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a cobalt(III) ion."* In fact the difference in the Co—N distances
of the central and external metal ions, 0.115 A, corresponds well
to the difference in octahedral covalent radii of cobalt(II) and
cobalt(LIT).'5

We formulate the cation therefore as [Co,(dat),(datH),-
(H,0),]?* and postulate that four guanazoles are deprotonated
to guanazolate. This result is in line with the observed distance
between nitrogen and terminal cobalt ion, which is slightly shorter
than that observed in cobalt-triazole complexes.'® A further
confirmation comes from the electronic spectra, which show the
“T), — Ty, transition of octahedral cobalt(IT) at 10000 cm™.
In analogous cobalt(II) complexes with protonated triazoles the
corresponding band is observed!” at 8500 cm™' ca. The spectra
show also a shoulder at ca. 17000 cm™ and a maximum at 21 000
cm™!. The latter may be due to the *F — *P transitions of co-
balt(II) and to the 'A;, — T, transitions of cobalt(III).

The distortion from ideal octahedral geometry of the coordi-
nation polyhedra solely involved the bond angles, whose deviations
from ideal values are the same around the terminal and the central
metal atoms (maximum of 4.1°).

The cobalt atoms are displaced from the mean planes through
the triazole rings by 0.014 and 0.006 A.

The Co(IIT1)-Co(II) distance within the trimeric molecule is
3.653 (3) A, lower than the 3.7121 (16)'8 and 3.828 (9)'¢ A found
in the case of Co(II)=Co(II). The triazole rings are found to be
planar within experimental error. Bond distances and angles of
the ring compare well with those found by other authors.®® The
dihedral angles between the ring planes are 60.0°.

Intermolecular hydrogen-bond contacts, on which the crystal
packing mainly depends, occur among the water molecules, the
NH, and NH groups of the 2,5-diamino-triazole molecules, and
the chloride ions. The results of the refinement of the disordered
chlorides and water molecules appear to indicate that ca. 46% of
chlorine and ca. 54% of water oxygen is present in the compound.
This means that, with chlorine ions present (as in 1), the water
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molecule O(3) is oriented such that one proton hydrogen bonds
to the CI” ion, while the protonated ligand hydrogen bonds to O(3).
In contrast, when a water molecule O(2) replaces the ClI~ ion, the
O(3) water molecule reorients so that hydrogen bonding depicted
in 2 occurs; e.g., the O(2) water molecule hydrogen bonds to O(3),
while the O(3) water molecule now hydrogen bonds to the de-
protonated N atom on the ligand.

Magnetic Properties. The magnetic properties of [Co;-
(dat),(datH),(H,0)¢]Cl;-9H,0 agree with the formulation
Co!L,Co!!", In fact the room-temperature effective magnetic
moment, ug = 7.15, agrees well with the presence of two uncoupled
high-spin octahedral cobalt(II) ions each with ur = 5.1 pp, while
it would be too small for three cobalt(II) ions, each with e =
5.1 ug. In fact the range of u. values for octahedral cobalt(II)
ions is 4.8-5.4 ug. Further the temperature independence of x7T
down to ca. 100 K rules out any possibility of relevant antifer-
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romagnetic interaction which might in principle reduce the
room-temperature effective magnetic moment. The observed
decrease of x7 at lower temperature can be attributed to the
thermal depopulation of the excited Kramers’s doublets originated
by spin-orbit and low-symmetry splitting of “T;, of the two co-
balt(IT) ions. Below 20 K w4 stabilizes to 5 ug, which agrees with
two uncoupled effective S = !/, spins with g = 4.1.

The polycrystalline powder EPR spectra recorded at 4.2 K are
axial, with gy = 8.8 and g, = 1.5. These values compare well
with those observed in octahedral high-spin cobalt(II)!° and show
that the two ions are substantially uncoupled. Further, the fact
that only one set of signals is observed rules out the presence of
a third cobalt(II) ion.

