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In 1894 Hartmann and Meyer reported the prepa- 
ration of the first halonium compound, (44odophen- 
y1)phenyliodonium hydrogen sulfate.' Since that time 
hundreds of aromatic, aliphatic, and heterocyclic io- 
donium, bromonium, and chloronium ions have been 
synthesized and However, neither 
inorganic nor organometallic halonium ions were known 
before we started investigations described in the present 
Account.6 

Among the variety of halonium ions, diarylhalonium 
salts are probably the most synthetically useful? as 
they are able to arylate nucleophiles effectively under 
mild conditions. At the same time, mechanisms for 
polar reactions of diarylhalonium salts with nucleophiles 
remained unclear, in spite of having been the subject 
of numerous profound investigations. 

Icosahedral closo-carboranes(l2) are considered to 
be quasi-aromatic  system^.^ Chemical properties and 
reactivities of many functional groups attached to the 
boron atoms of carboranes(l2) are very similar to those 
of the corresponding benzene derivatives.1° Synthesis 
of halonium derivatives of carboranes with a boron- 
halogen bond seemed to be a challenging problem in 
accordance with the following considerations. 

I. Carboranylhalonium ions would be the first 
example of inorganic halonium compounds. 

11. Like haloarenes, B-carboranyl halides (and to- 
sylates) do not undergo nucleophilic substitution even 
under extremely drastic conditions.lOJ1 At  the same 
time, diarylhalonium compounds are very reactive 
toward  nucleophile^.^-^ Should B-carboranylhalonium 
ions exist, they might give a unique opportunity by 
realizing nucleophilic substitution at the boron atom 
of the carborane cage. This in turn would mean a new 
approach to the synthesis of previously unknown boron- 
substituted functionalized derivatives of carboranes. 
In other words, carboranylhalonium ions could solve 
the important problem of nucleophilic substitution at 
a boron atom of icosahedral carboranes. 

111. Many peculiar and curious features of polar 
reactions of diarylhalonium salts have not been ratio- 
nalized in a satisfactory manner. By investigating the 
reactivity of halonium derivatives of the quasi-aromatic 
inorganic systems, one might get fresh ideas for 
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understanding the mechanism of the reaction between 
aromatic halonium ions and nucleophiles. 

Synthesis 
The synthesis of aryl@-carborany1)iodonium cations 

is based on the oxidation of iodocarboranes to the 
corresponding iodoso derivatives followed by their 
condensation with arenes in acidic media (Scheme 

The carboranylbromonium salts were prepared from 
bis(n-carboran-9-y1)mercury and bromine trifluoride 
(eqs 1 and 2).1517 

I) .12-14 

EhOBF3 
(9-m-C2B,,Hl1),Hg + BrF, - 

[(9-m-C2BloH,1)2Brl+BF~ (1) 
8 

BrF3 PhH 
(9-m-C2BloH,l)2Hg - [C2BloH,,BrF21 - 

EhOBFa 

[9-m-C2BloHllBrPhl+BF~ (2) 

Heterolytic decomposition of arenediazonium cations 
in the presence of m-carboran-9-yl halides affords 

9 
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and carboranyliodoso dichlorides were studied by l27I 
NQR spectroscopy.22 

Reactions of Phenyl(carborany1)iodonium Ions 
with Nucleophiles 

In contrast with B-carboranyl iodonium 
derivatives of carboranes are highly reactive toward 
nucleophiles. Phenyl@-carborany1)iodonium cations 
are capable of reacting regioselectively and regiospe- 
cifically with nucleophilic reagents by three main 
pathways: (i) carbon-halogen bond cleavage; (ii) boron- 
halogen bond cleavage; (iii) degradation of the carborane 
polyhedron. Our attention was predominantly focused 
on the reactions not accompanied by structural changes 
of carboranyl ligands. The degradation processes were 
also investigated, however mostly in order to develop 
methods to avoid them. 

Icosahedral closo-carboranes( 12) are kn0wn23 to un- 
dergo degradation to dicarba-nido-undecaborate anions 
upon interaction with strong bases; the ortho isomer is 
the most susceptible to the degradation. The strongly 
electron-accepting phenyliodonio group,17 attached to 
the o-carborane cage, substantially destabilizes the 
polyhedron toward the degradation. Thus, the car- 
borane cage in phenyl(o-carboran-9-y1)iodonium cation 
is broken up easily by weak bases such as water,z4 
ethanol,26 and even dimethyl sulfoxide.z6 The reaction 
with dimethyl sulfoxide leads to the zwitterionic 5(6)- 
dimethylsulfoxonium 7,8-dicarba-nido-undecaborate, 
whose structure was established by X-ray diffractionz6 
and confirmed by IR and Raman spectral data.n Water 
completely destroys the carborane skeleton of phenyl(o- 
carboran-9-y1)iodonium cation 1 to give boric acid. 
Therefore, to obviate the destruction of the carborane 
nucleus, reactions of 1 with charged nucleophiles should 
be conducted in dry chloroform or methylene chloride 
using phase-transfer conditions or an ionic pair ex- 
traction technique. 

