Chapter 3

Isolation and Characterization of Radical Anions Deved from

a Boryl-Substituted Diphosphene
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3-1, Introduction

Structural characterization of phosphorus-centadicals has already described in chapter 1. Some
diphosphenes can be reduced chemically or elebemically to afford the corresponding anion radical
(Scheme 1 Such radical anions can also be generated by lenran oxidation of dianionic diphosphanes
or by fragmentation of dianionic tetraphosphafledlthough these diphosphene radical anions could be
detected by ESR spectroscopy, [hyperfine couplomgstantsa(31P) = 41-55 G]. However, examples of stable
diphosphene radical anions, which have been stalliticharacterized by X-ray diffraction analydisyve not
been reported. Recently, isolation of carbene-doatdd P2 radical cation was reported, and thisrteghowed
that strongly electron donating carbene could Btabiadical cation of P2 species (Chapter 1F11).

— 1leox. or R
dissociation _.. R o L o
- _/P—E, or \E/,.\l?/ \R

R R

observed by ESR
R = Mes*, (Me3Si);C, 2,6-Mes,CgH3, Tbt, Bbt, ~Bu, Ph, Cy
Mes* = 2,4,6-BusCgH,, Tbt = 2,4,6-[(Me3Si),CH]3CgH»
Bbt = 2,6-[(Me;3Si),CH]>-4-[(Me3Si);C]CgH>

Scheme 1Methods to generate persistent diphosphene raatidahs

Meanwhile, boryl-substituents exhibit extraordinargcceptor properties due to the vacant p-orbiteB ahat

is able to accept electrons of adjacent heteroatithsa lone pair. In borylphosphanes, the bondtlerf the
B-P bond is generally shorter than those of phaspbbranes on account afeprtinteractions? In addition,
stabilization of anionic species by delocalizatadrelectrons density to a vacant p orbital on B &las been
reported. For example, the author has showrnrHaaiceptor properties of the boryl group were ablstabilize
an anionic"BuLi adduct of diphosphene (Chapter®™®)Thus, the author expected that boryl group would
stabilized radical anion of diphosphene througklaahlization of electrons to the boryl groupsthis chapter,
the author will describe the synthesis and isaotatd radical anions derived from diboryldiphosphdi&,
which were characterized experimentally by singles@al X-ray diffraction analysis, ESR and UV-vis
spectroscopy, as well as theoretically by DFT dalsens. The latter showed in combination with t8R
results that spin density is delocalized over ttanB P atoms on account of titeaccepting effect of the boryl
groups.

3.2, Results and discussions

3.2.1, Synthesis of diboryldiphosphene radical anio

Cyclic voltammogram of boryl-substituted diphosphéft3 exhibited a reversible reduction wave at E -
2.24 eV. The chemical one electron reductiodI8 with KCsg in the presence/ absence of [2.2.2]-cryptand in
THF at -35 °C generated purple crystalline solidsdical anionsI13][K(THF),]" and 113][K(cryptand)]

in 60% and 690 yield, respectively (Scheme 2), and these produete structurally characterized by single-
crystal X-ray diffraction analysis (Figure 1). Inhet crystal, one of the two P atoms 3] [K(THF),]" is
coordinated to a potassium cation to form a coni@ctpair. The P-P bond lengths ih1B]{K(THF)2]*
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[2.1112(9) A] and 113][K(cryptand)]' [2.1453(19) A] are longer than that in neutral hdipphenel13
[2.0655(17) A] and those in the previously reportadbon-substituted diphosphenes [1.989(3)2.051(2Y’

A}, but still shorter than conventional P-P singtnds (~ 2.2 A¥! In addition, the B-P bond distances143]~
[K(THF)2]* (av. 1.904 A) andiL3][K(cryptand)] (av. 1.922 A) contract upon the one-electron rédnaf
113[B-P: 1.936(3) A]. The two B-containing planeqi13][K(THF);]" adopt an almost coplanar orientation
with respect to the planar [B-P=P-B] moiety [P182-N3 175.22(15) and N1-B1-P1-P2 167.02(17)], while
one of the two B-containing planes iHB] [K(cryptand)] is twisted relative to the P=P double bond [P1-P2-
B2-N3 133.28(3), N1-B1-P1-P2 163.07(3)]. The stuzk features of these radical anions stand thissairk
contrast to the structure 13 in which both the two boron-containing planesgdoperpendicular orientation
relative to the central P=P double bond. The thautsined structural data indicate that these radicadns
exhibit a multiple-bond character for the P-P ar Ponds, probably due to a delocalization of thpaired

electron and anionic charges over the [B-P-P-Bletyoi

K*(thf), [K(cryptand)] "
Dip | ) kcg | DiP )

N | . N .
.| Dip [2.2.2]- . Dip
[ /B—Ii\ N KCg | cryptand[ ,B_F\)\ |

N b8 | "5 PP oI N P—B/N]
Dip \ THF | THF Dip EN
N™ | —35°C -35 °C I

L Dip 1 0% 113 699 L Dip _

[113 1 [K(THF),*

B = B(NDIpCH,),

[113 T[K(cryptand)]*

Scheme 2. Synthesis of the radical anidid8| [K(THF),]* and L13][K(cryptand)]
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Figure 1. Crystal structures of13][K(THF)2]" and 113][K(cryptand)] (thermal ellipsoids set at 50 %
probability; hydrogen atoms, minor parts of dissedeTHF molecules, and [K(cryptantjjation are omitted
for clarity). Selected bond lengths [A] and andfdor [113][K(THF)2]*: P1-B1 1.901(3), P2-B2 1.907(3)
B1-N1 1.444(3), B1-N2 1.444(3), B2-N3 1.430(3), R2- 1.432(3), P1-P2 2.1112(9), P1-P2-B2-N3
175.22(15), N2-B1-P1-P2 167.02(17); selected bendths [A] and angles [°] forl L3] [K(cryptand)]: P1-
B1 1.923(5), P2-B2 1.921(4) B1-N1 1.450(5), B1-N2756(5), B2-N3 1.445(5), B2-N4 1.462(5), P1-P2
2.1452(19), P1-P2-B2-N3 133.28(3), N1-B1-P1-P2 0B®).

3.2.2, ESR and UV-vis absorption spectra of dibordiphosphene radical anions

Both compounds exhibited identical ESR spectraoatr temperature, which show thatlB] [K(THF),]*
exists mainly as a separated ion pair in THF. mEBR spectrum ofL[L3]” [K(cryptand)] , a triplet signal was
observed afj = 2.013, which arises from the two magneticallyieglent P nuclei. (Figure J)his result is
comparable to those of previously reported diphespkderived radical aniong € 2.007 — 2.018) (Table .
The magnitude of hyperfine coupling with the twapphorus nucleid(®*'P) = 37.3 G] is significantly smaller
in [113][K(cryptand)] than in all other previously reported persistaphdsphene radical anions (41-55 G).
Including the contribution of the B nucle°B) = 0.7 G;a(*'B) = 2.0 G] into a simulation allowed a close
reproduction of the observed spectrum. These sesudicate that, in contrast to the case of carhdrstituted
diphosphenes, the electrons on the P atoms sdakthavacant p-orbitals of the B atoms.

sim.

obs.

