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The first stable anthryldiphosphenes, 1 and 2, were synthesized by utilizing kinetic stabilization of 2,4,6-
tris[bis(trimethylsilyl)methyl|phenyl (Tbt) and 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl
(Bbt) groups, and were characterized by spectroscopic and X-ray crystallographic analyses. The UV—visible spectroscopic
data suggested the electronic communication between the anthryl moiety and the P=P unit. It was found that TbtP=P(9-
Anth) (1a: 9-Anth = 9-anthryl) showed weak fluorescence in hexane solution. Furthermore, the reactivities of
anthryldiphosphene 1 with a chromium complex, chalcogenation reagents, a diene, and electron-deficient olefins have

been revealed.

The chemistry of low-coordinated compounds of heavier
group 15 elements has been one of the most attractive areas
in main group element chemistry! since the synthesis and
isolation of the first stable diphosphene (Mes*P=PMes®
Mes* = 2,4,6-tri-tert-butylphenyl) by taking advantage of
kinetic stabilization reported by Yoshifuji and his co-workers.?
Nowadays, it has been demonstrated that heavier dipnictenes,
double-bond compounds between heavier group 15 elements,
can be synthesized by introduction of efficient steric protection
groups even in the case of the heaviest element, bismuth.'*
Indeed, we have reported the synthesis of kinetically stabilized
dipnictenes (ArE=FE’Ar; E, E’ = P, Sb, and Bi) by taking ad-
vantage of extremely bulky substituents, 2,4,6-tris[bis(trimeth-
ylsilyl)methyl]phenyl (denoted as Tbt) and 2,6-bis[bis(trimeth-
ylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl (denoted as
Bbt) groups and revealed their chemical and physical proper-
ties,*> while Power and his co-workers have reported the
synthesis of a series of dipnictenes bearing bulky m-terphenyl
groups.*®

It is well-known that the HOMO-LUMO gap of a diphos-
phene (P=P) is smaller than that of an azo-compound (N=N)
due to the smaller overlap of 3p orbitals. Theoretical calcu-
lations suggest that the LUMO of a diphosphene is the anti-
bonding P=P 77* orbital, while the HOMO or HOMO—1 are the
bonding P=P 7 orbital or the phosphorus lone pair orbital (n,),
both of which are close in energy.® In fact, it was reported that

the stable diphosphenes underwent ready chemical reduction to
afford the corresponding anion radical species due to their
low-lying 7T* orbitals.’>*>7 Consequently, there has been much
attention paid to the construction of extended m-electron-
conjugated systems bearing low-coordinated phosphorus atoms
utilizing their small HOMO-LUMO gaps from the viewpoint of
material science.®® Unique properties of phosphaalkenes and
diphosphenes bearing an electrochemically active unit, such as
amine,'? p-phenylene,'! ferrocene,'? alkynyl,'* another diphos-
phene,'* and thiophene'® units, have been reported so far. In
particular, Protasiewicz and his co-workers reported the syn-
thesis and photochemical properties of the poly(p-phenylene-
phosphaalkene)s''™!!¢ and poly(p-phenylenediphosphene),''
so-called “phospha-PPVs,” bearing conjugative P=C or P=P
bonds. Poly(p-phenylenephosphaalkene)s exhibit unique fluo-
rescence due to their ;r-conjugated P=C unit, whereas poly(p-
phenylenediphosphene) shows no appreciable photolumines-
cence. Moreover, they demonstrated that the low-coordinated
phosphorus center should electrochemically communicate with
the extended 7-conjugated systems based on the comparison
between a series of phospha-PPV oligomers with carbon
analogs.”!'Y Fundamental studies on the properties of a 7-
electron-extended system containing a diphosphene unit, which
should possess apparently smaller HOMO-LUMO energy gap
than that of the phosphaalkene derivative, are interesting and
important to open new chemistry for material science.
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Figure 1.

An anthryl unit is an interesting extended ir-electron-
conjugated system, since it has a simple aromatic structure
bearing unique electrochemical and photochemical properties.
Therefore, we have designed a 9-anthryldiphosphene, which
has a diphosphene unit tethered with an anthracene moiety, as a
novel 7-conjugated diphosphene. Recently, we have prelimi-
narily reported the synthesis of the first stable 9-anthryldiphos-
phenes 1 having Tbt (1a) or Bbt (1b) groups as an efficient
steric protection group together with the structure and proper-
ties of 1a (Figure 1).'7 We report here the details of the
synthesis and properties of 9-anthryldiphosphenes 1 and more
extended 7-conjugated systems, 9,10-anthrylene-bridged bis-
diphosphenes 2 (Figure 1). The reactivity of 9-anthryldiphos-
phenes 1 with a chromium complex, chalcogenation reagents, '®
a diene,'? and electron-deficient olefins!'® is also described.

Results and Discussion

Synthesis of Kinetically Stabilized Anthryldiphosphenes
1 and 2. One of the most convenient methods for the synthesis
of unsymmetrically substituted diphosphenes is a condensation
reaction of a dihydrophosphine with a dichlorophosphine in the
presence of a base.?’ 9-Anthryldichlorophosphine (4) and 9,10-
bis(dichlorophosphino)anthracene (5) are readily prepared in

Scheme 2. Synthesis of 1 and 2.

moderate yields by the reactions of the corresponding lithiated
anthracene derivatives with chlorobis(diethylamino)phosphine
followed by the chlorination reaction using hydrogen chloride
in diethyl ether (Scheme 1). Condensation reaction of TbtPH,
(3a) and BbtPH, (3b) with 9-anthryldichlorophosphine (4) in
the presence of DBU (DBU = 1,8-diazabicyclo[5.4.0Jundec-
7-ene) as a base afforded 9-anthryldiphosphenes 1a and 1b
as stable red crystals in 71 and 77% yields, respectively
(Scheme 2). 9,10-Anthrylene-bridged bisphosphenes 2a and
2b were also synthesized in ca. 20% yield in a manner similar
to the synthesis of 9-anthryldiphosphenes 1a and 1b by
using 9,10-bis(dichlorophosphino)anthracene (5) instead of
9-anthryldichlorophosphine (4).2! The relatively low yields
of 2a and 2b can be reasonably interpreted in terms of the
decomposition of 5 in the presence of DBU. Exhaustive wash
with hexane and recrystallization of the crude mixture from
THF /hexane at —40°C afforded 2a and 2b in a pure form
without any contamination of 3.

The 3'PNMR spectra of 1 and 2 in C¢Dg showed character-
istic AB quartet signals at § 526.2, 584.3 (1a), 521.9, 586.8
(1b), 528.8, 585.2 (2a), 522.1, 585.0 (2b), respectively, with
L Jpp = 581-588 Hz, supporting their P=P double-bond charac-
ter similar to those of the previously reported unsymmetrically
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substituted diaryldiphosphenes.!®??> The high-resolution mass
spectra and elemental analysis also supported the structures of
anthryldiphosphenes 1 and 2.

Molecular Structures of Anthryldiphosphenes 1 and 2.
The molecular structures of 1a, 1b, 2a, and 2b were revealed
by X-ray crystallographic analysis. Some of them are depicted
in Figures 2—4 and selected structural parameters are given in
Tables 1 and 2. In both crystal packing diagrams of 1a and 1b,
one can see the intermolecular 77— interaction (ca. 3.55 A)
between the anthryl moieties (Figure 2). Although the struc-
tural parameters of 1a and 1b are similar to each other, their
packing structures are largely different in spite of the structural
resemblance to their steric protection groups, Tbt and Bbt. That
is, the anthryl moieties were found to be piled up along the a
axis of the crystal lattice in the case of 1a (Figure 2a), whereas
the anthryl moieties of 1b face each other in the center of the
crystal lattice (Figure 2b). Surprisingly, the two different
crystals of 2a were obtained depending on the conditions of

(a) (b)

Figure 3. Molecular structures of (a) [2a-toluene] and (b)
[2a-2(benzene)] with thermal ellipsoid plot (50% prob-
ability). Hydrogen atoms and solvated molecules are
omitted for clarity.

b

O__..
o 4 . .
Figure 4. Molecular structure of [2b-benzene] with ther-
Figure 2. (a) Packing structure of 1a. (b) Packing structure mal ellipsoid plot (50% probability). Hydrogen atoms and
of 1b. a benzene molecule are omitted for clarity.

Table 1. Observed Structural Parameters for Diphosphenes 1 and 2, a Diphosphene Chromium Complex 13, and [4 + 2]
Cycloadducts 31

Bond lengths/A Bond angles/°

Compound Ref.

P-P P-C(R) P-C(Ar) C(R)-P-P C(Ar)-P-P
la 2.0352(16) 1.838(4) 1.848(4) 101.86(14) 100.79(13) 16
1b 2.0232(13) 1.842(3) 1.829(3) 97.66(11) 105.81(11) 17
[2a-toluene] 2.0274(12) 1.843(3) 1.846(3) 101.54(10) 99.90(10) This work

2.0374(11) 1.852(3) 1.842(3) 97.58(10) 102.57(9)
[2a-2(benzene)] 2.0340(15) 1.849(4) 1.844(3) 97.83(13) 103.47(12) This work
[2b-benzene] 2.0377(12) 1.855(3) 1.838(3) 100.38(10) 105.40(10) This work
13 2.0307(10) 1.832(3) 1.847(3) 102.07(9) 109.23(9) This work
[31a-1.5(benzene)] 2.0278(13) 1.895(3) 1.845(3) 102.98(11) 103.57(10) 17
[31b-3(benzene)] 2.022(2) 1.889(6) 1.834(6) 101.58(18) 105.43(19) 17
31c 2.0366(14) 1.903(4) 1.839(4) 100.34(12) 103.25(12) 17
[31d-1.5(benzene)] 2.0383(18) 1.896(4) 1.845(4) 103.17(15) 103.80(14) 17

EWG
EWG
ow - I -
C(AD Vgl A/ By
P=P
C(R; EWG = electron-withdrawing group

Ar = Tbt or Bbt
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Table 2. Observed Dihedral Angles?? for Diphosphenes 1
and 2 and a Diphosphene Chromium Complex 13

Dihedral angles/°

Compound
(CPP)~(Anth)? (CPP)~(Ar)®
la 81.65(10) 72.92(11)
1b 82.92(8) 80.44(10)
[2a-toluene] 76.66(8) 80.59(10)
76.18(5) 78.64(9)
[2a-2(benzene)] 84.63(9) 76.68(12)
[2b-benzene] 83.38(6) 73.33(9)
13 84.65(6) 84.18(8)

a) Dihedral angles between the CPP plane containing 9-
position of the anthryl group (Anth) and the anthryl moiety.
b) Dihedral angles between the CPP plane containing the
benzene ring ipso-carbon (Ar) and the benzene ring of the Tbt
or Bbt groups.

the crystal growth, where the two P=P units of 2a were
found to lie in the syn-configuration to the central anthryl
moiety [recrystallization from its toluene solution at —40°C
(Figure 3a)] or in the anti-configuration [recrystallization from
its THF /benzene solution at room temperature (Figure 3b)].
Recrystallization of 2b from its THF/benzene solution at
room temperature afforded single crystals, where it exhibits
anti-configuration of the P=P unit as in the case of anti-2a
(Figure 4). Structures of anti-2a and anti-2b possess the center
of symmetry in the center of the anthryl moiety. Theoretical
calculations for the real molecules of syn-2a and anti-2a
performed at B3LYP/6-31G(d) level showed that syn-2a
is more stable than anti-2a by only 0.3 kcalmol~! (1 kcal =
4.184KkJ), indicating the crystal packing force should be
dominantly effective for the geometry of 2a.23

The P=P bond lengths and P-P-C angles of 1a, 1b, 2a, and
2b are 2.0232(13)-2.0377(12)A and 97.58(10)-105.81(11)°,
respectively, which are similar to those for the previously
reported diaryldiphosphenes (Table 1).'>* It should be noted
that the dihedral angles between the central CPPC plane and
the anthryl plane are 76.18(5)-84.63(9)°, indicating the less
effective r-electron conjugation between the P=P and anthryl
moieties in the solid state (Table 2).

Raman and Infrared Spectra of Anthryldiphosphenes 1
and 2. The double-bond characters of diphosphenes in
the solid state can be characterized based on vibrational
spectroscopy such as Raman spectroscopy.**'?"?* The P=P
stretching vibration of the previously reported diaryldi-
phosphenes were reported in the range from 603 to
622 cm ! 46120242240 the values of which are considerably
higher than that of the diphosphane, Ph,P-PPh,, at 530 cm~!.2°
The Raman spectra of la, 1b, 2a, and 2b are shown in
Figure 5. Strong Raman lines were observed for 1a and 1b
at 619, 634 (1a) and 620, 633cm™! (1b), respectively. The
signals at 619 (1a) and 620cm™' (1b) are assignable to the
corresponding P=P stretching frequencies on the basis of the
estimated values of 612cm™! for the model compound of 1,
DmpP=P(9-Anth) (8; 9-Anth = 9-anthryl, Dmp = 2,6-dimeth-
ylphenyl).2® The Raman spectra of 2a and 2b showed the
two peak maxima at 618, 631 (2a) and 620, 634cm™" (2b),
respectively, similar to those of anthryldiphosphene 1. As in
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Figure 5. Raman spectra of 1a, 1b, 2a, and 2b described
from bottom to top in order.

the case of monodiphosphene 1, the signals at 618 (2a)
and 620cm™~! (2b) are assignable to the corresponding P=P
stretching frequencies, the assignment of which were supported
by theoretical calculations for the vibrational frequency of the
real molecules, syn-2a (612cm™") and anti-2a (611 cm™").2

Interestingly, bisdiphosphenes 2a and 2b were found to
show their P=P stretching vibrational modes not only in the
Raman spectra but also in the IR spectra.'?" That is, the two
types of vibration modes of the two P=P moieties should be
conceivable for bisdiphosphenes 2a and 2b as in the same
phase and the inverse phase. Theoretical calculations of anti-2a
showed the P=P stretching vibrations in the same phase at
611 cm™' (Raman active) and those in the inverse phase at
615cm™! (IR active), while theoretical calculations of syn-2a
showed the inverse-phase vibrations at 612cm™' (Raman
active) and the same-phase vibrations at 615 cm™' (IR active).?
In the IR spectra of 2a and 2b, the signals attributable to the
P=P stretching vibrations were observed at 614 cm™' (2a) and
616cm™! (2b), being in good agreement with the calculated
value of real molecule 2a (615cm™).