The carborane fragments in iodonium derivatives of 
m- and p-carboranes 2 and 3 are much more stable 
toward alcohols, water, and dimethyl sUlfoxide.z6*26 
Reactions of 2 and 3 with charged nucleophiles can be 
carried out successfully in the biphasic systems HzO- 
CHC4 and H20-CH2Clz. As we have shown,28 such 
systems possess a number of important advantages 
(higher yields, lower reaction temperatures, shorter 
reaction times) over traditional homogeneous media, 
when used for arylation of anionic nucleophiles with 
diarylhalonium salts. 
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1 1) ArH. K2S,08, Hi . 1) ArH,H+ 1 
[R-I-Ar]* BF4- 

1.7 
2 )  BF4- 2 )  BF; 

1: R = ~ - O - G B , & ~ , ,  Ar = Ph; 2: R = 9-m-C2B,,,H1,, AI = Ph; 3: R = 2-p-C,Bl$H,l, Ar = Ph; 
4: R = 9-m-C2B,$,,, Ar = 4-MeOCbH,; 5: R = 9-m-C2Bl$ll, Ar = 4-C6H4; 
6:  R = 9-m-C2B1$,,, Ar = 3-N0,C6H4; 7: R = 9-m-C2Bl@,,, AI = 2,4,6-(Me),C,H, 

Table I. Aryl(B-carborany1)halonium Salts 
+ 

Ar- Hal 

Hal carboranyl group Ar A yield, % ref 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Br 
Br 
Br 
Br 
Br 
c1 
c1 
c1 

BF4 75-93 12 
I 100 12 
Br 81 19 
C1 68 19 
BF4 78-95 12 
I 100 12 
Br 90 19 
C1 61 19 
BF4 83 14 
BF4 8 14 
BF4 84 14 
BF4 10 14 
BF4 84 14 
BF4 80 13 
BF4 25-47 15-17 
BF4 16 17 
BF4 5 14 
BF4 40-55 15,16 

BF4 7-10 14,18 
BF4 1.5 14 
BF4 5 14 

Br 100 15 

various aryl(m-carboran-9-y1)halonium compounds in- 
cluding chloronium salts (e.g., eq 3).14J8 

cF,coon 
9-m-C2B1oH11Cl+ PhN2'BFL - 

-N2 

[9-m-C2BloH,lCLPh]+BF,- (3) 
10 

Selected data for all the carboranylhalonium com- 
pounds synthesized in the present work are summarized 
in Table I. Molecular and crystal structures of phenyl(o- 
carboran-9-y1)iodonium iodidez0 and bis(m-carboran- 
9-y1)bromonium tetrafluoroborate21 were determined 
by X-ray diffraction. The carboranyliodonium salts 
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Table 11. Boron-Substituted Carboranes Obtained via Carboranylhalonium Ions 

Acc. Chem. Res., Vol. 25, No. 11, 1992 531 

compound yield, % ref compound yield, % ref 

Previously Unknown 
9-m-C~BloH11N3 99 25 9-m-CzBloH11N=PPha 93 25 
9-0-C~BioHllN3 54 24 9-0-CzBloH11N=PPha 79 24 
2-~-CzB1oHiiN3 91 13 2-p-CzBloHiiNCS 53 31 
9-m-CzBloH11OS(O)Ph 90 25 (9-m-CzBioHii)zO 25 33,34 
~ - ~ - C ~ B ~ O H ~ ~ O S ( O ) C ~ H ~ C H ~  86 25 2-p-CzBioHiiCN 98 19 
9-m-CzBloH11OCOPh 95 25 9-m-CZBloH11CN 58 19 

9-m-CzBioH11NHCH3 79 25 [9-m-CzBloH11PPh3l+BF4- 71 35 
9-m-CZBloH11NCS 43 25 9-m-CzBloHllNOz 8.5 30 

2-p-CzBioHiiF 100 13 

98 19,29 
89 19,29 
62 25 
94 19 
56 25 

Previously Difficult To Obtain 
9-m-CgBlnHi iNHe 

The major peculiarity of reactions between phenyl@ 
carborany1)iodonium salts and nucleophiles occurring 
without destroying the closo structure of the carborane 
ligand is their regiospecificity. Depending on the nature 
of the nucleophile, either rupture of the boron-iodine 
bond takes place or the carbon-iodine bond is cleaved. 
This reactivity is novel and unique, since no analogy 
exists in the chemistry of other onium compounds. 

Boron-Iodine Bond Cleavage. Iodonium salts 1-3 
smoothly react with a number of anions to give 
iodobenzene and the corresponding B-substituted car- 
boranes in good to quantitative yields (eq 4).13*24*2592*31 

Nu- = 
N;, Br-, C1-, F-, PhCO;, MeCO;, ArSO;, NO;, SCN- 

The reaction of 2 with NaNOz in a CH~C~Z-HZO 
biphasic system leads to two products of carboranyla- 
tion, i.e., 9-hydroxy-m-carborane (79% ) and 9-nitro- 
m-carborane (6%).25930931 The products of 0- and 
N-carboranylation of the nitrite anion form simulta- 
neously and independently of each otheram The re- 
action between phenyl(m-carboran-9-y1)iodonium cat- 
ion 2 and NaSCN gives rise to a mixture (1.3:l) of 
m-carboran-9-yl thiocyanate and the corresponding 
isothiocyanate with a total yield of 99% .25 At  the same 
time, the phenyliodonium derivative of the less electron- 
donatingp-carborane, 3, reacts with NaSCN under the 
same conditions to give isomeric thiocyanate and 
isothiocyanate in a 1:2.65 ratio.31 Evidently, electronic 
properties of carboranyl ligands can control reactions 
of phenyl(carborany1)iodonium cations with ambiden- 

(28) (a) Grushin, V. V.; Tolstaya, T. P.; Lisichkina, I. N. Izu. Akad. 
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A. N. Zh. Org. Khim. 1989,25,2569; J.  Org. Chem. USSR (Engl. Transl.) 
1989,25, 2305. 