320 330 340 350
Magnetic Field [mT]

Figure 3. ESR spectrum ofi[L3][K(cryptand)] in THF at 298 K (red) and simulated ESR spectrbhag)
using the following parameters: g = 2.0186'P) = 37.3 Ga(*°B) = 0.7 G, andi(**'B) = 2.0 G. The simulation
was performed on four isotopomet8(1'B):(*B-19B):(**B-1'B):(**B-1°B) in a 64:16:16:4 ratio (calculated from
the natural abundance of boron nuct&/'°B=80:20).
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The difference between observed and simulated rspatt-337 mT is due to a slow tumbling motion loa t
ESR timescale. The UV-vis absorption spectra agefradical anions in THF showed characteristic rgbiem
maxima at 513 nm (Figure 4), which are slightly ebkhifted compared to those of previously reported
diphosphene radical anions. The identical absarptiaxima and ESR spectra of these two species geppo
the notion that J13]TK(THF).]" exists as a separated ion pair in THF. In the dongavelength region,
shoulders of relatively low intensity were obseraed670 nmg 80-140), which are red-shifted in comparison
to that of a Tht-substituted diphosphene radicadrad This shift should be attributed to the energatigdring

of the SOMO on account of theaccepting substituent effect of the boryl grouls.a result, the absorption
edge extends up to 750 nm. Based on time-depebBdan{TD-DFT) calculations ornl[L3]", these absorptions
were assigned to SOMO-related transitions, inclg@drsymmetry forbidden-SOMO transition with a small
oscillator strengthf(= 0.0001) at 726 nm (for details of the DFT cadtians,vide infrg).

Table 1.ESR data of a variety diphosphene anion radicad@anh temperature.

g value ai®P) (G)
Tbt,P, 2 2.010 176 &|n THF solution of isolated [Li(dme]*[Ar,P,]"~ (Ar = Tbtor Bbt).
b 2 ' ' b Generated by the reduction of neutral Mes
Bbt,P, @ 2.009 48.0 with sodium naphthalenidein THF.

Mes*P, 2.010°/2.013¢ 55°/55¢  CGenerated by the bulk electrolysis in THFEUNBF,).

Tsi,P;  2.018%/2 01119 43¢/43.59 dGenerated by the bulk electrolysis in DME (0.1nNBusNBF,).
€ Generated by the reduction of neutral (Ar = 2,6-e8itylp-tolyl) with

ArZP.Z.__ 2.007 46 sodium metal or potassium napthalenidein THF.
tBu2P2f 2.0103 45.47 f Generated from K'Bu,P,] in THF.
pth;g 2.0089 40.9 9Generated from N&R,P,] in THF (R = phenyl or cyclohexyl).
CysP2%  2.0099 45.2
7 0.1
0.3 3.0E-04
6 1 2.5E-04
1 0.08
= 5 0.2 1 2.0E-04 <
£ ©
c
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Figure 4. UV-vis spectra ofJ13][K(THF),]* (red) and 113][K(cryptand)] (blue) in THF (125uM) at room
temperature, together with transitions 18]~ (black) calculated at the UB3LYP/6-31G(d) leveltbéory;

inset: expanded spectra and oscillator strengtth#s620-780 nm region.
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3.2.3, Stability of diboryldiphosphene radical anios in THF

The thermal stability of [13][K(THF),]* was estimated by UV-vis spectroscopy. Leaving & Bdlution of
[113][K(THF)2]" led to decreasing of the absorption at 513 nmufieig). After 6 h, the absorbance d13]~
[K(THF),]* decreased to about half of the original value.lé/lihe decomposition o113]K(cryptand)f was
slower than that oflfL3][K(THF),]* (Figure 5). Thus, the separation of #om diphosphene radical anion
improved its thermal stability.
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Figure 4. UV-vis spectra of J13][K(THF),]* in THF at room temperature (the reaction time&g®min, 3 h 8
min, 6 h 5 min, 18 h 5 min)
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Figure 5. UV-vis spectra of]13] [K(cryptand)] in THF at room temperature (the reaction time§ 6,10 min,
44 h 15 min)
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3.2.4, DFT calculations of diboryldiphosphene radial anion

SOMO HOMO HOMO-1

Figure 7. Selected molecular orbitals of free radical afjibl3]™ calculated at the UB3LYP/6-31G(d) level of
theory (hydrogen atoms omitted for clarity, gragrhmon, blue: nitrogen, orange: phosphorus, paletpderon)

DFT calculations on the free radical anidri3]” revealed characteristic molecular orbitals thatdbee pt
prtinteractions between the B and P atoms (Figurgsipg the anionic part oLl 3] [K(THF)2]" in the crystal
structure as an initial geometry, the optimizedctire of L13] revealed two B-containing planes that adopted
an almost coplanar orientation relative to the FE2HB] moiety, which stands in contrast to the ekpentally
obtained structure oflL3] [K(THF),]*.’) The SOMO of113]" consists of ar*-type orbital of the P=P moiety
in 113and two vacant p-orbitals on the B atoms, indingat delocalization of spin density over the [B-FBJP
moiety. The HOMO and HOMO-1 correspond to lonegair the P atoms and a bondimgrbital, respectively.
These results are consistent with an elongatichef-P bond and a contraction of the B-P bond41i8]-
[K(THF)2]" and L13][K(cryptand)]. The Wiberg bond indexes 0f13]~ (P-B: 1.21, 1.21; P-P: 1.26) also
support a multiple-bond character, which is comsistwith the delocalization of the unpaired electdensity
over the [B-P=P-B] moiety (Table 2). The calculatddlliken spin density distribution (P: 0.415, 04®B
0.042, 0.043) agreed well with the hyperfine couplconstants observed in the ESR spectrum. Thésegu
an NBO analysis onlfLl3]~ suggest that donor-acceptor interactions exisivde P and B (second-order
perturbation energies: 29.63 and 29.58 kcal/maok), that they are comparable to those between NBar@6
kcal/mol).
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Table 2. Selected Mulliken spin densities, Wiberg bond iete(WBI), donor-acceptor interaction (kcal/mol)
in free [L13] from [113][K(THF),]*

7
[N<1 - op
B70—R2 \
/ \\ N11
N78
\ P1—B3
Dip N4
Di{)
atom | spin density | bond WBI donor | acceptor | interaction
P1 0.415059 P1-P2 1.2555 | P1 B3 29.67
P2 0.406843 P1-B3 1.2088 | P2 B70 29.58
B3 0.041604 P2-B70 1.2099 | N4 B3 26.51
B70 0.043364 B3-N4 0.9023 | N11 B3 25.38
N4 0.013864 B3-N11 0.8867 | N71 B70 26.84
N11 0.022139 B70-N71 | 0.9024 | N78 B70 25.58
N71 0.013381 B70-N78 | 0.8858 | P1-P2 | B3 9.48
N78 0.020631 P1-P2 | B70 9.51

Considering these results in their entity, thegaldanion L13]" is characterized by maccepting effect of the
boryl substituents and should be described idégllesonance structurdsD (Scheme 2), which are consistent
with an elongated P-P bond, contracted B-P bondd, a distribution of the unpaired electron that is
predominantly centered on the P atoms, but contdsmssmall yet significant contributions from Biaus.
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/ !

