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The first stable, crystalline bromoiodinanes, la and 2a, as well as the first aryldialkoxyiodinanes, have been syn- 
thesized from the respective alcohols 4 and 5 .  Two chloroiodinanes, l b  and 2b, have been prepared by chlorination 
of the parent alcohols. Bromo- and chloroiodinanes have been shown to be synthetically useful as highly selective, 
fret:-radical halogenating agents for benzylic and allylic hydrogens. Reactivity patterns of these species differ suffi- 
ciently from those evidenced by other iodine(II1) species, to suggest a possible niche for these compounds in syn- 
thetic organic chemistry. Treatment of either l b  or 2b with potassium hexafluorocumyl oxide (KORF) gives the re- 
spective dialkoxy species 8 or 9. Degenerate ligand exchange for either 8 or 9 occurs rapidly on the NMR time scale 
with 0.08-0.10 M KORF ( T s  = 36 O C ,  T g  = 93 "C),  but not with a comparable concentration of RFOH. suggesting 
an sssociative exchange mechanism. 

Stable bromoiodinanes have never been isolated, al- 
though both chloro and fluoro analogues have been known for 
over 40 years.' The preparation of phenyliodine dibromide 
was reported in 1905,2 but the compound was not isolated nor 
characterized, and subsequent attempts at  its synthesis in 
these laboratories have failed. There are no reports of the 
isolation of inorganic analogues such as IBr3, although the 
possible existence of the latter in solution3 and as a complex 
with theobromine4 has been discussed. 

We report here the details of the synthesis of two stable 
isolable bromoiodinanes, la and 2a, as well as chloro and 
fluoro analogues, lb-c and 2b. 

CH, 

l a  2 a  

CH3 

Ib, X =  CI 2 b  
IC, X = F  

Our success in isolating the stable bromoiodinanes la and 
2a is attributed to the stabilizing influence of the five-mem- 
bered ring and, in the case of la, to the highly electronegative 
trifluoromethyl substituents. The trifluoromethyl-substituted 
species are markedly more stable than their simple methyl 
analogues. 

Scheme I 
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Results 
The trifluoromethyl-substituted alcohol 4, the key inter- 

mediate in the synthesis of iodinanes la-c, is readily prepared 
by the method of Scheme I. This utilizes the known5 reaction 
of hexafluoroacetone with p-toluidine, in the presence of a 
suitable catalyst, to introduce the perfluoroalkyl groups. 

Treatment of 4 with suitable oxidizing agents results in the 
formation of the stable, crystalline iodinanes la-c. In the 

10 : 4 __t l a - c  

l a ,  
Ib,  
IC, LO1 = CF,OF (95%) 

LO; = (1) K H ,  (2) Br, (90%) 

10: = E - B u O C l  or C1, ( 9 6 0  

preparation of IC, care must be taken to avoid excess trifluo- 
romethyl hypofluorite as further oxidative fluorination of IC 
to the iodine(V), periodinane, species occurs.6 Compound IC 
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is also prepared directly from chloroiodinane, lb,  by reaction 
with a mercuric oxide/aqueous H F  ~ l u r r y . ~  

CHzClz 
lb + HgO t HF/H20 IC 

All three of the trifluoromethyl-substituted iodinanes 
(la-c) are stable, crystalline species, which may be handled 
in the atmosphere without decomposition. They are thermally 
stable, even above their melting points, but the bromo- and 
chloro-substituted species are destroyed upon prolonged ir- 
radiation in solution. The products of these decompositions 
have not been identified. 

Alcohol 5 ,  prepared by the literature method: is not readily 
purified by chromatography or recrystallization. Treatment 
of crude 5 with tert-butyl hypochlorite produces the pure, 
crystalline iodinane 2b.. The isolated iodinane is then treated 

I 011 

5 
with hydrogen sulfide or other reducing agents to produce the 
pure alcohol 5. 

Chloroiodinane 2b is the starting point for the synthesis of 
other iodinanes in the gem-dimethyl series. Unlike the tri- 
fluoromethyl species lb ,  which hydrolyzes very slowly to the 
hydroxyiodinane in the presence of KOH, 2b reacts rapidly 
under the same conditions with aqueous potassium hydroxide 
to produce the hydroxyiodinane 7 (Scheme 11). Treatment of 
a solution of 7 with anhydrous hydrogen bromide in the 
presence of P205 gives a solution of a second stable bromoio- 
dinane, 2a. In contrast to the preparation of bromoiodinane 
la, the reaction of bromine with the potassium salt of 5 gives 
not bromoiodinane 2a but an intractable tarry mass. 

Reaction of either l b  or 2b with the potassium salt of hex- 
afluorocumyl alcohol ( K O R F ) ~  results in the formation of the 
respective dialkoxyiodinane 8 or 9 (Scheme 111). The dialkoxy 
compound 9 and the bromo species 2a react rapidly with water 
to form hydroxb iodinane 7. The trifluoromethyl analogues 8 
and la show no reaction with water under these conditions. 

The (trifluoromethy1)dialkoxyiodinane 8 (0.04 M) under- 

Scheme I1 

2 a  (70%) 

Scheme I11 

R' 

8, R = CF,, R' = CH, (77%) 

9, R = CH,, R' = H (90%) 

goes rapid degenerate ligand exchange (NMR time scale, T ,  
= 56 "C, second-order rate constant = 49 M-1 s-l)lO with 
added RFOK (0.12 M). No exchange is observed in the pres- 
ence of a comparable concentration of RFOH up to 175 "C on 
the NMR time scale. 