(29) Grushin, V. V.; Demkina, I. I.; Tolstaya, T. P. Inorg. Chem. 1991, 
30, 4860. 

(30) Demkina, I. I.; Grushin, V. V.; Vanchikov, A. N.; Tolstaya, T. P.; 
Orlinkov, A. V. Zh. Obshch. Khim. 1987,57,1341; J .  Gen. Chem. USSR 
(Engl. Trawl.) 1987,57, 1199. 

(31) Grushin, V. V.; Demkina, I. I.; Tolstaya, T. P. J. Chem. SOC., 
Perkin Trans. 2 1992,505. 

91 25 
79 25,30 
11 19 
77 13 

tate nucleophiles. This is consistent with the general 
perturbation theory of a donor-acceptor i n t e rac t i~n .~~  

As seen, the carboranylation of nucleophiles with 
phenyl@-carborany1)iodonium salts results in good to 
quantitative yields of new B-substituted carborane 
derivatives along with iodobenzene. The substituent 
always occurs on the boron atom of the icosahedron 
which previously carried the phenyliodonio group (ipso 
substitution). The boron-iodine bond cleavage reac- 
tions are not inhibited by radical traps, e.g., 1,l- 
dipheny1ethylene.lg Neither unsubstituted carboranes 
nor any other byproduct of a free boron-centered 
carboranyl radical transformation was found in the 
reaction mixtures. Rather, the reactivity of phenyl(& 
carborany1)iodonium cations appeared to be dependent 
on electronic effects of the carboranyl ligands and on 
the solvent polarity. Among salts 1-3, the fastest 
carboranylation reactions were observed for cation 3, 
containing the least electron-donating p-carboran-2-yl 
group, in organic media of low polarity. Therefore, a 
radical mechanism for the carboranylation reactions 
can be ruled out. 

Representing the unique example of nucleophilic 
substitution at  a boron atom of icosahedral closo- 
carboranes, the above described carboranylation re- 
actions afford some B-carboranyl derivatives which 
either are accessible with difficulty or cannot be 
obtained by any other means (Table 11). Some of the 
new B-substituted functional derivatives of carboranes 
appeared to be interesting subjects for physical inves- 
tigations. For instance, the first experimental data on 
electron density distribution in carboranes were ob- 
tained by a low-temperature X-ray diffraction study of 
9-azido-m-carborane.36 

Carbon-Iodine Bond Cleavage. Reactions of phen- 
yl(B-carborany1)iodonium salts with nucleophiles lead- 

(32) (a) Klopman, G. J. Am. Chem. SOC. 1968,90,223. (b) Klopman, 
G. In Chemical Reactivity and ReactionPaths; Klopman, G., Ed.; Wiley: 
New York, 1974; p 55. 
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Izu. Akad. Nauk SSSR, Ser. Khim. 1989,1849; Bull. Acad. Sci. USSR, 
Diu. Chem. Sci. (Engl. Tronsl.) 1989, 38, 1696. 

(34) Grushin, V. V.; Polyakov, A. V.; Yanovski, A. I.; Struchkov, Yu. 
T.; Bukalov, S. S.; Leites, L. A. Metalloorg. Khim. 1991, 4, 828. 

(35) Grushin, V. V.; Tolstaya, T. P.; Lisichkina, 1. N.; Grishin, Yu. K.; 
Shcherbina, T. M.; Kampel, V. Ts.; Bregadze, V. I.; Godovikov, N. N. Izu. 
Akad. Nauk SSSR. Ser. Khim. 1982, 472; Bull. Acad. Sci. USSR, Diu. 
Chem. Sci. (Engl. i"ransl.) 1982, 32, '429.. 

(36) (a) Antipin, M. Yu.; Polyakov, A. V.; Grushin, V. V.; Struchkov, 
Yu. T. Z. Kristallogr. 1988, 185, 193. (b) Antipin, M. Yu.; Polyakov, A. 
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Scheme I1 
6+ 6- 

[Rl-I ........ R2] f 

[R1 ......... 1-R 21 f 

R'I 1 + R2. 

I R2 R 1 = P h  = C2B10H11 I 

ing to carbon-iodine bond cleavage reveal an obvious 
homolytic mechanism (eq 5) .  They selectively lead to 
the corresponding iodocarboranes and compounds 
arising from phenyl radical transformations, Le., ben- 
zene, biphenyl, and radical phenylation products (e.g., 
PhP+, CY-, 8-, and y-phenylpyridines, and PhHgCl in 
cases of PPh3, pyridine, and metallic mercury, respec- 
ti~ely).13~19~25~3~~37 Similar to radical reactions of dia- 
ryliodonium sa1ts,z-4~38 the reactions of phenyl(& 
carborany1)iodonium ions with carbon-iodine bond 
cleavage proceed apparently via 9-1-2 intermediates, 
[R-I-R'I., which are formed by a one-electron reduction 
of the initial iodonium cation. 

SET 
[CpBloHll-I-Ph]+ + NU - 

[C~B~oHll-I-Phl' --c CzBloHllI + [Ph'l (5) 
9-1-2 

Nu = Ph3P, C,H,N, OH-, Hg, n-BuLi, e-/Hg cathode 

A few nucleophiles react with phenyl(B-carbora- 
ny1)iodonium salts via two pathways simultaneously, 
causing the cleavage of both the boron-iodine and the 
carbon-iodine bonds. The most pronounced example 
is the reaction of the m-carboranyliodonium derivative 
2 with the cyanide The distribution of the 
products clearly indicates that the two directions are 
equally possible (eq 6). 