Electrochemical Properties of the Stable Anthryldiphos-
phenes 1 and 2.  The electrochemical properties of 1a,
1b, 2a, and 2b were furnished by cyclic voltammetry and
differential pulse voltammetry, measurements of which were
carried out in THF with n-BuyNBF, as an electrolyte at room
temperature. Voltammograms of Bbt-substituted monodiphos-
phene 1b and bisdiphosphene 2b are shown in Figures 6 and 7,
and the redox potentials of 1 and 2 are summarized in Table 3.
Two reversible one-electron reduction couples were observed
for 1a and 1b at £y, = —1.73, —2.32 (1a) and —1.66, —2.25V
(1b) versus Ag/Ag™, respectively. It should be worthy of note
that the first reduction potentials of 1 (£, = —1.73V for 1a
and —1.66V for 1b) at a less negative region than those of
TbtP=PTbt (Ei,,=—1.93V vs. Ag/Ag") and anthracene
(E1jp = —242V vs. Ag/Ag") demonstrate the stability of the
anion radical species of 1 probably due to the delocalization of
the unpaired electron on the P=P and the anthryl moieties in
solution. In addition, theoretical calculations for the electron
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Table 3. Redox Potentials® (V vs. Ag/Ag*) of Diphos-
phenes 1 and 2, and Anthracene

Compound Eye Ep, Eip Ref
1a —1.84 —1.62 —-1.73 16
—2.42 —-2.22 —-2.32
1b —1.75 —1.57 —1.66 This work
—2.33 -2.16 -2.25
2a —1.74 —1.47 —1.61» This work
-3.07 — —
2b —1.81 —1.37  —1.59®  This work
-3.07 —2.74 291
TbtP=PTbt —2.00 —1.86 —1.93 16
Anthracene —2.68 —-2.16 —2.42 16

a) 0.1M n—Bu4NBF4 in THF, E1/2(Cp2Fe/Cp2Fe+) = +020V
vs. Ag/Ag"t. b) Two-electron reduction.

affinity (EA) of the model compounds of DmpP=P(9-Anth) (8)
and DmpP=PDmp (9) at B3LYP/6-311+G(2d) for P, 6-31G(d)
for C, H level showed that the one-clectron reduction of 8
should be more exothermic (1.27 ¢V) than that of 9 (1.06eV),
supporting the experimental results. Whereas the optimized
structure of the anion radical species of 9 shows a geometry
similar to that of the neutral species of 9 with the aryl rings of
the Dmp group perpendicularly oriented to the P=P sr-orbitals,
the optimized geometry of the anion radical species of 8
exhibits considerable coplanarity between the m-electron
planes of the anthryl and P=P moieties in contrast to the
geometry of 8, indicating the extension of m-electron con-
jugation in [8°7].

Both bisdiphosphenes 2a and 2b showed one reversible two-
electron reduction couple at £, = —1.61 (2a) and —1.59V
(2b) versus Ag/Ag" together with further reduction waves (the
pseudo-reversible reduction at E,.= —3.07V for 2a, one-
electron reduction couple at £y = —2.91V (£, = —3.07V)
for 2b). The first reduction potentials of 2 (£, = —1.61V for
2a and —1.59'V for 2b) at a less negative region compared to
those of monodiphosphene 1 (£, =—1.73V for 1a and
—1.66V for 1b) indicate that the connection of another P=P
unit to anthryldiphosphene 1 leads to further stabilization of the
anion species of 2 by the extended delocalization of the two
P=P and the anthryl moieties in solution. The two-electron
reductions of 2a and 2b should occur at once even under
several conditions with the rate of scan from 20 to 200mV s~,
indicating little electronic communication between the two
P=P moieties, in contrast to the case of diphosphenes 10 and
11 bearing ferrocenyl or p-phenylene unit as a linkage of two
P=P moieties (Figure 8), which were reported to show the
two-step one-electron reductions at two different potentials
(AE) ), = ca. 0.35V).!"012" Whereas the second reduction for
2b (£ = —2.91V) was cleanly observed as reversible one-
electron reduction, that for 2a (£, = —3.07 V) was observed as
pseudo-reversible reduction under the same conditions pre-
sumably due to the lower solubility of trianion species of 2a.?’

UV-Vis Spectra of Anthryldiphosphenes 1 and 2.
Generally, the P=P chromophores of diphosphenes are known
to show two characteristic absorption maxima, which are
reasonably assigned to the symmetry-allowed 7—*(P=P)
electron transitions and symmetry-forbidden n-7r* electron
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Figure 9. UV-vis spectra of 1a (red), 1b (pink), 2a (dark
green), 2b (light green), and anthracene (dark blue) in
hexane solution.

Table 4. UV-Vis Spectral Data of 1a, 1b, 2a, and 2b in
Hexane Solution (A /nm (£/10%))

1la 1b 2a 2b Assignment”

530 (0.78) 532 (0.79) 538 (2.5) 542 (2.2) Anth 7 — P=P 7*
438 (sh, 1.3) 437 (sh, 1.2) —9 - PP n_ — P=P 7r*
400 (14) 400 (13) 426 (25) 427 (21) Anth 7 — Anth 77*
380 (15) 380 (14) 403 (23) 404 (20) Anth ¥ — P=P 7*
361 (9.5) 361 (9.1) 382 (13) 383 (12)

310 (7.2) 314 (6.5) 312 (14) 315(12) P=P 7w — P=P 7r*

a) Not observed. b) Determined by the TDDFT calculations
for 8 and 12 at TD-B3LYP/6-31+G(2d,p)//B3LYP/6-
3114G(2d) for P and 6-31G(d) for C, H level.

transitions.'* However, the UV-vis spectra for 1a, 1b, 2a,
and 2b in hexane solution showed complicated patterns due
to several kinds of -7 electron transitions of the anthryl
moiety together with those of the P=P moiety in the visible
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Figure 10. Selected molecular orbitals of DmpP=P(9-
Anth) (8) (white; hydrogen, green; carbon, orange;
phosphorus) calculated at B3LYP/6-31G(d) for C, H and
6-311+G(2d) for P level.

region. They are shown in Figure 9 together with that for the
parent anthracene in hexane solution, and their A,,.x values are
shown in Table 4 together with their assignment on the basis of
the TDDFT calculations of the model compounds of mono-
diphosphene, DmpP=P(9-Anth) (8), and bisdiphosphene,
MeP=P(C4Hg)P=PMe (12, C,4Hg = 9,10-anthrylene; both
syn- and anti-configurations). Selected molecular orbitals of
8, syn-12, and anti-12 are shown in Figure 10, Figure S1, and
Figure S2 (Supporting Information), respectively. Since the
absorption patterns of 1a and 1b or 2a and 2b are similar to
each other, the difference of the electronic perturbation of Tbt
and Bbt should be negligible. The strong absorptions assign-
able to the -7r*(Anth) transitions (HOMO-LUMO+1 tran-
sitions for monodiphosphene 8) were observed in the range of
360—400 nm for 1 and 380—430 nm for 2, and were in the longer
wavelength region as compared with those of anthracene (335—
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375nm). The fact that the first and second introduction of a
diphosphene (P=P) unit toward the central anthracene moiety
causes apparent red-shift by ca. 25 nm as compared with that of
anthracene and monodiphosphene derivative, respectively, may
imply somewhat extended 7-electron conjugation in solution.
The € values of the 7—*(Anth) transitions also increased by
the introduction of the diphosphene (P=P) unit toward the
central anthracene moiety. In the longer wavelength region
compared with those of the 7—*(Anth) transitions, two weak
absorptions were observed. One of the absorptions assignable
to the n—7r*(P=P) transitions, which are known to be observed
in the cases of many stable diphosphenes, was observed at
438 nm for 1a and at 437 nm for 1b as shoulders (HOMO—1—
LUMO transition), respectively, whereas those for bisdiphos-
phenes 2 were not observed probably due to the strong
absorptions of the symmetry-allowed 7—7*(Anth) transitions.
The other one was observed as an absorption at the longest
wavelengths (530 nm for 1a, 532 nm for 1b, 538 nm for 2a, and
542nm for 2b). The Ay, of bisdiphosphenes 2 were red-
shifted by ca. 10nm and the & values were about three times
larger than those of the corresponding monodiphosphene 1. It is
worthy of note that these transitions are attributable to 77(9-
Anth)-r*(P=P) transition (HOMO-LUMO transition for
monodiphosphene 8), strongly indicating the electronic corre-
lation between the anthryl and P=P moieties.?® The HOMO of
8 dominantly exhibits the 77-character of anthracene associated
with the small contribution of P-P (o) bond and the lone-pair,
while the LUMO exhibits the low-lying 71* character of the
P=P unit. On the other hand, the 7m—7*(P=P) transitions
(HOMO—4-LUMO transition for monodiphosphene 8), which
are known to be observed as a strong absorption in the cases
of many stable diphosphenes, observed at 310 (1a), 314 (1b),
312 (2a), and 315nm (2b)were relatively shorter values as
compared with those of the previously reported diaryldiphos-
phenes.'>* The differences of the observed absorption maxima
for the T—*(P=P) transitions between monodiphosphenes 1a
and 1b and bisdiphosphenes 2a and 2b are only 2 and 1nm,
respectively, indicating the less effective m-electron conjuga-
tion between the anthryl and P=P moieties in solution. The &
values of bisdiphosphenes 2 were approximately twice as large
as those of monodiphosphenes 1. Therefore, the red shifts of
—r*(Anth) transitions mentioned above should be explained
by the o-conjugation effect of the P-C bonds. For example,
similar tendency was observed in their precursors, dichloro-
phosphinoanthracenes 4 and 5, which showed their 71—
71*(Anth) transitions around 345-405 and 365-435 nm, respec-
tively, in the longer wavelength region as compared with those
of anthracene.?’

Photophysical Behavior of 9-Anthryldiphosphene 1a. 9-
Anthryldiphosphene 1a in hexane solution displayed very
weak, but apparent, light-blue emission. To the best of our
knowledge, this is the first fluorescence spectral data of a
diphosphene. The fluorescence spectrum showed a broad wave
pattern in the range of ca. 400-500 nm (A = 432nm) by
using the excitation wavelength at 400 nm, while no emission
was observed by the excitation at 530nm, which was the
longest An.x of 1a (Figure 11a). Accordingly, the observed
emission should be due to S,—Sy (n # 1) transitions, since the
HOMO-LUMO and HOMO—1-LUMO transitions should be
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Figure 11. (a) UV-vis (red), excitation (em. 432 nm; gray),
and fluorescence (ex. 400nm; brown) spectra of 1la in
hexane solution. (b) Variable temperature fluorescence
(ex. 400 nm) spectra of 1a in hexane solution.

Table 5. Lifetime of the Photoluminescence (ns) of 1a

7/°C Wavelength/nm
/ 406438 438473 473-533
—95 7.7+0.6 7.5+0.6 9.4+0.9
=75 7.8 £0.8 74+£0.8 9.0+£1.7
=55 7.9+0.9 7.9+0.5 93+14
=35 7.6+1.0 6.6+0.8 9.1+£12
—15 7.0£09 72+£0.8 95+£1.1
5 7.4+0.8 7.0+£0.6 93+1.5
25 6.8 +£0.8 6.9+0.8 89+1.1

symmetry-forbidden. The fact that the excitation spectra by
using the emission wavelength at 432 nm were similar to the
UV-vis spectra of la strongly suggests the emission was
generated from not the other highly emissive impurities but
the anthryldiphosphene 1a. The quantum yield of la was
1.2 x 1073, which is 0.44% compared to that of anthracene
observed under the same conditions.>® The weakness of the
fluorescence of 1a might be due to the quenching by the lone
pair of the phosphorus atom’! or the deformation of the
structure in the excited state. On the other hand, the emission
intensity at low temperature (at —95 °C) increased ca. 1.3 fold
over that at room temperature (Figure 11b). The observed
lifetime of the photoluminescence of 1a was 7-10ns, which is
slightly longer than that of anthracene (5.75ns),’? indicating
the luminescence of 1a should be not phosphorescence but
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fluorescence (Table 5). The lifetime measurement in the range
up to 20 us showed no other emission indicative of phospho-
rescence. For the analysis of lifetime of the fluorescence of 1a,
the time-resolved emission spectra were measured separately in
the three regions of wavelength (406438, 438-473, and 473—
533 nm) as shown in Table 5, and each lifetime for the whole
wavelength region of the three was obtained. As a result,
fluorescence in a longer wavelength region (473-533 nm) has
somewhat longer lifetime than that at shorter wavelengths
(406473 nm) by ca. 2ns. The reason is unclear at present. In
contrast to anthryldiphosphene 1a, however, TbtH, TbtP=PTbt,
and bisdiphosphenes 2a and 2b exhibited no appreciable
luminescence under the same conditions.

Complexation of 9-Anthryldiphosphene 1a. As shown
above, the connection of a diphosphene unit to the anthryl
moiety brought about decrease in photoluminescence of the
anthracene moiety probably due to quenching by the phospho-
rus lone pair. On the other hand, anthrylphosphine oxides®!-?
and gold complexes® of anthrylphosphine derivatives are
reported to exhibit intense fluorescence, giving suggestive
information that the capping of the lone pair on phosphorus has
possibility to increase the intensity of the photoluminescence.
The diphosphene oxide, [Mes*P=P(=0)Mes*],>> and the
cationic diphosphene gold complex, {[Mes*P=P(AuPEt3)-
Mes*|PF4},® are reported but not isolated as a stable
compound. Very recently, Protasiewicz and his co-workers
have succeeded in the isolation of the gold complexes of
diphosphene, Mes*{AuCl}P=PMes* and Mes*{AuCl}P=
P{AuCl}Mes*, as a stable solid.’”

Diphosphenes are known to coordinate various transition
metals in the n' (end-on) and/or 1? (side-on) fashions with the
lone-pair electrons of phosphorus atoms or the m-orbitals of
diphosphene (P=P) moiety, respectively.!**® In the case of the
carbonyl complexes of transition metals, such as chromium,
iron, and nickel, the diphosphenes were found to coordinate
toward the metal center in the i)' fashion. Especially, Yoshifuji
and his co-workers reported that the reaction of the diphos-
phene, Mes*P=PMes, with [Cr(CO)s(thf)] gave the corre-
sponding chromium complex, (£)-Mes*P=P{Cr(CO)s}Mes,
where the phosphorus atom bearing a less hindered substituent,
i.e., mesityl group, selectively coordinated to the chromium
center.>® Therefore, the complexation of 1a toward the
chromium metal was examined in the expectation of obtaining
diphosphene complex with relatively intense photolumines-
cence as compared with 1a.

