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Sterically hindered 1,4-bis(dimesitylphosphino)-2,3,5,6-tetrafluorobenzene (1) was synthesized by the aromatic
nucleophilic substitution of lithium dimesitylphosphide with hexafluorobenzene. Two phosphorus atoms of 1 were
oxidized and methylated to give the corresponding bis(phosphoryl)benzene 2 and bis(phosphonio)benzene 3**-2TfO~
(TfO™ = trifluoromethanesulfonyl), respectively. On the other hand, reaction of 1 with butyllithium and phenyllithium
gave more crowded 2,5-dibutyl-1,4-bis(dimesitylphosphino)-3,6-difluorobenzene (4) and 1,4-bis(dimesitylphosphino)-
2,5-difluoro-3,6-diphenylbenzene (5), respectively. Structures of 1,2, 3**-2TfO™, 4, and 5 were confirmed by conventional
spectroscopic methods; particularly '*’F NMR spectroscopy reflected their crowded structures. Molecular structures of 1, 2,
and 3%*.2TfO ", were further investigated by X-ray crystallography, where unusually large bond angles around phosphorus
atoms were observed. Electrochemical measurements were carried out to investigate redox properties of 1, 37.0TFO,
4, and 5. Although the cyclic voltammogram of diphosphine 1 showed irreversible oxidation waves above 0.8 V, in spite
of substitution at all the ortho positions to the phosphorus atoms in 1, displacement of the two fluorine atoms of 1 by the
butyl or the phenyl groups lowered the oxidation potential and improved the stability of the corresponding radical cations.
Particularly, 5 clearly showed two-step oxidation waves. On the other hand, bis(phosphonium salt) 3**.2TfO~ showed
two steps of quasi-reversible redox waves, which suggested reduction to the cation radical and the neutral species, although
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their stability was limited.

Substitution of electron-donating or withdrawing groups
at the 1,4-positions of an aromatic ring is one of the com-
mon ways of construction of multi-step redox systems. Al-
though phosphines and phosphonium salts could be regarded
as moderate donors and acceptors, respectively, they have
rarely been used as substituents for stabilizing m-conjugated
redox systems as compared with the second-row elements,
because the oxidized form of phosphines and the reduced
form of phosphonium salts are usually unstable and reactive.
In the course of our investigation on the phosphorus-based
functional molecules,” we became interested in the sterically
hindered phosphines, since all-ortho-methylated triarylphos-
phines, such as trimesitylphosphine,? possess unusual struc-
tures as well as redox properties: e.g. trimesitylphosphine
has extremely large C-P-C angles (109.7°, average®), as
compared with triphenylphosphine (103.0°),” and gives a re-
versible redox system with an extremely low oxidation poten-
tial (Ey/; = 0.784 and Eox = 1.400 V vs. SCE for trimesityl-
phosphine and triphenylphosphine, respectively) affording
a stable radical cation.” Thus, the sterically hindered phos-
phine units can be employed as reversible redox-sites of the
novel m-conjugated system in a way analogous to the amino
groups in para-phenylenediamines® (Scheme 1). Further-
more, we expected that the sterically hindered para-phen-
ylenediphosphines would be converted to novel acceptors
by the derivatization to the corresponding bis(phosphonium
salt) (Scheme 1). Recently, Weiss et al. synthesized bis(am-

monium salt) and bis(phosphonium salt) by the reaction of
tertiary amine or phosphine with hexafluorobenzene in the
presence of trimethylsilyl triflate.” These salts are reported
to be moderate electron acceptors displaying quasi-reversible
two-step redox waves in cyclic voltammetry.

In this article, we report on the syntheses, struc-
tures, and redox properties of 1,4-bis(dimesitylphos-
phino)- 2, 3, 5, 6- tetrafluorobenzene (1), 2,5-dibutyl-1,4-
bis(dimesitylphosphino)-3,6-difluorobenzene (4), 1,4-bis-
(dimesitylphosphino)-2,5-difluoro-3,6-diphenylbenzene (5),
1,4-bis(dimesitylphosphoryl)-2,3,5,6-tetrafluorobenzene (2),
and 1,4- bis[(dimesityl)methylphosphonio)- 2, 3, 5, 6- tetra-
fluorobenzene bis(trifluoromethanesulfonate) (3*+-2TfO™)
(Scheme 2). Diphosphine 1, an all-ortho- substituted
para-phenylenediphosphine, was synthesized as one of the
model compounds of the two-step redox system shown in
Scheme 1(a) as well as a synthetic intermediate, although
it had four fluorine atoms unfavorable to donor ability for
some synthetic reasons. The two fluorine atoms of the four
in 1 were further displaced by alkyl or aryl groups to obtain
more ¢crowded phosphines as well as to remove any inductive
effect of the fluorine atoms. On the other hand, bis(phospho-
nium salt) 3** was expected as a two-step redox acceptor.
H, 3P, and ’F NMR spectra of 2, 3°*, 4 and 5, particularly
19F NMR spectrum, reflected the sterically crowded structure
and the dynamic processes were investigated in terms of vari-
able temperature measurement. The molecular structures of
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Scheme 1. Redox systems composed of diphosphine and bis(phosphonium salt).
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Scheme 2. Synthetic scheme

1, 2, and 3** were further analyzed crystallographically and
compared with each other.

Results and Discussion

Synthesis.  As representative synthetic routes to para-
phenylenediphosphines, the following reactions are known:
the reactions of aryllithium or the Grignard reagents® with
phosphorus chlorides, the transition metal catalyzed cross
coupling between aryl halides and phosphides,” and the aro-
matic nucleophilic substitution reactions of alkaline-metal
phosphide with fluorobenzenes.'” However, the reaction of
the sterically hindered aryllithium or the Grignard reagents
with phosphorus chlorides affords triarylphosphines under
limited conditions and sometimes a side reaction takes place
to afford a tetraaryldiphosphine as a major product.” In
many cases, the transition-metal catalyzed cross coupling-
reaction is not applicable to the sterically hindered sys-
tems, while the aromatic nucleophilic substitution proceeds
even at the sterically crowded positions. McFarlane and
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for compounds 2—S5 from 1.