KCN / 18-crown-6 

CH,CI, 
19-m C2B,&IIII-I Phi' - 

(6) 
9-m-C2BI&l,!-I + PhH + Ph, + PhCN 

40% 26% 7% uaces 

The reaction pattern does not change in the presence 
of the radical trap 1,l-diphenylethylene, altering only 
the PhH:Phz ratio.39 Yields of all other products remain 
unchanged, supporting a nonchain mechanism for the 

(37) Grushin, V. V.; Shcherbina, T. M.; Tolstaya, T. P.; Butin, K. P. 
Zzv. Akad. SSSR, Ser. Khim. 1985, 492; Bull. Acad. Sci. USSR, Diu. 
Chem. Sci. (Engl. Transl.) 1985, 34, 449. 

(38) Tanner, D. D.; Reed, D. W.; Setiloane, B. P. J. Am. Chem. SOC. 
1982, 104, 3917 and references cited therein. 
(39) Lubinkowski, J. 3.; Gomez, M.; Calderon, J. L.; McEwen, W. E. 

J. Org. Chem. 1978, 43, 2432. 

[R1-I-R2], 
(9-1-2) 

4 I -Nu. 

R'\ 
R 2 / I - N ~  (10-1-3) 

t 

\ R21 + R'. 

\ 

[R'-I-R*]* + Nu 

radical route. Trace amounts of benzene and iodocar- 
borane were also formed in the above described reac- 
tions of phenyl(&carboranyl)iodonium cations with 
NOz- 30 and F,B indicating a very modest contribution 
of a radical reaction pathway. 

Mechanistic Studies 

Phenyl(B-carborany1)iodonium cations, as we have 
seen, possess a unique reactivity toward nucleophiles 
resulting in two vastly differing mechanisms. Like 
diaryliodonium salts,2-4 they readily react with nucleo- 
philes via either a polar or radical pathway; on the other 
hand, upon reacting with nucleophiles, unsymmetrical 
diaryliodonium ions undergo cleavage of both carbon- 
iodine bonds, regardless of which mechanism (polar or 
radical) operates the reaction. Some such reactions 
are known to be quite selective. However, there are no 
examples in the chemistry of organic halonium ions 
where nucleophilic substitution occurs only on one 
ligand of an unsymmetrical halonium compound, while 
a radical reaction (a one-electron reduction) of the same 
salt leads to the elimination of only the opposite ligand 
as the radical. The only exception is phenyl@-car- 
borany1)iodonium salts, which deserve to be called 
extremists among halonium compounds. Their trans- 
formations with either boron-iodine bond cleavage or 
carbon-iodine bond cleavage are perfect and pure 
models of the two very extreme cases, which are known 
in the chemistry of halonium (and other onium) com- 
pounds as polar and radical reactions, respectively. 

The regiospecificity of the radical reactions of phen- 
yl@-carborany1)iodonium cations with nucleophiles can 
be easily rationalized'' in light of Tanner's paper on 
9-1-2  intermediate^^^ (Scheme 11). The first step of the 
radical reaction is a single electron transfer (SET) from 
a nucleophile to an iodonium cation. The resulting 
9-1-2 intermediate has two decomposition paths. The 
energy of the transition states strongly depends on 
electronic effects of the substituents attached to the 
iodine; that is, the more capable the substituent of 
delocalizing a negative charge, the lower the energy. 
o-Carboran-9-yl and m-carboran-9-yl groups are strong 
electron donors,1° whereas a phenyl group is an electron 
acceptor. Moreover, unlike carboranyl groups (their 
URO constants are close to 01, the phenyl substituent is 
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able to delocalize a negative charge by resonance. As 
a result, the difference between activation energies El 
and Ez (Scheme 11) appears to be sufficient to make the 
radical reactions of phenyl(B-carborany1)iodonium salts 
regiospecific. 

Factors determining the regiospecificity of the polar 
reactions of phenyl@-carborany1)iodonium cations 
(boron-iodine bond cleavage) were far less clear. The 
classical S N ~  mechanism was ruled out by kinetic 
measurements showing that the reaction between 2 and 
NaN3 is second order (first order on each reagent).17 In 
addition, hydroxycarboranes would have been formed 
as byproducts in any biphasic reaction, if the latter 
proceeded via formation of B-carboranyl cations. The 
classical Sp~2 mechanism, involving a nucleophilic 
attack on the carborane boron attached to the onium 
iodine, is also unlikely. Nucleophiles never attack an 
icosahedron closo-carborane boron if it bears any 
substituent except hydrogea40 However, even if such 
an attack took place, a conversion of the closo-carborane 
cluster to a nido framework would have occurred.41 The 
nido compound 7-phenyl- 12- (1 -phenyl- 1 ,Zdicarba- 
closo-dodecaboran-2-yl)-7,&dicarba-nido-dodecabo- 
rate anion, synthesized and structurally characterized 
by Zakharkin et al.142 represents an excellent and unique 
model of the intermediate in the carborane(l2) deg- 
radation reaction. All attempts to convert this nido 
structure back to the closo-carborane icosahedron were 
unsuccessful.42 The polar reactions of phenyl@-car- 
borany1)iodonium cations never led to either formation 
of nido structures or skeletal rearrangements of the 
cage which should have taken place if the process 
followed the path closo-nido-~loso.~~ Thus, special 
studies were necessary to clarify the mechanism of the 
polar reactions of phenyl@-carborany1)iodonium salts, 
and the reasons for their regiospecificity. 

