 

RBr + CO, 

hypohalites is also illustrated by the recent report that acetyl hypobromite 
may be used to effect the N-bromination of amides, irnides and sulphon- 
amidesI3O. 

Acyl hypohalites also have been implicated to explain the results of 
kinetic studies with N-haloamides. In the chlorination of N-methylace- 
tamide by hypochlorite it is suggested that part of the chlorination 
is carried out by acetyl hypochlorite if acetic acid is added to the reaction 
mixture (equation 48). By contrast, the N-chlorination of several anilides 

HOCl + CH,CO,H > CH,CO,CI + H,O (48) 

is not catalysed by acetic acid. It has been shown, however, that in the 
presence of acetic acid, chlorination of aromatic compounds by certain 
N-chloroanilides proceeds at a rate that is dependent upon the concen- 
tration of acetic acid, implicating acetyl hypochlorite as the reactive 
chlorinating agent132. The same authors suggest that the catalytic action 
of acetic acid in bringing about the rearrangement of N-chloroanilides to 
u- and p-chloroanilides also involves acetyl hypochlorite as the chlorinating 
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agent. These results taken together imply that for N-chloroamides 
equilibrium (49) lies to the right for R = aryl but to the left when R is 
alkyl. Other examples of chlorination by hypochlorous acid are discussed 
in section 111, B. 

RN(CI)COCH, + CH,CO,H e, RNHCOCH, f CH,CO,CI (49) 

Similar studies on the bromination of aromatic substances by bromine 
in aqueous acetic acid have likewise led to postulation of an aceiyl 
hypobromite inte~mediate'~~. 

E. Miscellaneous Reactions 
In very kw of the reactions described in this section is the intermediacy 

of the hypohalite established with any degree of security. One such, 
however, is the report by Schutzenberger' that chlorine monoxide and 
acetic anhydride combine to give acetyl hypochlorite as described in 
section 111, A. Similarly, a group of probably related reactions, described 
by Rice, most likely involve the generation of bromine monoxide in sit24 
by the interaction of bromine and silver oxide. I t  was observed13" that the 
interaction of these two reagents with 1 mole of acetic anhydride led to 
the production of 2 moles of CO,; we might postulate equation (50) as 

i 

> [2 AcOBr] - 2 CO, + [2 CH,Br] AczO 
Br, + Ag,O - [Br,OI 

(50) 

the sequence involved. Likewise, acetyl chloride under the same conditions 
yielded 1 mole of CO,. The reaction has been applied preparatively to a 
sugar acid chloridelS and to several aroyl chlorides135; in each czse the 
bromide and a quantitative yield of CO, were formed. The authors point 
to the ease of obtaining anhydrous acid chlorides compared with silver 
salts as an advantage of their technique over the Hunsdiecker method. We 
may note that this reaction bears the same relationship to Schutzen- 
berger's experiment as does the mercuric oxide technique of Cristol and 
Firth (section 111, D) to the Hunsdiecker reaction. 

The intermediacy of acetyl hypobromite has recently been implicated in 
the bromination of aromatic compounds in acetic acid by a mixture of 
peracetic acid and bromine15. The mechanism proposed (equations 51-53) 

. 

rate = h[CH,CO,H] [Br,l 

> Br,O + CH,CO,H CH,CO,H + Br2- (51 1 
Br,O + CH,CO,H HOBr + CH,CO,Br (52) 

CH,CO,Hr + ArH - CH,CO,H + ArBr (53) 

is consistent with the kinetics of bromination, which are independent of 
the concentration of the arene (benzene). Unfortunately, a materia! balance 

slow 
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is lacking and, therefore, the stoicheiometry of this reaction has not been 
established. 

The reaction of chlorine with perbenzoic acid has been studied in 
aqueous media13G. The sodium salt of the peracid reacts to give mainly 
benzoic acid, together with a little CO, and some benzoyl peroxide. The 
reactionisbelieved to begin as equation (54), but the mechanismis unknown. 

C,H,CO,- + CI, - CI- + C,H,CO; + CI' (54) 

The degradation of carboxylic acids to alkyl halides through the action of 
lithium chloride and lead tetraa~etatel~' is also suggested as proceeding 
through intermediates other than acyl hypochlorites. 

The decomposition of benzoyl peroxide in the presence of several 
non-metal chlorides has been studied. In the case of thionyl chloride and 
phosphorus trichloride benzoyl, hypochlorite has been suggested as a 
necessary intermediate to the products, ?hosphorus oxychloride, sulphuryl 
chloride and benzoyl Since no evidence is put forward to 
support this proposal and since similar extrusions of oxygen have not been 
observed in other reactions of acyl hypochlorites, the intermediacy of 
benzoyl hypochlorite in these reactions must be regarded as speculative. 

IV. ACYh HYPQIODITES AND RELATED SUBSTANClES 

A. The Reactions of lodine with Metal &arboxy/aatesl*. 19.  139 

Thesc reactions seem %I be somewhat more complex than their chlorine 
and bromine counterparts, for iodine interacts with silver salts in other 
ratios besides 1/1. Among the primary products of these reactions, there 
are proposed TG be the acyl hypoiodite (24, the so-called Simonini 
complex (25) and the iodine tricarboxylates (26). 