McFarlane reported the introduction of four consecutive di-
phenylphosphino groups at 1,2,3,4-positions of a benzene
ring by the substitution reaction of 1,2,3,4-tetrafluoroben-
zene with sodium diphenylphosphide.'” At first, we also
employed the reaction of a lithium phosphide with hexafluo-
robenzene to synthesize poly(phosphino)benzenes, but the
reaction of lithium dimesitylphosphide'” with hexafluoro-
benzene (0.5 molar amount) in THF afforded diphosphine
1 as an exclusive product (Scheme 2). Substitution at the
ortho or meta position would not be favorable probably due
to steric reasons, as the phenomenon has been reported for
the other nucleophiles.'” Under these reaction conditions,
dimesityl(pentafluorophenyl)phosphine was not detected at
all, in spite of the expected higher reactivity of hexafluoro-
benzene than dimesityl(pentafluorophenyl)phosphine, prob-
ably due to the very fast next reaction of the phosphide with
the pentafluorobenzene as an intermediate. Further substitu-
tion was not observed even if less amount of hexafluoroben-
zene (0.33 molar amount) or diphosphine 1 was employed.
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On the other hand, the reaction of diphosphine 1 with six
molar amounts of methyllithium, butyllithium, or phenyl-
Tithium afforded further substituted products (Scheme 2).
Although the reaction with methyllithium gave a complex
mixture of mono- and dimethylated products, two butyl and
phenyl groups were regio-selectively introduced to give di-
phosphines 4 and 5, respectively. Addition of mesityllithium
to 1 resulted in formation of an inseparable mixture and in-
corporation of only one mesityl group was confirmed by mass
spectroscopy. Reaction of the phosphide with hexachloro-
benzene in place of hexafluorobenzene afforded P,P,P’,P’-
tetramesityldiphosphine'? (8 = —29.4) as a major product
without formation of substituted products.

The oxidation of 1 by aqueous hydrogen peroxide in ace-
tone—chloroform, followed by recrystallization from dichlo-
romethane—ethanol, afforded bis(phosphine oxide) 2 includ-
ing two molecules of ethanol in moderate yield (Scheme 2).
Although the reaction of 1 with iodomethane or trimeth-
yloxonium tetrafluoroborate gave the desired 3, isolation
of 3 resulted in failure, due to contamination by unknown
by-products. Diphosphine 1 was successfully methylated
by methyl trifluoromethanesulfonate in chlorobenzene and
recrystallization from acetone—hexane gave crystals of bis-
(phosphonium salt) 3 suitable for X-ray crystallography.

The newly synthesized compounds 1, 2, 32+.2Tf0, 4, and
5 are stable and can be handled under air after purification.

Structure and Redox Properties. The structure of
diphosphine 1 was easily confirmed by 'H, '3C, F, and
3IPNMR spectra, and its mass spectrum. >'P and *’FNMR
signals appeared at 6 = —46.3 as a broad triplet and J =

—131.5 as a doublet of multiplet, respectively (Fig. 1).
Both signals were interpreted as the AA’XX'X" X" pattern
with 3Jpr = 34 Hz and 3Jg = 10 Hz, which are within the
range of known coupling constants of tris(perfluoroaryl)-
phosphines.'®® The molecular structure of diphosphine 1
was further investigated by X-ray crystallography (Table 1
and Fig. 2). Phosphine 1 has C, axis at the center of the
CeF4 ring. The average C—P—C angle (106.8°) of 1 is al-
most the mean value of those of trimesitylphosphine and
triphenylphosphine,” although due to the large angle be-
tween C4-P1-C13 (113.2(1)°) and the small angle between
C1-P1-C13 (100.7(1)°). The phosphorus atoms are located

slightly out of the least-squares plane of the C¢F; ring (0.306
A).

Table 1. Selected Bond Lengths, Angles, and Torsion Angles of 1

Bond lengths/A
P1-C1 1.847(3) P1-C4 1.833(3)
P1-C13 1.853(3)

Bond angles/°

Cl1-P1-C4 100.7(1)  C4-P1-C13 113.2(1)
C1-P1-C13 106.6(1)

Torsion angles/®
C2-C1-P1-C4 -74.8(2) C2-C1-P1-C13  166.3(2)
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Fig. 1. a) "°Fand b) *'P NMR spectra of 1 in CDCls at 293 K.

Fig. 2. An ORTEP drawing of molecular structure of 1 with
50% probability ellipsoids.
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Diphosphines 4 and 5 displayed more complicated 1°F and
3IPNMR spectra resulting from the more crowded structure
(Fig. 3). 19F and *'P NMR spectra were reproducible by as-
signing dp = —43.73, —43.83, & = — 104.38, —104.43,
3Jpp = “Jpp = 19 Hz for 4 and & = — 38.69, —38.79,
O = —100.05, —100.10, *Jpr = “Jpr = 20 Hz for 5. The
slightly different chemical shifts of two '°F and !P nuclei
are indicative of the frozen conformation of 4 and 5, where
the environments around two '°F and 3'P nuclei are slightly
different. Furthermore, the fact that the >Jpg value is smaller
than that of 1 suggests that the lone pairs of the phosphorus
atoms lie in the direction opposite to the ortho F atom.'” Un-
usually large 4 Jor would be due to the frozen conformation,
where '°F and 3'P nuclei have a strong interaction through
space and/or through four bonds. However, we could not go
into further detail because '°F and *'PNMR spectroscopic
studies of 4 and 5 did not show sharp differences even at 333
K, where the spectra became only broader and less resolved.