Conclusion. In conclusion, [Co,(dat),(datH),(H,0),]Cl»9H,0
is the first example of mixed-valence trinuclear cobalt derivative
with 1,2,4-triazoles. All the evidence is that the valences are
effectively trapped. The analysis of the magnetic data provided
evidence that the coupling between the external cobalt(II) ions
is indeed very weak, thus solving a long debated problem? in the
analysis of the magnetic properties of trinuclear cobalt(IT) com-
plexes.
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Introduction

Hundreds of different icosahedral c/oso-carborane(12) deriv-
atives containing boron—element bonds (element = halogen, ni-
trogen, carbon, oxygen, sulfur, main-group and transition metals,
etc.) have been synthesized over the last 25-30 years.! Direct
electrophilic chlorination, bromination, and iodination is known
to be an effective and convenient method for the preparation of
boron halogenated o-, m-, and p-carboranes.” Similarly, selective
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Table I. Reactions of Aryl(B-carboranyl)iodonium Tetrafluoroborates with the Fluoride Anion
F
1+—@ — F + 1+ I+ @- Y
Y Y
carborane nucleus .
iodonium  isomer/substituent reacn temp, time, yield, % (GLC)
entry salt position Y conditions? °C h C;BoH,F Arl C;B,oH;l ArH
1 1 ortho/9 H A 25 0.1 90-95° 90 2-5 5
2 2 meta/9 H A 25 0.5 85 90 5 7
3 2 meta/9 H B 40 6 89% 90 2 2
4 2 meta/9 H C 56 1 75 92 7 5
5 3 meta/9 4.CH,0O C 56 1.25 80 85 15 13
6 4 meta/9 4.F C 56 1.25 83 82 2 9
7 5 meta/9 3-NO, C 56 2 86 73 7 4
8 6 meta/9 2,4,6-(CH,), C 56 2.5 78 75 16 14
9 7 para/2 H B 25 0.5 99 95 traces <0.5
10 7 para/2 H D 25 0.6 99,5% 99 ¢ <0.5

?A: anhydrous KF-18-crown-6 ether—dry CHCI; or CH,Cl,, 25 °C. B: NaHF,-CH,Cl,-H,0, 40 °C. C: NaF-CHCI;-H,0, 56 °C. D:
NaF-CH,Cl,-H,0, 25 °C. ®Isolated yield. ¢2-lodo-p-carborane was not found among the reaction products.

mono-, di-, or polyhalogenation of carboranes can be achieved
under appropriate conditions. In contrast, reactions of o-, m-, and
p-carboranes with elemental fluorine are not selective at all, leading
instead to deca-B-fluorocarboranes, C,H,B ,F,,, as the only
products.’ Therefore, an interaction between closo-carboranes(12)
and F, cannot be used for the synthesis of monofluorinated
products. Although development of simple and effective proce-
dures for selective introduction of fluorine to a carborane icosa-
hedron seems to be a challenging problem, only a very few methods
for the preparation of monofluorocarboranes are known. For
instance, the reaction of the unstable o-carboran-3-yldiazonium
cation with liquid HF afforded 3-fluoro-o-carborane,* while the
action of the boron trifluoride etherate complex on o- and m-
carboran-9-ylthallium bis(trifluoroacetates) was shown to produce
the corresponding 9-fluorocarboranes in moderate yield (no more
than 40%).° Very recently, Lebedev et al.5 described fluorination
of o- and m-carboranes with SbF;, leading to 9-fluoro-o-carborane
and 9-fluoro-m-carborane in 42% and 75% isolated yields, re-
spectively.

A few years ago, two of us briefly reported the synthesis of
o-carboran-9-yl, m-carboran-9-yl, and p-carboran-2-yl fluorides
by reactions of the corresponding phenyl(B-carboranyl)iodonium
ions with F~ under phase-transfer or biphasic conditions.” The
synthesis of fluorocarboranes (94-100% yields) via stable and
readily available carboranyliodonium compounds’ possesses some
practical advantages. These reactions are also interesting from
a theoretical point of view, as they represent the first example of
nucleophilic substitution of a halogen attached to an icosahedral
carborane boron by the fluoride anion. In contrast to closo-
2,4-C,BsH, derivatives,® icosahedral carboranyl halides undergo
nucleophilic substitution neither by F~ nor by other nucleophiles.!
In the present paper, we wish to report a detailed investigation
of nucleophilic substitution in different aryl(B-carboranyl)-
iodonium cations by the fluoride anion.
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Results and Discussion

Aryl(B-carboranyl)iodonium tetrafluoroborates 1-7 react with
the fluoride anion to give the corresponding carboranyl fluoride
and iodoarene as the main products, together with some small

amounts of the corresponding arene and iodocarborane (eq 1;
Table I).