RC0,Ag + I, > RC0,I + AgI 
(24) 

(25) 

(26) 

2 RC0,Ag + I, 

3 RC0,Ag + 2 I, 

RC0,Ag-RC021 + AgI 

> I(OCOR), + 3 AgI 

Little direct physical evidence for acyl hypoiodites (24) has been 
obtained and their existence is usually inferred by analogy with the 
behaviour of solutions supposed to  contain thcm with the behaviour of 
solutions of their chlorine and bromine analogues. Two groups of 
compounds that may be regarded as derivatives of the acyl hypoiodites 
have been prepared, the Simonini complexes (25) and the complexes with 
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tertiary amines of the pyridine series. These latter have been obtained by 
interaction of iodine, the silver salt (usually of an aromatic acid) and the 
tertiary base, and may be characterized as yellow crystalline solids for 
which elemental analyses have been 141. It is thought that 
they are of the constitution (Ipy)+RCO, in which an iodine cation has 
been stabilized by coordination (py = pyridine or substituted pyridine). 
Such a view is cmsistent with the great similarity of the electronic 
absorption spectra of a series of the compounds142 and the spectra of 
solutions of IN03 in pyridine. It has been found by tracer studies that the 
iodine in these iodopyridinium salts is labile, in that it exchanges rapidly 
and completely with added elemental iodine1". This is noi surprising, 
however, since it has been shown by conductivity measurements that 
equilibria of the type (55 )  are set up when iodine itself is dissolved in 
~ y r i d i m l ~ ~ .  

(55) 

The Simonini complexes (25) are also isolable solids in many cases 
(especially R = aryl) and give good elemental analyses14P147. The structure 
of the Simonini complex has been the subject of some discussion. In  the 
case of iodine silver dibenzoate14'j (25; R =  C,H,), a DMF solution of 
the complex gives a n  immediate precipitate of silver iodide with sodium 
iodide, but '10 reaction with silver nitrate. This behaviour suggests that 
actual or potential Ag4- ions are present in the complex, but that I- ions 
are not; this assumes that the complex has the same constitution, on 
dissolution in DMF, as the solid, and does not dissociate according to 
equation (56). Such a dissociated complex also would show this behaviour 

C,H,CO,Ag-C,H,CO,I C,H,CO,Ag + C,H,COJ (56) 

with silver ion and iodide ion. Attempts to obtain crystalline material for 
a crystallographic structure determination and thereby explain this 
chemical behaviour, have not been successful146. 

Isolation of the Simonini complex followed by heating it in an inert 
solvent affords mainly the 'Simonini ester', RC0,R (see below). Other 
reactions of the complex have been studied, including the oxidation of 
aromatic amines and the cleavage of 1,2-gly~ols~~*. Hydrolysis leads to 
iodate as one product according to equation (57)14"la7. In a few cases a 

3 (RCO,),AgI + 3 H,O - 6 RC0,H + 2 AgI + AgIO, (57) 

bromine analogue of the Simonini complex has been obtainedl4'9 149* lS0; 
in the case of bromine silver d i b e n z ~ a t e l ~ ~ ,  hydrolysis takes a more 
complex course than that of the corresponding iodide and oxygen is 
evolved. 

2 I, + PY e PYI+ + I; 
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Simonini complexes have been isolated in the perfluoroalkyl s e r i eP .  
The authors considered the possibility of the existence of the bromine 
analogues in this series but wese unable to find evidence for them. 

Iodine tricarboxylates are formed when silver salt and iodine are in a 
molar ratio of 312. The colourless solutions may be crystallized at  low 
temperature to give the colourless crystalline, but easily hydrolysed, 
iodine tricarboxylates, whose stability decreases greatly as the length of 
the aliphatic chain in R is reduced152. Recently153, perfluorinated iodine 
tricarboxylates have been prepared by the action of concentrated nitric 

12 + 6 HNO, + ~ ( R F C O ) , ~  - 2 ~(OCORF), + 6 NO, + 6 RFCO,H 

(RF = CF,, GFS, C J J  

acid and iodine on perfluorocarboxylic anhydrides. These latter compounds 
are not susceptible to hydrolysis. 

Hydrolysis of the non-fluorinated iodine tricarboxylates yields iodic 
according to equations (58) and (59). Thermal decomposition 

I(OCOR), + 3 H,O > I(OH), + 3 RC0,H (58) 

(59) 

of the long-chain iodine tricarboxylates yields several products of which 
the alkyl iodide RI and the ester RC0,R are formed in largest amounts. 
In  the presence of excess iodine, however, up to 80% of the alkyl iodide is 
fomedl5*. Oldham and Ubbelohde propose that the tricarboxylate is 
converted to the acyl hypoiodite which then decomposes as in a Huns- 
diecker reaction, equations (60) and (61). Reinvestigation of the reaction 

I(OCOR), + 4 3 RCOJ (60) 

(61 1 

with iodine tripr~pionatel~" indicated that the course of the reaction is 
much more complex than equations (60) and (61) would suggest; however, 
the original authors themselves had noted152 that the situation was less 
simple as the length of the alkyl chain in R was reduced. 

Electrophilic iodination by acyl hypoiodites has been reported. Acetyl 
hypoiodite20 and trifluoroacetyl hypoiodite21* 22 both give good yields of 
aryl iodides and the directior, of iodination is that which would be 
expected for an electrophilic substitution. Trifluoroacetyl hypoiodite 
particularly is reported as a promising reagent, for iodination occurs 
under relatively mild conditions, and since the decarboxyiation of 
trifluoroacetyl hypoiodite does not proceed rapidly below IOO", electro- 
philic iodination is observed exclusively. 