As compared with diphosphine 1, 'H, *C, F, and
3IPNMR spectra of bis(phosphine oxide) 2 were also more
complicated due to the more crowded structure around the
phosphorus atoms (Fig. 4). At 293 K, °F and *'PNMR
spectra of 2 in CDCl; consisted of two broad singlets at
0 = —129.0, —129.8 and a singlet at & = 21.8, respectively.
On the other hand, ortho and para methyl groups of the
mesityl groups appeared at the same position in its 'H NMR
spectrum. In order to disclose the dynamic behavior of 2,
variable temperature 'H, '°F, and 3'PNMR measurements
were carried out in the temperature range of 220 to 333 K.
Although *'PNMR spectrum did not show any significant

a)
) L}
-104 -105
6/ ppm
b)
[ ) T ¥ 1 1
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Bis(dimesitylphosphino )tetrafluorobenzene

change and the 'HNMR spectrum of ortho and para methyl
groups, which appeared as one singlet at the same position
(6 =2.27) at 273 K, became slightly resolved to two singlets
(8 =2.24 and 2.27) at 220 K, the ’FNMR spectrum of 2
showed clear temperature-dependent behavior in the temper-
ature range of 220 to 333 K (Fig. 4). At220K, the ’FNMR
spectrum of 2 consisted of two sets of the AB pattern with
large and small coupling constants (6 = —128.3 and —130.7,
J=27.0Hzand 6 = —129.2 and —130.5, J = 7.68 Hz, re-
spectively). They became two broad singlets at 270 K and
finally coalesced to one singlet (6 = —129.4) at 333 K. We
assume that there are four equilibrated stereoisomers, which
originate from the directions of oxygen atoms, to interpret
this dynamic behavior (Scheme 3). An ortho fluorine atom
close to oxygen would appear at a higher field and that of the
opposite side at a lower field due to the deshielding effect of
aromatic rings. At220 K, their interconversion is slow on the
NMR time scale and two sets of molecules were observed.
The signal of the major isomer (6 = —128.3 and —130.7,
J = 27.0 Hz), which has a characteristic large coupling con-
stant between ortho fluorine atoms,'>'¥ was assigned to 2a

Mes, Mes, Mes, Mes,
Mes=P Mes=~pP=0 Mes~P=0 Mes=p=0
F. F F F F F F F
F F F F F F F F
0P Mes 0-F>Mes Mes~P=0 Mes~F=0
es Mes es es
2a 2b 2c 2d

Scheme 3. Conformation of 2.
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Fig. 3. a) "°F, b) *'PNMR spectra of 4, ¢) '°F, d) >’ PNMR spectra of § in CDCl; at 293 K.
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Fig. 4. YENMR spectra of 2 in CDCl; at a) 333 K, b) 293
K, c) 270K, d) 252 K, and e) 220 K.
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and/or 2b. On the other hand, the remainder was assigned
to 2¢ and/or 2d due to lack of the large coupling between
F nuclei. At higher temperatures, the faster exchange be-
tween these isomers resulted in the coalescence and finally
2 was observed as a single isomer. Although the dynamic
behavior and diastereomer formation due to the sterically
hindered propellers of trimesitylphosphine ligands were re-
ported by Schmidbaur et al.,’> we could not observe such a
dynamic process probably because the van der Waals radius
of fluorine atom is smaller than that of the methyl group
(1.35 and 2.00 A respectively). The molecular structure of 2
was investigated by X-ray crystallography of a single crystal
including two molecules of ethanol obtained by recrystal-
lization from dichlormethane—ethanol (Fig. 5 and Table 2).
Bis(phosphine oxide) 2 has an inversion center on the cen-
tral aromatic ring. An average C(arom.)-P—C(arom.) bond
angle (108.6°) was larger than that of 1 by 1.8° and slightly
larger than those known for the free triphenylphosphine oxide
(e.g. 106.55°,1%) 107.1°'%9) and hydrogen bonded triphenyl-
phosphine oxide (e.g. 107.26°,'™ 107.4°'™), although the
difference between the largest C4-P1-C13 (115.7(2)°) and
the smallest C1-P1-C13 (101.5(2)°) angles was large. On
the other hand, an average C(arom.)—P—O angle (110.1°)

Bull. Chem. Soc. Jpn., 72, No. 3 (1999) 567

(b)

Fig. 5. a) An ORTEP drawing of molecular structure of 2
with 50% probability ellipsoids. b) The hydrogen bonding
of 2 with EtOH in the crystal.

became smaller than those of free triphenylphosphine ox-
ide (e.g. 111.7°,'%® 112.25°!%9) and the hydrogen bonded
triphenylphosphine oxide (e.g. 111.46°," 111.6°'™). A
tetrahedral geometry was distorted by the bulky mesityl
groups. A dimesitylphosphoryl moiety has a staggered
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Table 2.  Selected Bond Lengths, Angles, and Torsion An-
gles of 2-2EtOH

Bond lengths/A
P1-C1 1.842(5) Pl1-C4 1.810(5)
P1-C13 1.824(5) P1-O1 1.487(3)
01.---02* 2.683(6)

~ Bond angles/®

C1-P1-C4 108.6(2) C4-P1-C13 115.7(2)
C1-P1-C13 101.5(2) 0O1-P1-C1 106.3(2)
01-P1-C4 110.8(2) OI-P1-CI3 113.1(2)