[R-I-Ar]* BFy + FF ———» R.F + Arrl + RI + AH (1)
1-7 main products byproducts
1: R=9-0-C;BoH,;; Ar=CgHg
2: R=9-m-C;ByoH,,; Ar=CgHg
3: R=9-m-C;BoH,;; Ar=4-CH;0C:H,;
4: R=9-m-C;B,gH,;; Ar=4-FCH,;
5: R=9-m-C;B;cH,;; Ar=3-NO,CsHy
6: R=9-m-C;BygH,y; Ar=2,4,6-(CH;),CeHy;
7: R=2-p-C;BioHy;; Ar=CgHg;

All the reaction mixtures were investigated by GLC and by
GC-MS, because arenes and their monofluoro derivatives usually
have similar boiling points and chromatographic parameters. No
reaction was found to produce even traces of fluoroarenes, although
it is known that the interaction of diphenyliodonium tetra-
fluoroborate with the fluoride ion leads to fluorobenzene and
iodobenzene in high yields.” Therefore, nucleophilic substitution
in all the cations of 1-7 by the fluoride ion is regiospecific.

The reaction of the iodonium salt 1 with F~ requires anhydrous
conditions. Strong electron-withdrawing properties of the phe-
nyliodonio group!® make the o-carborane nucleus in 1 very sus-
ceptible to degradation from weak bases,! including water.!!
However, 9-fluoro-o-carborane can be synthesized in high yield
(up to 90-95%) with the use of anhydrous KF and 18-crown-6
ether in dry chloroform (see Table I). Water—chloroform (or
—dichloromethane) biphasic systems have been found suitable for
the reactions of the salts 2-7 with NaF or NaHF,. The highest
yield of 9-fluoro-m-carborane (89%) was obtained when NaHF,
was used as the source of the fluoride ion. Introduction of different
substituents to the aromatic ring of 2 (cations of 3-6) did not cause
dramatic changes in the yields of 9-fluoro-m-carborane (Table
I, entries 4-8). Reactions of 7 (entries 9 and 10) afforded 2-
fluoro-p-carborane in almost quantitative yield, regardless of the
fluoride ion source (NaF or NaHF,). B-Carboranyl fluorides
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isolated in 89-99% yields appeared to be identical with authentic
samples prepared by independent methods>® ('°F and ''B NMR
spectra,®'? melting points, GLC parameters).

The formation of arenes and iodocarboranes in nearly every
reaction of the iodonium salts 1-7 with F~ indicates that a com-
petition between nucleophilic substitution and a one-electron
reduction of the starting iodonium cation takes place under de-
scribed conditions.! Similar competition has already been observed
in reactions of 2 with KCN"? and NaNOQ,.!* The nucleophilic
substitution by the fluoride ion in 1-7 is regiospecific (it occurs
only at a carborane boron; see eq 2), as are all other Sy-type
reactions of phenyl(B-carboranyl)iodonium cations.!710.1113.14

—— C,B,ogHF + Arl

%{, C,BioHI +  ArF

Probably, the mechanism for the nucleophilic substitution in
1-7 is similar to that described in ref 1. The fluoride ion attacks
the onium iodine to give a tricoordinated iodine(III) complex which
then undergoes synchronous reductive elimination of the fluoro-
carborane. Only ipso substitution has been observed. At the same
time, a one-electron reduction of the iodonium ion occurs inde-
pendently of the Sy-type reaction. This single-electron-transfer
(SET) process leads to a labile 9-I-2 intermediate which regios-

S
X ®

[CyByoHy - I-AT]Y + F-

SET
[C;ByHyy-T-Ar)Y ——

———» CBH, + A

[C;ByoHyy-I-Ar] " —— (€)]
9-1-2

CBiH),” + Arl

pecifically decomposes to the corresponding aryl radical and io-
docarborane’!® (eq 3). A hydrogen abstraction from the solvent
by the aryl radicals formed results in the formation of arenes.

Thus, the fluoride anion formally plays the role of a one-electron
donor toward the iodonium cations in 1-7. This behavior of F~
is quite unusual, especially if taking into account that neither CI
nor Br~ caused a one-electron reduction of the cations of 1 and
2 under similar conditions.” As we showed in the present work,
reactions of 2—6 with NaCl under biphasic conditions produce
9-chloro-m-carborane and the corresponding iodoarenes in
quantitative yields (eq 4). Not even traces of 9-iodo-m-carborane
and arenes were found among the reaction products.