5 I(OH), - 3 HIO, + 6 H,O + I, 

RCO,I------+ -+ CO, + RI 
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The interaction of mercuric acetate and iodine in acetic acid has been 
studied155. The reaction is believed to follow the course of equation (62), 

Hg(OCOCW,), + I, HgIOCOCH, + CH,CO,I (62 

and the equilibrium constant has been obtained by observing the change 
in the U.V. absorption of the free iodine. At 25" the equilibrium constant 
is 2.43 f 0.05 and at 45", 1.99 f. 0.04, indicating that acetyl hypoiodite 
formation is a very slightly exothermic process. The iodination of 
pentamethylbenzene by the reagent was studied and the rate of halo- 
genation by acetyl hypoiodite was compared with the rates of reaction of 
acetyl hypochlorite and hypobromite with aromatics. The iodo compound 
was found to be the least reactive, as would befit a compouncl expected155 
to be more stable. 

The addition of acyl hypoiodites to olefins has been studied quite 
extensively, notably by Prkvost in the 1930s and by whose name the 
reaction is usually 150* 156158. As in the case of the addition of 
acyl hypochlorites and hypobromites, the addition zpptars to he an ionic 
reaction in which addition of (I+) is followed by (RCOT)~~ .  However, 
depending upon the conditions, several products may be obtained. The 
simple adducts, 2-iodocarboxylate esters, appear to be first formed. 
These substances have been proposed as crystalline derivatives of olefins, 
using iodine and silver 3,5-dinitrobenzoate as the reagent to obtain the 
iodo-3,5-dinitroben~oates~~. When the silver salt is in excess (conditions 
favouring formation of the Simonini complex) the reaction does not stop 
at equation (62 .~) ,  but leads to glycol dicarboxylates, equation (63) 
(especially for R = aryI)150* 156. 

OCOR 

(62d 
\ /  \ I /  
,C=C,+RCO,I - +-C, 

I 

(27) OCOR 

(63) 
\ I /  

(27) + RCO,Ag __f AgI  +,C-C, 
I 

OCOR 

The reaction has aroused some interest, both as a preparative procedure 
and on account of its stereochemistry. Most of the mechanistic studies 
have been concerned with the reaction in the iodine series. 

As noted above, the normal reaction in a dry solvent yields initidly a 
tra:u-iodocarboxylate in an ionic sequence. However, in the presence of 
quite small amounts of water, the product obtained is a cis-hydroxycar- 
boxylateljg-161 which may be converted to a cis-diol in excellent overall 
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yield, often superior to that obtained by the use of potassiumpermanganate 
or osmium te t r~x ide '~~ .  Following the work of WinstehP2* 163, the 'wet 
PrCvost' is 160 as involving displacement of the iodine of the 
trans-iodocarboxylate by the neighbouring carboxylate group (equation 
64). Hydrolysis of the ortho-ester (28) gives two possible cis-hydroxyesters, 

1 

(28) 

both of which hydrolyse to the same cis-diol. The mechanism has been 
investigated by Wiberg and S a ~ g e b a r t h l ~ ~  ; using isotopic labelling, they 
showed that both oxygen atoms of the original acyl hypohalite finish up as 
the oxygeils of the cis-diol. 

In hindered systems particularly, it has been noted that the cis-diol 
formed is of the opposite stereochernistry to the cis-diol obtained by 
osmium ietroxide oxidation of the olefinlGO- 164. 

When an acyl hypohalite and a terminal acetylene are allowed to 
interact, substitution rather than addition occurs (equation 65)l5'j. l'j5:- 

RC0,X 4- R'C=CH ___ > RC0,H + R'C=CX (65) 

Almost all the studies of this reaction have been made using iodine as the 
halogen and usually it is the Simonini complex that is used as the acyl 
hypoiodite source. Although the reaction has not been extensively 
investigated, good to excellent yields of iodoacetylenes have been obtained; 
with acetylene itself both mono- and disubstitution have been reported165. 

Decarboxylation of acyl hypoiodites has been used less frequently as a 
synthetic route to alkyl iodides than has the corresponding reaction 
giving alkyl bromides. The reason usually advanced is that ester formation 
(equation 66) competes with alkyl iodide formation and results in a poor 

2 RC0,Ag + I, - 2 AgI + CO, + RCO,R (66) 

yield of the latter. While it is true that ester formation is very frequently 
observed in the silver saltliodine reaction, it would seem that one reason 
has been that many workers have used the 2/1 molar ratio of silver salt to  
iodine of equation (66), thus favouring Sinionini complex formation and 
ester productiod8. Alkyl iodides have been prepared successfully by the 
Hunsdiecker reaction, but only by using a 1/1  molar ratio of silver salt 
and iodine166 or an  excess of iodine'j'. The oxidation-decarboxylation 
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reaction using either silver salts or the salts of alkali metals has found 
some utility in the production of perfluoroalkyl icjdideslQ* 167,168. 

