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The product was purified by chromatography on Kiesel gel G
(Merck) to give a clear oil or a solid in 55-61% yields.

7a: mp 40.0-41.0°; ir (CCly solution) 1760 (vs), 1375 (s), 1350 (s),
1050 (s), 1032 cm~! (s); TH NMR 6 1.39 (s, 9 H) and 1.2-1.9 (com-
plex m, 10 H).

7b: colorless liquid; ir (film) 1770 (vs), 1365 (s), 1328 (s), 1200
(s), 1150 (vs), 1080 (vs), 1030 cm™! (s); 1H NMR 4§ 1.39 (s, 9 H) and
1.2-2.0 (complex m, 10 H).

8a: mp 46.5-47.5°; ir (CCl; solution) 1755 (vs), 1370 (s), 1215
(vs), 1190 (s), 1155 (vs), 1052 (m), 1030 cm~! (m); 'H NMR 5 1.36
(s, 9 H) and 1.3-2.0 (complex m, 10 H).

8b: colorless liquid; ir (film) 1775 (vs), 1365 (s), 1295 (s), 1176
(s), 1145 (vs), 1080 (s), 1025 cm™* (m); *H NMR 6 1.36 (s, 9 H) and
1.3-2.0 (complex m, 10 H).

Thermal Decomposition of tert-Butyl Peroxy Esters (7 and
8). A solution of 0.5-1.0 mmol of the peroxy ester in a tenfold
molar quantity of toluene, cumene, or bromotrichloromethane was
placed in a pressure-resistant Pyrex ampoule. It was degassed with
pure nitrogen and was heated at 110° for 24 hr. After the reaction
was over, the reaction mixture was cocled to 0°, and the ampoule
was very carefully opened. The isomer distribution in the product
was determined by GLC prior to any treatments and is shown in
Table I1.22

The free acids were isolated by conventional extraction meth-
ods. The comparison of the spectral properties and melting points
of the isolated acids with those of authentic samples showed the
geometry of the starting peroxy esters being retained.

Registry No.—1a, 56403-11-3; 1b, 56377-36-7; 2a, 18688-20-5;
2b, 18688-19:2; 3a, 21448-77-1; 3b, 21448-76-0; 4¢, 19144-91-3; 4d,
19144-90-2; 7a, 56403-13-5; 7h, 56377-51-6; 8a, 56377-52-7; 8b,
56377-53-8.
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The preparation and characterization of 14 symmetrically substituted I,I-dibenzoyldioxyiodchenzenes, Ar-
I(OOCOAr-X),, are reported. A quantitative study of the decomposition for seven of these compounds in chloro-
form (0.008-0.030 M) at 28-38° has been undertaken. Under these conditions the reaction is kinetically of the
first order and yields iodoxybenzene (identified as a new polymorphous modification), benzoic acid, dibenzoyl
peroxide, and hexachloroethane as the major products. A Hammett plot of the rates of decomposition of meta-
and para-substituted compounds vs. ¢ values gives a p of —0.29 (r = 0.93). The effect of substituents on decompo-
gition is discussed in terms of increased or decreased electron densities on the peroxidic oxygens. A unimolecular
free-radical mechanism, with a transition state in which some rotational restrictions appear (partial ionic charac-
ter), is proposed to be the major reaction path. The explosive properties of compounds under investigation are

pointed out.

The chemistry of compounds ArI(OCOAr)s, usually
formed in the reaction of iodobenzene with peroxy acid,?
has received intensive study in the past and is now rather
well understood mainly by the efforts of Leffler and co-
workers.5* On the other hand, compounds of the type Ar-
I(OOR); have been only scarcely investigated. Milas et al.
reported the results of a study of the reaction of iodosoben-
zene with tert-butyl hydroperoxide in methylene chloride,

and proposed ArI(OOBu-¢)s to be an intermediate of short
lifetime below —80°,5

As a part of our continuing interest in organic polyvalent
iodine compounds, we wish to report in the present paper
details concerning the preparation and characterization of
symmetrically substituted I,/-dibenzoyldioxyiodobenzenes
together with the results of the thermal decomposition in
chloroform.
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II-Dibenzoyldioxyiodobenzenes. ‘are the first class of
compounds with peroxide functional groups directly bound
to iodine. Aromatic peroxides with iodine as a substituent
in the ortho position have already been reported to decom-
pose rather quickly owing to the anchimerically assisted
cleavage.5-8

Results and Discussion

Preparation and Characterization. I,I-Dibenzoyldi-
oxyiodobenzenes were prepared from iodosobenzene and
substituted peroxybenzoic acids in chloroform (or meth-
ylene chloride) at —5°, eq 1, in yields ranging from 60 to

0

I
Y—CH,I0 + 2X—CH,CO0H —>

l
—(—(C—C H,~—X
/O 0—C—CH,
Y—C(uHctI (1)
\O—O—'C——CGH4—X

Y = F’ Cl’ CH‘; X=-. F‘/ CL Br, NO;!, Z-Bu

"70%. Derivatives of aliphatic peroxy acids could not be iso-
lated; i.e., iodoxybenzene was identified as the major prod-
uct in the reaction of iodosobenzene with peroxyacetic acid.