Torsion angles/°
C2-C1-P1-C4  169.04) C2-CI-P1-C13 —68.7(4)
01-P1-C1-C2  49.7(4)

conformation relative to the central benzene ring with the
01-P1-C1-C2 torsion angle of 49.7(4)°. Two oxygen
atoms of the dimesitylphosphoryl moieties point to oppo-
site directions as a result of centrosymmetrical structure,
and thus the dipole moment of 2 was canceled. The struc-
ture of 2 in crystal coincides with 2b in Scheme 3 and 2b
might be one of the stereoisomers of the largest population
at low temperature. Two ethanol molecules included in the
crystal were weakly hydrogen-bonded to the oxygen atoms
of phosphine oxides (Fig. 5b), where the hydrogen atom
H28 are estimated to locate with 02-H28, O1*---H28, and
02-H28---0O1* distances of 1.033 A, 1.651 A, and 177.58°,
respectively. The incorporation of two molecules of ethanol
was further confirmed by 'H and '*C NMR spectra, elemental
analysis, and IR spectrum, where the OH stretching at 3421
cm™! was observed in the IR spectrum. Phosphine oxides
are good hydrogen acceptors and have been reported to form
large mixed crystals with alcohols, amides, amines, and so
on.'® The P1-0O1 bond length (1.484(1) A) was longer than
that for the free triphenylphosphine oxide (e.g. 1.46(1),'%?
1.484(1)'% A) and falls into the shortest category of those re-
ported for hydrogen-bonded triphenylphosphine oxides (e.g.
1.482(4),7 1.493(3)'™ A). Relatively shorter P1—O1 bond
lengths and longer O1---02* distances (2.683(6) A, as com-
pared with known hydrogen-bonded triphenylphosphine ox-
ides (e.g. 2.504(3)," 2.672(5)'™ A), suggest a weak hydro-
gen bond in 2-2EtOH, which is consistent with OH stretching
band at high wave numbers. The reduced basicity due to the

“inductive effect of a fluorinated aromatic ring would be re-
sponsible for it.

Bis(phosphonium) salt 3%*.2TfO~ showed NMR spec-
tra which appeared to result from rather crowded structure,
as compared with that of 2. Although 3'PNMR spectrum
consisted of a single peak at 6 = 7.2, Y’FNMR spectrum
(Fig. 6), which was composed of two multiplets and two
singlets, disclosed that there are at least two stable isomers
of 32*.2TfO~ at room temperature. Bis(phosphonium) salt
32*.2TfO~ was observed as a single species in '"HNMR
spectrum (200 MHz); however, the methyl groups attached
to the phosphorus atom were observed as two sets of doublets
with slightly different chemical shifts (6 = 3.12,d,J = 12.8

Bis(dimesitylphosphino )tetrafluorobenzene
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Fig. 6. "FNMR spectrum of 3**-2TfO~ in CDCl; at 293 K.

Hzand 6 =3.16,d,J = 12.5 Hz) in 'THNMR spectrum (600
MHz). That observation was consistent with the °FNMR
measurement. No dynamic behavior was observed up to 333
K in 'H, '°F, and *' P NMR measurements.

Although the NMR spectra did not support forma-
tion of 3**.2TfO~ clearly, the structure of 3?*.2TfO~
was confirmed by X-ray crystallography (Fig. 7 and Ta-
ble 3). In the crystals, two (dimesityl)methylphosphonio
groups of 3%+.2TfO~, separated by the intervening 2,3,5,
6-tetrafluoro-1,4-phenylene moiety, had eclipsed conforma-
tion. Each (dimesityl)methylphosphonio group took a stag-

Table 3. Selected Bond Lengths, Angles, and Torsion An-
gles of 3**.2TfO~
Bond lengths/A
P1-C1 1.798(7)  P1-C3 1.849(7)
P1-C9 1.815(7) P1-C18 1.816(7)
P2-C2 1.803(7) P2-Cé6 1.834(7)
P2-C27 1.813(6) P2-C36 1.823(7)
Bond angles/®
C3-P1-C9 107.83) C9-P1-C18 110.6(3)
C3-P1-C18 114.43) C1-P1-C3 104.0(3)
C1-P1-C9 115.7(3) C1-P1-C18 104.4(3)
C6-P2-C27 108.93) C6-P2-C36 112.6(3)
C27-P2-C36 113.2(3) C2-P2-C6 103.1(3)
C2-P2-C27 113.2(3) C2-P2-C36 105.4(3)
Torsion angles/®
C4-C3-P1-C9 18.2(7) C4-C3-P1-C18 —105.3(6)
C1-P1-C3-C4 141.5(6) C5-C6-P2-C27 —8.6(7)
C5-C6-P2-C36  117.8(6) C2-P2-C6-C5 —129.1(6)
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Fig. 7.

An ORTEP drawing of the molecular structure of
32*.2TfO~ with 50% probability ellipsoids.

gered conformation against the central benzene ring with
the C1-P1-C3—-C4 and C2-P2-C6-CS5 torsion angles as
141.5(6) and —129.1(6)°, respectively. Phosphorus atoms
had a tetrahedral configuration where the C(arom.)-P-C-
(arom.) angles range from 107.8(3) to 114.4(3)° with the
average value as 110.9 and 111.6° for P1 and P2, respec-
tively, which are larger than those for 1 and 2, in spite of the
attachment of the relatively large methyl group. On the other
hand, the C(Me)-P-C(arom.) angles range from 103.1(3) to
115.7(3)° with the average values of 108.0 and 107.2° for
P1 and P2, respectively. The large differences of each bond
angle around phosphorus atoms are characteristic of this ster-
ically hindered molecule, as compared with methyltriphen-
ylphosphonium,’® which has an almost complete tetrahedral
arrangement without significant deviation. The two trifluo-
romethanesulfonate groups were placed on both sides of the
central aromatic ring without intermolecular short contacts
less than the sum of van der Waals radii.