Equation (66), however, represents the usual course of decarboxylation 
in the iodine series and gives the symmetrical ester RC0,R. Much discus- 
sion has centred on the roie of the Simonini complex in this reaction, for 
very often the complex separates from solution and, on heating or isolation 
followed by heating in the solvent, the ester is produced. Unfortunately, 
the aryl series, in which the complexes have been best characterized, is 
useless as a preparative method for esters, a variety of products being 
formed'-' 5. 

The decomposition of iodine silver dibeiizoate (25, R = C6H,) has been 
studied in severzl aromatic solvents147. 169. Silver iodide is liberated 
almost quantitatively. Electropliilic iodination of the solvent is observed 
for benzene and anisole, but not for nitrobenzene or chlorobenzene. 
Instead, these latter, and to some extent the former, give aryl benzoates 
and arylbenzenes, both presumably free-radical products. Bromine 
silver diben~oate'~' has been subjected to similar reactions giving 
essentially similar products. 

A simple route to the Simonini ester is depicted in equations (67)-(69). 
Here the alkyl iodide is produced by a Hunsdiecker reaction and reacts 

(67) 

(68) 

(69) 

with a further mole of silver carboxylate. This mechanism takes no 
account of a possible role of the complex and implies that complex 
famation is an irrelevant side reaction (70) so far as ester production is 
concerned. 

RCO,I + RC0,Ag RCOJRC0,Ag (70) 

Stereochemicsl studies have shown that when R is of the constitution 
RzR2R3C- and is optically active, the alkoxy moiety of the ester is 
optically inactive, while the acyl fragment retains its activity61, in agree- 
ment with equations (67)-(69). It would appear that at least one ionic 
step is involved whatever the correct mechanism, for unlike the 
Hunsdiecker reaction, in the Simonini reaction the alkoxy group R is 
found to have rearranged in cases where R is of such a configuration as to 
rearrange if it is a carbonium This does not require that the 
mechanism is ionic throughout as some have suggestedl;l. A likely ionic 
step would be equation (69), assisted ionization of the alkyl iodide followed 
by reaction with a carboxylate anion. It would be interesting to know in 
this context whether the same yield of Simonini ester could be prepared 

\I 

RC0,Ag + I, - RCOJ + AgI 
free-radicnl 
pathway 

RCOJ - R I  + CO, 

R I  + Ag+RCO;- - AgI + RCO,R 
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under the same reaction conditions by the reaction of equivalent quantities 
of nlkyl iodide and silver salt, but this has not been studied. In the absence 
of further information, particularly on the possible role of the Simonini 
complex, the authors arc inclined to favour equations (67)-<69) as a 
working mechanism for the Simonini reaction; in this regard the failure 
of the reaction for aryl groups R may be held to support step (69), for 
assisted ionization should be very difficult for such substrates. On this 
basis, we would not expect ester formation from the action of iodine on 
the bridgehead silver carboxylates of rigid bicyclic systems, since these 
also resist assisted ionization to carbonium ions. This point has not been 
investigated. It may also be noted that the formation of esters in the case 
of acyl hypoiodites, but not from the bypochlorites or hypobromites may 
simply reflect the greater ease of assisted ionization of alkyl iodides. It 
could, however, be related to the production of polyvalent iodine inter- 
mediates and a route entirely different from equationd (67)-(69), but no 
information is available on this point. 

6. Reaction of Iodide Ions with Diaeyl Peroxides 
Although the reaction of iodide ions with dicicyl peroxides is commonly 

used as the basis for the iodometric estimation of the peroxides according 
to equation (71), virtually no reports of the mechanism of the reaction 

(RCO,), + 21- - 2 RCO? + I? (71 I 

have appeared. The single detailed study of the reaction concerns the 
action of iodide ions on substituted benzoyl peroxides172. The kinetics of 
the reaction were followed spectrophotometrically, and it was found that 
in ethanol the reaction is first-order in both iodide and the aroyl peroxide. 
When small quantities of water are added to the solvent the rate is reduced, 
as has been noted p r e v i o ~ s l y ~ ~ ~ ~ ~ ~ ~ ,  and this suggests that changes in 
polarity are involved in the transition state. This was c o n h e d  both by 
a study of the p a  correlation for a large number'of phenyl-substituted 
benzoyl peroxides ( p  = -1-0.76, 100% EtOH) as well as by the observation 
that the rate was significantly affected by the cation associated with the 
iodide ion. 

These data clearly point to a biomolecular reaction between iodide and 
benzoyl peroxide, but offer no support or lack of support for the inter- 
mediacy of benzoyl hypoiodite. Both (72) and (73) are proposed possible 
pathways for reaction (71), and the ease of attack of bromide ion on 
acyl hypobromites (section 111, C )  makes it likely that the attack of iodide 
ion on a hypoiodite (equation 72a) may be too fast for hypoiodites io be 
diverted to other products in these systems. To date, however, no 
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information on this point is available. One point, however, is pertinent; 

(72) 

c,H,co,r -I- r- > C,HsCO; -k I, (72a) 

(C,H,CO.Jz + 1- CeHSCO, + CeHsCO; + 41, (73) 
C,H,CO; + I- ----+ C,H,CO;. + +I2 (734 

if Hammond and S ~ f f e r ' ~ ~  are correct in their suggestion that benzoyloxy 
radicals are rapidly scavenged in the presence of iodine (section TV, D), 
it would be anticipated that (72) would be an  energetically more favourable 
reaction pathway than (73), since 0-1 bond formation is preferred over 
production of the independent radicals. 