N N :
.. Di .. Di . _ . Di e« D

E B N E I R N
’ \_ P B j \_ P B j \_ P B

Dip N N
A Dp B D'P C D'P p Dip

\

Scheme 2Resonance structur@sD for radical anion113]™ (for each structure an isomer exists that is
obtained from a 180° rotation around teaxis bisecting the P-P bond).

3.3, Conclusion
In summary, the diphosphene radical aniahB3] [K(THF)2]" and [L13][K(cryptand)] were isolated and
characterized by single-crystal X-ray diffractionadysis, UV-vis and ESR spectroscopy, as well a§ DF
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calculations. The results revealed that the radin@ns are characterized by th@ccepting properties of the
boryl substituents, and that the spin density leadized over the B-P=P-B moiety.

Experimental procedure

General procedures

All manipulations involving the air- and moisturersitive compounds were carried out in a glovelikorda
KIYON) under argon. THF, toluene, amdhexane were purified by passing through a solyemification
system (Grass Contour). THF was degassed and weastgr stirring with Na/K alloy at room temperattne
the glovebox prior to use. Potassium (purchaseu anto Chemical Co., Inc., containing 0.1% sodamd
0.001% silicon) was washed with hexane before #& Melting points were determined on Optimelt (BRS
and were uncorrected. Elemental analyses wererpsgtbon a Perkin EImer 2400 series Il CHN analyXer.
ray crystallographic analysis was performed on Mawi/Saturn CCD diffractometer. UV/vis spectrum was
recorded on DT-MINI-2-GS (Ocean Optics). ESR spzeatere recorded on JES-X330 (JEOL) and were fitted
with simulated spectrum to calculate hyperfine dimgpconstants. Kgand boryl-substituted diphosphehie3
were synthesized according to the literature proeed!t®

Synthesis of [L13[K(THF) 2]*

In a glovebox, precooled THF (5 mL) at —30 °C wddeaal to a mixture af13(80.0 mg, 95.21mol) and KG
(15.4 mg, 114umol) in a 15 mL vial. The color of the resultingiwion rapidly turned into violet. After the
reaction mixture was stirred at —30 °C for 2 h, rdmulting suspension was filtered through a paGadite to
remove graphite. Removal of solvents from thediktrunder reduced pressure formed a purple solid. T
residue was recrystallized from hexane/THF to ¢S] [K(THF).]" as purple crystals (58.4 mg, 5Tutol,

60 %). mp: 248.2-249.9 °C (dec.). It was difficult tbtain satisfactory data of elemental analysis beead
rapid decomposition.

Synthesis of [113[K(cryptand)] *

In a glovebox, precooled THF (4.4 mL) at —30 °C wdded to a mixture df13(70.0 mg, 83.2umol), KCs
(13.5 mg, 10Qumol), and [2.2.2]-cryptand (37.6 mg, 1Qfnol) in a 15 mL vial. The color of the resulting
solution rapidly turned into violet. After the reé@mn mixture was stirred at —30 °C for 2 h, theutisg
suspension was filtered through a pad of Celitetoove graphite. Removal of solvents from thedikrunder
reduced pressure formed a purple solid. The resida® recrystallized from toluene/THF to givElB]™
[K(cryptand)] as purple crystals (72.3 mg, 5umol, 69 %). mp: 207.7-208.6 °C (decAnal. calcd. for
CroH11B2KNgOsP2: C, 66.9; H, 8.99; N, 6.69. Found: C, 66.6; H8 R, 6.67.

ESR spectra of [113[K(THF) 2]* and [113] [K(cryptand)] *

A solid of each compound was dissolved in a qugldzs tube by vacuum distillation of THF under reshl
pressure. Before melting the solvents, the regukample was sealed with flame under reduced peasEhe
ESR spectrum of each sample was recorded at ranpetature (Figure S1). The sample bE3] [K(THF),]*
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was further heated at 50 °C for 5 min and at 8@0tC15 min, and then ESR spectrum was recorded Mith
marker (Figure S2).

320 330 340 350
Magnetic Field [mT]

Figure S1.ESR spectra ofl[L3][K(THF),]* (red) and 113][K(cryptand)] (blue) with normalization of the

intensity

320 330 340 350
Magnetic Field [mT]

Figure S2.ESR spectrum ofl[L3] [K(THF)2]" with Mn marker (red) and ESR spectrum of the saameple
after heating at 80 °C (blue)

2. Details for X-Ray Crystallography
Details of the crystal data and a summary of thenisity data collection parametefisl B] {K(THF),]* and
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[113][K(cryptand)] are listed in Table S1.In each case a suitablstalryvas mounted with a mineral oil to
the glass fiber and transferred to the goniometes ¥ariMax Saturn CCD diffractometer with graphite
monochromated Mo & radiation j = 0.71075 A). All the following procedure for analysis, Y adari-XG 2009
was used as a graphical interf&¢eThe structures were solved by direct method wihR(2014 and SIR-
97¥*? and refined by full-matrix least-squares techngjagainst? (SHELXL-2014)1*®! The intensities were
corrected for Lorentz and polarization effects @NWABS program (Rigaku 2005). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms wdaegd using AFIX instructions.

Table S1. Crystallographic data and structure refinementaitietfor [L13][K(THF);]* and [13]"
[K(cryptand)]

[113]TK(THF)2]" | [113]K(cryptand)]
Empirical formula GoHo2B2KN402P; CroH112B2KN6O6P2
Formula weight 1024.03 1256.37
T (K) 143 93
A (A) 0.71069 0.71075
Crystal system Monoclinic Triclinic
Space group P2i/n P-1
a(A) 12.231(5) 12.501(11)
b (R) 19.225(5) 17.072(13)
c(A) 26.393(5) 18.253(15)
a (%) 90 90.396(15)
B (°) 96.723(5) 106.933(18)
v (°) 90 91.928(14)
V (A3 6163(3) 3724(5)
z 4 2
Deaic, (g/n) 1.104 1.120
w (mmh) 0.180 0.165
F(000) 2220 1362
Crystal size (mm) 0.21x0.12x0.07 0.14%0.14%0.13
28range (°) 3.018-27.485 3.003-27.226
refins collected 50366 28946
Indep reflnsRin 14121/0.0482 15917/0.0590
param 747 800
GOF onF? 1.041 1.060
R1, WR: [1>20(1)] 0.0802, 0.2110 0.0869, 0.1887
Ri, WR; (all data) 0.1072, 0.2399 0.1416, 0.2307
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3. Computational Detail

The geometry optimizations were performed at theX834/6-31G(di** level of theory by using Gaussian 09
program packad¥! for the contact ion pair ofL[L3] [K(THF)2]* and for two types of free radical anidrlB]”
from the crystal structures oflI3][K(THF);]* and [L13][K(cryptand)]. The optimized structure was
confirmed to have no imaginary frequency and coefitoduce the X-ray structure (Figure S3). For@aiidn

of molecular orbitals, single point calculationsrev@lso performed with UHF/6-31G(d) level of thearigh
optimized structures. At the optimized structuneatural bond orbital (NBO) analysis was performéd a
B3LYP/6-31G(d*® level of theory for estimation of Wiberg bond ind@VBI) and Mulliken atomic
densities by using NBO 3.0 package embedded in skaugprogrant” The TD-DFT calculation was
performed at the UB3LYP/6-31G(d) level of theonable S2 and Figure S4).