LI-Dibenzoyldioxyiodobenzenes possess three “active”
oxygens ‘per molecule as determined by iodometric titra-
tion. Iodobenzene and benzoic acid are the end products of
this reduction. '

The infrared spectra of compounds under investigation
show some similarities with those of the corresponding par-
ent peroxybenzoic acid. Carbonyl stretching frequencies
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Table I
Rate Constants and Activation Parameters for the
Decomposition of I,I-Dibenzoyldioxyiodobenzenes,
ArI{OOCOArX),, in Chloroform

Substituent, Conen, Temp, kx 105, AHY, ast,
X M °c sec-la keal/mol  eu
4-/-Bu  (0.025 28.0 1.94 (x0.08)
10.026  38.0 5.15 (+0.04) 175 -21.8
4-F 0.025 38.0 3.80 (x0.03)
4-C1 {0.02.5 28.0  1.35 (x0.07)
0.025 38.0 3.80 (x0.04) 18.6 -19.0
3-Cl 0.022  38.0 3.08 (0.05)
4-Br 0.026  38.0 3.96 (+0.06)
3-NO, 0.019  38.0 2.49 (x0.09)
4-NO, 0.022  38.0 2.70 (x0.08)

@ Average of at least three runs with standard deviations
rentheses.

. Table I1

Products of Decomposition of
LI-Dibenzoyldioxyiodobenzenes,
ArI(OOCOArX)gz, in Chloroform

Products, mol/mol of peroxide®

Substituent, Concan, Temp,
X i °c AflOp  X=ArCOpH (X-ArCQO),?
4oy 0010 2800 085 160 0.5
0.030 38.0 0.80 1.70 0.10
4-Br 0.025 38.0 0.83 1.65 0.08

@ Hexachloroethane was determined qualitatively in all decom-
positions by mass spectrometry. ? The correct value for diaroyl
peroxide (X = 4:NOj) inref 1is 0.15.

are located a little higher but with the same type of split-
ting of the carbonyl band (ca. 20 cm™!), indicating a cova-
lent rather than ionic structure.? Attempts to obtain some
stereochemical data on I,/-dibenzoyldioxyiodobenzenes by
a dipole moment study met with no success.!0 Neverthe-
less, it seems reasonable to assume, on the basis of only one
signal for tert-butyl protons (=60 to 30°) in.the 60-MHz
H NMR (CDCls) spectrum of CgHsI(OOCOCgH-¢-Buy),,
centered at & 1.37 (18 H) (aromatic multiplet, 13 H, &
7.19-8.30), that these compounds appear in solution in a
single conformation,!! most probably a symmetrical (Cy,)
one, with both functional groups in a mirror position
(Scheme I).12 ,

. Kinetics and Products of Decomposition. The decom-
position in chloroform at 28-38° obeys a first-order rate
law over a concentration range 0.008-0.030 M. Each reac-
tion was followed for at least 2 half-lives of the starting ma-
terial. The rate constants and activation parameters are
listed in Table L.

As can be seen from Table I, electron-repelling substitu-
ents increase the rate of decomposition whereas electron-
attracting groups retard. A plot of the rates of decomposi-
tion against Hammett o constants gives a reasonable corre-
lation (r = 0.93) with p ~0.29 (Figure 1). The products
under various conditions for two representative compounds
are summarized in Table I

The decomposition products and first-order kinetics are
in accord with an unimolecular free-radical decomposition
as the predominant reaction path as proposed in Scheme L.
The effect of substituents could be explained as being due
to an inductive effect removing or adding the excess of
electron density on the peroxidic oxygens, stabilizing or de-
stabilizing in this way both peroxidic bonds with respect to
homolytic cleavage (dipole-dipole repulsion).!® The low en-
thalpy of activation together with a rather large negative
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Figure 1. Plot of the logarithms of the rates of decomposition
(38°) of I,I-dibenzoyldioxyiodobenzenes, Ari{OOCOArX),, against
Hammett ¢ values of the substituents.
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entropy of activation seem to indicate considerable rota-
tional restrictions in, as well as a partially ionic character
of, the transition state.14-16