The redox properties of 1,4, 5, and 3%+-2TfO~ were inves-
tigated by cyclic voltammetry (Figs. 8 and 9). Diphosphine 1
showed an unresolved irreversible oxidation wave above 0.8
V vs. Ag/Ag* (Fig. 8a). Although both phosphorus atoms
of 1 bear three all-ortho-substituted aryl groups, oxidation
of 1 did not generate a stable radical cation like trimesityl-
phosphine.” The sharp C(central aryl)-P-C(Mes) angles of
1, as well as the inductive effect of perfluorinated aryl group,
would destabilize the radical cation of 1. As compared with
1, diphosphines 4 and 5 gave clearer two-step oxidation
waves at a lower potential (Figs. 8b and 8¢, Ex = 0.66,0.91
V,AEx = 0.25V for4; Eox = 0.63,092V, AE,, =029V
for 5). Displacement of the two fluorine atoms by the butyl or
phenyl groups and the resulting more crowded environment
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Fig. 9. Cyclic voltammograms of 3?*-2TfO "~ in benzonitrile.
Scan rate: 10 mVs™ L.

around the phosphorus atoms might lower the redox poten-
tials and stabilize the radical cations. The first oxidation
potentials of 4 and 5 fall into the category of the smallest 0x-

_ idation potentials as triarylphosphines.’® On the other hand,

small charge delocalization to the central aromatic ring, due
to the small resonance effect resulting from the long phos-
phorus—carbon bond length which does not allow effective
3p-2p orbital overlap and inherently localized character of
triarylphosphine cation radicals, resulted in the small AEq,
values. Although redox waves were still irreversible in spite
of crowded structure around phosphorus atoms, these are the
first example of a multistep redox system composed of tri-
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arylphosphines, to the best of our knowledge. Bis(phospho-
nio) derivative 3%*.2TfO~ showed the first and the second
reduction peak at Ereq = —1.10and —1.71 V (AEq = 0.61
V), respectively, with poor reversibility (Fig. 9). The two
phosphonio groups seem to contribute modest stabilization
of cation radical 3*" and neutral species 3. Electron donating
character of the mesityl group raised the reduction potential
of 3%*, as compared with 1,4-bis(diethylphenylphosphonio)-
2,3,5,6-tetrafluorobenzene (Eeq = —0.83 and —1.46 V vs.
Ag/AgCl, AE;q = 0.63 V) and 1,4-bis(ethyldiphenylphos-
phonio)-2,3,5,6-tetrafluorobenzene (Ereq = —0.76 and —1.36
V vs. Ag/AgCl, AE.q = 0.60 V), reported by Weiss et al.,”
with almost unchanged difference between the first and the
second reduction potentials (0.61 V). The large AE,.4 value
implies benzene/benzene dianion character of these systems
(Scheme 1(b)). The bulkiness of mesityl substituent did not
give a significant effect on the stability of reduced species of
3%

Conclusion

Sterically hindered diphosphines 1, 4, and 5, bis(phos-
phine oxide) 2 and bis(phosphonium salt) 3** were syn-
thesized and their congested structure was investigated by
'H, '°F, and *'"PNMR spectroscopic studies. In particu-
lar ’FNMR spectrum was sensitive to the structural change.
The crowded structures of 1, 2, and 3** were further revealed
by X-ray crystallography in detail. Oxidation of diphos-
phines 1, 4, and 5 was irreversible in spite of the crowded
structure around phosphorus atoms. Introduction of alkyl
or aryl substituents in place of fluorine atoms lowered the
oxidation potential and improved redox properties, although
it was not effective enough to give reversible systems. Fur-
ther introduction of substituents was necessary in order to
accomplish the two-step reversible redox systems such as
para-phenylenediamines. Dimesitylphosphonio derivative
3%+ showed 2-step quasi-reversible reduction. Bulky mesityl
group did not significantly contribute to the redox properties
of 3%+,

Experimental

General. 'H, C, ’F, and > PNMR spectra were measured
on a Bruker AC200P or a AM600 spectrometer. 'H and *C NMR
chemical shifts are expressed as & down-field from external tetra-
methylsilane. '°F and *'P NMR chemical shifts are expressed as &
down-field from external trichlorofluoromethane and 85% H3PO4,
respectively. Infrared spectra were collected on a Horiba FT-300
spectrometer. Mass spectra were measured on a Hitachi M-2500S
with electron impact (EI) ionization at 70 eV or a JEOL HX-110
with fast atom bombardment (FAB) ionization using m-nitrobenzyl
alcohol matrix. High resolution mass spectra were measured on a
JEOL JMX-SX102 with fast atom bombardment (FAB) ionization,
using 2-nitrophenyl octyl ether matrix or a JEOL HX-110 with
electron impact (EI) ionization. Melting points were measured on
a Yanagimoto MP-J3 apparatus without correction. Microanalyses
were performed at the Instrumental Analysis Center of Chemistry,
Graduate School of Science, Tohoku University. Flush column
chromatography were carried out using compressed air over silica
gel (Fuji Silysia, BW-300) unless specified otherwise. Tetrahydro-
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furan and diethyl ether were distilled from sodium diphenylketyl
under argon just prior to use. Cyclic voltammograms were mea-
sured on BAS CV50W. Glassy carbon, Pt wire, Ag/0.01 molL ™"
AgN03/0.10 mol L™ n-BusNC10, CH;CN were used as a work-
ing, a counter, and a reference electrode, respectively. Each de-
gassed solution was measured for diphosphines 1, 4, or 5 (ca. 107*
mol L") in dichloromethane, or bis(phosphonium salt) 32.2TfO™
(ca. 107* mol L") in benzonitrile with 0.10 mol L™" n-BusNClOx4
as a supporting electrolyte.