Treatment of 1a with excess amount of [Cr(CO)s(thf)] in the
dark resulted in the exclusive formation of the expected
n'-chromium complex, (E)-TbtP=P{Cr(CO)s}(9-Anth) (13)
(Scheme 3). The 3'PNMR spectra showed characteristic AB
quartet signals at § 422.6 and 519.8 with the coupling constant
of Upp =527Hz, the data of which were similar to those
of (E)-Mes*P=P{Cr(CO)s}Mes (§p 412.3, 500.9 and 'Jpp =
517.6Hz).>® Thus, the P=P double-bond character should
remain in the chromium complex 13. Chromium complex 13
was stable toward air and moisture but somewhat unstable
toward light.

In Figure 12 was shown the structure of chromium complex
13, which was established by the X-ray crystallographic
analysis of single crystals obtained by the recrystallization
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Scheme 3. Reaction of 1a with [Cr(CO)s(thf)].

Figure 12. Molecular structure of chromium complex 13
with thermal ellipsoid plot (50% probability). Hydrogen
atoms are omitted for clarity. Selected bond length (A) and
angles (°): P(1)-Cr 2.3104(8), C(1)-P(1)-Cr 116.32(9),
P(2)-P(1)-Cr 141.59(4).

from its toluene solution. The phosphorus atom bearing the less
hindered anthryl unit was found to coordinate to the chromium
center in an 1! fashion and the aryl groups of the diphosphene
unit were located in the (E)-configuration. The coplanarity
of the four atoms, Cr, P1, P2, and C1, was supported by the
sum of the bond angles around the P1 atom at 360.0°. The
phosphorus—phosphorus bond length of the chromium com-
plex 13 [2.0307(10)10%] is similar to that of diphosphene 1a
[2.0352(16) A], indicating its P=P double-bond character
(Table 1). The P1-Cr bond distance 2.3104(8) A is somewhat
shorter than those of the previously reported (E)-diphosphene—
chromium complexes [2.33-2.41 A].4°

The complexation of anthryldiphosphene to Cr(CO)s moiety
brought about a drastic change in the UV-vis absorption. In
Figure 13 is shown the UV-vis spectra of 13 together with that
of anthryldiphosphene 1a. An intense and broad absorption was
observed in the range of 420-550nm with the absorption
maximum at 465nm, which is similar to that of Mes*P=
P{Cr(CO)s}Mes (Amax = 460nm).>° This transition is most
likely attributable to the metal to ligand charge transfer
(MLCT) transitions in consideration of the low-lying LUMO
level of a diphosphene.*' Despite the introduction of the
Cr(CO)s moiety onto the diphosphene unit, the 77— electron
transitions of the anthryl moiety of 13 (360, 378, and 400 nm)
are nearly the same as those of 1a, indicating almost no
electronic perturbation from the chromium moiety.
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Chromium complex 13 exhibited no appreciable lumines-
cence by using the excitation wavelength at 400 and 465 nm.
The gold complexes of diphosphene, Mes™{ AuCl}P=PMes*
and Mes™{ AuCl}P=P{AuCl}Mes*, were reported to show no
fluorescence.’” Although the reason for no apparent photo-
luminescence of the diphosphene complexes is unclear at
present, the complexation of diphosphene toward the metal
center might not be effective for the improvement of the
photoluminescence ability of a diphosphene.

Chalcogenation of Anthryldiphosphene 1b. Next, we
examined the reactions of the newly obtained diphosphene 1b
with chalcogenation reagents such as elemental sulfur, sele-
nium, and tributylphosphine telluride, in the expectation of
obtaining unique heterocyclic compounds composed of several
numbers of heteroatoms.***> The reaction conditions of the
chalcogenation reactions of 1b were summarized in Scheme 4.

e/10°

20

300 400 500 600
wavelength/nm

Figure 13. UV-vis spectra of 1a (red) and 13 (purple) in
hexane solution.
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The reaction of 1b with 1.2 equiv of elemental sulfur at room
temperature and 5 equiv of elemental selenium at 80°C in
CgDg¢ afforded the corresponding three-membered ring com-
pounds, thia- and selenadiphosphiranes 14 and 15 as yellow
crystals in 69 and 84% isolated yields, respectively. The
3SIPNMR spectra of 14 and 15 showed AB quartet signals
at § —81.9, —80.3 ('Jpp = 227 Hz) for 14 and § —70.2, —63.5
("Jpp = 240 Hz) together with satellite signals with Jpg, = 125,
123 Hz for 15, respectively. The observed 3'P chemical shifts
and coupling constants, 'Jpp and 'Jpg., were similar to those of
the previously reported diarylsubstituted thia- and selenadi-
phosphiranes (8p —84.0——47.4, 'Jpp = 233-247Hz, Jpg. =
121-132 Hz).*42-* In the case of sulfurization reaction of 1b,
unidentified products 16a and 16b other than 14 was observed
in the crude mixture. The 3'PNMR spectra of 16a and 16b
were 8 197.5, 2792 ('Jpp =600Hz) and § 222.3, 237.4
("Jpp = 615Hz), respectively. On the basis of the chemical
shifts and the coupling constant of diphosphene monosulfide,
Mes*P=P(=S)Mes*, reported by Yoshifuji et al. (§ 255.8,
247.8, 'Jpp = 633.9 Hz),*?*%?" ynidentified products 16a and
16b are attributable to the two different types of diphosphene
monosulfides, Bbt(S=)P=P(9-Anth) and BbtP=P(=S)(9-
Anth). It should be noted that the signal of 15 in the
77SeNMR spectra was observed considerably downfield at
8 72.0 as a pseudotriplet ('Jsep = 123 Hz), compared to that
of BbtP(Se)PBbt (17, § 14.6).4 To get information on the
difference of the chemical shifts of the selenadiphosphiranes,
theoretical calculations of model compounds, MesP(Se)P(9-
Anth) (18) and MesP(Se)PMes (19), bearing mesityl (Mes)
groups instead of Bbt groups were carried out at GIAO-
B3LYP/6-3114+G(2d,p)//B3LYP/6-31G(d) (TZ(2d) for P, Se)
level. The P-P and P-Se bond lengths of the optimized

d \P,Bbt Sg
P= e — % > Bht
S-An “els, CePe o-Arth "
14 (69%) rt.58h 60°C,15h 29
Bht %
O @]
Se Bt Se
PP 30a-b
Rl SO & k-
15 (84%) 80 °C, 6 h 120 °C 31a(85%, X = O)
1b 31b (86%, X = NPh)
9-Anth
= G-anthryl
Bbt
g) NC R?
s\ N\,
PP, H R
9-Anth 9-Anth  (n-Bu);P=Te 30c-d
B
20 (68%) THF, CeDs
+ 80 °C, 98 h 120 °C

BbtP=PBbt 21 (73%)

3Mc(R'=CN,R2=H)
31d (R'=H,R2=CN)

Scheme 4. Reactivities of 1b.
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Scheme 5. Postulated mechanism for the formation of 20.

structures of 18 and 19 were slightly longer than those of the
experimentally observed structures (vide infra). Selected bond
lengths and angles are shown in Table 6. The ""SeNMR
chemical shifts for 18 and 19 were computed to be § 151 and
—138, respectively, supporting the low-field shifted values of
15 as compared with that of BbtP(Se)PBbt. Although the
reason why it was observed in the downfield region compared
with that of other selenadiphosphiranes was unclear, the anthryl
moiety of 1b may afford some electronic effect toward the
selenium atom.

The successful sulfurization and selenization reactions of
anthryldiphosphene 1b have prompted us to examine the
tellurization reaction in the expectation of obtaining tellura-
diphosphirane.*** The reaction of 1b with excess amount of
(n-Bu);P=Te* at 80°C for 98h in a sealed tube gave
triphosphirane 20 and BbtP=PBbt (21) in 68 and 73% yields,
respectively, without formation of the corresponding tellura-
diphosphirane derivative. Since (n-Bu);P=Te was almost
quantitatively recovered in this reaction, and heating of 9-
anthryldiphosphene 1b in the absence of (n-Bu);P=Te under
the same conditions (in THF at 80 °C for 98 h) resulted in the
almost quantitative recovery of 1b along with the formation of
a trace amount of triphosphirane 20 and an unidentified
mixture, (n-Bu);P=Te should work as a catalyst in the thermal
reaction of 1b leading to the formation of 20 and 21 under
these conditions. In the 3'PNMR spectrum, triphosphirane 20
showed characteristic A,B-pattern signals in the high-field
region at 6 —92.9 (doublet) and & —127.4 (triplet) with the
coupling constant of 'Jpp = 188 Hz. Since the observed NMR
spectral data (8p and 'Jpp value) of 20 are similar to those of the
previously reported triphosphiranes,*’ the bulky substituents,
Bbt and 9-anthryl groups, might not be electronically and
sterically so effective toward the central triphosphirane
skeleton. The X-ray crystallographic analyses also supported
the structure of 20.48

The postulated mechanism for the formation of 20 is shown
in Scheme 5. First of all, telluradiphosphirane 22 may be
generated by the reaction of anthryldiphosphene 1b with
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Figure 14. Molecular structure of 14 with thermal ellipsoid
plot (50% probability). Hydrogen atoms are omitted for
clarity.

Figure 15. Molecular structure of 15 with thermal ellipsoid
plot (50% probability). Hydrogen atoms are omitted for
clarity.

(n-Bu);P=Te as in the case of sulfurization and selenization
reactions of 1b. Telluradiphosphirane 22 thus generated, which
would be highly reactive due to the high strain of the three-
membered ring system, undergoes an insertion reaction of the
remaining 1b into the P-Te bond giving telluratetraphospho-
lane 23, where the P atom adjacent to the Te atom would have a
Bbt group. The stereoselective insertion reaction would occur
due to the severe steric hindrance of the Bbt group. Then,
(n-Bu);P generated by the initial reaction of anthryldiphos-
phene 1b with (n-Bu);P=Te would attack the tellurium atom of
23 to afford the corresponding triphosphirane 20 and phos-
phinidene 24, which should undergo ready dimerization
leading to the formation of BbtP=PBbt (21).

The X-ray crystallographic analysis revealed the structural
parameters of chalcogenadiphosphiranes 14 and 15 as shown
in Figures 14 and 15. Selected bond lengths and angles
are given in Table 6 together with those of related com-
pounds.#:42d:43643¢ Iy thia- and selenadiphosphiranes, 14 and
15, the two substituents (9-Anth and Bbt) are located in an £
configuration with respect to the central chalcogenadiphos-
phirane skeleton. The P-P bond lengths of 14 [2.230(2) A] and
15 [2.2172(9) A] are considerably longer than that of anthryl-
diphosphene 1b [2.0232(13) A]. The P-E (E = S or Se) bond
lengths of 14 and 15 are 2.121(2) and 2.158(2) A for 14 and
2.2655(6) and 2.2825(7) A for 15, respectively. These values
are similar to typical PP single bond lengths (ca. 2.2 A)* and
the sum of the covalent radii of P and E atoms (2.14 A for P-S
and 2.27A for P-Se single bonds, respectively).”® The P-E
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Table 6. Observed and Calculated Structural Parameters for 14, 15, 18, and 19 together with Related Compounds

Bond lengths/A

Bond angles/°

Compound Ref.
P1-P2 P1-E P2-E E-P1-P2 E-P2-P1 P1-E-P2

E=S

149 2.230(2) 2.121(2) 2.158(2) 59.40(8) 57.79(7) 62.81(8) This work

259 2.2349(12) 2.1083(18)  2.1285(12) 58.61(4) 57.72(4) 63.67(4) 4f

269 2.249(3) 2.103(3) 2.103(3) 57.7(1) 57.7(1) 64.6(1) 42d

E =Se

159 2.2172(9) 2.2655(6) 2.2825(7) 61.21(2) 60.44(2) 58.35(2) This work

179 2.250(3) 2.250(3) 2.270(3) 60.59(9) 59.71(09) 59.70(8) 4f

279 2.202(3) 2.268(2) 2.266(3) 60.9(1) 61.0(1) 58.1(1) 43¢

289 2.231(1) 2.257(1) 2.253(1) 60.26(3) 60.44(3) 59.30(3) 43b

18» 2271 2.318 2.319 60.71 60.64 58.65 This work

19 2257 2.315 2.337 61.48 60.47 58.05 This work

a) Observed values. b) Calculated values at B3LYP/6-31G(d) for C, H and TZ(2d) for P, Se level.

E 14 (E =S, Ar=Bbt)
/N _Ar 15 (E = Se, Ar = Bbt)

9-Anth/P N 18 (E = Se, Ar = Mes)

bonds bearing a Bbt group on the phosphorus atom are
somewhat longer than those bearing a 9-anthryl group. There-
fore, it was found that thia- and selenadiphosphiranes 14 and
15 have a three-membered ring with single bonds, and exhibit
almost no 7-complex character, which is often seen in
charcogenadisiliranes.*f

Cycloaddition Reaction of Anthryldiphosphene 1b with a
Diene and Electron-Deficient Olefins. Treatment of 1b with
excess 2,3-dimethyl-1,3-butadiene in C¢Dg at 60 °C in a sealed
NMR tube afforded the corresponding [4 + 2] cycloadduct 29
in 67% isolated yield (Scheme 4). Thus, the high reactivity of
the central P=P unit of 1b toward Diels—Alder reaction was
demonstrated by the [4 4 2] cycloaddition reaction of 1b with
2,3-dimethyl-1,3-butadiene, even though it is well sterically
protected by the Bbt group. The 3'P NMR spectra of 29 showed
AB quartet signals at § —58.2, —57.4 with coupling constant
of 'Jpp = 208 Hz, similarly to the previously reported diene
adduct (1-z-butyl-2-mesityl-4,5-dimethyl-1,2-diphosphacyclo-
hex-4-ene; § —58.8, —12.5, 'Jpp =229 Hz).3! Other spectro-
scopic data and the X-ray crystallographic analysis (Figure 16)
also supported the structure of 29.