CHCl; - H,0
[C;BioHy-I-ATl*  +  NaCl
56°C;, 2-25h.
2.6
CBigHy-Cl + Al @)
100% 100%

Since a direct SET from F~ seems unlikely, some other
mechanisms for the fluoride anion mediated one-electron reduction
of the cations of 1-7 should be considered. Hydrogen fluoride
is a weak acid (K = 3.53 X 10™* at 25 °C).!S Due to this, sodium
fluoride (in contrast to NaCl and NaBr) is partially hydrolyzed
in aqueous solution to produce hydroxide anions. The latter has
been shown to react with 2 via a radical pathway, producing
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Notes

benzene and 9-iodo-m-carborane as the major products.” Indeed,
reaction of 2 with almost neutral NaHF, instead of basic NaF
(see Table I, entries 3 and 4) in a CH,Cl,~H,O biphasic system
produces a noticeably higher yield of 9-fluoro-m-carborane and
lower yields of benzene and 9-iodo-m-carborane. Therefore, the
OH™ produced in the hydrolysis of NaF could (at least in part)
be responsible for the radical reaction of the cations of 2-7. The
ability of the hydroxide ion to work as a one-electron donor in
many reactions,!® including reactions with different aromatic
halonium ions,!” is well-documented. On the other hand, reactions
of 1 and 2 with anhydrous KF in dry CHCl; or CH,Cl, in the
presence of 18-crown-6 ether (Tables I, entries 1 and 2) were also
found to give some small amounts of benzene and iodocarborane
along with the main products. This shows that there must be
another mechanism for the fluoride ion mediated one-electron
reduction of the aryl(B-carboranyl)iodonium cations.

Very recently, the fluoride ion was shown to be capable of
degrading o- and m-carboranes(12) into 7,8- and 7,9-dicarba-
nido-undecaborate anions, respectively.'®!* In contrast to F-,
other halide anions (CI-, Br", I") do not react with carboranes.!®
We have already proposed that a weakly solvated fluoride anion
can cause the degradation of a carborane icosahedron bearing
strong electron-withdrawing halonium groups.? The nido-
carboranes formed could reduce aryl(B-carboranyl)iodonium
cations into the corresponding 9-I-2 radicals which give iodo-
carborane and phenyl radicals upon decomposition (eq 3). In order
to examine this proposal, 2 was allowed to react with tri-
methylammonium 7,9-dicarba-nido-undecaborate. Benzene and
9-iodo-m-carborane (50-60% yields) were found among other
products. The p-carborane icosahedron is much more resistant
toward degradation under the action of bases than the ortho and
meta isomers.?’ That is probably why only traces of iodocarborane
and benzene formed in the reactions of p-carboranyliodonium salt
7 with F~.

The optimum conditions for the preparation of B-carboranyl
fluorides should be summarized. 9-Fluoro-o-carborane can be
synthesized by the reaction of 1 with KF in dry chloroform in the
presence of 18-crown-6 ether. The best method to synthesize
9-fluoro-m-carborane is the reaction between 2 and NaHF, in
a CH,Cl,-H,0 biphasic system. The reaction of 7 with NaF in
a CH,Cl,-H,0 system leads to 2-fluoro-p-carborane in almost
100% yield. The corresponding iodocarboranes formed as by-
products of these reactions in 0—5% yields can be easily removed
with one recrystallization.

Experimental Section

1B and '°F NMR spectra were recorded on a Bruker WP-200 SY
spectrometer. GLC measurements were performed with a Biokhrom-1
instrument equipped with a 50 m X 0.22 mm XE-60 capillary column.
GC-MS analyses were carried out with a Finnigan Ion Trap-700 in-
strument. Chloroform and methylene chloride were distilled from P,O;
prior to use in the experiments with anhydrous KF. 18-Crown-6 ether
(Sigma) was dried over sodium and distilled under reduced pressure.
Potassium fluoride was dried under vacuum at 200 °C and then stored
under argon. All other chemicals were used as received. Iodonium salts
1,22,223-6,” and 77° and trimethylammonium 7,9-dicarba-nido-unde-
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caborate?! were prepared as described in the literature.