The iodinane 9 (0.04 M) in the presence of RFOK (0.10 M) 
shows coalescence of the 19F NMR singlets a t  93 "C. This 
corresponds to a second-order rate constant for exchange of 
61 M-l s-l at  93 "C. Exchange reactions for 9 with the alcohol 
RFOH (ca. 0.10 M) are slow on the NMR time scale up to 175 
"C. 

The (trifluoromethy1)iodinanes (la,b) and the gem-di- 
methyl species (2a,b) all act as free-radical halogenating 

la-b, 2a-b + ArCH,  3 ArCH,X (95') 

7 = C1, Br 

agents. Our interest in these compounds lies in their use for 
selective allylic and benzylic halogenations. The irradiation 
of la,b or 2a,b with substituted toluenes in benzene solution 
gives the benzyl halide in 95% yield (based on iodinane). Ir- 
radiation of the haloiodinanes with cyclohexene in carbon 
tetrachloride gave 95% of 3-halocyclohexene (based on iodi- 
nane). 

The known" chloroiodinane 10 containing an acyloxy li- 

I I  
c1-1-0 

P 
10 

gand to iodine, when irradiated with toluenes in benzene, gives 
several unidentified products in addition to benzyl chloride. 
The details of a mechanistic study of these halogenations are 
discussed in another publication.12 

Discussion 
Cyclic iodinanes containing a five-membered ring were first 

described in 1909 by Thiele and Peter.13 Subsequent experi- 
ments by Andrews and Keeferll led to the synthesis of the 
chloroacyloxyiodinane 10. Although acyclic phenyliodine 
dichloride has been shown to be a synthetically useful re- 
agent,14 10 has not proved to be useful in synthesis. Our report 
here is of a series of cyclic alkoxyiodinanes, including the first 
stable, isolable bromoiodinanes and dialkoxyiodinanes. The 
former have proved to be synthetically useful as selective, 
free-radical brominating agents. 

S t ruc tu re  and  Bonding. The bonding in iodinanes, like 
that of sulfuranes and phosphoranes, may be termed hyper- 
valent.15 A bonding model which is qualitatively correct for 
iodinanes, as well as for XeF2,16 ClF3, and BrF3,17 is similar 
to the one proposed by Pimentel for HFz-.18 A molecular or- 
bital model which approximates the three-center-four-elec- 
tron (3c-4e) bonding in iodinanes places four electrons into 
the two lower energy MOs made of linear combinations of p 
orbitals on iodine and its two apical ligands.l7*Js 

Two electrons in the second, roughly nonbonding, molecular 
orbital are associated only with the apical ligands and intro- 
duce negative charge on these ligands. This explains the 
preference observed for the most electronegative substituents 
to occupy the apical  position^.^^ 

This theory predicts an approximate bond order of 0.5 for 
apical iodine-X bonds, which is reflected in an elongation of 
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such bonds relat,ive to the sum of their single-bond covalent 
radii.20 Such an elongation (0.22 A) is observed for the I-Cl 
bond of PhIC12,21 corresponding to a bond order of 0.45.22 

Iodine Mossbauer spectroscopy and chlorine nuclear qua- 
drupole resonance spec t ro~copy~~  provide experimental data 
which justify the 3c-4e model without involving significant 
d-orbital character. Recent  calculation^^^ indicate that d or- 
bitals do not make energetically significant contributions to 
hypervalent wave functions in related systems. 

The structures of our iodinanes are expected to show the 
trigonal-bipyramidal (TBP) geometry that has already been 
observed by X-ray crystallography for inter halogen^,^^ for 
iodobenzene dichloride,26 and for compounds 1 LZ7 Our use 

OR 

bo 0 

R = CH,-, CH,CO-, e t C .  

11 

of the term trigonal bipyramidal includes the three ligands 
on iodine plus its two electron pairs, in analogy to the termi- 
nology used to describe tetracoordinate sulfur( IV) species 
(sulfuranes). The TBP structure of the iodinanes is slightly 
distorted from the ideal geometry, with X-I-X apical bonds 
bent no more than 6' from collinearity. Distortions of the TBP 
geometry are dependent on the nature of the apical substit- 
uents and the presence or absence of the five-membered 
ring. 

Five-Membered Ring Effect. The stabilization of both 
hypervalent phosphorus compounds (phosphoranes) and 
hypervalent sulfur compounds (sulfuranes) by the bridging 
of an apical and an equatorial position by a five-membered 
ring has been well documented.28 In the case of phosphoranes, 
the stabilization is relative to the corresponding four-coor- 
dinate tetrahedral phosphorus(V) species, and the large ef- 
fects of the ring on both rate and equilibrium constants have 
been attributed to ring  train.^^,^^ Similar large effects have 
been observed in sulfuranes as well.30 

In the case of iodinanes no quantitative measurements have 
been made of the magnitude of this effect. A qualitative 
measure of the degree of stabilization, and of the changes in 
reactivity which the ring engenders, may be obtained by 
comparison of several similar iodinanes already known in the 
literature.1~3~ Several acetoxyiodinanes were found to react 
with aqueous KOH or NaOH with rates in the order acyclic 
> monocyclic >> bicyclic. This order of reactivity is the same 
as that which has been observed for a series of ~ulfuranes.~o 

In our work, the stabilization imparted by the ring is evi- 
denced by our ability to isolate stable bromoiodinanes and 
dialkoxyiodinanes. 