Synthesis. Dimesitylphosphine.'” To a THF solution of the
mesityl Grignard reagent, prepared from magnesiun (0.60 g, 24.7
mmol), 2-bromomesitylene (4.0 mL, 26.1 mmol) and THF (16 mL),
was added phosphorus trichloride (1.00 mL, 11.4 mmol) at —78
°C. This mixture was gradually warmed up to room temperature.
Lithium aluminum hydride (0.50 g, 13.2 mmol) suspended in 8 mL
of THF was added to the resultant yellow suspension at 0 °C and
the mixture was stirred at room temperature for 1 h. The excess
hydride was quenched with ethyl acetate (15 mL) at O °C and the
mixture was extracted with ether, washed with water and saturated
NaCl solution, and dried with anhydrous magnesium sulfate. After
removal of the drying agent by filtration and evaporation of the
solvents, the residue was chromatographed on silica gel (hexane
as eluent) to give dimesitylphosphine (1.05 g, 3.90 mmol) in 34%.
Dimesitylphosphine: colorless plates; mp 89 — 92 °C (lit, 97—
99 °C).!VTHNMR (200 MHz, CDCl3) 8 = 2.23 (br. s, 6H, Mes-p-
Me), 2.25 (br. s, 12H, Mes-0-Me), 5.24 (d, 'Jpu = 233 Hz, 1H, P-H),
6.82 (br. s, 4H, Mes-m); >’PNMR (81 MHz, CDCl;) 6 = —92.4
(d, 'Jpu = 233 Ha).

1,4-Bis(dimesitylphosphino)-2,3,5,6-tetrafluorobenzene (1).
A hexane solution of butyllithium (0.09 mL, 0.14 mmol) was added
to a tetrahydrofuran (2 mL) solution of dimesitylphosphine (38.0
mg, 0.14 mmol) at 0 °C. The resultant yellow-red solution was
allowed to react with hexafluorobenzene (15 uL, 0.07 mmol) at 0
°C to give a red solution. After the mixture was stirred for 1 h at
room temperature, the solvent was removed by evaporation and the
residue was twice recrystallized from chloroform-methanol to give
1 (20.7 mg, 0.03 mmol) in 43% yield. .

1: Colorless rods (MeOH-CHCI3), mp 264—265 °C; "HNMR
(200 MHz, CDCl3) 6 = 2.17 (s, 24H, Mes-0-Me), 2.26 (s, 12H,
Mes-p-Me), 6.82 (d, “Jpu = 3.4 Hz, 8H, Mes-m); CNMR (150
MHz, CDCl) & = 20.9 (s, Mes-p-Me), 22.6 (d, *Jpc = 16.9 Hz,
Mes-0-Me), 118.8 (m, Mes,P-C), 127.6 (d, 'Jpc = 17.7 Hz, Mes-
ipso), 130.0 (d, *Jpec = 4.0 Hz, Mes-m), 138.9 (s, Mes-p), 142.8
(d, “Jpc = 18.2 Hz, Mes-0), 146.8 (dm, 'Jrc = 244.5 Hz, F-C);
3'PNMR (81 MHz, CDCl;) 6 = —46.3 (br. t, *Jpr = 34 Hz);
YFNMR (188 MHz, CDCl;) § = —131.5 (br. d, *Jpr = 34 Hz);
MS(EL 70 eV) m/z (rel intensity) 686 (M*; 100), 671 (M"—CHs;
19), 567 (M"—Mes; 15). HRMS (70 eV, EI) Found: m/z 686.2855.
Calcd for C4oHasPoFs: M, 686.2854.

1,4-Bis(dimesitylphosphoryl)-2,3,5,6-tetrafluorobenzene (2).
Diphosphine 1 (0.101 g, 0.147 mmol) was dissolved in chloro-
form-acetone (1/1 in volume) and allowed to react with 30% hydro-
gen peroxide (6.3 mL, 55.6 mmol) at 0 °C. The resultant colorless
suspension was stirred for 1.5 h and extracted with ether. The
organic layer was washed with water and saturated NaCl solution
and dried over anhydrous magnesium sulfate. After removal of
the drying agent by filtration and evaporation of the solvents, the
residue was recrystallized from dichloromethane—ethanol to afford
2 containing two molecules of ethanol (56.6 mg, 0.0788 mmol) in
54% yield.

2-2EtOH: Colorless plates (CH,Cl,-EtOH), mp > 300°C;
'HINMR (600 MHz, CDCl3) & = 1.23 (t, *Jun = 7.02 Hz, 6H,
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CH3;CH,0H), 1.83 (br. s, 2H, CH3CH,OH), 2.27 (br. s, 36H, Mes-
o0, p-Me), 3.71 (q, *Jun = 7.02 Hz, 4H, CH;CH,OH), 6.86 (d,
*Jpy = 4.13 Hz, 8H, Mes-m); *C NMR (150 MHz, CDCl3) § = 18.3
(s, CH;CH,OH), 21.0 (s, Mes-p-Me), 22.8 (d, *Jpc = 5.0 Hz, Mes-o-
Me), 58.2 (s, CH;CH,OH), 122.0 (ddd, " Jec = 76.8 Hz, “Jrc, *Jrc =
16.7 Hz MesyP-C), 127.9 (d, WJpc = 107.3 Hz, Mes-ipso), 131.2 (d,
3Jpc = 12.1 Hz, Mes-m), 142.2 (d, *Jec = 2.68 Hz, Mes-p), 142.3
(d, Jpc = 11.2 Hz, Mes-o0), 146.8 (br., F-C); >’ PNMR (81 MHz,
CDCl3) 6 = 21.8 (s); YFNMR (188 MHz, CDCl3) 6 = —129.8,
—129.0 (br.); FAB MS m/z (rel intensity) 718 (M*—2EtOH; 16),
703 (M*—2EtOH—CH3; 100), 698 (M*—2EtOH—F—1; 55), 678
(M*—2EtOH—2F-2; 31), 663 (M"—2EtOH—2F—CH3-2; 22),
658 (M*—2EtOH—4CHs; 9), 643 (M*—2EtOH—5CH3; 9), 583
(M*—2EtOH —-9CHjs; 11). Found: C, 68.51; H, 6.82%. Calcd for
CasHs6F404P2: C, 68.14; H, 6.96%; IR (KBr pellet) v(OH) 3421
cm™ .
14-Bis[(dimesityl)methylphosphonio]-2,3,5,6-tetrafluoroben-
zene bis(trifluoromethanesulfonate) (32*-2TfO7).  To a reflux-
ing solution of diphosphine 1 (30.3 mg, 0.044 mmol) in chloroben-
zene (2.5 mL), methyl trifluoromethanesulfonate (1.40 mL, 12.4
mimol) was added under reflux. The resultant yellow-green solu-
tion became a colorless suspension after refluxing for 15 min. The
mixture was further stirred for 1 h and the solvent was removed in
vacuo. Recrystallization of the residue from acetone-hexane gave
3?*.2TfO~ (30.4 mg, 0.03 mmol) in 68% yield.