All the reactions of anthryldiphosphene 1 described above
are derived from the highly reactive P=P unit as is the case of
the previously reported diphosphene derivatives. In fact, only a
few examples have been reported for substitution reactions on
the phosphorus atom.>? To the best of our knowledge, there has
been no example of transformation reactions by the function-
alization of the substituent on the P=P moiety while keeping
the reactive P=P unit intact. Since anthryldiphosphene 1
possesses another reactive site, the anthryl unit, in its molecular
skeleton together with the highly reactive P=P unit, we have
focused on the reactivity of the anthryl unit of anthryldiphos-
phene 1. The HOMO of the model compound DmpP=P-
(9-Anth) (8), which has significant ;r-character of the anthryl
moiety, indicates that the anthryl moiety of 1 can be the

17 (E = Se, Ar = Bbt)

19 (E = Se, Ar = Mes)

25 (E = S, Ar = Bbt)

26 (E = S, Ar = Mes®)

27 (E = Se, Ar = Cp*)

28 (E=Se, Ar= CGHQ(CF3)3)

E
/' N\ _Ar
_P1—P2
Ar

(
(

Figure 16. Molecular structure of 29 with thermal ellipsoid
plot (50% probability). Hydrogen atoms are omitted for
clarity.

reactive site. Since anthracene derivatives are known to
undergo Diels—Alder cycloaddition with various electron-
deficient olefins,”> we examined the reaction of 1b with
electron-deficient olefins.!®>*

The reaction of 1b with 3 equiv of maleic anhydride
(30a) and N-phenylmaleimide (30b) in C¢Dg at 120°C in a
sealed NMR tube resulted in the exclusive formation of the
corresponding [4 4 2] cycloadducts 31a and 31b in 85 and
86% isolated yields, respectively (Scheme 4). Likewise, the
reactions of 1b with an excess amount (30 equiv) of
fumaronitrile (30c) and maleonitrile (30d) resulted in the
exclusive formation of 31¢ and 31d in 83 and 71% isolated
yields, respectively. The transformation of 1b into alkylaryl-
diphosphene derivatives 31 via the Diels—Alder reactions
should be of great note as a unique example of the trans-
formation of a diphosphene into other diphosphenes while
keeping the highly reactive diphosphene unit.
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Scheme 6. Plausible mechanism for the isomerization of
fumaronitrile (30c) into maleonitrile (30d). a) [4 + 2]
cycloaddition, b) addition/elimination, and c) rotation.

On the other hand, treatment of 1b with 5 equiv of
fumaronitrile (30c) in C4Dg at 120 °C for 72 h afforded the two
types of [4 4 2] cycloadducts, 31c (44% isolated yield) and
31d (15% isolated yield), together with the starting material 1b
and maleonitrile (30d). Since it is interesting that 31c and 31d
were obtained in the reaction of 1b with 30¢, we have
investigated the reaction mechanism as follows. The fact that
the isolated cycloadducts 31¢ and 31d did not isomerize toward
each other under the same conditions used for the reaction of
1b with 31c¢ strongly implies the isomerization of fumaronitrile
leading to the formation of maleonitrile during the reaction.
The isomerization of 30c is most likely interpreted in terms of
the zwitterionic intermediate 32, which might be generated by
the reaction of 1b with 30c as shown in Scheme 6. The
phosphorus atom of 1b bearing the anthryl group may attack
the C=C bond of 30c due to steric reasons to give 32,
which may retain its P=P double-bond analogously to a
previous report of an isolated phosphanyl phosphenium ion,
[Mes*P=P(Me)Mes*]* bearing significant P=P double-bond
character.”® Taking into consideration the zwitterionic species
32, the -bond of the (NC)C=C(CN) moiety of 32 should be
weakened enough to be rotated along with the C—C axis to give
32’. Then, the cleavage of the P-C bond of 32’ should occur to
afford 1b and maleonitrile. Maleonitrile thus generated should
react with 1b to give the maleonitrile adduct 31d as in the
case of the reaction of 1b with fumaronitrile leading to the
formation of 31¢. In fact, the isomerization of 30¢ into 30d was
observed by 'THNMR spectra when 30c was treated with a
small amount of BbtP=PBbt in C¢D¢ at 120 °C, whereas no
change was observed on heating of a C¢Dg¢ solution of 30c at
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120 °C for 60 h. In addition, the reaction of 30c in the presence
of 20mol % of anthracene under the same reaction conditions
used for 1b and 30c only gave the corresponding [4 + 2]
cycloadduct of fumaronitrile and the unreacted 30c. Neither
[4 + 2] cycloadduct of maleonitrile nor maleonitrile (30d) was
observed in the '"HNMR spectra after additional heating for
48 h. These results strongly suggested that not the anthryl unit
but the phosphorus atoms of the P=P unit should take part in
the isomerization of 30c.

The newly obtained diphosphenes 31a, 31¢, and 31d were
found to undergo retro-Diels—Alder reaction on heating at
120°C, whereas maleimide adduct 31b did not dissociate into
1b and maleimide 30b even on heating at 120°C for 48h.
Heating C¢Dg solutions of diphosphenes 31a, 31c, and 31d in
the presence of 10 equiv of 30b as a trapping reagent of
anthryldiphosphene 1b in a sealed NMR tube at 120 °C for 24 h
gave the starting diphosphenes 31, the maleimide adduct 31b
generated via the [4 + 2] cycloaddition of 1b with 30b, and the
corresponding olefins 30 in the ratio of 88/12/4 (31a/31b/
30a) for 31a, 83/17/4 (31c/31b/30c) for 31c, and 63/37/18
(31d/31b/30d) for 31d, respectively, judging from the signal
of the "THNMR spectra. Thus, the retro-Diels—Alder reactions
of 31a, 31c, and 31d were found to proceed as fast in the order
of 31d > 31c > 31la.

The 3'PNMR spectra of 31a-31d showed characteristic AB
quartet signals (31a: § 520.3, 571.2, 'Jpp = 583 Hz; 31b:
8 525.8, 564.3, 'Jpp = 577Hz; 31c: § 518.8, 579.4, Jpp =
592 Hz; 31d: § 522.6, 578.3, 'Jpp = 592 Hz) in the low field
region, respectively, supporting their P=P double-bond char-
acter similar to those observed for 1. Moreover, as a result of
the [4 + 2] cycloaddition of 1b with 30a-30d, the signal for
the protons at the 10-position of the anthryl unit of 1b was
drastically shifted from 8.18 (1b) to 3.92—4.79 (31), due to the
dearomatization of the central ring of the anthryl unit. The
X-ray crystallographic analysis of 31a-31d revealed the
molecular structures of the newly obtained diphosphenes. The
selected bond lengths and angles are tabulated in Table 1.
The P=P bond lengths and P-P-C angles of [4 + 2] cyclo-
adducts 31 are in the range of 2.022(2)—2.0383(18)A and
100.34(12)-105.43(19)°, respectively, which are similar to
those of anthryldiphosphenes 1 [2.0232(13)—2.0352(16)A and
97.66(11)-105.81(11)°]. It should be worthy of note that the
P1-C1 bond lengths of 1 and 31 are largely different from each
other [1.838(4)-1.842(3) A for 1 and 1.889(6)-1.903(4) A for
31, respectively] due to the change of the hybridization of C1
carbon atom from sp? (1) to sp> (31) along with the elongation
of the P1-C1 bond lengths by ca. 0.05 A.

The UV-vis spectra of 31a-31d in hexane solution are
shown in Figure 17, and the A.x values are given in Table 7.
The strong absorbance of 1b observed around 360—400nm
attributable to the m—7*(Anth) transitions vanished with the
loss of the anthryl moiety by the [4 + 2] cycloaddition reaction.
Absorption patterns of 31 are similar to each other and the three
characteristic absorption maxima were observed around 490,
370, and 320nm. The longest absorptions observed around
484-491 nm are assignable to the n—77*(P=P) transitions on the
basis of the TDDFT calculations of 33a, which is a model
compound of 31a with a Dmp group instead of a Bbt group.®’
The second absorptions around 366-370 nm should be assign-
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Figure 17. UV-vis spectra of 31a (orange), 31b (blue), 31¢
(green), 31d (purple), and 1b (pink) in hexane solution.

Table 7. UV-Vis Spectral Data of 31a-31d in Hexane
Solution (Apma/nm (£/10%))

31a 31b 31c 31d
487 (0.42) 484 (0.39) 490 (0.45) 491 (0.45)
370 (sh, 2.1) 369 (sh, 2.3) 369 (1.9) 366 (1.8)
323 (6.9) 328 (6.4) 317 (1.7) 317 (7.7)

able to 71(Ph)-7r*(P=P) electron transitions. The third ones,
which have large molar extinction coefficient, should be
assignable to 7w—*(P=P) transitions along with the some
contribution of 77(Ph)—*(P=P) transitions. The A,y values
(317-328nm) and molar extinction coefficient for 31 are
similar to that of 1b.

Conclusion

The first stable anthryldiphosphenes 1 and 2 were synthe-
sized and characterized by spectroscopic and X-ray crystallo-
graphic analyses. The P=P bond character of 1 and 2 was
supported by the NMR, Raman, IR spectroscopic data and X-
ray crystallographic analyses. Cyclic voltammograms of 1 and
2 showed two reversible one-electron reduction couples for 1
and one reversible two-electron reduction couple together with
the one electron reduction for 2. The UV—-vis spectra of 1 and 2
revealed the electronic communication between the anthryl and
P=P units, which was supported by the TDDFT calculations.
Monodiphosphene 1a showed weak fluorescence in hexane
solution, whereas bisdiphosphenes 2 exhibited no appreciable
luminescence under the same conditions. Furthermore, the
reaction of anthryldiphosphene 1 with a chromium complex,
chalcogenation reagents, a diene, and electron-deficient olefins
were examined, showing the unique reactivity of 1. These
results of the fundamental studies of anthryldiphosphene
derivatives should be important for the molecular design of
novel materials utilizing the characteristic properties of a P=P
7r-bond.

Experimental

All experiments were performed under an argon atmosphere
unless otherwise noted. Solvents used for the reactions were
purified by an Ultimate Solvent System (Glass Contour Co.).>8
All solvents used in the spectroscopy (benzene-dg, cyclo-
hexane-d;, and hexane) were dried by using a potassium
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mirror. The 'THNMR (400 or 300 MHz) and '3CNMR (100 or
75 MHz) spectra were measured in C¢Dg, C¢D1,, or CDCIl3 with
a JEOL JNM AL-400 or AL-300 spectrometer. Signals due to
Cg¢DsH (7.15 ppm), C¢DyH (1.38 ppm), and CHCI; (7.25 ppm)
in 'THNMR spectra and those due to C¢Dg (128 ppm), CsD1»
(26.4ppm), and CDCl; (77.0ppm) in '*CNMR spectra were
used as internal references, respectively. 3!PNMR (121 MHz)
spectra were measured in C¢Dg or CDCl; with a JEOL AL-300
spectrometer using 85% H3;PO, in water (0 ppm) as an external
standard. ”’Se NMR (75 MHz) spectra were measured in C¢Dg
with a JEOL AL-400 spectrometer using Ph,;Se, (460 ppm) as
an external standard. Multiplicity of signals in '3C NMR
spectra was determined by DEPT, HMQC, CH-cosy, HMBC,
and long-range CH-COSY techniques. High-resolution EI- and
FAB-mass spectral data were obtained on a JEOL JMS-700
spectrometer. Raman spectra were measured on a Raman
spectrometer consisting of a Spex 1877 Triplemate and an
EG&G PARC 1421 intensified photodiode array detector. An
NEC GLG 108 He—Ne laser was used for Raman excitation.
Infrared spectra were recorded as KBr pellets using a JASCO
FT/IR-460 Plus spectrometer. UV—vis spectra were measured
on a JASCO Ubest V-570 UV—-vis spectrometer in a glovebox
filled with argon at ambient temperature or with a degassed
quartz cell connected with a Pyrex® tube after freeze—pump—
thaw at low temperature, respectively. Fluorescent spectra were
measured using a JASCO Ubest FP-6600 with a quartz cell
connected with a Young valve in which hexane solutions of
each compounds were put filled with argon at ambient
temperature. The quantum yields were determined comparing
to a solution of anthracene in ethanol (& =0.27) as a
reference.’® Time-resolved fluorescent spectra were measured
on a streak camera (Hamamatsu photonics, C5094) with
regenerative amplifier Ti:Al,O; laser (Spectra physics, Spitfire
and optical parametric amplifier (OPA-800)). The electro-
chemical experiments were carried out with an ALS 602A
electrochemical analyzer using a glassy carbon disk working
electrode, a Pt wire counter electrode, and Ag/0.01 M AgNO;
reference electrode. The measurements were carried out in
THF solution containing 0.1 M n-BuyNBF,4 as a supporting
electrolyte with scan rates of 20-200mVs~! in a glovebox
filled with argon at ambient temperature. Gel permeation
liquid chromatography (GPLC) was performed on an LC-918
(Japan Analytical Industry Co., Ltd.) equipped with JAIGEL
1H and 2H columns (eluent: toluene). Preparative thin-layer
chromatography (PTLC) and wet column chromatography
were performed with Merck Kieselgel 60 PF254 and Nacalai
Tesque Silica Gel 60, respectively. All melting points were
determined on a Yanaco micro melting point apparatus and
were uncorrected. Elemental analyses were carried out at
the Microanalytical Laboratory of the Institute for Chemical
Research, Kyoto University.

Reagents. 9-Bromoanthracene (TCI), 9,10-dibromoanthra-
cene (TCI), n-butyllithium (Tosoh Finechem; 15.0wt% in
hexane), and hydrogen chloride (Aldrich; 2.0M solution in
diethyl ether), elemental selenium (Kanto; gray selenium) were
used as received. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU)
and 2,3-dimethyl-1,3-butadiene were distilled from sodium
hydroxide and sodium borohydride prior to use, respectively.
Cr(CO)¢ was sublimed prior to use. Elemental sulfur, maleic
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anhydride, N-phenylmaleimide, fumaronitrile, and anthracene
were recrystallized from benzene, benzene, cyclohexane,
benzene/hexane, and toluene, respectively. Chlorobis(diethyl-
amino)phosphine,’®  2,4,6-tris[bis(trimethylsilyl)methyl]phen-
ylphosphine, TbtPH, (3a),!*® 2,6-bis[bis(trimethylsilyl)meth-
yl]-4-[tris(trimethylsilyl)methyl]phenylphosphine, BbtPH,
(3b),'?"  tributylphosphine telluride,’® maleonitrile,*® and
BbtP=PBbt* were prepared according to reported procedures.