Bromo- and Chloroiodinanes. Iodinanes la  and 2a are 
isolable, crystalline solids, a presumed manifestation of the 
stabilizing influence of the five-membered ring effect. The 
increased stability which occurs on replacement of methyl 
groups in 2a by t,rifluoromethyl groups in la  is evidenced in 
several reactions. (Trifluoromethy1)iodinane la  does not react 
with water under conditions in which gem-dimethyliodinane 
2a hydrolyzes rapidly to 7. Reaction of la  with aqueous KOH 
is very slow under conditions which give complete hydrolysis 
of 2a, and the reaction time (5-15 min) of 2a on irradiation in 
the presence of substituted toluenes increases to 60 min for 
la. 

Three factors contribute to the stability of iodinanes la,b: 
(1) the stabilizing influence of the five-membered ring, (2) the 

stabilization imparted by the gem-dialkyl substituents 
(Thorpe-Ingold effect),32 and (3) the presence of electron- 
withdrawing CF3 substituents in apical positions. Replace- 
ment of apical CH3 groups in 2a by apical CF3 substituents 
in la  markedly increases apical ligand electronegativity and 
hence stabilizes the 3c-4e bond. 

Both bromoiodinanes la  and 2a give highly selective allylic 
and benzylic free-radical brominations. The irradiation of la  
or 2a in the presence of toluene or cyclohexene gives benzyl 
bromide or 3-cyclohexenyl bromide, respectively. The fact 
that existing methods for allylic bromination are often of low 
selectivity, of low yield, or both suggests a possible use for 
bromoiodinanes in synthesis. 

The irradiation of lb or 2b with substituted toluenes a t  50 
"C in benzene gives more than 95% of the benzyl chloride as 
determined by IH NMR spectroscopy. Photolysis of lb or 2b 
in the presence of cyclohexene gives 95% 3-chlorocyclohexene. 
While phenyliodine dichloride gives free-radical benzylic 
chlorination of toluene, it does not give allylic chlorinations 
of olefins. Instead, it adds the elements of chlorine to the 
double bonds of allylic substrates.14b 

Compound 10 has been found in our work to give neither 
selective benzylic nor selective allylic chlorinations. Both 
nuclear and benzylic monochlorination products as well as 
presumed polychlorination products are formed with toluene. 
Olefins react with 10 to give addition of chlorine to the double 
bond. 

Tanner33 has demonstrated that 12 acts as a selective, 

12 
free-radical chlorinating agent for several alkane substrates. 
No attempts to effect allylic or benzylic chlorinations were 
reported with this reagent although benzylic iodination is 
reported33b with the use of another reagent postulated to 
contain an iodoiodinane, the dimer of t er t  -butyl hypoiodite. 
No evidence for the structure of this postulated intermediate 
was reported. 

Alkoxyiodinanes. Aryliodoso compounds generally have 
a characteristic odor, decompose explosively on melting, and 
show a very characteristic 1=0 stretching frequency of 
650-700 ~ m - ~ . ~ ~ ~  However, the presence of an ortho carboxyl 
function dramatically alters the properties of iodosobenzene. 
The characteristic odor vanishes, the compound is stable at  
its melting point, and the 1=0 bond a t  687 cm-l disappear- 
s.14* The carbonyl stretching frequency, which is normally 
1680-1750 cm-l, falls to 1615-1650 cm-l for o-iodosobenzoic 
acid. 14a,34 These data suggest that the acid exists as the hy- 
droxyiodinane 13.31b Recent X-ray structure work by Et- 
ter27e,35 on the methoxy analogue of 13 indicates that these 
species do exist as the hydroxy- (or alkoxy-) iodinanes. 

"O-f-? 

13 
Although X-ray structural data are not available for com- 

pound 7, it  is expected that, by analogy to 13, the iodoso al- 
cohol exists primarily as the hydroxyiodinane form in the solid 
state. This is supported by the absence of a strong band in the 
IR between 650 and 700 cm-l, the region generally charac- 
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teristic of the iodoso species (I=O stretch). 
Like the parent hydroxy compounds, the hexafluorocumyl 

ethers 8 and 9 are expected to exist as cyclic dialkoxyiodi- 
nanes. Both 8 and 9 are similar to a series of dialkoxysul- 
f ~ r a n e s ~ ~  which have been shown by X-ray crystallography 
to exist as the cyclic species. Evidence in support of the 
structures 8 and 9 may also be adduced from their proton 
magnetic resonance spectra. The aromatic proton ortho to the 
ring iodine in 8 shows a marked downfield shift relative to the 
acyclic iodo alcohol 4 (8,8.05 ppm, vs. 4,6.90 ppm). Similar 
shifts are observed for bromoiodinane la ( l a ,  7.85 ppm, vs. 
4, 6.90 ppm) and for chloroiodinane l b  ( lb ,  7.90 ppm, vs. 4, 
6.90 ppm). This ortho proton shift has been found to be 
characteristic for the presence of the hypervalent bond in 
cyclic ~ u l f u r a n e s , ~ ~ ~ ~ ~ ~  although in this case the downfield shift 
is much larger (1.24 ppm). Since the ortho shift is a through- 
space interaction, dependent on the distance of an apical li- 
gand from the ortho hydrogen, the differences in the magni- 
tude of the shifts for sulfuranes and for iodinanes may be at- 
tributed in part to differences in the average C-S bond lengths 
(1.79 and the longer average C-I bond length (2.16 8, for 
compounds 11 and 13).27,35 The increase of the C-I bond 
length over that of the C-S bond length moves the apical io- 
dinane ligand farther from the ortho proton, which reduces 
the effect of the through-space interaction and the magnitude 
of the ortho shift. 