(b)

Figure S3.The optimized structures of (A)13][K(THF)2]*, (b) free L13] from [113][K(THF)2]", (c) free
[113] from [113] [K(cryptand)T.

Table S2.Calculated excitation energies of frdd 3]~ from [113][K(THF).]* by TD-DFT method (SOMO =
229)
Excited State 1. 2.002-A 1.7069 eV 72686 f=0.0001 <S**2>=0.752
228B -> 229B 0.99396
Excited State 2: 2.009-A 2.1928 eV 56542 f=0.0001 <S**2>=0.759
229A -> 230A 0.94876

229A -> 231A 0.11646
229A -> 232A 0.23691
229A -> 233A -0.12855

Excited State 3: 2.009-A 2.2473 eV 550 f=0.0028 <S**2>=0.760
229A -> 230A -0.13199
229A -> 231A 0.69147
229A -> 232A 0.46673
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229A -> 233A

Excited State 4:

229A -> 231A
229A -> 232A
229A -> 233A

Excited State 5:

229A -> 230A
229A -> 232A
229A -> 233A

Excited State 6:

229A -> 234A
229A -> 235A
227B -> 229B

Excited State 7:

229A -> 234A
229A -> 235A

Excited State 8:

229A -> 236A
227B -> 229B

Excited State 9:

229A -> 237A

Excited State 10:

229A -> 235A
229A -> 236A
227B -> 229B

0.52576
2.009-A
0.70294
-0.41111
-0.56982
2.009-A
-0.25766
0.73760
-0.60681
2.005-A
0.40399
0.87457
-0.25292
2.005-A
0.90826
-0.39889
2.006-A
0.97593
0.17533
2.007-A
0.98977
2.000-A
0.27179
-0.17341
0.92415

2.2601 eV

2.2759 eV

2.3420 eV

2.3463 eV

2.3786 eV

2.3918 eV

24741 eV

54869 =0.0124

544y =0.0005

52589 =0.0085

52842 =0.0010

525 =0.0064

5188y =0.0002

50hd¥ f=0.0981

UV-VIS Spectrum

<S**2>=0.759

<S**2>=0.759

<S**2>=0.755

<S**2>=0.755

<S**2>=0.756

<S**2>=0.757

<§**2>=0.750

T
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T
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| |
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Figure S4.Simulated UV-vis spectrum of freg@]3]~ by TD-DFT calculations.
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Chapter 4
Two-Electron Reduction of Diboryldiphosphene: Formdion of

Intramolecular Charge Transfer Complex of Dianionic B=P—P=B
Species
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4-1, Introduction

The author has already mentioned about 1,3-butadienivatives including heavier elements (chapt&B)1
Although boryl substituents haveaccepter properties due to the vacant p-orbitdbamon, 1,4-diboranuida-
2,3-diphosphabutadiene have never been reporteddition, related compound of 1,2-boryldiphosphiaaee
been considered not to show 1,4-diboranuida-2,Bediphabutadiene structure, because of large direatykes
of each phosphorus containing planes [Figure 1} (@ 70.5°)

(a) b oo
PN

R R o ®Li B-N
\ \ / \
R-B B-R | p_p’© Dip
C\ // Dip, YAY
®P—P® N=B Li®
N \ v L
Ad  Ad K/N\Dip
R =Mes L = DMAP
122 123

Figure 1. Structures of (a) 1,2-diboryldiphosphane andiyl-substituted diphosphanediii23[DMAP] .

Redox properties of diphosphene, P=P double boecieq have been initiated by the first discovdryles*-
diphosphene by YoshifufiFor example, diphosphenes could be reversiblyaedito the corresponding radical
anions, which were characterized by ESR spectrgsbop not isolated until recentfyln contrast, doubly
reduced diphosphene dianion has never been repdtiasidering that thetaccepting effect of boryl
substituent could stabilize anionic phosphide tgropreprt interaction between B and*Bne can expect that
these reduced diphosphene radical anion and diavooid be stabilized by introduction of boryl subsgnts.

In facts, we recently reported the isolation andditiral characterization of a boryl-substituteghdisphene
113 and its radical anion by utilizing tireacceptor property of boryl substituéritlerein, the author reports
the synthesis and properties of boryl-substituiptiasphanediidé23as a doubly reduced diphosphene and its
DMAP adductl23[DMAP].. X-ray diffraction analysis, NMR and UV-vis spaxdcopy, and DFT calculations
revealed the latter compound possesses 1,4-dibdae3-diphosphabutadiene #B—-P=B) character over
two consecutive B=P double bonds.

4-2, Results and discussions
4-2-1, Synthesis of diphosphanediide 123 and 1E3MAP] 2

The previously reported diboryldiphospherie® was reduced by treatment with an excess amouithifrh
in toluene to afford mainly boryl-substituted digpbanediidd 23as orange solids (Scheme 1). InfieNMR
spectrum ofL23in CsDs, two magnetically equivalent phosphorus nuclednesed at -307 ppm, which is upfield
shifted in comparison with those of the previouslgorted diphosphanediidel(06 to—-24ppm)® Additionally,
the ‘Li NMR signal of123in CsDs has exhibited a triplet signal at -0.15 ppm witk; of 30 Hz, because of
interaction between lithium and two phosphorus @iudiheB NMR spectra of the dianionit23 showed a
broad singlet at 37 ppm, which is slightly shiftedower field in comparison with that 4.3 (31 ppm), as a

negative change on the boron center withhspridization does not affect th® NMR chemical shift. Although
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the author could not isolat&23 completely due to a small amount of byproductactigity of 123 as
diphosphanediide was confirmed by a reaction witkel Mn toluene. As a result 1,2-diboryl-1,2-
dimethyldiphosphan&24 was obtained as a the sole product (isolatiordyéPo: NMR yield 78% froni13
and the structure df24 was also supported by preliminary X-ray diffraatianalysis, showing a singlet signal
in the3'P NMR spectroscopydg -124.9). In addition, these results have shown d@haost diphosphenl3
was transformed into diphosphanediiti23 by two electron reductiorl23[DMAP]. has been isolated by
recrystallization from 1.5 eq DMAP and hexane/takiesolution.123[DMAP]. led to a downfield shift of
phosphorus signal & -267 ppm in comparison with23 (8, -307 ppm). Reflecting the coordination to Li,
downfield shift of all aromatic protons in DMAP hhsen confirmed byH NMR spectrum. A triplet signal at
1.5 ppm in’Li NMR spectrum ofl23[DMAP], was observed with a smaller coupling constantsoH2 than
that of123to indicate the interaction between Li and P nugks weakened upon coordination of DMAP. The
1B NMR chemical shift ol 23[DMAP], was similar to that af23
Li
P—B (excess)