Preparation of 9-Anthrylbis(diethylamino)phosphine (6).
To a solution of 9-bromoanthracene (5.14g, 20.0 mmol) in
diethyl ether (150mL) was added n-butyllithium (1.50M
n-hexane solution, 14.7mL, 22.0mmol) at —78°C.®?> The
reaction mixture was stirred at 0°C for 1h, and cooled to
—78°C. After chlorobis(diethylamino)phosphine (5.05mL,
24.0 mmol) was added to the solution at —78 °C, the reaction
mixture was allowed to warm to room temperature and was
stirred for 15 h. After the solvent was evaporated under reduced
pressure, n-hexane was added to the residue, and then the
mixture was filtered through Celite®. The solvent of the filtrate
was removed to afford crude 9-anthrylbis(diethylamino)phos-
phine (6, 8.05 g, quant. If pure) as a deep red oil. The obtained
mixture was used for the next reaction without further
purification. 6: '"HNMR (400 MHz, C¢Dg, rt): § 0.92 (t,
3Jum = 7.1Hz, 12H, CHs), 2.98 (dq, 3Jip = 9.1Hz, 3y =
7.1Hz, 8H, CH,), 7.28 (ddd, *Juy = 8.7, 7.6 Hz, *Jyy = 0.5
Hz, 2H, Anth-3,6), 7.35 (ddd, 3Jyy =9.1, 7.6Hz, “/yy = 1.5
Hz, 2H, Anth-2,7), 7.81 (ddd, 3Jyy = 8.7Hz, “/yy = 1.5Hz,
SJug = 0.7Hz, 2H, Anth-4,5), 8.18 (s, 1H, Anth-10), 9.47
(dddd, 3JHH =9.0 HZ, 4JHp =31 HZ, 4JHH =0.5 HZ, SJHH =
0.7Hz, 2H, Anth-1,8); 3C{'H} NMR (100 MHz, C¢Dq, r.t.): §
14.37 (d, 3Jcp = 4.1Hz, CH3), 44.29 (d, 2Jcp = 19.0Hz, CH,),
124.66 (d, *Jop = 2.9 Hz, Anth-2,7), 124.91 (Anth-3,6), 127.52
(d, *Jep = 19.8 Hz, Anth-1,8), 129.33 (d, “Jop = 1.7 Hz, Anth-
4,5), 12947 (d, *Jop=2.1Hz, Anth-10), 131.96 (Anth-
4a,10a), 134.73 (d, 2Jcp = 12.8 Hz, Anth-8a,9a), 134.93 (d,
1Jep = 39.6 Hz, Anth-9); 3'PNMR (121 MHz, C¢Dg, r.t.): 8
102.7. HRMS (EI) m/z, found: 352.2075 ([M]"), calcd for
C22H29N2P ([M]+) 352.2068.

Preparation of 9-Anthryldichlorophosphine (4)%* (CAS
141982-25-4). To a solution of 9-anthrylbis(diethylamino)-
phosphine (6, 8.05 g, ca. 20 mmol) in diethyl ether (80 mL) was
added hydrogen chloride (2.0 M diethyl ether solution, 60 mL,
120 mmol) at 0°C. After stirring at room temperature for 1h,
the solvent was removed under reduced pressure. Benzene was
added to the residue, and then the mixture was filtered through
Celite®. After removal of the solvent from the filtrate, the
residue was reprecipitated from hexane/benzene to afford 9-
anthryldichlorophosphine (4, 3.39 g, 12.1 mmol, 61% from 9-
bromoanthracene). 4: yellow solids, "HNMR (300 MHz, C¢Ds,
r.t): § 7.12 (ddd, *Juyy = 8.5, 6.5Hz, “Juy = 0.9 Hz, 2H, Anth-
3,6), 7.23 (ddd, 3Jyu = 9.1, 6.5Hz, “Jyy = 1.5Hz, 2H, Anth-
2,7), 7.60 (ddd, *Jyy = 8.5Hz, “Jyy = 1.5Hz, gy = 0.7 Hz,
2H, Anth-4,5), 8.04 (s, 1H, Anth-10), 9.17 (dddd, *Jyy = 9.1
Hz, “Jyp = 2.9Hz, “Jyy = 0.9Hz, *Jyy = 0.7Hz, 2H, Anth-
1,8); BC{'H} NMR (75 MHz, C¢Dq, r.t.): § 125.47 (d, >Jcp =
1.9Hz, Anth-3,6), 125.86 (d, 3Jcp =34.6Hz, Anth-1,8),
127.71 (d, *Jep = 3.7Hz, Anth-2,7), 129.21 (d, Jep = 74.0
Hz, Anth-9), 129.84 (d, “Jop = 1.2Hz, Anth-4,5), 131.31
(d, 3Jcp =4.3Hz, Anth-4a,10a), 134.43 (d, %Jep =21.6Hz,
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Anth-8a,9a), 135.47 (Anth-10); 3'PNMR (121 MHz, CgDs,
rt): 6 159.5. HRMS (EI) found: m/z 277.9824 (IM]M),
279.9779 (IM]"), caled for C14Ho**CL,P ([M]*): 277.9819,
C14Hy»CIF7CIP ([M]*): 279.9791.

Preparation of 9,10-Bis[bis(diethylamino)phosphino]-
anthracene (7). To a suspension of 9,10-dibromoanthracene
(2.02g, 6.01 mmol) in diethyl ether (30mL) was added n-
butyllithium (1.45M n-hexane solution, 8.69 mL, 12.6 mmol)
dropwise at 0°C.3#% The reaction mixture was stirred at 0 °C
for 40 min. After chlorobis(diethylamino)phosphine (2.78 mL,
13.2mmol) was added at 0°C, the reaction mixture was
allowed to warm to room temperature, and was stirred for 12 h.
After the solvents were removed under reduced pressure, n-
hexane was added to the residue, and then the mixture was
filtered through Celite®. The solvent of the filtrate was removed
to afford a crude mixture containing 9,10-bis[bis(diethyl-
amino)phosphino]anthracene (7, 3.53¢g) as a deep red oil.
The obtained mixture was used for the next reaction without
further purification. 7: "THNMR (300 MHz, C¢Dg, r.t.): § 0.94 (t,
3Jum = 7.1 Hz, 24H, CH3), 2.86-3.02 (m, 16H, CH,), 7.21-
7.26 (m, 4H, Anth-2,3,6,7), 9.01-9.05 (m, 4H, Anth-1,4,5,8);
BC{'H}NMR (75MHz, C¢Dq, r.t): § 14.64 (CJcp = 1.9Hz,
CHs;), 44.66-45.08 (m, CH,), 123.27 (Anth-2,3,6,7), 126.98
(dd, 3Jcp = 8.6 Hz, “Jcp = 8.6 Hz, Anth-1,4,5,8), 133.76 (dd,
2Jep = 4.0Hz, 3Jcp = 4.0Hz, Anth-4a,10a and -8a,9a), 135.97
(dd, Jep = 32.7Hz, *Jep = 9.9 Hz, Anth-9,10); 3'PNMR (121
MHz, C¢Dg, r.t.): § 100.7. HRMS (EI) m/z, found: 526.3361
(IM]™), calcd for C3gHsgN4P, (IM]1): 526.3354.

Preparation of 9,10-Bis(dichlorophosphino)anthracene
(5). To a solution of 9,10-bis[bis(diethylamino)phosphino]-
anthracene (7, 3.53g) in diethyl ether (90mL) was added
hydrogen chloride (2.0M diethyl ether solution, 36 mL, 72
mmol) at 0 °C. After stirring at 0 °C for 30 min, the suspension
was separated by filtration and washed with hexane. The solid
was dissolved in benzene, and the suspension was filtered
through Celite® to remove the inorganic salt. The solvent of the
filtrate was removed under reduced pressure to afford 9,10-
bis(dichlorophosphino)anthracene (5, 578 mg, 1.52 mmol). The
mother liquid was removed under reduced pressure, and the
residue was filtered through Celite® with benzene. After
removal of the solvent from the filtrate, the residue was
washed with hexane and was reprecipitated from hexane/
benzene to afford 9,10-bis(dichlorophosphino)anthracene
(5, 360mg, 0.947mmol). Total (938 mg, 2.47mmol, 41%
from 9,10-dibromoanthracene) 5: yellow solid, mp: 192°C
(decomp.). 'HNMR (400 MHz, C¢Dg, r.t.): § 7.08-7.12 (m, 4H,
Anth-2,3,6,7), 9.04-9.09 (m, 4H, Anth-1,4,5,8); '*C{'H} NMR
(100 MHz, C¢Dg, rt.): § 126.73 (dd, 3Jep = 36.5Hz, “Jep =
1.1 Hz, Anth-1,4,5,8), 127.13 (dd, *Jcp = 3.8 Hz, *Jop =22
Hz, Anth-2,3,6,7), 133.17 (dd, 2Jcp = 19.6 Hz, 3Jep = 2.6 Hz,
Anth-4a,10a and -8a,9a), 137.24 (dd, Jep = 78.4Hz, *Jep =
0.9Hz, Anth-9,10); 3'PNMR (121 MHz, C¢Dg, r.t.): 8 155.7.
HRMS (EI) m/z, found: 377.8838 (IM]*), 379.8828 (IM]™),
381.8776 (IM]"), caled for Ci4HgClP, (IM]7): 377.8855,
C14Hg®C15*’CIP, (IM]1): 379.8826, C14Hg* ClL,>"CLP, (IM]7):
381.8796. Anal. Found: C, 44.54; H, 2.23%. Calcd for
C14HgCL4P;: C, 44.25; H, 2.12%.

Synthesis of TbtP=P(9-Anth) (1a). In a glovebox filled
with argon, DBU (224 uL, 1.50 mmol) was added to a toluene
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solution (15 mL) of TbtPH; (3a, 351 mg, 0.600 mmol) and 9-
anthryldichlorophosphine (4, 201 mg, 0.720 mmol) at room
temperature. After stirring at room temperature for 21h, the
reaction mixture was filtered through Celite® with toluene. The
solvent of the filtrate was removed under reduced pressure, and
then the residue was washed with benzene to afford 9-
anthryldiphosphene 1a (340 mg, 0.430 mmol, 71%). 1a: red
crystals, mp: 242 °C (decomp.). 'HNMR (400 MHz, C¢Dg, rt.):
8 0.23 (s, 18H, SiMe3), 0.29 (s, 36H, SiMe3), 1.58 (s, 1H, Thbt-
p-benzyl), 2.65 (br s, 1H, Tbt-o-benzyl), 2.77 (br s, 1H, o-
benzyl), 6.76 (br s, 1H, Tbt-m-aromH), 6.88 (br s, 1H, Tbt-m-
aromH), 7.27 (ddd, *Juy = 8.5, 6.5Hz, “Jyy =0.6Hz, 2H,
Anth-3,6), 7.44 (ddd, 3Jyy = 9.0, 6.5Hz, *Jyy = 1.2Hz, 2H,
Anth-2,7), 7.80 (ddd, 3Jyg = 8.5Hz, “Jyy = 1.2Hz, Sy =
0.5Hz, 2H, Anth-4,5), 8.18 (s, 1H, Anth-10), 8.61 (d, Jyy =
9.0 Hz, 2H, Anth-1,8); 3C{'H} NMR (100 MHz, C¢Dq, r.t.): §
0.91 (SiMe3), 1.36 (SiMes), 30.87 (Tbt-p-benzyl), 32.04 (Tbt-
o-benzyl), 32.38 (Tbt-o-benzyl), 122.73 (Tbt-arom-m-CH),
125.31 (Anth-3,6), 125.37 (Anth-2,7), 127.30 (Tbt-arom-m-
CH), 128.63 (d, *Jcp = 6.6 Hz, Anth-1,8), 129.59 (Anth-4,5),
129.64 (Anth-10), 132.27 (Anth-4a,10a), 133.53 (Anth-8a,9a),
135.53 (d, 'Jep = 42.1 Hz, Tbt-Cips,), 139.91 (d, 'Jep = 52.8
Hz, Anth-9), 145.33 (Tbt-arom-p-C), 145.94 (Tbt-arom-o0-C);
SIPNMR (121 MHz, C¢Dg, rt): 8 526.2, 5843 (d, Jpp=
581 Hz). HRMS (EI) m/z, found: 790.3404 ([M]"), caled for
C41HegSigP> ([M]1): 790.3412. Anal. Found: C, 61.94; H,
8.77%. Calcd for C4|Hégsi5P22 C, 6222, H, 8.66%. UV-vis
(hexane): A 530 (¢ 780), 438 (sh, 1300), 400 (14000), 380
(15000), 361 (9500), 310 nm (7200).

Synthesis of BbtP=P(9-Anth) (1b). In a glovebox filled
with argon, DBU (93 uL, 0.62 mmol) was added to a toluene
(10 mL) solution of BbtPH, (3b, 165 mg, 0.251 mmol) and 9-
anthryldichlorophosphine (4, 83.7mg, 0.300 mmol) at room
temperature. After stirring at room temperature for 2h, the
reaction mixture was filtered through Celite® with toluene. The
solvent of the filtrate was removed under reduced pressure, and
then the residue was washed with cooled hexane to afford 9-
anthryldiphosphene 1b (167 mg, 0.193 mmol, 77%). 1b: red
crystals, mp: 229 °C (decomp.). 'HNMR (400 MHz, C¢Dj, r.t.):
8 0.31 (s, 36H, SiMe3), 0.43 (s, 27H, SiMe3), 2.87 (s, 2H, Bbt-
o-benzyl), 7.19 (s, 2H, Bbt-m-aromH), 7.28 (ddd, 3Jyy = 8.5,
6.5Hz, “Junu = 1.0Hz, 2H, Anth-3,6), 7.46 (ddd, *Juyy = 8.7,
6.5Hz, *Juy = 1.4Hz, 2H, Anth-2,7), 7.80 (d, 3Juy = 8.5Hz,
2H, Anth-4,5), 8.18 (s, 1H, Anth-10), 8.62 (d, 3Jyy = 8.7 Hz,
2H, Anth-1,8); BC{'H}NMR (100 MHz, C¢Ds, r.t.): § 1.78
(SiMes), 5.60 (SiMes), 22.49 (Bbt-p-benzyl), 33.59 (Bbt-o-
benzyl), 125.38 (Anth-3,6), 125.44 (Anth-2,7), 127.38 (Bbt-
arom-m-CH), 128.72 (d, 3Jcp = 7.4Hz, Anth-1,8), 129.61
(Anth-4,5), 129.79 (Anth-10), 132.26 (Anth-4a,10a), 133.54
(d, 2Jep = 4.9Hz, Anth-8a,9a), 137.38 (br d, 'Jep = 44.5Hz,
Bbt-Cipso), 139.70 (br d, 'Jep = 58.6 Hz, Anth-9), 145.64 (Bbt-
arom-0-C), 146.85 (Bbt-arom-p-C); *'PNMR (121 MHz, C¢Ds,
rt.): 8 521.9, 586.8 (AB quartet, 'Jpp = 584 Hz). HRMS (FAB)
m/z, found: 863.3900 (M + H]™), caled for CyH77P,Si;
(IM + H]%): 863.3885. Anal. Found: C, 61.29; H, 8.94%.
Calcd for C44H76P,Siz: C, 61.19; H, 8.87%. UV-vis (hexane):
Amax 532 (& 790), 437 (sh, 1200), 400 (13000), 380 (14000),
361 (9100), 314 nm (6500).