Exchange Reactions. Dialkoxyiodinanes 8 and 9 undergo 
rapid degenerate ligand exchange on the NMR time scale in 
the presence of RFOK (-0.10 M). The analogous exchange 
with RFOH at comparable concentrations occurs slowly on the 
NMR time scale a t  temperatures up to 175 "C. Coalescence 
occurs at  a lower temperature ( T  = 56 "C) for the trifluoro- 
methyl compound 8 than for the gem-dimethyl analogue 9 ( T  
= 93 "C). This is not surprising in light of the fact that CF3 
substituents, which lower the electron density on iodine rel- 
ative to CH3 wbstituents, make the iodine more susceptible 
to attack by alkoxide in an associative mechanism38 of the type 
pictured belo*. 

r 1 

E. I "  

Because similar exchange processes have not been observed 
in other iodinanes, direct comparisons of iodine species cannot 
be made. This result is in contrast to that reported39 for sim- 
ilar degenerate exchanges in an analogous acyclic dialkoxy- 
sulfurane for which alkoxy ligand exchange was found to occur 
via a rapid dissociative process in the presence of RFOH. 

Summary 
We have prepared organic derivatives of iodine(II1) incor- 

porating structural features known to stabilize TBP mole- 
cules, namely, the inclusion of the hypervalent central iodine 
in a five-membered ring with a bidentate ligand which pro- 
vides an electronegative site (oxygen) which can occupy an 
apical position and an electropositive site (carbon) which can 
occupy an equatorial position. The gem -dialkyl effect 
(Thorpe-Ingold effectP2 also provides stability to these cyclic 
structures. This has allowed us to isolate, for the first time, 

stable bromoiodinanes. We have also prepared stable di- 
alkoxyiodinanes. The bromo compounds and their chloro 
analogues show promise as synthetically useful, free-radical 
halogenating agents. They are highly selective in this respect 
toward benzylic and allylic hydrogens. Further work on the 
chemistry of the iodinanes is currently underway. 

Experimental Section 
Fluorine chemical shifts are reported on the q5 scale (ppm upfield 

from fluorotrichloromethane) and proton and carbon chemical shifts 
on the 6 scale (ppm downfield from Me4Si). Elemental analyses of new 
compounds are within 0.4% of theoretical values. 
l-(Z-Iodo-5-methylphenyl)-l-(trifluoromethyl)-2,2,2-tri- 

fluoroethanol(4). p -Toluidine (100 g, 0.93 mol) and p-toluenesul- 
fonic acid (2.3 g) in 90 mL of chlorobenzene were heated to 145 "C, 
and hexafluoroacetone (145.4 g, 0.88 mol) was distilled into the stirred 
reaction mixture over a 5-h period (a  dry ice condenser was used). 
Solvent was removed under vacuum (100 "C, 20 torr), and the re- 
sulting solid was recrystallized from ether to give 191.8 g (80%) of 
white crystals of 3, mp 111-112 "C (lit.5 109-110 "C). 

To a solution of the amino alcohol 3 (13.7 g. 0.05 mol) in 100 mL of 
water containing 4.5 mL of HzS04 at  0 "C was added 15 mL of aqueous 
NaNOz solution (3.6 g, 50 mmol), and then H2SO.I (4.5 mL), with 
stirring over a 30-min period. This mixture was added dropwise to 
aqueous KI solution (9.96 g, 60 mmol, in 20 mL of water) a t  0 "C and 
then stirred with 0.1 g of copper bronze. The reaction mixture was 
warmed for 20 min at  80 "C and extracted with ether. The extract was 
washed twice with 10% aqueous HC1, once with 1 N H2S04, and once 
with water, dried, and stripped of solvent in vacuo. Sublimation (40 
"C, 0.5 torr) of the resultant brown solid gave 7.0 g (40%) of yellow 
needles of 4: mp 32.0-33.5 "C; IR (KBr) 3470 (m, OH), 1265-1110 (s), 
965 (s), 832 (s), 819 (s), 751 (s), 735 cm-' (s); 'H NMR (CC14) 6 2.30 
(s, 3, CHB), 4.0-4.2 (br s, 0.7, O H ) ,  6.8-8.0 (m, 2.7, ArH); '9F NMR 
(CC14) 4 74.04 (s, CF,); 13C NMR (CDC13) 6 21.20 (s, CH3), 86.48 (s), 

(s, C-4), 144.36 (C-6); mass spectrum (70 eV) mle (re1 intensity) 384 
113.01 (s, C - l ) ,  129.66 (s, C-3), 130.74 (S, C-2), 132.51 (s, C-5), 138.29 

(100, M+-), 315 (54, M - CF3), 245 (22.4), 159 (16.6), 119 (88), 91 (21.4); 
UV (pentane) A,,, 199 ( c  20 300), 229 (9760), 275 nm (1260). Anal. 
(CinH;IFfiO) C,  H. I. 