|
— toluene l
B-P DMAP

Me / DMAP ’ \ N
b_p B ,P B\j—>[’_/P-B{]
/ \ 0 0 \/ N

B Me GA’ 27% N Li /

toluene N DI[; hexane/ Dip | Dip
124 Dip 193 toluene DMAP
““““““ 123:[DMAP],

Scheme 1Synthesis of boryl-substituted diphosphanediid® and 1,2-diboryl-1, 2-dimethydiphosphit&4
Unfortunately, the author comfirmed generationygieduct dr -222) by using some other ligands, which were
DME, TMEDA, and 12-crown-4-ether.

4-2-2,X-ray structurel23and123[DMAP]

The centrosymmetric molecular structurel@Bwas determined by single-crystal X-ray diffractemalysis
(Figure 2). In the crystal, Li atoms bridged twapphorus atoms to form a contact ion pair with fidentical
P-Li bond of 2.452(7) A. The observed P—P bondtlend 2.2723(16) A is slightly longer than the tyai P—P
single bond (~2.2 A) and that of monomeric diph@smtiide [2.244 A].The B1-P1 bond lengths of 1.930(3)
A'in 123are similar to the B—P bond lengthidf3[1.936(3) A}, indicating its single-bond characfEne B1-
P1-P1* angle of 90.83(10)n 123is narrower than that of 95.83(9)°113 The two boron-containing planes
are oriented almost perpendicular to the planarB®Biety [P1*—P1-B1-N2: 92.16°]. Thus, anionic gex
on each phosphorus atomlig3were used for the interaction with two Li catioltscontrast to the case ©23
single-crystal X-ray diffraction analysis A23[DMAP]; suggested the existence ofprtinteractions between
the anionic phosphorus atom and the adjacent ketam (Figure 3). Although P—P bond length of 2.7&)
A and the P-Li bond lengths [2.46(2) and 2.49(2).Aatom was disordered] ih23[DMAP], are similar to
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those ofl 23 the P-B bond length of 1.899(2) A are remarkabigrter than those a23[1.930(3) A]. Moreover,
the boron-containing planes 23[DMAP]. adopt an almost coplanar orientation with respet¢he planar
BPPB moiety [P1*~P1-B1-N2: 171.73(13)°]. Thus, &monic core has a character of two consecutive P=B
double bonds.

Figure 3. Molecular structure of23 (thermal ellipsoids set at 50% probability, hydsogtoms are omitted for
clarity; asterisks denote atoms generated by syrmgroperation), Selected bond lengths [A] and anffle$1-
B1 1.930(3), N1-B1 1.423(4), N2-B1 1.429(4), P1-R12723(16), P1*-P1-B1 90.83(10), N1-B1-N2 106.7(2)
P1*-P1-B1-N2 92.16, P1-Lil 2.452(7)
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2 f._\.'i 2

Figure 4. Molecular structure of23[DMAP]. (thermal ellipsoids set at 50% probability, hydrngatoms,
minor parts of disordered Li atoms, and co-cry&tdl toluene molecules are omitted for clarity,edsks
denote atoms generated by symmetry operation)¢ct@eleond lengths [A] and anglék [P1-B1 1.899(2), N1-

B1 1.442(2), N2-B1 1.464(2), P1-P1* 2.2761(11), #1tB1 102.49(7), N1-B1-N2 105.96(15), P1*-P1-B1-
N2 171.73(13), P1-Lil 2.46(2)

4-2-3, DFT calculations of diphosphanediide 123 antRI[DMAP]

DFT calculations at the B3LYP/6-31G(d) level of dhe revealed characteristic molecular orbital4d 28 and
123[DMAP]: (Figure 5). In bothl23 and 123[DMAP]2, HOMO, HOMO-1, and HOMO-4 showed similar
symmetry totr*-orbital, lone pairs on P atoms, amdorbitals of 113 although P-P bond ii23 and
123[DMAP] 2 exhibited no double bond character as judged éptnd length. LUMO 0f23is considered as
m*-orbitals of the Dip rings, while LUMO o0f23[DMAP]. corresponds to*-orbitals of coordinating DMAP
ligands to Li. It should be noted that LUMO+11#3[DMAP], has exactly similar shape to that of LUMO and
is almost degenerated with LUMO considering thamilar energy levels. As observed in crystal stonet
HOMO of 123[DMAP]; exhibited B=P-P=B 1-bond character, while HOMO aR3exhibited no contribution
of Traccepting character of boryl substituents dué¢oarthogonal relationship between the boron planels
the P=P moiety. The Wiberg bond indexed28]DMAP], (P-B: 1.27, P-P: 0.987) also supported that excste
of prepmtinteraction between P and B atoms and P—P siragid bharacter. An NBO analysis T23[DMAP] »
suggested that donor-acceptor interactions existds®n P and B atoms [second-order perturbatiorggnerto
B: 49.56 kcal/mol, N to B: 53.76 kcal/mol (av.)]hdse interactions between P and B atont2B[DMAP]
are larger than those in the previously reportdited anion ofl13[29.61 kcal/mol (av.)}.Thus,123[]DMAP],
can be described with the resonance structureshere 2, involving a contribution of 1,4-diborarasi2l, 3-
diphosphabutadiefistructure.
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LUMO+1 HOMO

Figure 5. Kohn-Sham orbitals @23 (top) and123[DMAP]. (bottom) calculated at the B3LYP/6-31G(d) level
of theory (hydrogen atoms are omitted for clagtygy: carbon, blue: nitrogen, orange: phosphoraig, peach:
boron, purple: lithium)
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Scheme 2. Resonance structurd 28]DMAP] »

4-2-4, UV-spectrum of 123 [DMAP}

The coexistence of the dianionic#®-P=B moiety and aromatic rings of the Li-coordinated DR®induced
an intermolecular charge transfer absorption. &, flhe UV-vis spectrum df23[DMAP]. (Figure 6) showed
a characteristic absorption maximum at 380 &r8660), which was assigned as a transition from KD
orbital of B=P-P=B moiety) to LUMO+1 tiZorbital of DMAP) by TD-DFT calculations. This alyption was
slightly weaker and red-shifted in comparison wifthat of 2,3-diphosphabutadiene derivative possgddies*
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and OSiMe substituents (370 nra,20400)° It should be noted that the absorption edge resithea. 650 nm,
which is further longer than that expected for apgon maximum. One can expect that the degenerated
LUMO+1 would contribute to longer-wavelength abgmp even its oscillator strength is weak. Furtheiren

the energy levels of molecular orbitals in aniospecies could be sensitive to the counter catiodstlaeir
conditions. In fact, complexation of DMAP to Li #23[DMAP]. induced higher HOMO and lower LUMO
levels in comparison with those 23 (Figure7), as a similar effect of counter cation toward M®els was
observed for dianionic 1,2-diborin derivatives. &dditionally observed absorption maximunil@8IDMAP].