3%.2TfO~: Colorless plates (acetone—hexane), mp > 300°C;
THNMR (200 MHz, CDCl3) 6 = 2.29 (br. s, 24H, Mes-o-Me),
2.37 (br. s, 12H, Mes-p-Me), 3.12 (br. d, 2Jpy = 10.4 Hz, 6H,
P-Me), 7.18 (br. d, *Jeu = 4.90 Hz, 8H, Mes-m); *'PNMR (81
MHz, CDCl3) 8 = 7.2 (s); ’FNMR (188 MHz, CDCl;) 6 =

—127.4 (m), —126.2 (s), —120.4 (s), —118.1 (m), —78.9 (s,
CFs); FAB MS m/z (el intensity) 866 (M*+1—CF3SOs3; 100), 716
(M*—CF3;S0;—Mes—2CHj; 10), 597 (M*—2CF;S0;—Mes; 66),
433 (M'— 2CF;S0;—2Mes—3CHj3; 45). Found: C, 54.97; H,
4.88%. Calcd for C4HsoF1006P2S,: C, 54.44; H, 4.97%.

2,5-Dibutyl-1,4-bis(dimesitylphosphino)-3,6-difluorobenzene
(4). Toa THF (7 mL) solution of 1,4-bis(dimesitylphosphino)-2,
3,5,6-tetrafluorobenzene (105 mg, 0.15 mmol), hexane solution of
butyllithium (0.62 mL., 0.92 mmol) was added at room temperature.
The resultant dark purple solution was stirred for 1 h and the solvent
was removed in vacuo. The residue was washed with methanol to
give 4 (92.9 mg, 0.12 mmol) in 80% yield.

4: Pale yellow powder; mp 222—224 °C; 'HNMR (600
MHz, CDCl3) 6 = 0.68 (t, 6H, -CH,CH,CH,CH3), 1.10 (sextet,
*Juw = 7.30 Hz, 4H, -CH,CH,CH,CH;), 121 (br. m, 4H,
—CH,CH,CH,CH3), 2.12 (s, 24H, Mes-0-Me), 2.26 (s, 12H, Mes-
p-Me), 2.65 (br. t, >Jus = 8.34 Hz, 4H, -CH,CH,CH,CH3), 6.79
(d, *Jeu = 3.14 Hz, 8H, Mes-m); *CNMR (150 MHz, CDCl;)
d = 13.7 (s, -CH,CH,CH,CHs), 20.9 (s, Mes-p-Me), 22.6 (d,
3Jpc = 16.5 Hz, Mes-0-Me), 22.7 (s, -CH,CH,CH,CH3), 27.7 (d,
3Jec = 26.7 Hz, -CH,CH,CH,CH3), 31.2 (s, -CH,CH,CH,CHs),
126.4 (m, Mes;P-C), 129.7 (d, *Jpc = 3.6 Hz, Mes-m), 130.3 (d,
1Jpc = 17.0 Hz, Mes-ipso), 132.9 (m, Bu-C), 137.8 (s, Mes-p),
142.6 (d, *Jec = 17.9 Hz, Mes-0), 158.8 (ddd, 'Jrc = 240.5 Hz,
2Joc = 9.8 Hz, 3Jpc = 3.2 Hz, E-C); *'PNMR (81 MHz, CDCl3)
8 = —43.6 (br. m); YFNMR (188 MHz, CDCL) 6 = — 106.7
(m); FAB MS m/z (rel intensity) 762 (M*; 97), 705 (M*—Bu; 17),
643 (M"—Mes; 27). HRMS (FAB) Found: m/z 762.4322. Calcd
for C50H62F2P22 M, 762.4295.