1;Bromo- 1,3-dihydro-5-methyl-3,3-bis( trifluoromethy1)- 
1,Z-benziodoxole (la). Iodo alcohol 4 was converted to its potassium 
salt in ether by reaction with excess potassium hydride. The salt was 
dried at  30 "C (0.075 torr) (12 h). A suspension of 1.05 g (2.5 mmol) 
of the salt in C C 4  (10 mL) was mixed with 0.4 g (2.5 mmol) of bromine. 
The precipitated potassium bromide was removed, and the solvent 
was stripped from the filtrate to give a bright yellow solid, la, which 
was washed with hexane and vacuum dried (1.0 g, 2.25 mmol, 90%): 
mp 173-175 "C; IR (KBr) 1278 (m), 1262 (s), 1225 (s), 1170 (s), 1149 
(s). 1122 (s), 1015 (m), 966 (s), 957 (m), 819 (s). 732 cm-I (s); 'H NMR 
(220 MHz, CDC13) 6 2.55 (s, 3, CH3), 7.47 (s, 1, H ortho to C(CF&), 
7.60 (d, 1.1, J = 8.6 Hz, H para to C(CF&, 7.85 (d, 0.98, J = 8.5 Hz, 
H ortho to I); 19F NMR (CDC13) $I 76.08 (d, CF3, J = 1.35 Hz); 13C 
NMR (CDC13) 6 20.93 (s, CH3), 106.32 (s), 113.12 (s, C-l ) ,  129.54 ( s ,  
C-5), 130.23 (s, C-3), 132.51 (s, C-41, 134.63 ( s ,  C-6), 142.9e (s, C-2); 
mass spectrum (10 eV) m/e (re1 intensity) 464 (1.7, P + 2), 462 (1.7, 
M+.), 395 (53.6, P + 21,393 (53.7, M - CF3), 383 (22.1, M - Br), 314 
(37.3), 245 (loo), 217 (20.8); UV (pentane) A,,, 200 (t 18 600), 235 
(13 300), 332 nm (136). Anal. (CloH&rF&l) C, H,  Br. 
l-Chloro-1,3-dihydro-5-methyl-3,3-bis( trifluoromethy1)- 

1,2-benziodoxole ( lb) .  A solution of 0.95 g (2.5 mmol) of 4 in 0.5 mL 
of CC14 with 0.29 mL (0.27 g, 2.5 mmol) of tert-butyl hypochlorite 
gave, after 20 min, yellow needles which were collected and sublimed 
(75 "C, 0.2 torr) to give l b  (1.0 g, 2.4 mmol, 96%): mp 179-180 "C; IR 
(KBr) 1279 (m), 1262 (m), 1225 (s), 1169 (s), 1149 (s), 1120 (s), 968 (s), 
815 (s), 750 (s), 730 cm-' (s); lH NMR (220 MHz, CDC13) 6 2.55 (s, 
3, CH3), 7.50 (s, 0.9, H ortho to C(CF&), 7.63 (d, 1.1, H para to 
C(CF3)2, J = 9.0 Hz), 7.90 (d, 1, J = 8.5 Hz, H ortho to 1); 19F NMR 
(CDC13) 4 76.13 (d, CF3, J = 1.38 Hz); I3C NMR (CDC13) 6 20.94 (s, 
CH3), 109.87 (s), 113.29 (s, C-1), 128.17 (9, C - 5 ) ,  130.37 (s, C-3), 132.31 
(s, C-4), 134.75 (s, C-6), 142.69 (s, '2-2); mass spectrum (70 eV) m/e 
(re1 intensity) 418 (4, M+.), 383 (24, M - CI), 349 (100, M - CF3), 314 

CF3), 28 (26, CO); UV (pentane) A,,, 200 (c 16 4001,223 (19 5001,329 
nm (100). Anal. (C&&1F6IO) C, H, c1. 

l-Fluoro-1,3-dihydro-5-methyl-3,3-bis(trifluoromethyl)- 
1,2-benziodoxole (IC). (a) Iodo alcohol 4 (0.38 g, 1.0 mmol) in 10 mL 
of Freon-11 was mixed a t  -78 "C with excess trifluoromethyl hy- 
pofluorite. The resulting solid was collected by filtration, washed with 
cold hexane, and dried under vacuum to give a white powder (0.38 g, 

(28, M - CF3, CI), 245 (92, M - CF3, CF3), 217 (23), 90 (79), 69 (39, 
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0.95 mmol, 95%): mp 179-181 "C (dec); IR (KBr) 1530 (m),  1298 (s), 
1250-1210 (s), 1170 (s), 1120 (s), 1038 (m), 970 (s), 889 (w), 819 (s), 756 
(s), 735 cm-1 (s); 'H NMR (CC14) 6 2.58 (s, 3, CH3), 7.4-7.7 (m, 2, 
ArH), 7.92 (d, 1, H ortho to I, J = 7.5 Hz); l9F NMR (CC14) @ 75.8 (m, 
6,  CF3, J H F  = 1.4 Hz, JFF = 2.5 Hz), 161.3 (m, 1, F-I, JHF = 1.35 Hz, 
J F F  = 3.0 Hz); I3C NMR (CDC13) 6 20.93 (s, CH3), 109.81 (s), 114.0 
(s, C - l ) ,  128.17 (s, C-5), 130.29 (s, C-3), 132.11 (s, C-4), 135.72 (s, C-6), 