(C,H,CO,), + I- - C,H,CO,I + C,H,CO; 

C. Acyl Hypoiodites from the Acid 
Unlike the failure to produce acyl hypochlorites and hypobromites by 

the action of positive halogen compounds on carboxylic acids, acyl 
hypoiodites seem to be prepared quite readily by this reaction. Barton 
and co-v:orkersliG found that alkyl iodides and CO, were the products of 
the reaction of t-butyl hypoiodite with carboxylic acids under illumination 
and suggested equations (74)-(75) as representing the course of the 

(CHx),COI + RC0,H ----+ [RCO,rl + (CH,),COH (74) 

z RI + CO, h V RCOJ ~ (75) 

reaction. In benzene solution, fair to good yields of alkyl iodides were 
obtained, and the acyl hypoiodite was suggested as the first-formed 
intermediate, which on irradiation cleaves to the acyloxy radical and a n  
iodine atom to start the usual Hunsdiecker decarboxylation sequence. 
I t  is of interest that acyl hypohalite formation should apparently be 
favoured in transhalogenation for iodine but not for chlorine or bromine : 
one possibility is that because iodine may be polycovalent the reaction 
may involve trivalent iodine intermediates. The question may be compli- 
cated, however, by the structures of the hypoiodites themselves. Hypo- 
chlorites, and probably hypobromites of the alkyl and acyl series, are of 
monomeric structure; wlule nothing is known about the constitution of 
acyl hypoiodites : their alkyl analogues are polymeric, the average molecular 
weight of t-butyl hypoiodite corresponding to about 9-12 monomer 
unit s1 7. 

I t  is reported that the mercuric oxide/halogen variant of the Hunsdiecker 
reaction, which uses the acid rather than its metal salt, is successful also 
with iodinez2* 17** li9. This observation is of interest in that the mercuric 
oxide/bromine reaction is thought to involve bromine monoxide as an  
intermediate (section 111, D). Iodine monoxide, however, has never been 
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prepared'*O; hence, the success cf the reaction implies either that iodine 
monoxide exists as an unstable reaction intermediate or that the mercuric 
oxide/lialogen reaction, at  least for iodine, proceeds by a pathway other 
than one involving the halogen monoxide. 

Finally, acetyl hypoiodite has been invokedlel as an intermediate to 
explain the results of kinetic studies for electrophilic iodination of phenol 
in the system C,H,0H/I,/CH,C02H/CH3C02Na(aq.). 

D. The lnteraction of iodine with Peroxy Compounds and Other 

The decomposition of benzoyl peroxide in the presence of iodine was 
studied by Hammond. In  benzene or chlorobenzene as the 
rate of peroxide decomposition is independent of the concentration of 
iodine, but the product distribution and iodine consumption are changed 
according tG the iodine concentration. With much iodine present con- 
siderable quantities of iodobenzene are formed together with (in chloro- 
benzene) chloroiodobenzenes, mainly the para-isomer. Benzoyl hypoiodite 
was proposed as an  intermediate (equation 76) to explain the products. 

Oxidants 

(C,H,CO,), - 2 C,H,CO; I' + 2 C,H,CO,I (76) 

In carbon tetrachloride an excellent yield of iodobenzene was obtained175, 
and it was discovered that if water were added to the solvent, a nearly 
quantitative yield of benzoic acid was obtained, presumably because of 
hydrolysis of the intermediate benzoyl hypoiodite (equation 77). The 

C,H,CO,I + H,O - C,H,CO,H -I- HOI (77) 

preparative aspects of this reaction have been ~ tudied l*~ recently. As 
reported by Hanmondli5* la2, better yields of iodobenzene from benzoyl 
peroxide result in carbon tetrachloride than in aromatic solvents. Other 
halogenated aliphatic solvents are also useful. Good yields of n-octyl 
iodide were obtained from dinonanoyl peroxide in both aliphatic and 
aromatic solvents. It is concluded183 that the Hunsdiecker method and its 
modifications are superior for the synthesis of alkyl iodides but that the 
peroxide/iodine technique is of preparative value for some aryl iodides. 

In the presence of olefins the benzoyl peroxide/iodine reagent leads to 
the production of glycol dibenzoateP4. Benzoyl hypoiodite was proposed 
as the reactive intermediate, and this belief was strengthened by the 
isolation of 2-iodocyclohexyl benzoate from an experiment using cyclo- 
hexene as the olefin, and the conversion of the iodoester into 1,2-cyclo- 
hexanediol dibenzoate under the reaction conditions (equation 78). 
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The interaction of peracetic acid and iodine is thought to involve the 
production of acetyl hypoiodite and several studies with this reagent have 

been carricd out. Benzene has been iodinated in yields up to 60% based 
on the iodine consumed; toluene gave 85% of 0- and p-iodoto!uenes, but 
benzoic acid and nitrobenzene were unattacked by the reagentlS5. 
Iodination of benzene proceeds according to a rate expression (79) which 
is independcnt of the benzene concentration ant in this respect the 

rate = k[IJ [CH,CO,H] (79) 

electrophilic substitution parallels that of halogenation by acetyl hypo- 
chlorite (section 111, B). Unlike the latter, however, acid catalysis is 
relatively unimportant for iodination of benzene by acetyl hypoiodite, 
zlthough it becomes important for iodination of benzoic acid which is 
attacked only by the acidified reagent. Possibly here the active entity is 
protonated acetyl hypoiodite. The simultaneous production of iodic acid 
suggests that hypoiodcrus acid is formed at some stage in the reaction, and 
the sequence (80)-(83) is proposed. Unfortunately, the kinetics do  not 