Some comments regarding the decomposition products
are appropriate. lodoxybenzene (B) formed in the decom-
position had a sharp melting point (223°), i.e., much lower
than that of the authentic sample (A), mp 236-237° (lit.17
230°), prepared by two independent methods.}” Infrared
spectra of both compounds also differ considerably, espe-
cially in the » C-H, C==C, and I-O regions of the spectrum
(Figure 2). The presence of symmetric and asymmetric I-O
stretching bands in the ir spectra of both compounds
(710-770 ecm™1), together with the fact that B can be trans-
formed to A by recrystallization from water, indicate that A
and B are polymorphous modifications of the same com-
pound.!® It is interesting to mention that 4F-CgHgI-
(02COCH4-4Cl); decomposes in chloroform to give p-fluo-
roiodoxybenzene (B), mp 214° (authentic sample, mp
248°), with A and B showing the same general features in
the infrared spectra.l® The formation of iodoxybenzene in
the decomposition of I,I-dibenzoyldioxyiodobenzenes indi-
cates that both reported synthetic methods which are in
use for the preparation of iodoxybenzene, i.e., the reaction
of iodobenzene with excess of peroxyacetic acid!” and per-
oxybenzoic acid,?® proceed via corresponding I,I-diacyl- or
II-dibenzoyldioxyiodobenzenes as intermediates. The
mechanism of these reactions was believed previously to in-
volve the nucleophilic attack of the iodine lone electron
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Figure 2. Segments of the infrared spectra of iodoxybenzene A
and B.

pair in iodobenzene and iodosobenzene (which is formed
first) at the electrophilic oxygen of the peroxy acid.?! Ben-
zoyloxy radicals formed initially in the decomposition ap-
pear to have sufficient lifetime under conditions investi-
gated to be rapidly trapped by the abstraction of hydrogen
from the solvent.22-28 Absence of any products which would
indicate the abstraction of chlorine is rather surprising, but
is in accord with the findings reported previously for the
decomposition of dibenzoyl peroxides in the same sol-
vent,?’

Relatively small amounts of dibenzoyl peroxides formed
in the decomposition, most probably as a result of geminate
recombination, could be explained with a rather great ini-
tial distance of benzoyloxy radicals formed as well as with a
low viscosity of the solvent used.28:2° -

The study of decomposition in other conventional sol-
vents requires higher initial temperatures owing to a low
solubility of peroxides investigated. For example, decom-
position in CCly (79.9°) does not follow the first-order law
well; small amounts of benzoic acids are formed in this sol-
vent, indicating induced (or free-radical and polar) decom-
position. These reactions are not well understood at
present and additional work is being done to clarify them.

Experimental Section

Chloroform was shaken with sulfuric acid and washed with so-
dium hydrogen carbonate solution and water. After successive
24-hr periods of drying over anhydrous MgSQ, it was fractionally
distilled and kept over 3A molecular sieves.

Substituted peroxybenzoic acids were prepared by direct oxi-
dation of the corresponding benzoic acids by 95% hydrogen perox-
ide in methanesulfonic acid,*® and were found to be over 99% pure
by iodometry (recrystallization from chloroform-hexane).
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Iodosobenzene was made by hydrolysis of the iodobenzene di-
chloride with 5% sodium hydroxide solution.3! Iodometric titration
showed this product to be over 99.5% pure. Owing to its tendency
to disproportionate the iodosobenzene was prepared freshly before
use.

Iodoxybenzene (A) was prepared by two independent methods,
i.e., direct oxidation of iodobenzene by 40% peroxyacetic acid!??
and by disproportionation of iodosobenzene.1’2 The crude product
was recrystallized from water, giving white needles, mp 236-237°
(100% pure by iodometry).

Iodoxybenzene (B) obtained in the decomposition had mp
223°.

Anal. Calcd for CgHsIOs: C, 30.50; H, 2.12; 0, 13.55. Found: C,
30.48; H, 2.13; 0, 13.55.

LI-Dibenzoylidoxyiodobenzenes. In a typical preparation, io-
dosobenzene (20 mmol) was suspended under magnetic stirring in
60 ml! of chloroform at —5°, Peroxybenzoic acid (45 mmol) was
added slowly within a few minutes. Stirring was continued for
about 15 min. The reaction mixture was then filtered and the sol-
vent removed on a rotary evaporator below room temperature. The
crude product was washed several times with small portions of di-
ethyl ether and dried in vacuo over P20s. All peroxides were found
to be over 97% pure by iodometry. See Table I1II.