M+*), 383 (9, M - F), 314 (6, M - CF3, F), 189 (28), 119 (12.6), 31 (loo), 
143.69 (s, C-2); mass spectrum (70 eV) m/e (re1 intensity) 402 (0.2, 

28 (25, CO); UV (pentane) A,,, 209 ( t  9000), 223 (9000), 325 nm (40). 
Anal. ( C ~ O H I ~ F ~ I O )  c, H,  F. 

(b) A solution of lb (0.69 g, 1.65 mmol) in 15 mL of CHzClz was 
mixed with yellow mercuric oxide (0.18 g, 0.83 mmol) and 0.2 mL of 
48% aqueous HF. The solution was stirred 10 min, filtered, and 
washed with dilute aqueous NaHC03. Removal of the solvent in vacuo 
gave white plates of IC (0.60 g, 1.50 mmol, 94%): mp 179-181 "C 
dec. 

1-(2-Iodophenyl)-l-methylethanol ( 5 ) .  The compound was 
prepared from methyl o-iodobenzoate by the Grignard addition 
method of Brown and Okamoto:sa bp 118-121 "C (5 torr) [lit.8a,b 121 
"C (5.5 torr)]; 70% yield. Because the Grignard reaction gave im- 
purities which proved difficult to remove by distillation, a new method 
of purification was used. In a typical experiment, 5.0 g (19 mmol) of 
crude 5 dissolved in 15 mL of CC4 was treated with 2.07 g (19 mmol) 
of tert-butyl hypochlorite. The precipitate of 2b which formed (3.38 
g, 11.4 mmol, 60%) was collected, dried, and dissolved in CHC13 (-20 
mL). This solution was treated with H2S until an aliquot no longer 
showed the presence of 2b by 'H NMR. Filtration of the mixture and 
removal of solvent from the filtrate gave pure 5 (2.54 g, 9.7 mmol, 85%): 
bp 120-121 "C, 5 torr. 

1,3-Dihydro- 1 -hydroxy-3,3-dimethyl- 1,2-benziodoxole (7). 
Treatment of 0.685 g (2.32 mmol) of 2b in 10 mL of CH2C12 with 0.16 
g (2.32 mmol) of potassium hydroxide in 5 mL of water affords, after 
separation of layers and removal of solvent from the organic phase, 
0.32 g (50%, 1.16 mmol) of white, crystalline 7: mp 126.0-128.0 "C; IR 
(CHC13) 2970 (s), 2870 (m), 2440 (w), 1568 (w), 1465 (s), 1440 (s), 1382 
(s), 1361 (s), 1260 (m),  1162 (s), 1113 (m), 1036 (s), 1009 (m), 956 (s), 
871 (s), 611 (s), 564 cm-' (s); 'H NMR (CC14) 6 1.47 (s, 6, C H 3 ) ,  
7.20-7.50 (m, 1, I-1 ortho to  alkyl group), 7.54-7.80 (m, 2, H para to 
iodine, H para to alkyl group), 8.00-8.20 (m, 1, H ortho to iodine); mass 
spectrum (10 eV) m / e  (re1 intensity) 278 (4.64, M+.), 263 (10.5, M - 

OH),  231 (100, M - CH3, CH3, OH), 203 (16.7); UV (pentane) A,,, 
205 (c  12 995), 23ii nm (10 465). Anal. (CgHllI02) C, H,  I. 

l-Bromo-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole (2a). A 
solution of 0.1 g (3.61 mmol) of 7 in 5 mL of methylene chloride was 
treated with excess hydrogen bromide in the presence of a pellet of 
P205. The yellow crystals obtained by removal of solvent in vacuo were 
recrystallized from CC14 to give 2a (0.1 g, 70%): mp 98.0-100.0 "C; IR 
iCC4) 2990 (m), 1585 (w), 1465 (m), 1440 (m), 1381 (w), 1363 (w), 1255 
(m) ,  1160 (s), Ill:! [<m), 1080 (m),  1045 (m),  1000 (m), 949 (s), 867 (s), 
610 cm-' (s); 'H YMR ICC14) d 1.57 (s, 6, C H 3 ) ,  7.23-7.40 (m, 1, H 
ortho to CMe2), 7.68-7.83 (m,  2,  H para to I, H para to CMez), 
8.18-8.32 (m, 1, H ortho to I); mass spectrum (10 eV) m/e (re1 inten- 
sity) 327 (80), 325 (100, M - CH3), 324 (42.9),261 (62.3, M - Br), 246 
(71.9, M - Br, CH3, CH3). 243 (86.4), 231 (68.4); UV (pentane) A,,, 
204 (c  10 370), 23!i nm (6190). Anal. (C9HloBrIO) C, H,  Br. 
l-Chloro-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole (2b). Iodo 