9-Fluoro-o-carborane. The iodonium salt 1 (1.50 g; 3.5 mmol) was
added portionwise to a stirred mixture of KF (1.0 g; 17.2 mmol), 18-
crown-6 ether (1.34 g; 5.1 mmol), and dry chloroform (10 mL). The
exothermic reaction was complete within 1-5 min. The liquid phase was
analyzed by GLC and then evaporated, and the residue was chromato-
graphed on alumina (benzene—hexane, 1:3) to give 0.52 g (93%) of 9-
fluoro-o-carborane, mp 287-288 °C (from benzene—hexane; sealed tube).
The compound was found to be identical with an authentic sample.*$

9-Fluoro-m-carborane. A mixture of 2 (0.70 g; 1.62 mmol), NaHF,
(0.30 g; 4.84 mmol), water (7 mL), and dichloromethane (7 mL) was
vigorously stirred under reflux for 6 h. Internal standard (chlorobenzene)
was added, and the organic layer was analyzed by GLC and GC-MS.
The organic phase was evaporated, and the residue was chromatographed
on silica gel (40-100 mesh; hexane) to give 9-fluoro-m-carborane (0.23
g; 89%), mp 267-268 °C (hexane; sealed tube). The compound was
found to be identical with an authentic sample.>

2-Fluoro-p-carborane. A mixture of 7 (0.7 g; 1.6 mmol), NaF (0.2
g; 4.8 mmol), water (4 mL), and dichloromethane (5 mL) was vigorously
stirred at 25 °C for 35 min. The organic phase was separated off, filtered
through a short alumina plug, and evaporated. The residue (a mixture
of iodobenzene and 2-fluoro-p-carborane) was dissolved in dry CCl, (5
mL), and the solution was saturated with Cl; at 5 °C and then evapo-
rated, to give the mixture of iodobenzene dichloride and the fluoro-
carborane. The latter was extracted with pentane [the yield of PhICI,
left was 0.31 g (70%)], and the pentane solution was filtered through an
alumina plug and evaporated to dryness. Vacuum sublimation of the
residual solid gave 0.26 g (99.5%) of analytically pure 2-fluoro-p-
carborane, mp 256 °C (sealed tube). Anal. Caled for C,H,,BF: F,
11.71. Found: F, 11.74.

Reactions of 2-6 with NaF. A mixture of aryl(m-carboran-9-yl)-
iodonium tetrafluoroborate (0.62 mmol), NaF (0.08 g; 1.9 mmol), water
(2 mL), and chloroform (2 mL) was vigorously stirred under reflux for
2.5 h. Internal standard (chlorobenzene) was added, and the organic
phase was analyzed by GLC and GC-MS.

Reactions of 3-6 with NaCl. A mixture of aryl(m-carboran-9-yl)-
iodonium tetrafluoroborate (0.24 mmol), NaCl (0.04 g; 1.9 mmol), water
(1 mL), and chloroform (1 mL) was vigorously stirred under reflux for
2.5 h. Internal standard (iodobenzene) was added, and the organic layer
was analyzed by GLC.

Reaction of 2 with Trimethylammonium 7,9-Dicarba-nido-undecabo-
rate. A solution of 2 (0.84 g; 1.94 mmol) and trimethylammonium
dicarba-nido-undecaborate (0.44 g; 2.11 mmol) in acetone (8 mL) was
refluxed for 4 h. The resulting solution was analyzed by GLC and then
evaporated to dryness. The residue was chromatographed on silica gel
(40-100 mesh; hexane) to give 0.26 g (50%) of 9-iodo-m-carborane, mp
110-112 °C (hexane; see ref 2).
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73050-36-9; 9-m-C,B,oH,,F, 73050-37-0; 2-p-C,B,H,F, 22762-43-2;
9-m-C,B,oH 1, 17157-02-7.
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Introduction

Reactions forming carbon—carbon bonds are among the most
fundamental organic chemical transformations mediated by
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early-transition-metal complexes. Today, reductive couplings and
insertion reactions are successfully used with a considerable
number of transition metals, to form C-C bonds through either
catalytic or stoichiometric reactions.! While the insertion reactions
are the most versatile chemical pathway for polymerization
processes,'®2 reductive couplings are target of continuous studies
for regio- and stereoselective metal-promoted organic syntheses,’
Group 4 transition metals seem to be especially versatile for this
second class of reactions,'®# reductive couplings being documented
for the large majority of unsaturated organic compounds (dienes,*
olefins,5 acetylenes,’ isocyanides,? nitriles,’ and carbon monoxide!®).
We were especially interested in defining the chemical reactivity
of (TMEDA),TiCl, (TMEDA = N,N,N’N’-tetramethyl-
ethylenediamine),!! which is one of the rare examples of low-valent
titanium complexes.!>! In this paper we describe the reaction
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