Electronic Effects of Phenylhalonio and m-Car- 
boranylhalonio Groups. The reactivity of phenyl(m- 
carboran-9-y1)iodonium ions toward many nucleophiles 
including N3-, NOz-, and PhS02- is quite similar to that 
of the diphenyliodonium ion. The mechanism for polar 
reactions of diaryliodonium ions is usually considered 
to be of S& character, involving a nucleophilic attack 
on the a-carbon atom.38p39*43144 If so, why do nucleophiles 
not attack the a-carbon atom of the phenyl(B-carbo- 
rany1)iodonium cations? Do strong electron-donating 
effects of o(m)-carboran-g-yl groups, which are trans- 
mitted through the onium halogen atom, make the 
a-carbon atom indifferent toward nucleophiles? In 
order to examine this hypothesis, we obtained the 

(40) (a) Hawthome,M. F.; Wegner,P. J .  Am. Chem. SOC. 1968,90,896. 
(b) Zakharkin, L. I.; Kalinin, V. N.; Gedymin, V. V. J .  Organomet. Chem. 
1969, 16, 371. 

(41) (a) Onak, T. In Comprehensive Organometallic Chemistry; 
Wilkinson, G., Ed.; Pergamon Press: London, 1982; p 411. See Sections 
5.4.2.3,5.4.2.7.3,and 5.4.2.7.4inthisreview,andreferencescitedtherein. 
(b) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1. (e )  Williams, 
R. E. Adv. Inorg. Chem. Radiochem. 1976,18,67. 

(42) Zakharkin, L. I.; Zhigareva, G. G.; Polyakov, A. V.; Yanovski, A. 
I.; Struchkov, Yu. T. Izv. Akad. Nauk SSSR, Ser. Khim. 1987,872. 

(43) (a) Beringer, F. M.; Brierley, A.; Drexler, M.; Gindler, E. M.; 
Lumpkin, C. C. J .  Am. Chem. SOC. 1953, 75, 2708. (b) Beringer, F. M.; 
Gindler, E. M. J .  Am. Chem. SOC. 1955, 77, 3203. (e )  Beringer, F. M.; 
Falk, R. A. J .  Chem. SOC. 1964,4442. (d) Growder, I. R.; Glover, E. E.: 
Grundon, M. F.; Kaempfen, H. X. J. Chem. SOC. 1963,4578. (e) Yamada, 
Y.; Kashima, K.; Okawara, M. Bull. Chem. SOC. Jpn.  1974,47,3179. (0 
Gronowitz, S.; Holm, B. Tetrahedron 1977,33,557. (g) Lubinkowski, J. 
J.; Arrieche, C. G.; McEwen, W. E. J .  Org. Chem. 1980,45,2076. 

(44) Olah, G. A.; Sakakibara, T.; Asensio, G .  J .  Org. Chem. 1978,43, 
463. 
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Table 111. Electronic Effects of Phenylhalonio and 
m-Carboran-9-ylhalonio Groups (in CHCls) 

group 01 URo group a ORo 

PhCl+ +1.72 +0.03 C2BloHiIBr+ +1.60 -0.02 
C2BloH1IC1+ +1.65 0 PhI+ +1.35 +0.02 
PhBr+ +1.63 0 CzBioHIlI+ +1.39 0 

Table IV. Reactions of Phenyl(m-carboran-9-y1)- 
halonium Tetrafluoroborates with Sodium Azide 

(Dichloromethane-Water Biphasic System, 20 OC)la 

(?2B1@H,1N3 + pH 
[C2Bl,$-Tl,-X-Ph]+ + Ng' -c 

GBI@H,IX + PhN3 

ratio of pathways 
A a n d B ,  7% 

X A B 
I 99 0 
Br 95 5 
c1  65 35 

corresponding a-constants of all phenylhalonio and 
m-carboran-9-ylhalonio groups,17 using the Taft meth- 

The results presented in Table I11 show onium 
halogen atoms as incapable of transmitting electronic 
effects. Evidently, the phenyl ring carbon attached to 
a halonio group is equally activated toward nucleophilic 
attack (in terms of electronic factors), regardless of the 
second ligand (phenyl or strongly electron-donating 
m-carboran-9-yl) of the halonium cation. Nevertheless, 
nucleophilic substitution at  the a-carbon of phenyl@- 
carborany1)iodonium cations does not take place, in 
contrast to the case of diphenyliodonium ions. These 
results are of significant importance, since they make 
the concept of SNAr-type substitution in diaryliodonium 
ions questionable. 

Reactions of Phenyl(m-carboran-9-y1)bromoni- 
um and -chloronium Ions. The study of reactions of 
phenyl(m-carboranyl) bromonium, 9,16918 and phenyl(m- 
carboran-9-yl)chloronium, 10,l8 tetrafluoroborates with 
a number of nucleophiles showed the dramatic decrease 
of the regioselectivity of SN reactions over the series 
iodonium, bromonium, chloronium.18 The reactions 
with sodium azide (Table IV) represent the most 
pronounced and clear example; similar results were 
obtained for nucleophilic substitution in cations of 2, 

Reactions of Aryl(m-carboran-9-y1)iodonium 
Ions. Electron-withdrawing groups are known to 
increase the reactivity of diaryliodonium ions, while 
electron-donating substituents exert the opposite 
e f f e ~ t . ~ - ~  On the other hand, ortho substituents, 
including electron-donating methyl groups, facilitate 
nucleophilic substitution on the ring (the so-called 
o r t h o - e f f e ~ t ) . ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~  With this in mind, we inves- 
tigated polar reactions between a number of nucleo- 
philes and aryl(m-carboran-9-y1)iodonium compounds 
4-7, having different substituents in the aryl ring. Like 
salt 2, with no substituents on the phenyl ligand, 
compounds 4-6 react with Br- to give only bromocar- 
borane and the corresponding iodoarene, in quantitative 
yields (eq 7).3l However, such was not the case for 

9, and 10 by NOz- and OH-. 