at 303 nm was also characterized as a transitmn HOMO to LUMO+3 ft*-orbitals of Dip rings).
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Figure 6. UV-vis spectra ofLl23[DMAP]. (red) in toluene (50QuM) at room temperature, together with
calculated transitions (black) at the CAM-B3LYP/6c3d) level of theory.
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Figure 7. Energy diagrams for molecular orbitalsl&3and123[DMAP]. calculated at the B3LYP/6-31G(d)

level of theory
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4-3, Conclusion

Boryl-substituted diphosphen&l13 was reduced with two electrons by treatment with th form
diboryldiphosphanediidel23 Reaction of123 with Mel resulted in the formation of 1,2-dibory)2-
dimethyldiphosphanél24. Coordination of DMAP t0123 led to the formation ofl23[DMAP],, X-ray
crystallographic analysis and DFT calculations ad®@ that the coordination of DMAP tb23 induced
significant petprt interaction between P and B atoms. UV-vis spectroiml23[DMAP], exhibited a
characteristic abosorption at 380 nm which wasgassl as an intramolecular charge transfer by TD-DFT
calculations.

Experimental procedure

General procedures

All manipulations involving the air- and moisturersitive compounds were carried out in a glovelidixva
MFG and Korea KIYON) under argon. Toluene amtiexane were purified by passing through a solvent
purification system (Grass Contour). Lithium dispen (purchased from Kanto Chemical Co., Inc., aioning

1% sodium) was washed with hexane before the usake a lithium powder. NMR spectra were recorded o
500 or 400 MHz spectrometers. Chemical shifts epenrted in ppm relative to the residual partialigtpnated
solvent for'H, deuterated solvent fofC, external Bk OEt for B, and 85% HPQ, for 3'P nuclei. Data are
presented in the following manner: chemical shifttiplicity (s = singlet, d = doublet, t = tripletept = septet,

m = multiplet, br = broad, brs = broad singlet)upling constant in hertz (Hz), and signal areagragon in
natural numbers. Mass spectra were measured o®ha JES-700 mass spectrometer. Melting points were
determined on Optimelt (SRS) and were uncorreckeday crystallographic analysis was performed on
VariMax/Saturn CCD diffractometer. UV/vis spectrwas recorded on DT-MINI-2-GS (Ocean Optics). Boryl-
substituted diphospherid 3 was synthesized according to the literature proeetiu

Synthesis of 123

In a glovebox, toluene (7.8 mL) was added to a unexbf113(90.0 mg, 10'umol) and Li powder (74.0 mg,
10.7 mmol) in a 30 mL vial at room temperature. Totor of the resulting solution rapidly turneddnied.
After the reaction mixture was stirred at room tengpure for 2 h, the resulting suspension wagéittehrough
a pad of Celit& to remove an excess amount of Li powder. The sblwas removed under reduced pressure
to give orange solids df23 (90.5 mg, ca. 10@6mol, 99 %) containing a small amount of byprod®ihgle
crystals suitable for X-ray analysis were obtaifrech EtO and hexanéH NMR (CsDg, 500 MHz)3 1.17 (d,
J=7 Hz, 24H), 1.33 (d] = 7 Hz, 24H), 3.58 (sep,= 7 Hz, 8H), 3.58 (s), 7.01 (d= 8 Hz, 8H), 7.10 (t)= 8
Hz, 4H);*'B NMR (toluene, 160 MHzd 39 (br s);**P NMR (toluene, 202 MHz) —307 (s);Li NMR (C¢De,
194 MHz) 5 —-0.15 (t,J = 28 Hz) ; HRMS (FAB) m/z Calcd. for G;H7sB2N4P, [M+2H]* 842.5885, found;
842.5898.
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Synthesis of 128DMAP] 2

In a glovebox, toluene (7.8 mL) was added to a unexbf113(90.0 mg, 10umol) and Li powder (74.0 mg,
10.7 mmol) in a 30 mL vial at room temperature. Toer of the resulting solution rapidly turneddmned.
After the reaction mixture was stirred at room tenapure for 6 h, the resulting suspension wagdittehrough
a pad of CelitB to remove an excess amount of Li powder. Afteraeahof the volatiles from the filtrate, the
residue was recrystallized from a mixture of hexame toluene in the presence of DMAP (19.6 mg, Dybeol,
1.5 equiv. tal13) to give brown crystals df23[DMAP]. (32.0 mg, 27%).

"H NMR (CsDs, 500 MHZ)& 1.26 (d,J = 7 Hz, 24H), 1.33 (d] = 7 Hz, 24H), 2.21 (s, 12H), 3.61 (s, 8H), 3.76
(sep,J =7 Hz, 8H), 6.12 (d) = 5 Hz, 4H), 7.14 (d) = 8 Hz, 8H), 7.22 (t) = 8 Hz, 4H), 8.14 (br sYB NMR
(CsDs, 160 MHZ)d 37 (br s)**P NMR (GDs, 202 MHz)3 —267 (s)/Li NMR (CeDs, 194 MHz)3 1.54 (t,J =
24 Hz); mp: 146.7-168.6 °C; HRMS (FABm/z Calcd. for G:H7gB2N4P, [M—2Li-DMAP+2H]" 842.5893,
found; 842.5963.
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Figure S5.'"H NMR spectrum ofl23[DMAP]. (* denotes signal af-hexane and toluene)
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Synthesis of 3