Table ITI
Melting Points and Ir (NMR) Data for
I, I-Dibenzoyldioxyiodobenzenes

YCgH41(OOCOCHH X )2

Y X Mp, °c8 Ir? (NMR)¢

¢ H 3-Cl 96-98 dec 1744, 1725

i H 4-Cl1 89-90 dec 1740, 1723

n¢ H 3-NO,

v H 4-NO, 114-116 dec 1749, 1729

v H 3-Br 95-96 dec 1738, 1720

vi* H 4-Br 93-95 dec 1740, 1722

Vi H 4-F 77-78 dec 1745, 1720

Vi’ H 4-f-Bu  99-101 dec (CDCl;) 5 1.37 (s,
18 H), 7.19-8.30
(m, 13 H)

IX¢ 2-CH; 3-Cl 6163 dec

X¢ 3-CH; 3-Cl 67—69 dec

XI*  4-CH;,; 3-Cl 74-76 dec

XY  4-F 3-NO, 93-94 dec

X 4-Cl 3-NO,  90-91 dec

XIv? 4-F  4-/-Bu 88-89 dec (CDCly) 5 1.36 (s,

18 H), 7.07-8.27
(m, 12 H)

@ Melting points were taken on a Kofler micro hot stage and are
not corrected. ” Infrared spectra were recorded on Perkin-Elmer
Models 521 and 180 spectrometers (Nujol). ¢ The nuclear magnetic
resonance spectra were obtained with a Varian Model A-60 and
Jeol JNM-C-60HL spectrometers (CDCls, Me,Si). ¢ Satisfactory
analytical data for C, H, and “active” O (iodometric) were pro-
vided for these compounds. Ed.

Caution. Although this procedure was repeated several times
without incident, the use of safety shielding is strongly recom-
mended. Particular caution should be observed when solvent is re-
moved on a rotary evaporator and in handling pure, dry materials.
For example, a small sample of I detonated when it was touched by
a metal spatula, although previous samples had been handled in
the same way without incident.

Kinetic experiments were carried out in sealed, degassed
tubes, and the remaining peroxide was determined (after removal
of the unsoluble iodoxybenzene) by an iodometric titration already
described 32 First-order rate constants and correlation coefficients
were obtained from a linear least-squares program. Activation pa-
rameters were calculated by the usual methods.

Product Analysis. The products were determined by a combi-
nation of techniques. Iodoxybenzene was removed by filtration.
Benzoic acids were extracted with bicarbonate or determined by
infrared in the decomposition mixture prior to any work-up proce-
dure. Diaroyl peroxides were determined by infrared®® and by thin
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layer chromatography.?* The quantities reported are probably
good within 7% of their reported values. The presence of hexachlo-
roethane in the reaction mixture (prior to any work-up procedure)
was confirmed by mass spectrometry.

In a typical run, approximately 0.025 M solution was decom-
posed, and the solution was subjected to the analysis described.
The absence of other volatile products was confirmed by gas-lig-
uid chromatography.
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Successful Direct Fluorination of Oxygen-Containing Hydrocarbons
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New methods which have been recently developed for direct fluorination have enabled practical syntheses in
high yields of oxygen-containing perfluorocarbons from their hydrocarbon atalogs. These syntheses have been
successful on several important classes of oxygen-containing hydrocarbons and most functional groups survive
these gentle fluorinations. The syntheses of perfluoro-1,2-dimethoxyethane, perfluorobis(2-methoxyethyl) ether,
perfluoro-1,2-diethoxyethane, perfluoro-1,4-dioxane, perfluoroethyl acetate, perfluorodimethylmalonyl difluo-
ride, and perfluoropivaloyl fluoride from their hydrocarbon analogs are discussed. The monohydro species a-hy-
drotetraflucroethyl trifluoroacetate, monohydroctafluoropivaloyl fluoride, and 1-hydrononafluoro-2,5-dioxahexa-

ne have also been prepared and characterized.

A substantial body of oxygen-containing and functional
perfluoroorganic compounds have been prepared and char-
acterized over the last 30 years and their physical proper-
ties investigated. Some have been prepared by fluorination
using fluorinating agents such as cobalt trifluoride, but the
majority have been prepared by the industrially important
hydrogen fluoride electrochemical cell techniques pio-
neered by Simons.!P Relatively few successful syntheses of
such species have been reported using elemental fluorine as
the fluorinating agent. For example: “Fluorination by fluo-
rine is unlikely to be used in normal organic syntheses”.2 A
new technique for direct fluorination developed by Lagow
and Margrave® has led to practical methods*7 for the syn-
thesis of oxygen-containing perfluorocarbons from their
hydrocarbon analogs. These new direct fluorination tech-
niques for preparing functional and oxygen-containing
fluorocarbons promise to develop into an important syn-
thetic method yielding many unreported fluorocarbon
compounds and better syntheses for many known com-
pounds. In addition, direct fluorination is particularly valu-
able for preparing fluorocarbon compounds which are im-
possible or difficult to obtain by methods such as the cobalt
trifluoride or electrochemical methods. The use of direct
fluorination to prepare fluorocarbon species such as esters
and some ethers whose hydrocarbon analogs are sponta-
neously decomposed in the hydrogen fluoride solvent used
in the electrochemical cell establishes that there are many
unique applications for such synthetic techniques.