Synthesis of ThtP=P(C,4Hg)P=PTbt (2a, C14Hg = 9,10-
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Anthrylene). In a glovebox filled with argon, DBU (0.50 M
THF solution, 3.5mL, 1.75mmol) was added dropwise to a
THF (12mL) solution of TbtPH, (3a, 468 mg, 0.800 mmol)
and 9,10-bis(dichlorophosphino)anthracene (5, 182 mg, 0.479
mmol) at room temperature. After stirring at room temperature
for 4.5 h, the solvent was removed under reduced pressure. The
reaction mixture was filtered through Celite® with toluene, and
then the solvent of the filtrate was removed under reduced
pressure. The residue was washed with cooled hexane to afford
bisdiphosphene 2a (114mg, 0.0814mmol, 20%). 2a: red
crystals, mp: 279°C (decomp.). 'HNMR (300 MHz, C¢Ds,
r.t): 8 0.25 (s, 36H, SiMe;), 0.31 (s, 72H, SiMej3), 1.60 (s, 2H,
Tbt-p-benzyl), 2.67 (br s, 2H, Tbt-o-benzyl), 2.78 (br s, 2H,
Tbt-o0-benzyl), 6.78 (br s, 2H, Tbt-m-aromH), 6.88 (br s, 2H,
Tbt-m-aromH), 7.44-7.48 (m, 4H, Anth-2,3,6,7), 8.66-8.70
(m, 4H, Anth-1,4,5,8); 3 PNMR (121 MHz, C¢Dg, 50°C): §
528.8, 585.2 (AB quartet, \Jpp = 588 Hz). HRMS (FAB) m/z,
found: 1403.6118 ([M + H]+), caled for C68H127P4Si12 ([M +
H]%): 1403.6119. Anal. Found: C, 58.01; H, 9.09%. Calcd for
CegH126P4Sito: C, 58.14; H, 9.04%. UV—vis (hexane): Apax 538
(€ 2500), 426 (25000), 403 (23000), 382 (sh, 13000), 364 (sh,
8300), 312nm (14000). The '3CNMR data could not be
obtained due to its extremely low solubility in organic solvents.

Synthesis of BbtP=P(C;,Hg)P=PBbt (2b, C;4Hg = 9,10-
Anthrylene). In a glovebox filled with argon, DBU (0.50 M
THF solution, 3.5mL, 1.75mmol) was added dropwise to a
THF (12mL) solution of BbtPH, (3b, 526 mg, 0.800 mmol)
and 9,10-bis(dichlorophosphino)anthracene (5, 182 mg, 0.479
mmol) at room temperature. After stirring at room temperature
for 3h, the solvent was removed under reduced pressure. The
reaction mixture was filtered through Celite® with toluene, and
then the solvent of the filtrate was removed under reduced
pressure. The residue was washed with cooled hexane and
recrystallized from THF/hexane at —40°C to afford bis-
diphosphene 2b (136 mg, 0.0880 mmol, 22%). 2b: deep red
crystals, mp: 288 °C (decomp.). '"HNMR (400 MHz, C¢Dq, r.t.):
8 0.34 (s, 72H, SiMe3), 0.45 (s, 54H, SiMej3), 2.88 (s, 4H,
Bbt-o-benzyl), 7.21 (s, 4H, Bbt-m-aromH), 7.48-7.52 (m,
4H, Anth-2,3,6,7), 8.68-8.72 (m, 4H, Anth-1,4,5,8); 3'PNMR
(121 MHz, C¢Dg, 50°C): § 522.1, 585.0 (AB quartet, 'Jpp =
584 Hz). HRMS (FAB) m/z, found: 1547.6897 ([M + H]"),
caled for Cr4H43P4Si4 (M + H]M): 1547.6910. Anal. Found:
C, 57.19; H, 9.41%. Calcd for C;4H4P4Si14: C, 57.38; H,
9.24%. UV-vis (hexane): Ayax 542 (€ 2200), 427 (21000), 403
(20000), 383 (sh, 12000), 363 (sh, 7200), 315 nm (12000). The
IBCNMR data could not be obtained due to its extremely low
solubility in organic solvents.

Reaction of TbhbtP=P(9-Anth) (1a) with [Cr(CO)s(thf)].
A solution of Cr(CO)s (220 mg, 0.997 mmol) in THF (25 mL)
was irradiated with a 100 W medium pressure Hg-lamp at room
temperature for 3h. The resulting orange solution of
[Cr(CO)s(thf)]% (15 mL, 0.60 mmol) was added to a solution
of TbtP=P(9-Anth) (1a, 39.6 mg, 50.0 umol) in THF (3 mL)
under dark conditions. After the reaction mixture was stirred at
30°C for 20h under dark conditions, the solvents were
evaporated under reduced pressure. To the residue was added
benzene and the suspension was purified by silica gel column
chromatography (SiO,/benzene) under air. The solvent was
removed under reduced pressure, and then the residue was
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washed with hexane to afford (F)-9-anthryldiphosphene—
Cr(CO)s complex 13 (47.2mg, 48.0 umol, 96%). This com-
pound is light sensitive. 13: red-orange crystals, mp: 166 °C
(decomp.). 'HNMR (400 MHz, CDCl;, r.t.): § —0.06 (s, 18H,
SiMes), 0.10 (s, 18H, SiMes), 0.41 (s, 18H, SiMe;), 1.44 (s,
1H, Tbt-p-benzyl), 2.39 (br s, 1H, Tbt-o-benzyl), 2.47 (br s,
1H, Tbt-o-benzyl), 6.50 (br s, 1H, Tbt-m-aromH), 6.67 (br s,
1H, Tbt-m-aromH), 7.55-7.62 (m, 4H, Anth-2,3,6,7), 8.11 (d,
3Jun = 8.2Hz, 2H, Anth-4,5), 8.47 (d, *Juy = 8.5Hz, 2H,
Anth-1,8), 8.62 (s, 1H, Anth-10); C{'H} NMR (100 MHz,
CDCl;, r.t.): § 0.53 (SiMes), 0.88 (SiMej3), 1.20 (SiMes), 1.65
(SiMe3), 2.20 (SiMes), 2.32 (SiMes), 30.91 (Tbt-p-benzyl),
31.12 (Tbt-o-benzyl), 31.45 (Tbt-o-benzyl), 122.86 (Tbt-arom-
m-CH), 125.47 (Anth-3,6), 126.47 (Anth-2,7), 127.47 (Anth-
1,8), 127.63 (Tbt-arom-m-CH), 129.48 (Anth-4,5), 130.04 (br
d, 'Jep = 49.3 Hz, Tbt-Cipgo), 130.59 (Anth-10), 131.48 (Anth-
4a,10a), 132.05 (Anth-8a,9a), 139.78 (br d, 'Jep =23.6Hz,
Anth-9), 146.38 (Tbt-arom-p-C), 146.64 (Tbt-arom-o0-C),
213.86 (d, %Jep=12.9Hz, cis-CO), 222.51 (trans-CO);
SIPNMR (121 MHz, CDCl;, r.t.): 8 422.6, 519.8 (AB quartet,
I Jpp = 527Hz). HRMS (FAB) m/z, found: 983.2662 ([M +
H]+), caled for C46H69CTO5P28i6 ([M + H]+)Z 983.2643. Anal.
Found: C, 55.90; H, 6.91%. Calcd for C4sHggCrOsP>Sis: C,
56.18; H, 6.97%. UV-vis (hexane): A 465 (& 11000), 400
(10000), 378 (11000), 360 nm (9200).

Reaction of BbtP=P(9-Anth) (1b) with Elemental Sulfur
(Sg). A C¢Dg suspension (0.8 mL) of BbtP=P(9-Anth) (1b,
60.5mg, 70.0 umol) and elemental sulfur (Sg, 2.7 mg, 84 umol
as S) was degassed and sealed in an NMR tube. After stirring at
room temperature for 58 h, the solvent of the reaction mixture
was removed under reduced pressure. The residue was washed
with hexane to afford 2-anthryl-3-Bbt-thiadiphosphirane (14,
43.3mg, 48.3umol, 69%). 14: yellow crystals, mp: 230°C
(decomp.). 'THNMR (400 MHz, C¢Dg, r.t.): 8 0.28 (s, 18H,
SiMes), 0.36 (s, 27H, SiMes), 0.44 (s, 18H, SiMe;), 3.53-3.54
(m, 2H, Bbt-o-benzyl), 6.96 (d, *Jyp = 1.7Hz, 2H, Bbt-m-
aromH), 7.16 (ddd, 3Juy = 8.5, 6.5Hz, “Jyy=0.7Hz, 2H,
Anth-3,6), 7.39 (ddd, 3Juy = 9.0, 6.5Hz, “Jyy = 1.2Hz, 2H,
Anth-2,7), 7.65 (ddd, *Jyy = 8.5Hz, “Jyy =0.7Hz, Jupy =
0.4Hz, 2H, Anth-4,5), 7.98 (s, 1H, Anth-10), 9.11 (d, /gy =
9.0Hz, 2H, Anth-1,8); 3C{'H} NMR (100 MHz, C¢Dq, r.t.): 8
1.79 (d, J = 2.5 Hz, 0-SiMe3), 2.05 (0-SiMe3), 5.74 (p-SiMes),
22.34 (Bbt-p-benzyl), 31.97 (m, Bbt-o-benzyl), 125.18 (Anth-
3,6), 126.71 (Anth-2,7), 127.69 (Bbt-arom-m-CH), 127.94
(pseudotriplet, *Jcp = 5.8 Hz, “Jcp = 5.8 Hz, Anth-1,8), 129.90
(Anth-4,5), 130.88 (Anth-10), 131.64 (Anth-4a,10a), 133.81
(dd, 'Jep = 64Hz, %Jop = 10Hz, Bbt-arom-ipso-C), 134.29
(dd, 'Jep = 69 Hz, 2Jcp = 8.2 Hz, Anth-9), 134.77 (br d, 2Jcp =
7.4Hz, Anth-8a,9a), 146.55 (Bbt-arom-p-C), 148.91 (d, ZJcp =
9.1 Hz, Bbt-arom-0-C); 3'PNMR (121 MHz, C¢Dg, rt): &
—81.9, —80.3 (AB quartet, 'Jpp = 227 Hz). HRMS (FAB) m/z,
found: 895.3610 ([M + HJ%), caled for C4qH77P,SSi; (M +
H]™): 895.3606. Anal. Found: C, 58.93; H, 8.69%. Calcd for
C44H76P»SSi7: C, 59.00; H, 8.55%.

Reaction of BbtP=P(9-Anth) (1b) with Elemental Sele-
nium. A C¢Dg suspension (0.8 mL) of BbtP=P(9-Anth) (1b,
60.5mg, 70.0 umol) and elemental selenium (gray selenium,
27.6mg, 0.350 mmol) was degassed and sealed in an NMR
tube. After heating at 80 °C for 6h, the reaction mixture was
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filtered through Celite® with benzene. The solvent of the filtrate
was removed under reduced pressure, and the residue was
washed with hexane to afford 2-anthryl-3-Bbt-selenadiphos-
phirane (15, 55.6mg, 59.0 umol, 84%). 15: yellow crystals,
mp: 224 °C (decomp.). 'HNMR (400 MHz, C¢Dq, r.t.): 8 0.28
(s, 18H, SiMe3), 0.36 (s, 27H, SiMes), 0.41 (s, 18H, SiMe3),
3.66-3.68 (m, 2H, Bbt-o-benzyl), 6.96 (d, “Jup = 2.2 Hz, 2H,
Bbt-m-aromH), 7.16 (dd, Jyy = 8.0Hz, 3Jyy = 6.5Hz, 2H,
Anth-3,6), 7.38 (ddd, *Jyy = 9.0Hz, 3Jyy = 6.5Hz, “Jyy =
1.0Hz, 2H, Anth-2,7), 7.63 (d, 3Jun = 8.0 Hz, 2H, Anth-4,5),
7.94 (s, 1H, Anth-10), 9.16 (d, *Juy = 9.0 Hz, 2H, Anth-1,8);
BC{'H}NMR (100 MHz, C¢Dq, r.t.): 8 1.72 (d, J= 2.4Hz, o-
SiMes), 2.18 (0-SiMe3), 5.74 (p-SiMes), 22.36 (Bbt-p-benzyl),
32.14 (pseudotriplet, *Jep = 5.7 Hz, “Jcp = 5.7 Hz, Bbt-o-ben-
zyl), 125.11 (Anth-3,6), 126.49 (d, “Jop = 2.5Hz, Anth-2,7),
127.74 (Bbt-arom-m-CH), 128.37 (pseudotriplet, 3Jcp = 8.1
Hz, “Jop = 8.1 Hz, Anth-1,8), 129.91 (Anth-4,5), 131.00 (br d,
“Jop = 2.1Hz, Anth-10), 131.60 (Anth-4a,10a), 132.91 (d,
Jep = 77Hz, Bbt-Cipso), 133.89 (d, 'Jep = 80Hz, Anth-9),
134.97 (br d, 2Jcp = 8.2 Hz, Anth-8a,9a), 146.60 (Bbt-arom-p-
C), 149.24 (d, %Jcp = 12Hz, Bbt-arom-0-C); *'PNMR (121
MHz, Cg¢Dg, rt): § —70.2 (AB quartet, 'Jpp = 239.5Hz,
Upse = 125.0Hz), —63.5 (AB quartet, 'Jpp = 239.5 Hz, 'Jpg, =
123.3Hz). 77SeNMR (75 MHz, C¢Ds, 50°C): § 72.0 (pseudo-
triplet, 'Jsep = 123 Hz). HRMS (FAB) m/z, found: 943.3054
(IM + H]"), caled for C4sH77P,%SeSi; (IM + H]™): 943.3051.
Anal. Found: C, 56.18; H, 8.09%. Calcd for C44H7sP,SeSis: C,
56.07; H, 8.13%.

Reaction of BbtP=P(9-Anth) (1b) with (n-Bu);P=Te. A
THF suspension (0.6 mL) of BbtP=P(9-Anth) (1b, 60.5 mg,
70.0mmol) and (n-Bu);P=Te (231mg, 0.700 mmol) was
degassed and sealed in an NMR tube. After heating the
mixture at 80 °C for 98 h, the bright red color of the reaction
mixture turned deep red and yellow powder was precipitated.
After the signals for 1b almost disappeared, the yellow
suspension was separated by filtration and washed with hexane.
The yellow solid was dissolved in toluene and filtered through
a glass filter to remove the inorganic salt. The solvent of the
filtrate was removed under reduced pressure to afford 1,2-
dianthryl-3-Bbt-triphosphirane (20, 25.7 mg, 24.0 umol, 68%)
as yellow crystals. The solvent of the mother liquid was
removed under reduced pressure, and the residue was separated
by GPLC to afford BbtP=PBbt (21, 16.7 mg, 12.7 umol, 73%)
as red crystals. 20: yellow crystals, mp 263 °C (decomp.).
'HNMR (300 MHz, C¢Dg, 40°C): 8 0.39 (s, 36H), 0.43 (s,
27H), 4.07 (s, 2H), 6.82 (br s, 4H), 6.89 (pseudotriplet, *Jyy =
6.8Hz, 4H), 7.07 (d, “Jup = 2.5Hz, 2H), 7.26 (d, *Juy =
8.9Hz, 4H), 7.46 (s, 2H), 9.11 (d, *Jyy =8.5Hz, 4H);
3IPNMR (121 MHz, C¢Dg, 1.t.): § —92.9, —127.4 (A,B spin
pattern, 'Jpp = 188 Hz). HRMS (FAB) m/z, found: 1071.4335
(IM + H]%), caled for CsgHggP3Si; (IM + H]T): 1071.4327.
Anal. Found: C, 64.15; H, 8.00%. Calcd for CsgHgsP3Sis: C,
64.99; H, 7.99%. The signals observed in the 3CNMR
spectrum could not be assigned due to the complication.