(80) 

HOI + CH,CO,H CH,CO,I + H,O (81 ) 

C,H, + CH,CO,I(or HOI) - ---+ C,H,I + CH,CO,H (or H,O) (82) 

HOI -+ 2 CH,CO,H (or 2 HOI) -----+ HIO, + 2 CH,CO,H (or 2 HI) (83) 

distinguish between HOI and CH,CO,I as the electrophilic reagent and 
the latter is simply the previous authors’ own preference. That the reaction 
is an  electrophilic substitution is demonstrated by the relative reactivity 
of several aromatic substrates towards the reagent, as well as by the 
direction of iodination by a substituent already presentlS5* 

Subsequent studieslgG by the same authors revealed a more complex 
situation in that the iodination is autocatalytic, the rate increasing with 
the concentration of the product aryl iodide, or an  added aromatic iodide. 
This autocatalysis was ascribed to the oxidation of iodoarornatics by 
peracetic acid, to give iodosobenzene C,H,IO or iodobenzene diacetate 
C,H,I(OCOCH,),. In acetic acid with added iodine, but in the absence 
of peracetic acid, iodosobenzene or better, iodobenzene diacetate iodinatcd 
in-xylcne faster than thc iodinelperacetic acid reagent. The reaction had 
the stoicheiometry of equation (84). Tt was postulated that acetyl hypoiodite 

(84) 

slow H,O +- CH,CO,X + IZ- > - CH,CO,H + 2 HOI 

pst. 

C,H,I(OAc), + 1, + 2 ArH > 2 ArI + 2 CH,CO,H + C,H,I 
17 
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is also the active iodinating agent in the autocatalysed reaction and is 
produced by equations (85)-(87). 

ArI + CH,CO,H ---+ ArIO + CH,CO,H (85) 

ArIO + 2 CH,CO,H - ArI(OCOCH,), + H,O (86) 

ArI(OCOCH,), + I? - ArI + 2 CH,CO,I (87) 

The iodine/peracetic acid reagent has also been studied in combination 
with olefins18i* lE8 and results in the zddition of the elements of acetyl 
hypoiodite to the double bond. A study of the kinetics in this system 
reveals a situation more compiex than that of aromatic iodination, for 
here addition of the iodine to the olefin is faster than its reaction with 
peracetic acid (equation 80). The authors conclude that in this system 
acetyl hypoiodite is not the species responsible for most of the addition. 

Subsequent studies on the reaction of propylene with iodine and 
iodobenzene diacetste or  iodosobenzene also gave 1 -iodo-2-acetoxypropane 
as the principal reaction productlE9. Here, by contrast, the authors 
postulate the initial formation of acetyl hypoiodite (equations 85-87) 
followed by a PrCvost addition of the latter to the double bond. 

Acyl hypoiodites have been suggested to arise from aromatic dicar- 
boxylates in another context: the decomposition of aryliodine dibenzoates 
is proposed to follow a free-radica! chain pathway in which benzoyl 
hypoiodite is a necessary intermediatelS0. Unfortunately, no direct evidence 
for 3-3 intermediacy of the hypoiodite was obtained. 

Other oxidizing agents have been proposed to give acyl hypoiodites on 
reaction with iodine. Oxidstion of iodine with lead tetraacetate affords 
CO, and methyl iodide, the following sequence being proposed176 
(equations 88-89). Addition of a carboxylic acid to the reaction mixture 

PUOAc), + I, > Pb(OAc),I + CH,CO,I (88) 

(89) 

leads to its preferential decarboxylation, presumably by virtue of equilibria 
such as (9Oj and (91) and reactions (92) and (93). Good yields of alkyl 

Pb(OAc), + RCO,H Pb(OAc),(OCOR) + CH,CO,H (90) 

RC0,H + CH,CO,I RCOJ + CH,CO,H (91 1 
(92) 

RCOJ > - RI + CO, (93) 

iodides have been achieved using this me:hod, although its application is 
not as wide as the same authors’ technique for iodinative decarboxylation 
using t-butyl hypoiodite (see above, section TV, Cj. 

CH,CO,I - - CHJ + CO, 

Pb(OAc),(OCOR) + I, ~ + RCO,I + Pb(OAc),I 
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Finally, the oxidation of iodine by acetyl hypoclilorite is reported' to 
give acetyl hypoiodite and chlorine (equation 94). The acetyl hypoiodiie 

2 CIOAC + I, ~ > 2IOAc + CI, (94) 

SO formed is chimed fo decompose on heating to iodine, CO, and methyl 
iodide. Hydrolysis gives acetic acid, iodine and possibly iodic acid. 
Further work is clearly indicated to follow up these very interesting 
observations. 