In a glovebox, toluene (10 mL) was added to a méxtf 113 (80.0 mg, 95.2umol) and Li powder (66.0 mg,
9.52 mmol) in a 30 mL vial. The color of the remgtsolution rapidly turned into red. After the céan mixture
was stirred at room temperature for 5 h, the regpfiuspension was filtered through a pad of Cetil@emove
an excess amount of Li powder. The resulting meiuas added dropwise to a toluene solution (3 mMed
(35.6uL, 0.571 mmol) in 30 mL vial. The resulting suspenswas filtered through a pad of Cefits remove
insoluble salts, the residue was purified by re@flization with hexane to give colorless crystaid24(39.5
mg, 46 %).H NMR (CsDs, 400 MHZz)3 0.78 (vt,J = 3 Hz, 6H, Although the reason why this signabreges
as a triplet is not clear so far, we tentativelsigised this signal as a virtual triplet because ERNPMePh was
also found to exhibit similar triplet signal in thalowing reference: Schneider, H.; Schmidt, Dadius, U.
Chem. Commur2015,51,10138-10141.), 1.07 (d,= 7 Hz, 12H), 1.17 (d] = 7 Hz, 12H), 1.22 (d] = 7 Hz,
12H), 1.41 (dJ =7 Hz, 12H), 3.41 (s, 8H), 3.46 (s€s 7 Hz, 4H), 3.50 (se@d,= 7 Hz, 4H), 7.03 (dd] = 7,
2 Hz, 4H); 7.09 (dd) = 8, 2 Hz, 4H); 7.17 (t) = 8 Hz, 4H);**C NMR (GsDs, 125 MHz)& 4.07 (t,J = 12 Hz,
PCHs), 23.7 (tJ = 3 Hz, CH), 24.13 (CH), 26.42 (CH), 26.70 (CH), 28.37 (CH), 28.55 (CH), 54.95 (CH),
123.78 (CH), 124.02 (CH), 126.91 (CH), 140.97 (4%6.99 (4°), 147.21 (4°$;B NMR (C6D6, 160 MHz)»
31 (br s),**P NMR (GDs, 194 MHz) 125 (s), mp: 293.4-309.1 °C (decomp);MER(ESI) m/z Calcd. for
[Cs4Hg'BBN4P,] (M+) 869.6233, found; 869.6217.
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Estimation for the NMR vyield of 124 from 113
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In a glovebox, toluene (3.8 mL) was added to aum&bf113(30.0 mg, 35.7umol) and Li powder (24.7 mg,
3.57 mmol) in a 15 mL vial at room temperature. Totor of the resulting solution rapidly turneddmned.
After the reaction mixture was stirred at room tengpure for 1.5 h, the resulting suspension wasréil
through a pad of Celiteto remove an excess amount of Li powder. The tieguhixture was added to a toluene
solution (5 mL) of Mel (13.3L, 0.214 mmol) in a 30 mL vial. The resulting susgien was filtered through a
pad of Celit& to remove insoluble salts. After removal of théatites from the filtrate, a solution of anthracene
(12.7 mg, 71.4mol, 2 eq tol13) in CsHs (2 ML) was added to the reaction mixture as aeriratl standard.
After removal of the volatiles, D¢ (1 mL) was added to the residue. An aliquot (Qril3 of the resulting
CsDs solution was transferred to an NMR tube, agB¢%0.6 mL) was added to the tube. The NMR yield was
estimated to be of 78% by comparison of the infegté of methyl protons ih24with those of the protons at
9- and 10-positions in anthracene.
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Figure S13.TheH NMR spectrum of the reaction mixture 1it4

2. Details for X-Ray Crystallography

Details of the crystal data and a summary of thensity data collection parametérd3 123 [DMAP], and
124 are listed in Table S1.In each case a suitabtaryas mounted with a mineral oil to the glabgffiand
transferred to the goniometer of a VariMax Satu@Ddiffractometer with graphite-monochromated Ma K
radiation § = 0.71075 A). All the following procedure for analysis, Yakdari-XG 2009 was used as a graphical
interface!® The structures were solved by direct method W&tR¢2014 and SIR-9%) and refined by full-
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matrix least-squares techniques agalffstSHELXL-2014)* The intensities were corrected for Lorentz and
polarization effects or NUMABS program (Rigaku 2p0Bhe non-hydrogen atoms were refined anisotrdigica
Hydrogen atoms were placed using AFIX instructions.

Table S1.Crystallographic data and structure refinemerditetor 123 [123- [DMAP],, and124

[123 [123-[DMAP], [124
Empirical formula|  GoH76BoLioNaP, | CgoH112BoLioNgP2 CsaHg:B2oN4P>
Formula weight 854.6 1283.21 870.9
T (K) 93 93 93
A (A) 0.71075 0.71075 0.71075
Crystal system Monoclinic Triclinic Orthorhombic
Space group P2i/n P-1 Pbca
a (A) 12.723(4) 12.039(2) 20.6963(15)
b (A) 14.277(4) 12.447(3) 40.473(3)
c (A) 14.695(4) 13.506(3) 25.1022(18)
a(°) 90 87.477(9) 90
B (°) 109.742(5) 87.628(9) 90
v (°) 90 67.442(5) 90
V (A3 6163(3) 1866.7(7) 21027(3)
z 2 1 16
Deaic, (g/n?) 1.13 1.141 1.1
w (mmh) 0.124 0.106 0.121
F(000) 924 694 7584
Crystal size (mm) 0.26x0.16x0.08 0.16x0.15%0.15 0%0318%0.07
28range (°) 3.197 to 25.999 2.998 to 27.464 3.020 to 28.00
refins collected 18294 15458 162750
Indep reflnsRin 4860/0.0622 8234/0.0366 25310/0.0903
param 288 485 1153
GOF onF? 1.15 0.999 1.071
Ri, WR: [1>20(1)] 0.0700, 0.1944 0.0560, 0.1217 0.0878, 0.200%
Ri, WwR; (all data) 0.0913, 0.2349 0.0871, 0.1405 0.1225, 0.2297%
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Figure S14.Molecular structure 0124 (thermal ellipsoids set at 50% probability, hydnogdoms are omitted

for clarity)

3. Computational Detail

The geometry optimizations were performed at the A3£/6-31G(d}* level of theory by using Gaussian 09
program packadeand each crystal structure as an initial geom@tng. optimized structure was confirmed to
have no imaginary frequency and could reproducextnay structure (Figure S15 and S16 for MOs, Fegur
S17 for labels of atoms, XMol file for visualizatids also available as Supporting Information).. thé
optimized structures, natural bond orbital (NBORlgsis were performed at B3LY#6-31G(d}* level of
theory for estimation of Wiberg bond index (WBI)daWulliken atomic densities by using NBO 3.0 paakag
embedded in Gaussian progr&im(Tables S2 and S3). The TD-DFT calculatfowas performed at the
B3LYP'¥6-31G(d}* level of theory (Table S4).

LUMO HOMO HOMO-1 HOMO-4

Figure S15.Selected molecular orbitals @23 calculated at the B3LYP/6-31G(d) level of theonydrogen
atoms omitted for clarity, gray: carbon, blue: ogfen, orange: phosphorus, pale peach: boron, puithlam)
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LUMO+3

HOMO-4

Figure S16.Selected molecular orbitals @23[DMAP]. calculated at the B3LYP/6-31G(d) level of theory
(hydrogen atoms are omitted for clarity, gray: caxbblue: nitrogen, orange: phosphorus, pale pdamton,
purple: lithium)
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Figure S17.The optimized structures of (223 (b) 123[DMAP] »
Table S2.Selected Mulliken charges, Wiberg bond indexes (M\Bnor-acceptor interaction (kcal/mol)2n

Dip Dip
N/2 Li69 \72
[ \B13-p/1/P70_582 j
G N[ W
\ Li138
Dip Dip
atom | charge bond WBI donor acceptgr  interaction
P1 -0.208602 P1-P70 0.9413 P1 B13 20.50
P2 -0.213855 P1-B3 1.176 P70 B82 0.82
B3 0.422916 P70-B82 1.1183 N2 B13 57.85
B70 0.444097 B13-N2 0.8816] N3 B3 60.38
N4 -0.542480 B13-N3 0.9159] N71 B82 60.11
N11 -0.549482 B82-N71| 0.8990] N72 B82 62.60
N71 -0.543829 B82-N72| 0.9234 P1-PT0 B3 2.16
N78 -0.544001 P1-P70 B82 4.39