(45) Taft, R. W.; Price, E.; Fox, I. R.; Lewis, I. C.; Andersen, K. K.; 

(46) Yamada, Y.; Okawara, M. Bull. Chem. SOC. Jpn. 1972,45,1860. 
(47) Lancer, K. M.; Wiegand, G .  H. J .  Org. Chem. 1976,41, 3360. 

Davis, J. T. J .  Am. Chem. SOC. 1963,85,709, 3146. 
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H&CHCls 
[Ar-I-C,BloHlll+BF~ + NaBr - 

reflux 2,4-6 
C2B,,Hl1Br + ArI (7) 

Ar = Ph, 2; 4-CH,0C,H4, 4; 4-FC6H4, 5; 3-N02C6H4, 6 

mesityl(m-carboran-9-y1)iodonium salt 7, which gave 
all four possible products of nucleophilic substitution 
(eq 8). 

[Ar-I-C2Bl$i111' BF4' + NaBr = C2B,$iH,,Br + ArI 4 
reflux 

85% 7 

(8) 
C2B1&,,I + ArBr, 

15% 
AI = 2,4,6-(CH,)&Hz 

The same reactivity pattern was observed for the 
reactions of salts 4-7 with NaN02. Nucleophilic 
substitution in cations of 4-6 by NO2- is as highly 
selective as that in the cation of 2. At the same time, 
in the reaction of the mesityliodonium salt 7 with the 
nitrite ion, a significant competition between nucleo- 
philic substitution at  the carborane boron and the 
mesityl carbon takes place.30~3~ Hence, it is neither 
electron-withdrawing nor electron-donating substitu- 
ents but rather ortho-substituted aryl ligands which 
are able to influence the regiospecificity of nucleophilic 
substitution in aryl(B-carborany1)iodonium cations. 

The results of nucleophilic substitution in 7 by Br- 
and NOz- strongly resemble the "ortho-effect" in the 
polar reactions of ortho-substituted unsymmetrical 
diaryliodonium ions.4~28b~@~~~47 Equation 9 illustrates 
the ortho-effect. Usually the more electron-deficient 
ring of unsymmetrical diaryliodonium cation is attacked 
by a nucleophile, while similar reactions of isomeric 
ortho-substituted cations lead to the products in an 
opposite ratio. This tendency increases with the 
introduction of two phenyl groups at the ortho 
 position^.^^^^@^^^ 

ArBr + Phl (Path A)  -€ ArI + PhBr (PathB) 

(9 )  [Ar-I-Ph]+ + Br 

Ar 4-CH3C6H4 2-CH3C6H4 2.4.6-(CH3)gC& - 

A : B  1.0: 1.9 6.1 : 1.0 24.0:  1.0 

The vaguest part of our knowledge on aromatic 
halonium compounds is the ortho-effect: "The polar 
reactions of diaryliodonium salts with nucleophiles are 
not without their mechanistic idiosyncrasies" (see ref 
4, p 1295). An explanation of the ortho-effect in 
diaryliodonium salts has been based on the following 
as~umptions.~*~~47 A nucleophile attacks the onium 
iodine to give a tricovalent iodine(II1) complex (10-1-3 
intermediate). This intermediate is believed to be 
T-shaped, as are diaryliodonium compounds in the solid 
state., The bulkier of the two aryl ligands and two lone 
electron pairs (phantom ligands) usually occupy the 
less encumbered equatorial positions. The complex 
undergoes intramolecular aromatic nucleophilic sub- 
stitution (SNAr collapse), and being closer to the 

nucleophile, the equatorial ligand is subsequently 
attacked. This model does not explain why the 
magnitude of the ortho-effect depends on the nature 
of the n~c leoph i l e~~  and onium halogen.@ In addition, 
nucleophilic substitution on 3-indolylphenyliodonium 
trifluoroacetate leads to iodobenzene and the corre- 
sponding indolyl derivative,48 although in the solid state 
the indolyl ligand was found to occupy the apical, not 
equatorial, position of the starting iodonium m~lecule.~g 
Finally, it was shown that a nucleophilic attack on 
icosahedral closo-carborane(l2) boron bearing any 
substituent except hydrogen is unlikely (see above). 

In 1981 Budylin proposed for the first time that 10- 
1-3 intermediates can undergo synchronous (cheletro- 
pic) extrusion of an iodoarene.4s Later, this concept of 
reductive elimination from tricovalent iodine(II1) com- 
plexes was widely used by Moriarty and Vaid.8b Let us 
now consider and develop this model in detail. 

The 10-1-3 complexes exhibit a trigonal bipyramidal 
structure in the crystalline state, assuming that the 
lone electron pairs (phantom ligands) of iodine play a 
role as ~ubstituents.~ Apical-equatorial interactions 
in a trigonal bipyramidal structure were shown to be 
symmetry forbidden." In solution, trigonal bipyra- 
midal complexes can undergo permutational transfor- 
mations such as Berry pseudorotation or a turnstile 
rotation. In fact, triaryliodine(II1) compounds were 
found to be stereochemically nonrigid in solution.61 
Permutational processes can possibly occur via tet- 
ragonal pyramidal intermediates in which the iodine 
atom, the nucleophile, and both substituents lie in one 
plane so as to minimize steric interactions (Scheme 111). 
The interaction between any two of the three substit- 
uents lying in one plane, together with the central atom 
of the tetragonal pyramid, will be symmetry allowed, 
according to calculations by Hoffmann et al." While 
it is possible to bind to one of the two ligands, the 
nucleophile prefers the more bulky one, since it 
decreases the steric strain in the tetragonal pyramid to 
a greater extent. When both of the substituents are of 
similar effective bulk, the nucleophile together with 
the more electron-deficient ligand will eliminate in order 
to decrease the positive charge on the iodine atom. 