V. NITROGEN-CONTAINING ANALOGUES OF ACYL 
WYPOHALITES 

This section is limited to a description of several types of compounds of 
limited stability which can be considered as analogues of acyl hypohalites 

0 
II 

(R-C-OX). Esters ( X =  alkyl or aryl) clearly fall outside this 
clsssification, as do, for the purposes of this article, peroxy compounds 
(X= -OH, -OR, -0COR). In this section the discussion will be 
limited to a consideration of acyl cyanates ( X =  -CN), acyl nitrites 
(X = -NG) and acyl nitrates (X = -NO,). 

A. Acyl Cyanates 

No acyl cyanate has ever been isolated, neither is there any spectro- 
scopic or  other physical evidence for their existence; rather they have been 
postulated as plausible reaction intermediates. 

A reaction, apparently analogous to the Hunsdiecker process, involves 
the silver salts of carboxylic acids and cyanogen bromide1". From silver 
benzoate, the products were benzonitrile and benzoic anhydride, the latter 
normally in much greater amount. The reaction was carried out in several 
solvents, most successfully in acetronitrile where the yield of benzonitrile 
amounted to 32%. The following outline of the reaction pathway was 
proposed. The mechanism of the reaction has not been studied, but in 

(95) 

C,H,CO,Ag + C,H,CO,CN ~ > (C,H,CO),O + AgOCN (96) 

(97) 

view of observations about to be described, it is probable that equation 
(97) does not take the course analogous to that discussed for the Huns- 
diecker reaction (section 111, B). 

Under more drastic conditions (sealed tube 200-300"), the sodium and 
potassium salts of carboxylic acids also furnish nitriles on reaction with 

C,H,CO,Ag + BrCN - C,H,CO,CN + AgBr 

C,H,CO,CN - C,H,CN 4- co, 
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cyaiiogen chloride or  cyanogen bromide. The salts of acetic, propionic, 
benzoic and o-chlorobenzoic acids gave moderate yields of the corres- 
ponding nit rile^^^^. When sodium ben~oate-carbonyl-~~C was used, it was 
foundxg3 that the 14C in the products was found mainly in the benzonitrilc 
(equation 98); thus unlike the Hunsdiecker reaction it i s  not the carboxy- 
late carbon that is lost as CO,. Similar experiments applied to the reaction 

C,H,"CO,Na + BrCN > C,H,"CN + CO, + NaBr (98) 

of sodium propionate with cyanogen bromide gave similar, but less 
clear-cut resultslg4. From this reaction propionyl isocyanate was isolated 
as a by-product, and the mechanism, equations (99) and (loo), was pro- 
posed, in which 29, rather than the acyl cyanate, was the postulated 
intermediate. 

0- 
0- I 

R-;C-N 
I I I  

0-C-Br 
I 

R-$=O + NEC-Br 

II  
R-C-N=C=O i- Br- (991 

Recently alkyl cyanates have been isolated and are found to isomerize 
readily to alkyl isocyanatesl"". This suggests, by analogy, that the formation 
of the acyl cyanate, followed by its rearrangement to the isocyanate 
(equation lOl) ,  is an alternative to (99), direct formation of the isocyanate, 

RC0,M + BrCN - MBr + RC0,CN - (RCO)+(OCN)- - RCONCO (1 01 1 
in that proposed scheme. Whatever the details of the mechanism, it seems 
clear that the bond from the alkyl or aryl group R to the carbonyl carbon 
is never broken, for the results of the tracer experiments have been con- 
firmed by the experiments of Barltrop, Day and Bigley'". Using terpenoid 
groups R, they find that the group R changes neither its geometric nor its 
enantiorneric configuration when the acid salt is converted to the nitrile 
by means of cyanogen chloride at  250". 

The intermediacy of acyl cyanates may also be implicated in the 
oxidation of hydrogen cyanide by beiizoyl peroxide. In  the presence of 
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cyclohexane, cyclohexyl cyanide is produced, and the course of reaction 
is postulatedlll to be that of equations (102) and (103). 

(1 02) HCN + (C,H,CO,), - C,H,CO,CN + C,H,CO,H 

CaHSCOZCN + COH;, ~ F C,H,,CN + C,H,CO; (1 03) 

B. Acyl Nitrites 
The silver salts of carboxylic acids react with nitrosyl chloride to give 

acyl nitrites, which may be isolated and characterized. Acetyl nitrite was 
discovered by Francesconi and ~ o - w o r k e r s ~ ~ ~ ,  who found that it decom- 
posed on wamjng, or more violently in giving mainly acetic 
anhydride and NzO,. Recently, several acyl nitrites have been preparedlg9, 

CH,CO,Ag + ClNO > AgCl + CH,CO,NO - #&O3 + $(CH,CO),O 
(1 04) 

and it has been found that anhydride formation is quite general when 
solutions of the acyl nitrite are heated to about 100". Pyrolysis of the acyl 
nitrites in the vapour phase at 200°, however, leads to decarboxylation 
and the formation of a nitroso compound (equdon 105), which under the 
reaction conditions, usually isomerizes to an oxime (equation 106). 

(1 05) 

R'R'CHNO - R'R2C=NOH (1 96) 

Carbon dioxide production is essentially quantitative, while the oxime or 
nitroso compound is obtained in better than 50% yield. 