1,4- Bis(dimesitylphosphino)- 2, 5- difluoro- 3, 6- diphenylben-
zene (5). To a THF (10 mL) solution of 1,4-bis(dimesityl-
phosphino)-2,3,5,6-tetrafluorobenzene (153 mg, 0.22 mmol), cy-
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clohexane—ether solution of phenyllithium (1.30 mL, 1.34 mmol)
was added at room temperature and the resultant dark purple solu-
tion was refluxed for 30 min. After the mixture was cooled to room
temperature, water (20 mL) and ether (20 mL) was added at 0 °C.
The organic layer was washed with brine and dried over anhydrous
magnesium sulfate. After removal of the drying agent by filtration
and evaporation of the solvents, the residue was purified by flash
chromatography over silica gel (hexane, hexane/ether = 1/1) to
give 5 (103.4 mg, 0.13 mmol) in 58 % yield. 5: Yellow powder;
mp 246—248 °C; "THNMR (600 MHz, CsDs) & = 2.01 (s, 12H,
Mes-p-Me), 2.27 (s, 24H, Mes-o-Me), 6.64 (d, 4Jpu=3.16 Hz, 8H,
Mes-m), 6.91 (m, 6H, Ph-o, p), 7.11 (m, 4H, Ph-m); ">*CNMR (150
MHz, C¢Ds) 6 = 20.9 (s, Mes-p-Me), 22.9 (d, *Jpc = 16.8 Hz,
Mes-o-Me), 127.7, 127.8 (s, Ph-m, p), 129.3 (m, Mes,P-C), 129.8
(d, “Jrc = 3.1 Hz, Ph-0), 130.3 (d, *Jec = 3.6 Hz, Mes-m), 131.1
(d, 'Jpc = 18.5 Hz, Mes-ipso), 135.2 (d, 3Jrc = 9.0 Hz, Ph-ipso),
136.2 (m, Ph-C), 138.1 (s, Mes-p), 142.7 (d, “Jpc = 18.2 Hz, Mes-
0), 158.2 (ddd, 'Jec = 245.5 Hz, *Jpc = 9.9 Hz, *Jpc = 3.7 Hz,
F-C); *'PNMR (81 MHz, C¢Ds) 6 = —38.7 (m); “FNMR (188
MHz, CsDg) 6 = —100.1 (m); FAB MS m/z (rel intensity) 802
(M*; 100), 683 (M"—Mes; 56), 563 (M*—2Mes—1; 23). HRMS
(FAB) Found: m/z 802.3669. Calcd for Cs4HssF2P2: M, 802.3669.

X-Ray Crystallography of 1, 2-2EtOH, and 32*-2TfO . All
measurements were made on a Rigaku AFC7S diffractometer with
graphite monochromated Mo K« radiation (1 = 0.71069 A. The
data were collected at a temperature of 23 °C using the w26 scan
technique to a maximum 26 value of 50.0°. Absorption correction
was not applied except for 2-2EtOH, where an empirical absorp-
tion correction based on azimuthal scans of several reflections was
applied. Structure solution, refinement, and graphical represen-
tation were carried out using teXsan package.”® Crystallographic
data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Data Centre as sup-
plementary publication no. CCDC-113243, 113244, and 113245
for 1, 2-2EtOH, and 3*"-2TfO™, respectively. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk). The complete F, — F data are deposited
as Document No. 72005 at the Office of the Editor of Bull. Chem.
Soc. Jpn.

Crystal Data for 1. CyoHasFsPy, M = 686.75, color-
less prism grown from chloroform—methanol, crystal dimensions
0.50%0.15x0.10 mm®. Tetragonal, space group P4/n (#85), a =
16.764(2), ¢ = 12.840(3) A, V = 3608.4(10) A, Z = 4, peaea =

1.264 gem ™2, u = 0.170 mm ™!, F(000) = 1448.00. The number
of reflections measured was 3405 (26 = 50.0°), in which 3176
were unique with Ry = 0.035, and 1846 were larger than thresh-
old [I > 2.000()]. The structure was solved by direct methods
(SIR92),2V expanded using Fourier techniques (DIRDIF94),2% and
refined by full matrix least squares on F” for all unique reflections
and 306 variable parameters. The non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms were refined isotropically.
Ry = 0.0684, wR, = 0.0624, Goodness of fit § = 1.280 for all.
R1 =0.0494, wR; = 0.0545 for [I > 2.000(1)].

Crystal Data for 2-2EtOH. CssHs604F4P2, M = 810.89, col-
orless prism grown from dichloromethane—ethanol, crystal dimen-
sions 0.70x0.50x0.25 mm?>. Monoclinic, space group P21/n (#14),
a = 12.167(4), b = 11.868(3), ¢ = 16.009(3) A, B = 111.32(1)°,
V =2153.58) A*, Z = 2, peatea = 1.250 gem™>, = 0.160 mm ™,
F(000) = 860.00. The number of reflections measured was 3983
(20max = 50.0°), in which 3793 were unique with Rine = 0.041, and
2847 were larger than threshold [/ > 2.000(Z)]. The structure was



572 Bull. Chem. Soc. Jpn., 72, No. 3 (1999)

solved by direct methods (SIR92),”" expanded using Fourier tech-
niques (DIRDIF94),%? and refined by full matrix least squares on F>
for all unique reflections and 254 variable parameters. The non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms were
included but not refined. R, = 0.1028, wR, = 0.1156, Goodness of
fitS = 7.345 for all. R; = 0.0866, wR, =0.1146 for [ > 2.000(])].

Crystal Data for 3**.2TfO~. CasHs0O6F1oP2S2, M = 1014.95,
colorless prism grown from acetone-hexane, crystal dimensions
0.22%0.15%0.05 mm®.  Triclinic, space group P1 (#2), a =
13.36(1), b = 16.20(1), ¢ = 12.206(7) A, a = 105.31(5)°, B8 =
102.66(6)°, y = 71.74(6)°, V = 2394(2) A*, Z = 2, pearca = 1.408
gem™, u = 0.263 mm™', F(000) = 1052.00. The numbers of
reflections measured was 8746 (26u.x = 50.0°), in which 8423
were unique with Ry, = 0.077, and 2933 were larger than thresh-
old [I > 2.000(I)]. The structure was solved by direct methods
(SIR92),2V expanded using Fourier techniques (DIRDIF94),? and
refined by full matrix least squares on F” for all unique reflec-
tions and 595 variable parameters. The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included but not re-
fined. R; = 0.2122, wR, = 0.1316, Goodness of fit S = 1.1450 for
all. R; = 0.0849, wR; = 0.1022 for [I > 2.000(D)].
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