Nucleophilic substitution in 1-6 is regiospecific 
because the carboranyl icosahedron is sufficiently larger 
than the aryl group. Introduction of a substituent into 
the meta or para position of the phenyl ligand does not 
affect the regiospecificity. Meta- and para-substituted 
aryl ligands cause almost the same steric strain (as a 
nonsubstituted phenyl ligand) in the tetragonal pyr- 
amid. The situation changes when going to cation 7, 
as the mesityl ligand is bulky enough to compete with 
the carboranyl group to bind the nucleophile. 

The mechanism (Scheme 111) does not involve any 
ipso nucleophilic attack on a ligand attached to the 
onium center. Such an attack is conceivable only if an 
aryl ligand contains strong electron-withdrawing sub- 
stituent(s), (e.g., nitro or cyano groups) in the ortho 
and/or para positions. In these cases the SNAr process, 

(48) Budylin, V. A.; Ermolenko, M. S.; Chugtai, F. A.; Kost, A. N. 
Khim. Geterotsikl. Soedin. 1981, 1494. 

(49) Petrov, V. N.; Lindeman, S. V.; Struchkov, Yu. T.; Chugtai, F. A.; 
Budylin, V. A.; Bundel', Yu. G .  Dokl. Akad. Nauk SSSR 1983,269,614. 

(50) Hoffmann, R.; Ho well, J. M.; Muetterties, E. L. J. Am. Chem. 
SOC. 1972,94, 3047. 

(51) Reich, H. J.; Cooperman, C. S. J .  Am. Chem. SOC. 1973,95,5077. 
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Scheme I11 
+ 

R-I-R’ + NU’ 

Nu N u  

R’ R 

i! i! 
Nu Nu 

I 
R N u  + R’I 

or 

R’Nu + RI 

including the formation of a Meisenheimer-type com- 
p l e ~ , ~ ~  might compete with synchronous reductive 
elimination (cheletropic reaction). 

As seen, the suggested mechanism easily explains the 
ortho-effect and related results previously rationalized 
in terms of classical aromatic nucleophilic substitution. 
There are some other key questions of diarylhalonium 
chemistry which have not been answered before. 
Successful rationalization of those “anomalous” facts 
with the help of the new mechanistic model is given 
below. 

Why Do Some Cyclic Aromatic Iodonium Cations 
Prefer To React with Nucleophiles via a Radical 
Pathway Rather Than by a Polar Mechanism? 
Evidently, structural nonrigidity of iodonium ions 
should be crucial for the permutational processes and 
the cheletropic decomposition (Scheme 111). For ex- 
ample, the diphenyliodonium cation reacts smoothly 
with a variety of charged nucleophiles to give iodo- 
benzene and the corresponding substituted benzene in 
high  yield^.^-^ Reactions of the highly flexible cation 
11 with anions NO2-, Br-, and N3- also lead to the 
corresponding products of a nonradical “polar” reaction 
in quantitative yields.53 The iodonium ion 11 exhibits 
the same reactivity and reaction pathways as the 
noncyclic diphenyliodonium ion, as 11 is able to change 
its geometry easily. 

The reactivity of the less flexible lOH-dibenz[b,elio- 
dinium cation, 12, is noticeably different. Thermolysis 
of its chloride salt leads not only to (2-chlorophenyl)(2- 

York, 1968. 

of Chemistry, University of Moscow, 1986. 

(52) Miller, J. Aromatic Nucleophilic Substitution; Elsevier: New 

(53) Ivanova, E. E. Diplomnaya Rabota. M.Sc. Thesis, Department 

11, n = 3 ;  X = I ;  
12, n = 1; X =I ;  
13, n = 0; X =I ;  
14, n = O ;  X = B r ,  
15, n = O ;  X=C1; 

iodopheny1)methane (93% yield) but also to some 
amounta of radical decomposition products.Mn Finally, 
reactions of the most rigid dibenz[ b,d]iodolium cation, 
13, containing iodine in the five-membered ring, with 
the same nucleophiles require more severe conditions, 
and this implies a homolytic The 
products of a formal substitution reaction usually form 
in very low yields or not at  all. In one of the recent 
publications on this subject it was noted, “This change 
in reactivity could not be accounted for.” 55 However, 
the new mechanistic model readily accounts for this 
behavior. Rigidity of the five-membered ring in 13 
makes the rearrangement of the trigonal bipyramidal 
structure into a tetragonal pyramid impossible, and 
thus the 10-1-3 complex reacts by homolysis of the 
iodine-nucleophile bond. 

How Does the Nature of the Nucleophile Influ- 
ence the Magnitude of the Ortho Effect? Lancer 
and Wiegand47 have clearly shown that the magnitude 
of the ortho effect depends on the nucleophile. The 
same was observed for the reactions of 7.31 Thus, in 
the case of NOz- the product ratio of carboranylation/ 
arylation is 1.6:l. This ratio increases to 5.7:l when 7 
reacts with Br-, while polar reactions with C1-, F-,29 and 
N3-31 were found to be regiospecific in favor of 
substitution at  the boron atom. The size of the 
nucleophile obviously contributes to the general steric 
strain in the tetragonal pyramid. Clearly, the larger 
the nucleophile, the greater the steric factor and, 
therefore, the lower the regioselectivity. The dramatic 
difference between N3- and NOz- relates to the ability 
of the latter to attack iodonium ions not only through 
the terminal oxygen but also through the central 
nitrogen atom, creating significant steric tensions. In 
contrast, the azide ion can only coordinate through 
terminal atoms. 