Reaction of BbtP=P(9-Anth) (1b) with 2,3-Dimethyl-1,3-
butadiene. A C¢Dg suspension (0.9 mL) of BbtP=P(9-Anth)
(1b, 51.8mg, 60.0umol) and 2,3-dimethyl-1,3-butadiene
(68 uL, 49mg, 0.60mmol) was degassed and sealed in an
NMR tube. After heating at 60°C for 15h, the solvent was
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removed under reduced pressure. The residue was separated by
GPLC to afford 1,2-diphosphacyclohex-4-ene derivative 29
(37.9mg, 40.1 umol, 67%). 29: yellow crystals, mp: 198 °C
(decomp.). 'THNMR (400 MHz, C¢D,, 50°C): § —0.33 (br s,
18H), 0.15 (s, 18H), 0.23 (s, 27H), 1.65 (d, J = 2.9Hz, 3H),
2.10 (s, 3H), 2.40 (dt, J=12.6, 10.2Hz, 1H), 2.51 (dd, J=
15.4, 2.8Hz, 1H), 3.19-3.31 (m, 1H), 3.36 (br s, 2H), 3.41-
3.45 (m, 1H), 6.71 (s, 2H), 7.26-7.35 (m, 4H), 7.82 (d, *Jyn =
8.5Hz, 2H), 829 (s, 1H), 9.39 (d, *Jyy=S8.0Hz, 2H);
BC{'H}NMR (100 MHz, C¢Dj,, 50°C): § 1.83 (CH3), 2.24
(CH3;), 5.93 (CH3), 20.03 (CH3), 21.40 (CHj3), 22.95, 29.76 (d,
3Jep = 9.1Hz, CH), 29.96 (d, *Jep = 9.1 Hz, CH), 31.74 (dd,
Jep = 22.3Hz, %Jep =9.1Hz, CH,), 33.24 (dd, 'Jep =20.6
Hz, 2Jcp = 4.9Hz, CH,), 125.12 (CH), 125.48 (CH), 127.80
(dd, 2Jep =4.5Hz, 3Jcp =2.1Hz), 128.14 (CH), 128.57 (d,
Jep =21.0Hz, 2Jep=2.9Hz), 129.51 (CH), 130.43 (dd,
3Jep = 20.2Hz, “Jep = 14.4Hz, CH), 130.81 (d, 2Jep =49
Hz), 131.24 (CH), 132.86 (dd, *Jcp = 2.0Hz, “Jcp = 2.0Hz),
133.03 (d, 'Jep = 28.0Hz), 138.03 (dd, 2Jcp = 9.5Hz, 3Jcp =
4.5Hz), 146.75, 153.52; 3 PNMR (121 MHz, C¢Dy, rt): 8
—58.2, —57.4 (AB quartet, 'Jpp = 208 Hz). HRMS (FAB) m/z,
found: 945.4689 (M + H]™), calcd for CsoHgsP,Si; ([M +
H]™): 945.4668. Anal. Found: C, 63.38; H, 9.38%. Calcd for
C50H86P28i73 C, 6350, H, 9.17%.

Reaction of BbtP=P(9-Anth) (1b) with Maleic Anhydride
(30a). A C¢Dg suspension (0.9 mL) of BbtP=P(9-Anth) (1b,
51.8mg, 60.0umol) and maleic anhydride (30a, 17.8mg,
0.182 mmol) was degassed and sealed in an NMR tube. After
heating at 120°C for 14h, the reaction mixture was filtered
through Celite® with toluene. The solvent of the filtrate was
removed under reduced pressure, and the residue was separated
by GPLC to afford maleic anhydride adduct 31a (49.1mg,
51.1 umol, 85%). 31a: orange crystals, mp: 235 °C (decomp.).
'"HNMR (400 MHz, CgDs, r.t.): 8 0.368 (s, 18H), 0.370 (s,
18H), 0.45 (s, 27H), 2.76 (dd, *Juyg = 9.1, 3.3 Hz, 1H), 2.85 (s,
2H), 4.53 (d, *Jun = 3.3Hz, 1H), 4.55 (br d, *Juy = 9.1 Hz,
1H), 6.77 (ddd, 3Juy = 7.5, 7.3 Hz, “Juy = 1.2Hz, 1H), 6.84
(ddd, *Juy=7.5, 7.3Hz, “Juu=1.5Hz, 1H), 6.92 (ddd,
SJup = 7.3, 7.3Hz, “Jyg = 1.0Hz, 1H), 6.97 (dd, *Jyy=7.3
Hz, 3Jyg = 1.5Hz, 1H), 7.06 (dd, /gy = 7.3Hz, YUy =1.2
Hz, 1H), 7.14 (ddd, *Jyy = 7.8, 7.3 Hz, “Jun = 1.5Hz, 1H),%
7.26 (s, 2H), 7.74 (d, 3Juu = 7.8 Hz, 1H), 7.84 (d, *Juu = 7.3
Hz, 1H); *C {'H} NMR (100 MHz, C¢Dq, r.t.): § 1.83 (CH3),
1.88 (CHj3), 5.67 (CH3), 22.61, 33.53 (CH), 46.55 (CH), 49.94
(CH), 52.85 (d, %Jcp = 15.7Hz, CH), 56.78 (d, 'Jep = 66.8
Hz), 124.60 (CH), 125.60 (d, 3Jcp =23.9Hz, CH), 125.90
(CH), 126.28 (CH), 127.00 (CH), 127.32 (CH), 127.68
(CH x 2), 127.86 (CH), 134.85 (br d, Jep=34.6Hz),
138.85, 141.13 (br d, 2Jcp=10.7Hz), 142.58, 143.98,
146.39, 147.36, 169.79; 3'PNMR (121 MHz, C¢Dg, r.t): 8
520.3, 571.2 (AB quartet, 'Jpp = 583 Hz). HRMS (FAB) m/z,
found: 961.3905 (M + H]*"), caled for CygH7903P;Sis
(IM + H]%): 961.3889. Anal. Found: C, 59.67, H, 8.42%.
Caled for C43H7305P,Si;: C, 59.95; H, 8.18%. UV-vis
(hexane): Ap.x 487 (& 420), 370 (sh, 2100), 323 nm (6900).

Reaction of BbtP=P(9-Anth) (1b) with N-Phenylmale-
imide (30b). A C¢Dg suspension (0.9 mL) of BbtP=P(9-Anth)
(1b, 51.8 mg, 60.0 umol) and N-phenylmaleimide (30b, 31.2
mg, 0.180 mmol) was degassed and sealed in an NMR tube.
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After heating at 120 °C for 6 h, the reaction mixture was filtered
through Celite® with toluene. The solvent of the filtrate was
removed under reduced pressure, and then the residue was
separated by GPLC to afford N-phenylmaleimide adduct 31b
(53.7mg, 51.7umol, 86%). 31b: orange crystals, mp: 232 °C
(decomp.). 'THNMR (400 MHz, C¢Dg, r.t.): § 0.348 (s, 18H),
0.356 (s, 18H), 0.45 (s, 27H), 2.976 (dd, *Jyy = 8.5, 3.1 Hz,
1H), 2.982 (s, 2H), 4.60 (br d, *Jyy = 8.5Hz, 1H), 4.79 (d,
3Ji = 3.1Hz, 1H), 6.71-6.74 (m, 2H), 6.81-6.91 (m, 3H),
6.96-7.03 (m, 3H), 7.14 (d, 3Juy = 7.5Hz, 1H),*® 7.16 (dd,
3Jun = 7.0Hz, *Jyy = 1.4Hz, 1H),*¢ 7.23 (ddd, 3Juyy=17.5,
7.5Hz, “Jyy = 1.3Hz, 1H), 7.25 (s, 2H), 7.92 (d, Jyu =
7.5Hz, 1H), 7.94 (d, 3Jyg=7.5Hz, 1H); BC{'H}NMR
(100 MHz, C¢Ds, r.t.): § 1.83 (CH;), 1.88 (CHj3), 5.68 (CH3),
22.52, 33.18 (CH), 47.21 (CH), 49.36 (CH), 52.57 (d, %Jcp =
13.2Hz, CH), 57.05 (d, 'Jep = 64.3 Hz), 124.68 (CH), 125.72
(d, 3Jep = 19.0Hz, CH), 125.81 (CH), 126.10 (CH), 126.51
(CH), 127.06 (CH), 127.19 (CH x 2), 127.26 (br, CH), 127.62
(CH), 128.27 (CH), 128.57 (CH), 132.29, 135.74 (d, 'Jep =
27.2Hz), 139.84, 141.58 (d, 3Jcp = 4.9Hz), 143.39, 144.53,
146.42, 146.91, 174.55, 174.61; 3'PNMR (121 MHz, C¢Ds,
r.t.): § 525.8, 564.3 (AB quartet, 'Jpp = 577 Hz). HRMS (FAB)
m/z, found: 1036.4352 ([M + H]+), calcd for C54H84N02P28i7
(IM + HJ"): 1036.4362. Anal. Found: C, 62.63; H, 8.09; N,
1.40%. Calcd for Cs4HgsNO,P,Si;: C, 62.56; H, 8.07; N,
1.35%. UV-vis (hexane): Ay, 484 (¢ 390), 369 (sh, 2300),
328 nm (6400).

Reaction of BbtP=P(9-Anth) (1b) with 30 equiv of
Fumaronitrile (30c). A C¢Dg suspension (0.9mL) of
BbtP=P(9-Anth) (1b, 51.8 mg, 60.0 umol) and fumaronitrile
(30c, 141 mg, 1.81 mmol) was degassed and sealed in an NMR
tube. After heating at 120 °C for 13 h, the starting material 1b
and fumaronitrile adduct 31c were observed in the ratio of 3:97
as judged by the 'THNMR spectra together with maleonitrile
(30d).°7 After the reaction mixture was filtered through Celite®
with toluene, the solvent of the filtrate was removed under
reduced pressure. The residue was separated by GPLC and then
PTLC (eluent: benzene, R;=0.5) to afford fumaronitrile
adduct 31c (47.1 mg, 50.0 umol, 83%) 31c: orange crystals,
mp: 210°C (decomp.). 'HNMR (400 MHz, C¢Dg, r.t.): § 0.29
(s, 18H), 0.35 (s, 18H), 0.42 (s, 27H), 2.59 (s, 2H), 2.67 (dd,
3Jun = 4.1, 2.7Hz, 1H), 3.92 (d, *Juu = 2.7Hz, 1H), 4.46 (d,
3Jyn = 4.1Hz, 1H), 6.89-7.02 (m, 4H), 7.10-7.16 (m, 2H),
7.20 (s, 2H), 7.65 (d, 3Juy = 7.5Hz, 1H), 7.89 (d, *Juy =
7.5Hz, 1H); BC{'H}NMR (100MHz, C¢Dg, r.t): 8 1.84
(CH3), 1.89 (CHj3), 5.63 (CH3), 22.65, 34.11 (CH), 38.13 (CH),
42.48 (d, 2Jop = 26.4Hz, CH), 46.94 (CH), 56.68 (d, "Jep =
63.5Hz), 118.29, 118.98, 125.19 (CH), 126.19 (br, CH),
126.24 (CH), 126.43 (br d, 3Jcp = 26.4 Hz, CH), 127.06 (CH),
127.67 (CH), 127.71 (CH x 2), 128.20 (CH), 133.74 (d, 'Jcp =
30.5Hz), 139.65, 140.17, 140.42 (d, %Jcp = 9.1 Hz), 142.62,
146.40, 147.79; 3'PNMR (121 MHz, C¢Dq, r.t.): 8 518.8, 579.4
(AB quartet, 'Jpp = 592Hz); HRMS (FAB) m/z, found:
941.4102 (M + H]™), caled for CygH79N,P,Si; (M + H]1):
941.4103. Anal. Found: C, 61.07; H, 8.36; N, 3.07%. Calcd for
C4gH7sN,P,Si7: C, 61.22; H, 8.35; N, 2.97%. UV-vis (hexane):
Amax 490 (& 450), 369 (1900), 317 nm (7700).

Reaction of BbtP=P(9-Anth) (1b) with 30 equiv of
Maleonitrile (30d). A Cg¢Dg¢ suspension (0.9mL) of
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BbtP=P(9-Anth) (1b, 51.8 mg, 60.0 umol) and maleonitrile
(30d, 141 mg, 1.81 mmol) was degassed and sealed in an NMR
tube. After heating at 120 °C for 12h, the starting material 1b
and maleonitrile adduct 31d were observed in the ratio of
3:97 as judged by the 'HNMR spectra together with trace
amount of 3lc and fumaronitrile (30c).” The reaction
mixture was separated by GPLC and then PTLC (eluent:
benzene, Ry = 0.4) to afford maleonitrile adduct 31d (40.2 mg,
42.7 umol, 71%). 31d: orange crystals, mp: 215 °C (decomp.).
"HNMR (400 MHz, C¢Dg, r.t.): § 0.35 (s, 18H), 0.37 (s, 18H),
0.44 (s, 27H), 2.29 (dd, *Jyy = 9.7, 2.2Hz, 1H), 2.65 (s, 2H),
3.98 (d, 3Jyy = 2.2Hz, 1H), 4.11 (d, *Jyg = 9.7Hz, 1H), 6.83
(dd, 3y = 7.3Hz, “yy = 1.2Hz, 1H), 6.88-6.93 (m, 2H),
6.96 (ddd, 3Jyy = 7.5, 7.3 Hz, “Juyy = 1.5Hz, 1H), 7.08 (ddd,
3Jun = 7.8, 7.5Hz, “Jyy = 1.2Hz, 1H), 7.18 (dd, *Jyy = 7.0
Hz, “Juyn = 1.5Hz, 1H), 7.23 (s, 2H), 7.57 (d, *Jyy = 7.8 Hz,
1H), 7.86 (d, *Juy = 7.3Hz, 1H); BC{'H} NMR (100 MHz,
C¢Ds, 1.t.): 8 1.83 (CH3), 1.90 (CH3), 5.66 (CH3), 22.71, 34.06
(CH), 36.64 (CH), 41.02 (CH, d, Jcp = 26.4Hz), 47.18 (CH),
56.70 (d, 'Jep = 61.0Hz), 117.31, 117.73, 124.65 (CH), 126.14
(br d, 3Jep = 23.9Hz, CH), 126.37 (CH), 126.43 (br, CH),
126.68 (CH), 127.70 (CH), 127.78 (CH), 127.82 (CH), 128.07
(CH), 133.80 (d, 'Jep = 33.0Hz), 138.61, 140.59 (d, %Jcp =
4.9Hz), 141.53, 142.67, 146.36, 147.84; 3 PNMR (121 MHz,
C¢Ds, 1t): & 522.6, 578.3 (AB quartet, 'Jpp = 592 Hz).
HRMS (FAB) m/z, found: 941.4092 ([M + H]™), calcd for
C4sH79N,P5Si; (M + H]1): 941.4103. Anal. Found: C, 61.11;
H, 8.37; N, 3.06%. Calcd for C43H7gN,P,Si;: C, 61.22; H, 8.35;
N, 2.97%. UV-vis (hexane): Ay, 491 (& 450), 366 (1800),
317 nm (7700).