alcohol 5 (10.0 g, 28.2 mmol) was dissolved in 30 mL of CC14, and 4.14 
g (38.2 mmol) of tert-butyl hypochlorite was added. After 30 min, a 
pale yellow powder was collected by filtration. Recrystallization from 
CC14 gave 10.0 g 188%) of 2b: mp 143-145 "C; IR (CHC13) 3030 (s), 
1599 (w),  1568 (w) .  1468 (m) ,  1442 (m) ,  1385 (w), 1260 (m) ,  1161 (s), 
1115 (m) ,  1002 (m) .  946 ( S I ,  863 cm-' (s); 'H NMR (CDC13) 6 1.58 (s, 
6, CH3), 7.15 (m, 1, H ortho to CMeP), 7.49 (m, 2, H para to I, H para 
to CMez), 8.00 (m, 1, H ortho to I); I3C NMR (CDC13) 6 29.19 (s, CH3), 
85.12 ( s ,  CMez), 114.63 (s, C-l ) ,  126.09 (s,C-4), 128.44 (s, C-3), 130.44 
(s, C-6), 130.92 (s, C-51, 149.52 (s, c-2); mass spectrum (70 eV) m/e 
ire1 intensity) 298 10.2, P + 2),  296 (0.6, M+-), 283 (311, 281 (100, M 

CH3, Cl), 203 (271, 139 (10); UV (pentane) A,,, 200 ( t  16 OOO), 232 
(15 OOO), 329 nm 1190). Anal. (CgH1oCIIO) C, H, C1. 
1,3-Dihydro-5-methyl-l-[ 1-phenyl-1-(trifluoromethy1)- 

2,2,2-trifluoroethoxy)-3,3-bis(trifluoromethyl]-l,2-benziodoxole 
(8). A solution of 1 b (0.26 g, 0.62 mmol) in 30 mL of CH2C12 was stirred 
3 h with 0.175 g (0.62 mmol) of the potassium salt of l-phenyl-l-tri- 
fluoromethyl-2,2,2-trifluoroethanol (KORF) .~  The solution was fil- 
tered to remove KC1, and the solvent was removed under vacuum (0.3 
torr, 25 "C). Compound 8 was obtained as a white powder (0.30 g, 0.48 
mmol, 77%): mp 1.61-163.5 O C ;  IR (Nujol mull) 2680 (w), 2050 (w), 

CH3), 262 (46.6), L!61 (15.4, M - OH), 247 (50.9), 246 (77.3, M - CH3, 

- CH3), 261 (32, !VI - Cl), 246 (51, M - C1, CH3), 231 (70, M - CH3, 

1580 (w), 1370 (m), 1275 (s), 1220 (s),1180 (s), 1160 (m), 1130 (s), 1080 
(m),  970 (m), 940 (m),  855 (m), 760 (s), 715 cm-' (s); 'H NMR 
(CD2C12) 6 2.55 (s, 3, CH3), 7.40-8.05 (m, 8, ArH), I9F NMR (CD2C12) 
4 72.9 (s, 6, RFO-), 76.1 (s, 6, O-C(CF3)2); mass spectrum (70 eV) m/e 
(re1 intensity) 626 (3.0, M+-), 557 (20.5, M - CF3), 418 (7.7), 383 (85.0), 
351 (28.0), 349 (85.8), 314 (46.9), 245 (100.0), 217 (27.6), 137 (39.1), 
122 ( l O . l ) ,  119 (36.0), 109 (ll.O), 105 (11.51, 91 (12.11, 90 (52.7), 89 
(29.7), 77 (37.8),69 (12.8, CF3), 63 (18.3). Anal. (C19HllF12IO) C, H,  
I. 

1,3-Dihydro-3,3-dimethyl- 1-[ 1-phenyl-1-( trifluorometh- 
yl)-2,2,2-trifluoroethoxy]-l,2-benziodoxole (9). Addition of 0.49 
g (1.76 mmol) of potassium hexafluorocumyl oxide ( K O R F ) ~  to  0.52 
g (1.76 mmol) of 2b in 30 mL of dry CC14 caused an immediate for- 
mation of potassium chloride. After the precipitate was removed by 
filtration under nitrogen, the filtrate was stripped to dryness. The 
resultant beige powder was then recrystallized from pentane to give 
0.80 g (1.6 mmol, 90%) of white crystalline 9: mp 94.0-96.0 "C; IR 
(CHC13) 2980 (s), 1460 (m), 1437 (m), 1379 (m),  1360 (m),  1268 (s), 
1182 (s), 1102 (s), 1077 (s), 1033 (s), 968 (s), 942 (s), 921 (m), 869 (s), 
825 (s), 725 (m), 620 (s), 563 cm-l (m); 'H NMR (CC11) 6 1.48 (s, 6, 
CH3), 7.05-8.14 (m, 10, ArH); 19F NMR (CC14) 72.92 (s, CF3); mass 
spectrum (70 eV) m/e (re1 intensity) 504 (2.1, M+.), 489 (100, M - 