How Does the Nature of Onium Halogen Influ- 
ence the Magnitude of the Ortho Effect? The ortho 
effect decreases in the order [Ph-I-Rl+ > [Ph-Br-Rl+ 
> [Ph-Cl-Rl+ (R = o-tolyP and m-carboran-9-yP). This 
is probably due to the ability of bromonium and 
chloronium cations to undergo nucleophilic substitution 
not only via the reductive elimination mechanism but 
also through a classical SNAr pathway. Competition 
between the two routes leads to the observed products. 
Reductive elimination gives rise to the product of 
substitution at  the bulkier ligand, while in the case of 
the S N A ~  reaction the nucleophile preferentially attacks 
the phenyl rather than the o-tolyl carbon, or the 
carboranyl boron. Comparison of electron-withdrawing 
properties of the groups RC1+, RBr+, and RI+ (R = Ph, 
9-m-CzBloH11; see Table 111) is supportive of the 
proposal of SNAr reactions for bromonium and chlo- 
ronium salta. The most concrete evidence for the ability 
of aromatic bromonium and chloronium cations to react 
with nucleophiles via an SNAr mechanism is found in 

(54) (a) Sato, T.; Shimizu, K.; Moriya, H. J. Chem. SOC., Perkin Trans. 
1 1974,1537. (b) Sato,T.; Shimada, S.; Shimizu, K.; Hata, K. Bull. Chem. 
SOC. Jpn. 1970,43, 1918. 

(55)Kotali, E.; Varvoglis, A. J .  Chem. SOC., Perkin Trans. 1 1987, 
2759. 
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the reactions of dibenz[b,dl b r ~ m o l i u m , ~ ~  14, and 
-~hlorolium,5*~ 15, ions with I-. Both reactions were 
observed to produce the corresponding 2-halo-2'- 
iodobiphenyl in quantitative yield. Similar reactions 
of the isostructural iodonium cation 13 proceeded via 
a radical pathway,% since neither an SNA~ pathway nor 
a reductive elimination pathway is possible. 

Why Do Neutral Nucleophiles Usually Cause 
Homolytic Reactions of Diaryliodonium and Aryl- 
(m-carboran-9-y1)iodonium Ions, While Charged 
Nucleophiles Effect Both Homolytic and Polar 
Transformations? There is no correlation between 
the ionization potential of a nucleophile and its ability 
to play a role as a one-electron reductant toward 
diaryliodonium ions. Interestingly, aryl(B-carbora- 
ny1)iodonium salts always react with neutral nucleo- 
philes via a radical pathway. The same is true for 
diaryliodonium cations, although it seems unlikely on 
initial  consideration^.^^ A 10-1-3 intermediate can, in 
principle, decompose via two general routes. The first 
possibility includes intramolecular rotation followed 
by reductive elimination (Scheme 111). Another pos- 
sibility is a homolysis of the I-Nu bond affording a 
9-1-2 radical (Scheme 11). Competition between reduc- 
tive elimination and radical decomposition depends on 
the difference in activation energies. A 10-1-3 inter- 
mediate either is neutral, when the nucleophile is 
negatively charged, or is positive, when the nucleophile 

(56) Heany, H.; Lees, P. Tetrahedron 1968,24, 3717. 
(57) There are two exceptions. Some high-temperature reactions 

proceed via elimination of the phenyl cation from the diphenyliodonium 
ion ( S N ~  mechanism).*-4 These cases are rare. Diaryliodonium cations 
containing strong electron-withdrawing groups (e.g., NOp, CN) in the 
ortho and/or para positions are able to react with anions and neutral 
nucleophiles via an SNAI path.38 
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is neutral. In the latter case a major part of the positive 
charge is concentrated on the atom which has donated 
ita lone pair to iodine. The electrostatic interactions 
between this positive charge and phantom ligands of 
iodine increase the barrier to rotation and make the 
reductive elimination unlikely. 

Conclusions 

Synthesis of carboranylhalonium ions is remarkable 
not simply because they represent a new class of 
compounds, i.e., inorganic halonium salts, but also 
because they can be regarded as unique synthons of 
carboranyl cations, opening new possibilities for inor- 
ganic synthesis. Smooth and regiospecific nucleophilic 
ipso substitution at  the boron atom of phenyl(& 
carborany1)iodonium cations afforded a number of 
previously unknown functional derivatives of icosahe- 
dral closo-carboranes. Detailed investigations of these 
reactions revealed their striking similarity to the 
corresponding transformations of diaryliodonium com- 
pounds. The regioselectivity of polar reactions of 
carboranylhalonium ions and the ortho effect in the 
chemistry of diarylhalonium compounds were proved 
to be related phenomena controlled by steric factors. 
In contrast, electronic factors largely determine the 
regioselectivity of radical reactions of diaryliodonium 
and aryl@-carborany1)iodonium ions proceeding via 
9-1-2 intermediates. The mechanism for nucleophilic 
substitution in carboranylhalonium cations successfully 
applies to the chemistry of diarylhalonium compounds, 
explaining and unifying its most salient features which 
had never before been rationalized in a satisfactory 
manner. 