Several new fluorocarbon compounds which are perfluo-
ro analogs of structurally basic hydrocarbon species are re-
ported in this paper (see Figure 1). Every synthesis re-
ported in this paper represents the highest yield of perfluo-
ro analog yet obtained with any method involving fluorina-
tion of the respective starting materials. The yields ob-
tained for the present syntheses of perfluoro-1,4-dioxane,
perfluoro-1,2-dimethoxyethane, perfluorobis(2-methoxy-
ethyl) ether, perfluoro-1,2-diethoxyethane, perfluorodi-
methylmalonyl difluoride, and perfluoropivaloyl fluoride
are the highest obtained by any synthetic method.

Experimental Section

Mass spectra were measured on a Hitachi RMU6B mass spec-
trometer at 70 eV. NMR spectra were taken on a Perkin-Elmer
R20-B spectrometer at 70 MHz for protons and 56.466 MHz for
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fluorine. Gas chromatography separations were made using either
a Varian Moduline 2700 or a Bendix Model 2300 gas chromato-
graph. Either a 10% SE-30 or Chromosorb P on a flucrosilicone
QF1-0065 10% on Chromosorb P column (10 m X 0.375 in.) was
used; however, the fluorosilicone column generally provided better
separation,

Molecular weight determinations were performed on 20-50-mg
samples sealed in preweighed capillaries and broken into a 66-cm?
bulb attached to a manometer calibrated for volume change with
pressure. Precision was about 0.5%.

Carbon, hydrogen, and fluorine analyses were done by Schwarz-
kopf Microanalytical Laboratory on 4-10-mg samples sealed under
nitrogen into preweighed capillaries. Precision using this tech-
nique usually was 0.2-0.3% for fluorine analyses.

The reactor system used is illustrated in Figure 2, except that
for the fluorination of pivaloyl fluoride and dimethylmalonyl di-
fluoride a six-zone cryogenic reactor was used. The dimensions of
the reactor have been previously described.* Physical properties of
reactants are important in the cryogenic fluorination reactor. An
ideal compound should have a reasonably high vapor pressure in
the solid state. The combination of volatility and exposure in the
solid phase, except during transfer, permits the renewal of the
reactant surface as the more volatile products are produced and
the dissipation of heat into the lattice and ultimately to the sup-
porting copper turnings, walls, and cooling system in the reactor. A
large initial surface area formed by sublimation of the reactant
into the reactor permits, fluorine at very low concentrations (less
thalin 2%) to react with a large percentage of the hydrocarbon mole-
cules.

Initial fluorination of a hydrocarbon decreases the volatility of
the species. At about 50% fluorination, a maximum boiling point or
minimum vapor pressure occurs. Under such conditions, hydrogen
bonding and other associative interactions are at a maximum.
After such a minimum vapor pressure of the reactant is obtained,
each successive substitution of a fluorine for a hydrogen atom in-
creases the vapor pressure. If at this point a temperature gradient
is produced in the reactor, the more highly fluorinated products
will be volatilized, exposing less highly fluorinated, less volatile
species to interaction with fluorine. By repeating the above proce-
dure, essentially complete fluorination of the hydrocarbon can
occur under conditions which maintain a slow controllable rate of
reaction. In the initial stages of the reaction, this rate of reaction is
controlled by a high dilution of the fluorine and by eryogenic tem-
peratures which reduce the reaction rate. As the reaction proceeds
and more protons have been replaced by fluorine, the concentra-
tion of fluorine is increased and the temperature gradient applied
to maintain a more constant rate of reaction. The amount of fluo-
rine used is carefully controlled and is usually between 30 and 150
mmol/day. Should combustion occur, all the fluorine in the reactor
is consumed and the reaction terminates until more fluorine is de-
livered. Therefore, the only adverse effect is an unsuccessful reac-
tion. This is an important safety factor.

Perfluoro-1,2-dimethoxyethane, 1,2-Dimethoxyethane (4.015