(90.2), 203 (26.4), 175 (30.1), 105 (59.9), 77 (99.91, 43 (99.9); UV 
(pentane) A,,, 195 ( t  34 955), 225 (18 584), 295 nm (796). Anal. 
(CISHEIFBOS) C, H,  I. 
l-Chloro-1,2-benziodoxol-3( 1H)-one (10). Excess chlorine was 

bubbled into a suspension of o-iodobenzoic acid (1.0 g, 4.0 mmol) in 
20 mL of nitromethane at  25 "C (a modification of the method of 
Keefer and Andrews)." The precipitate of dichloride was collected 
by filtration, washed with Cc14, and placed under vacuum (0.1 torr, 
25 "C) to remove HC1 formed during cyclization. This treatment re- 
sults in a pale yellow powder, 10 (1.0 g, 3.6 mmol, 89%): mp 167-170 
"C (lit.'O 169-171 "C); IR (Nujol) 1680 (s, C=Oi. 1475 (s), 1380 (m),  
1120 cm-l (w); 'H NMR (CH3NOz) 6 7.1-8.2 (m, 4, ArH). 
Exchange of Iodinanes 8 and 9 with KORp (a) Iodinane 8 (12.4 

mg, 0.019 mmol) was added to 0.5 mL of CC14. Addition of 16.5 mg 
(0.059 mmol) of KORF (0.118 M KORF, 0.038 M 8) caused the I9F 
peak of the RFO-ligand to broaden into the base line a t  56 "C. 

(b) The addition of 12.7 mg (0.043 mmol) of KORF to a solution of 
icdinane 9 (10.6 mg, 0.021 mmol) in 0.5 mL of CCl4 causes the 19F peak 
coalescence a t  93 "C. The solution is 0.086 M in KORF and 0.042 M 
in 9. 
Benzylic Halogenations, General. Reactions of la,b, 2a,b, and 

10 were carried out in sealed NMR tubes with substituted toluenes 
and benzene solvent. Degassed samples (at least three freeze-thaw 
cycles) were placed in a constant-temperature bath at  50.0 f 0.1 "C 
and irradiated with a 275-W GE sunlamp. 

In a typical experiment, 0.02 g (0.05 mmol) of la and 0.07 g (0.75 
mmol) of toluene were mixed with 0.5 mL of dry benzene and the 
sample was sealed and irradiated 30 min. Products were analyzed by 
'H NMR spectroscopy and identified on the basis of their known 
chemical shifts. 
Allylic Halogenations, General. Allylic halogenations with la,b, 

2a,b, and 10 were performed in sealed NMR tubes with cyclohexene 
and carbon tetrachloride solvent. Samples were evacuated, sealed 
(three freeze-thaw cycles), and placed in a constant-temperature bath 
a t  50.0 f 0.1 "C. Photolyses, carried out with a 275-W GE sunlamp, 
were complete within 60 min. 

In a typical experiment, la (0.028 g, 0.07 mmol), cyclohexene (0.008 
g, 0.1 mmol), and 0.5 mL of CC14 were irradiated 15 min. 3-Cyclo- 
hexenyl chloride was identified as the sole product by 'H NMR 
spectroscopy. 
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Photo in i t ia ted  ch lo r ina t ion  of p-chloroni t robenzene (1 )  in carbon tetrachlor ide at room temperature produces 
m a i n l y  p-dichlorobenzene (2) plus some 1,2,4-trichlorohenzene (3) .  React ion of p-bromonitrohenzene ( 7 )  under 
the  same condi t ions also produces 2 and 3 plus a smal l  amount  of l-chloro-2-bronio-4-nitrohenzeiie (9 ) .  T h e  pres- 
ence o f  rearrangement p roduc t  9 and the  greater ra t io  of 3/2 from 7 than  from 1 are strong evidence for the fo rma-  
t ion  a n d  rearrangement of a n  ipso intermediate (10) in these aromat ic free-radical chlorinations. 

Only during the past decade has the importance of ipso 
attack in aromatic substitution reactions been appreciated.? 
Although replacements of a substituent during aromatic 
free-radical substitution reactions have been reported by 
several investigators during the past 75 years, the substantial 
volume of current literature about ipso attack has been largely 
confined to electrophilic substitutions.2 Cationic ipso inter- 
mediates have been trapped, and their rearrangements have 
been shown to account for as much as half of the ortho sub- 
stitution products obtained in some nitratiom2 We have now 
obtained evidence for the formation and rearrangement of an 
ipso intermediate during free-radical chlorination of p-bro- 
monitrobenzene. 

Although the ipso position has been r e g a r d e d  by some in- 

* Address correspondence to Louisiana State University 

vestigators as the most unlikely position for attack by a free 
radical and although a significant role for an ipso intermediate 
in the mechanism of aromatic free-radical substitution reac- 
tions has been advocated only recently,1bsc3-5 the chemical 
literature includes a number of reports of free-radical ipso 
substitutions. The earliest one appears to be about the for- 
mation (in 50% yield) of chlorobenzene by the chlorination of 
bromobenzene,6 and several reports of similar halogen ex- 
changes in preference to or a t  least competitive with hydrogen 
replacement have f ~ l l o w e d . ~  Replacements of halo substitu- 
ents in benzene derivatives by (4-bromopheny1)diphenyl- 
methyl radical,s by aryl  radical^,^ by cyclohexyl radica1,lO by 
elemental sulfur (presumably as a diradical intermediate)," 
by benzenesulfenyl and benzenesulfonyl radicals,l' and by 
hydrogen atom,I3 replacement of the chloro substituent in 
9-chloroanthracene by phenyl radical,14a and replacements 
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