Reaction of BbtP=P(9-Anth) (1b) with 5 equiv of
Fumaronitrile (30c). A CgDg suspension (0.9mL) of
BbtP=P(9-Anth) (1b, 51.8 mg, 60.0 umol) and fumaronitrile
(30c, 23.4mg, 0.300mmol) was degassed and sealed in an
NMR tube. After heating at 120°C for 72h, the starting
material 1b, fumaronitrile adduct 31¢, and maleonitrile adduct
31d were observed in the ratio of 14:63:23 as judged by the
'THNMR spectra together with maleonitrile (30d).®” The
reaction mixture was separated by GPLC and then PTLC
(eluent: benzene) to afford fumaronitrile adduct 31¢ (25.1 mg,
26.6umol, 44%) and maleonitrile adduct 31d (8.4mg,
8.9 umol, 15%) as orange crystals, respectively.

Reaction of Anthracene with 5 equiv of Fumaronitrile
(30c). A C¢Dg suspension (0.9 mL) of anthracene (10.7 mg,
60.0 umol) and fumaronitrile (30¢, 23.4 mg, 0.300 mmol) was
degassed and sealed in an NMR tube. After heating at 120 °C
for 24 h, the signals of anthracene disappeared as judged by the
"HNMR spectra. No change was observed by 'HNMR spectra
after the additional heating at 120 °C for 48 h. The unreacted
fumaronitrile and the solvent of the reaction mixture were
removed under reduced pressure to afford the corresponding
[4 + 2] cycloadduct of fumaronitrile (15.6mg, 60 pumol,
>99%). Data: colorless solids, mp: 194°C (sublimed; lit.%%
274°C, 1it.%8 259 °C, 1it.%% 259-260°C). 'HNMR (400 MHz,
CDCl;, r.t.): § 3.13-3.14 (m, 2H), 4.64 (m, 2H), 7.23-7.30 (m,
4H), 7.34-7.38 (m, 2H), 7.44-7.47 (m, 2H); “C{'H} NMR
(75MHz, CDCl;, rt.): § 35.47 (CH), 46.32 (CH), 118.47,
124.16 (CH), 125.75 (CH), 127.82 (CH), 127.91 (CH), 137.33,
139.27. HRMS (EI) m/z, found: 256.0996 (IM]™), calcd for
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C1gH2Ny (IM]1): 256.1000. Anal. Found: C, 84.43; H, 4.84;
N, 10.83%. Calcd for CisH,Ny: C, 84.35; H, 4.72; N, 10.93%.

Thermal Reaction of Fumaronitrile (30c): A CgDg
solution (0.75mL) of fumaronitrile (30¢, 15.6 mg, 0.20 mmol)
was degassed and sealed in an NMR tube. After heating at
120 °C for 60 h, no change was observed by 'HNMR spectrum.

Isomerization of Fumaronitrile (30c) into Maleonitrile
(30d) in the Presence of Diphosphene (BbtP=PBbt): A
CgDg solution (0.6 mL) of BbtP=PBbt (6.6 mg, 5.0 umol) and
fumaronitrile (30¢, 11.7mg, 0.150 mmol) was degassed and
sealed in an NMR tube. After heating at 120°C for 24h,
fumaronitrile (30¢) and maleonitirile (30d) were observed in
the ratio of 68:32 as judged by 'HNMR spectrum.

Thermal Reactions of [4 + 2] Cycloadducts 31a, 31¢, and
31d in the Presence of N-Phenylmaleimide: A C¢Dg
solution (0.7mL) of [4 4 2] cycloadduct 31 (7.2 umol) and
N-phenylmaleimide (30b, 12.5mg, 72.2 umol) was degassed
and sealed in an NMR tube, and then heated at 120 °C for 24 h.

With maleic anhydride adduct 31a (6.9mg), the signals
for 31a, maleimide adduct 31b generated from the [4 + 2]
cycloaddition of anthryldiphosphene 1b and 30b, and the
dissociated olefin 30a was observed in the ratio of 88/12/4
(31a/31b/30a).

With fumaronitrile adduct 31¢ (6.8 mg), the signals for 31e¢,
maleimide adduct 31b, and the dissociated olefin 30¢ was
observed in the ratio of 83/17/4 (31¢/31b/30¢).

With maleonitrile adduct 31d (6.8 mg), the signals for 31d,
maleimide adduct 31b, and the dissociated olefin 30d was
observed in the ratio of 63/37/18 (31d/31b/30d).

X-ray Crystallographic Analysis of [2a-toluene],
[2a-2(benzene)], [2b-benzene], 13, 14, 15, and 29. Crystal
data for 1a,'® 1b,'7 20,'® and 31a-31d!” have been previously
reported. Single crystals of [2a-toluene], [2a-2(benzene)],
[2b-benzene], 13, 14, 15, and 29 were grown by slow
recrystallization of their solution (toluene at —40°C for [2a-
toluene], THF /benzene at room temperature for [2a-2(ben-
zene)], [2b-benzene], and 15, and toluene at room temperature
for 13 and 14) in a glovebox filled with argon or by slow
recrystallization of its hexane solution at room temperature for
29 in a degassed and sealed tube, respectively. The intensity
data were collected on a Rigaku Saturn70 CCD system with
VariMax Mo Optic using Mo K« radiation (4 = 0.71070 A) for
[2a-toluene], [2a-2(benzene)], 13, and 15 or on a Rigaku
Mercury CCD diffractometer with graphite-monochromated
Mo Ko radiation (4 = 0.71070 10%) for [2b-benzene], 14, and
29). Crystal data of [2a-toluene], [2a-2(benzene)], [2b-ben-
zene], 13, 14, 15, and 29 are shown in Tables 8 and 9. The
structure was solved by direct method (SIR-97% or SHELXS-
977071y and refined by full-matrix least-squares procedures on
F? for all reflections (SHELXL-977"). All hydrogen atoms were
placed using AFIX instructions, while all the other atoms were
refined anisotropically. The toluene molecule of [2a-toluene]
was disordered and restrained using SADI instructions and
refined isotropically. The benzene molecules of [2a-2(ben-
zene)] were disordered and their occupancies were refined
(0.70:0.30). One of the SiMe; groups at the para-position of
the Bbt group of [2b-benzene] was disordered and their
occupancies were refined (0.60:0.40). The SiMes group at the
para-position of the Bbt group of 29 was disordered and their
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Table 8. Crystal Data for [2a-toluene], [2a-2(benzene)], and [2b-benzene]

[2a-toluene]

[2a-2(benzene)]

[2b-benzene]

Formula Cy5H34P4Si12 CgoH138P4Si12 CgoH148P4Si 4
Formula weight 1496.78 1560.86 1627.12
Crystal dimensions/mm> 0.12 x 0.07 x 0.01 0.20 x 0.10 x 0.02 0.30 x 0.25 x 0.20
Temperature /K 103(2) 103(2) 103(2)
Crystal system triclinic triclinic monoclinic
Space group P1 (#2) P1 (#2) P2y/n (#14)
Lattice parameters
a/A 12.8565(4) 11.3090(4) 13.7457(5)
b/A 18.2969(3) 12.9678(6) 21.6626(14)
c/A 22.8753(6) 17.4048(6) 17.7072(7)
o/ 114.1033(13) 80.4087(17) 90
B/° 101.2683(16) 70.9895(15) 110.0132(16)
y/° 89.589(2) 80.9990(14) 90
V/A3 4801.3(2) 2365.18(16) 4954.2(4)
VA 2 1 2
Dealea/gcm™3 1.035 1.096 1.091
/mm-™"! 0.263 0.269 0.282
26max/° 51 51 51
No. of reflections 50895 21031 43114
Independent reflections 17635 8747 9217
No. of parameters 841 482 479
Rint 0.0465 0.0690 0.0501
Completeness to 68/% 98.5 99.3 99.8
Ry [I > 20(])] 0.0559 0.0579 0.0590
wR; (all data) 0.1564 0.1457 0.1534
Largest diff. peak/e. A3 0.814 0.657 0.734
Largest diff. hole/e. A3 —0.456 —0.738 —0.949
Goodness-of-fit 1.038 1.030 1.027
Table 9. Crystal Data for 13, 14, 15, and 29
13 14 15 29
Formula C46H68CI“05P2816 C44H76PQSSi7 C44H76P2868i7 C50H36P28i7
Formula weight 983.48 895.68 942.58 945.76
Crystal dimensions/mm? 0.12 x 0.10 x 0.01 0.30 x 0.15 x 0.10  0.08 x 0.05 x 0.01  0.20 x 0.10 x 0.10
Temperature /K 103(2) 103(2) 103(2) 103(2)
Crystal system monoclinic triclinic triclinic triclinic
Space group P2,/n (#14) P1 (#2) P1 (#2) P1 (#2)
Lattice parameters
a/A 14.5601(2) 9.1987(11) 9.2554(2) 9.7559(4)
b/A 24.8189(3) 12.8602(17) 12.9484(2) 15.2253(4)
c/A 16.1422(2) 24.446(4) 22.7049(4) 19.4232(10)
o/ 90 75.796(9) 79.0674(9) 84.872(5)
B/° 112.9695(5) 78.454(6) 85.2365(8) 88.670(6)
y/° 90 69.799(5) 81.1160(12) 82.224(6)
VA3 5370.73(12) 2609.7(6) 2635.52(8) 2846.9(2)
VA 4 2 2 2
Deyieq/gem™ 1.216 1.140 1.188 1.103
w/mm~! 0.446 0.312 0.960 0.254
26max/° 51 51 51 51
No. of reflections 47458 22005 23573 24920
Independent reflections 9997 9468 9765 10482
No. of parameters 559 584 508 574
Rint 0.0930 0.0813 0.0323 0.0344
Completeness to 8/% 100.0 97.5 99.4 98.9
Ry [ > 20(])] 0.0441 0.0697 0.0353 0.0461
WR; (all data) 0.0970 0.2015 0.0891 0.1126
Largest diff. peak/e.A> 0.438 0.686 0.761 0.379
Largest diff. hole/e. A~ —0.300 —0.377 —0.346 —0.340
Goodness-of-fit 1.052 1.002 1.040 1.082
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occupancies were refined (0.92:0.08). Crystallographic data for
the structure reported in this paper have been deposited with
Cambridge Crystallographic Data Centra as supplementary
publication Nos. CCDC 753012 for [2a-toluene], CCDC
753011 for [2a-2(benzene)], CCDC 753013 for [2b-benzene],
CCDC 753007 for 13, CCDC 753008 for 14, CCDC 753009
for 15, and CCDC 753010 for 29. Copies of the data can be
obtained free of charge on application to CCDC, 12, Union
Road, Cambridge, CB2 1EZ, UK. (fax: +44 1223 336033;
E-mail: deposit@ccdc.cam.ac.uk.).

Measurement of Fluorescence Spectra of 1a, 2a, 2b, and
13. Fluorescence and excitation spectra of 1a, 2a, 2b, and 13
were measured at room temperature under the condisions as
follows: 1a; Excitation wavelength for fluorescence spectra,
Aex = 400 or 530 nm; Observation wavelength for excitation
spectra, Ay, = 432 nm. 2a; Excitation wavelength for fluores-
cence spectra, Aoy = 426 or 538 nm. 2b; Excitation wavelength
for fluorescence spectra, Ae = 427 or 542 nm; 13; Excitation
wavelength for fluorescence spectra, A, = 400 or 465 nm.

Measurement of Lifetime of the Photoluminescence of 1a.
In a glovebox filled with argon, 1 was dissolved in hexane
(distilled over K mirror and then distilled by trap-to-trap). This
solution (1.3 x 10~ M) was put into a quartz cell (pathlength
1.0 cm). The fluorescent cell was degassed and sealed. Lifetime
of the photoluminescence was measured under the following
conditions: Excitation wavelength, A =400 with filter 142
(which cut under 420nm); Slit width, 500 um; Time range,
50ns; Measure times, 10000 times.

Theoretical Calculations. All theoretical calculations were
carried out using the Gaussian 9872 or 037° series of electronic
structure programs with density functional theory at B3LYP
level.”* The optimized structures of 8, [8°7], 9, and [9°~] and
TDDFT calculations of 8 have been previously reported.'> The
geometries were optimized by using B3LYP/6-31G(d) level
(for syn-2a and anti-2a), B3LYP/6-31G(d) for C, H and
6-3114G(2d) for P level (for syn-12 and anti-12), B3LYP/
6-31G(d) for C, H and TZ(2d) for P, Se (for 18 and 19), and
B3LYP/6-31G(d) for C, H, O and 6-3114+G(2d) for P level
(for 33a). It was confirmed that the optimized structures have
minimum energies by frequency calculations. The TDDFT
calculations of syn-12, anti-12, and 33a were performed at
6-314+G(2d,p) level. The GIAO calculations of 18 and 19 were
performed at 6-3114+G(2d,p) level. Theoretically optimized
coordinates of syn-2a, anti-2a, syn-12, anti-12, 18, 19, and 33a
are shown in Supporting Information, and selected molecular
orbitals of 8, syn-12, anti-12, and 33a are shown in Figure 10,
Figures S1-S3, respectively.
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Theoretically optimized coordinates of all calculated com-
pounds and selected molecular orbitals of syn-12, anti-12, and
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