Much more extensive study has been made, however, of the corre- 
sporrdlng reaction of salts of perfluorinated acids, especially silver 
perfluorocarboxylates20~202, since these salts offer a convenient route to 
the otherwise rather inaccessible nitrosoperfluoroalkanes. One patented 

"000 
RC0,NO L RNO + CO, 

R&O,M + ClNO - R&O,NO -I- MCI - RFNO (107) 

reportzo3 also discusses the fcrmation of the perfluoroacyl nitrites from the 
perfluorocarboxylic acid and iiitrosyl chloride under illumination. These 
compounds have been studied mainly by Haszeldine and associates. On 
account of their low volatility, the isolable yellow perfluoroacyl nitrites 
are suggested201* zo2 as showing molecular association. 

On heating the perfluoroacyl nitrites, anhydride formation is not 
observed, unlike their hydrocarbon analogues100; indeed, a convenient 
route to the perfluoro derivatives is by the action of dinitrogen trioxide 
(or nitrosyl chloride) on the perfluoroacid anhydride20P20G. Photolysis, or 
heating the nitrite vapours to about 200°, causes decomposition to the 
nitrosoperfluoroalkane and CO, to occur in high yield201. The original 
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papers stress the necessity for dilution of the nitrite vapours with an inert 
carrier to minimize the risk of cxplosion. 

It is not known by what route decomposition of the perfluoroacyl 
nitrite occurs. Haszeldine and co-workers201 suggest two possibilities ; a 
free-radical pathway (equations 108-1 1 1) and a four-centre intramolecular 
mechanism (equation 112). 

Other reactions of yerfluoroacyl nitrites to be studied so far include 
attack on some metal chlorides with the liberation of nitrosyl chloride, 
hydrolysis and oxidation of many metals to their perfluorocarboxylate 
salts, with liberation of nitric oxide2O2. 

Belov and Kozlov have prepared acyl nitrites in aqueous media through 
the action of sodium nitrite and the acid, or the acid They 
report that the diazotization of aromatic amines by sodium nitrite and an 
organic acid probably involves an intermediate acyl nitritezo8, in support 
of which the acyl nitrites, when isolated, act as effective diazotizing agents 
for the aromatic a i~unes~~ ' .  

C. Acyl Nitrates 

Acyl nitrates have been prepared, but have not been obtained com- 
pletely pure. Benzoyl nitrate2OS, made by the action of silver nitrate on 
benzoyl chloride at -10" in carbon tetrachloride solution, is the best 
known. Essentially no physical characteristics have been reported. Acetyl 
nitrate is considered to exist in solutions of nitric acid in an excess of 
acetic anhydride. 

Acyl nitrates have been of interest mainly in connexion with aromatic 
nitration210* 311. Aromatic amines and phenols are conveniently nitrated 
by acetyl nitrate, and with these as well as with aryl alkyl ethers and anilides 
an unusually high proportion of the o-nitro compound is obtained. 
Benzoyl nitrate has been studied particularly to test the effect of variation 
of the leaving group X on nitrations by NO,-X. With benzoyl nitrate, 
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however, the rapid establishment of equilibriilm <113) and the production 
of the more reactive nitrating species thereby makes the substitution 

2 C,H,CO,NO, N,O, + (C,H,CO),O (113) 

proceed entirely through the agency of N,O, and not by benzoyl nitrate. 
Recently212 it has been noted that in the case of benzoyl nitrate, dehydro- 
genation reactions may accompany nitration; such has been observed in 
the reactions of bibenzyl and ot' 2,2'-meta-cyclophane. 

Nitrations involving acyl nitrates have been discussed elsewhere; it 
seems probable that in most cases NO,+ derived from the N,O, is the 
reactive nitrating s p ~ c i e s ~ ~ ~ .  Synthetically, acyl nitrates are useful in 
situations where the usual sulphuric acid/nitric acid nitrating mixture may 
not be used; nitric acid in excess acetic anhydride has been used very 
successfully for nitration of acid-sensitive heterocycles21P217. 

With several aromatic substrates, acetyl nitrate is reported to yield 
acetoxylation as  well as nitration products2l8P ,19. The mechanism has 
been interpreted as an electrophilic substitution2l89 219 or an addition- 
elimination reaction220. 221. Addition products of the elements of acetyl 
nitrate to o-xylene have been isolate@22. 

Bordwell and G a r b i s ~ h , ~ ~ ,  2x have studied the action of acetyl nitrate 
on a number of olefins. Cy~lohexene~'~, for example, gives the products 
30-33; subsequently225, 34 was also found to be a product. The reaction 

+ 0TH3 (31 ) 

+ CH3C0,N0, ---+ 

(30) 

I\; 0 2  
I 

(32) (33) (34) 

with aryl-substituted olefins2M is rather cleaner and it is suggested that a 
cyclic addition of the acyl nitrate may be involved. In favourable cases up 
to 70% of nitroacetates may be formed. The addition of acetyl nitrate to 
cyclohexanone enol acetate has been used as a route to 2-nitrocyclo- 
h e x a ~ o n e ~ ~ ~ .  

The decomposition of benzoyl peroxide in the presence of dinitrogen 
tetroxide has been investigated; the products of the reaction have been 
explained as arising through trapping of benzoyloxy radicals by NO, 
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followed by breakdown of the intermediate benzoyl nitrate2%. This 
proposal is, of course, analogous to the situation in the decomposition of 
the same peroxide in the presence of iodine (section IVY D). 

(C,H,CO,), - 2 C,H,CO; z C,H,CO,NO, (114) 
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