Table S3.Selected Mulliken charges, Wiberg bond indexes (W&onor-acceptor interaction (kcal/mol) in

123[DMAP]

82



, \
Dip ,"”5/
(\ N0 ri17e
B2 Dip
NS Pt _pgg
di \ / ~goo Y
|
/LI88 N98
/ ./
Neo Dip
7N\
—N
\
atom | charge bond WBI donor acceptgr interaction
P1 -0.187585 P1-P89 0.986¢ P1 B2 49.56
P89 -0.187585 P1-B2 1.2693 P89 B90 49.56
B2 0.425144 P89-B90 1.2693 N3 B2 52.10
B90 0.425144 B2-N3 0.8798 N10 B2 55.42
N3 -0.560336 B2-N10 0.8897] NOI1 B90 55.42
N10 -0.567451 B90-N91| 0.8798  N98 B90O 55.42
N91 -0.560336 B90-N98| 0.8897
N98 -0.567451

Table S4. Calculated excitation energies d23[DMAP], by TD-DFT method [CAM-B3LYP/6-31G(d)]
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(HOMO = 297)
Excited State  1: Singlet-AG 3.1999 e\B737 nm  f=0.0000 <S**2>=0.000
297 -> 298 0.69412
Excited State ~ 2: Singlet-AU 3.2284 €984.04 nm  {=0.0143 <S**2>=0.000
297 -> 299 0.70306
Excited State 3 Singlet-AU 3.4438 €960.02 nm  =0.0014 <S**2>=0.000
297 -> 300 0.70571
Excited State  4: Singlet-AG 3.4460 €959.79 nm  f=0.0000 <S**2>=0.000
297 -> 301 0.70574
Excited State  5: Singlet-AU 3.7798 €928.02 nm  {=0.0132 <S**2>=0.000
297 -> 302 0.48734
297 -> 311 0.15508
297 -> 314 -0.41006



297 -> 316 -0.11502

297 -> 320 0.15201
Excited State  6: Singlet-AG 3.9668 e¥12.55 nm f=0.0000 <S**2>=0.000
297 -> 298 -0.11517
297 -> 303 0.56390
297 -> 310 -0.12149
297 -> 312 0.33176
297 -> 317 0.12301

UV-VIS Spectrum
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Figure S18.Simulated UV-vis spectrum d23[DMAP] by TD-DFT calculations.
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Chapter 5

Conclusion and Perspectives
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5.1 Conclusion

Throughout this thesis, the author systematicdligied the effecets of the boryl-substituents an th
properties of P=P double bond and related spetresfollowing is the short summary for each chapter

In chapter 2, the author reported the first sysithef the boryl-substituted diphosphene, which has
almost orthogonal relationship between the two barontaining planes and the plane of B-P=P-B moiety
double bond. DFT calculations revealed that the/lbsubstituent works as strongerdonor than that of the
phenyl substituent (Figure 1), althougtdonating effect of the boryl-substitutent is stiglweaker than Mes*
substituent. In addition, theacceptor property of boryl-substituent was foumghtey an important role in the
thermodynamic stability of phosphinophosphide, gateel asBuLi adduct of the diboryldiphosphene, due to
preprtinteraction between B and P.

Dip
Dip N /"BBI.
N— _ . I\ I: \B_P p
=R PR S = - N\ oN
; o — _ Dis P—B, j
Dip P B.N] P-C. Dip N
L N Li® ./
Dip o -: Dip
_ Lo~
The boryl-substituent works as stronger

o-donor than the phenyl-substituent r-Acceptor character of the boryl-

group enable to stabilize anion species

Figure 1. Effects of the boryl-substituent in the diboryldgsphene and boryl-substituted phosphinophosphide

In chapter 3, the author described the isolatiothefdiboryldiphosphene radical anion as the first
example of the structuraly characterized of diphesg radical anion. X-ray structures of the radarabns
showed a weakened the P=P double bond and a edjatieak peprtinteraction between B and P. Moreover,
ESR spectroscopy and DFT calculations showed beatihpaired electron is delocalized over the B-B=P-
moiety (Figure 2).

B-P; B-P~ B=P B-P
V' - . - \. = \\
P-B P-B P-B P-B

B = B(NDipCH,),
Figure 2. Resonance structures of diboryldiphosphene raditah

In chapter 4, the author revealed the structureeactivity of the boryl-substituted diphosphaneelji
which was generated by reduction of the boryl-stiied diphosphene with an excess amount of Lif&@).
In addition, X-ray structure and DFT calculatiorfstite boryl-substituted diphosphenediide-DMAP coexpl
showed a 1,4-diboranuida-2,3-diphosphabuadierePd®=B) character. This compound has a characteristic
absorption ahmax = 380 nm, which could be assigned as an intraratdecharge transfer fromeorbital of
B=P-P=B moiety tat}orbital of DMAP ligand by TD-DFT calculations (Rkice 3).
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Figure 3. Properties of boryl-substituted diphosphanediidi®&A®» complex

5.2 Perspective

Although this thesis revealed the importanceratceptor property of the boryl-substituent, thteoiduction of
boryl group is limited to that of diamino grouppesent. Diaminoboryl group has a lower Lewis dgittian
that of dialkylboryl group, because of the exisgnt electron donation of nitrogen to boron. Aclydh the
boryl-substituted diphosphene radical anion, maapiyn density is delocalized on two phosphorus.sT e
author feels the importance of Lewis acidity of\lithium. Meanwhile, Lewis acidity of NHC [N-hetecyclic
carbene], which has isoelectronic structure of lidmum, can be tuned by its molecular design. Example,
CAAC [Cyclic(alkyl)(amino)carbene],n which one nitrogen atom of NHC is replaced vaggéitbon atom, has
much stronger Lewis acidity arddonor property in comparison with NHC. Becausdoaratom has smaller
electronegativity than that of nitrogen atom. Irdiidn, one of electron donating nitrogens was eased.
Recently, Kinjo has also reported cyclic(alkyl)(amigermylene, which has lower LUMO energy than
diaminogermylené Thus, the author believes (alkyl)(amino)boryllitiithas stronger Lewis acidity armd
donor property than diaminoboryllithium. Moreovedgnlkyl)(amino)boryl-substituted diphosphene would
express narrower HOMO-LUMO gap than diaminobornstituted diphosphene.

(a) (b)

| Cf. (5
. _N. Ne-p: _N_. C"R C e oGk A0S,
oo gt on R (et e et
Li Li N 0O 0
diamino (alkyl)(amino)
boryllithium boryllithium

Figure 4. (a) Structural comparison between diaminoborylith and cyclic(alkyl)(amino)boryllithium (b)
Reaction of (amino)(alkyl)boryllithium with 'Band pr-prtinteraction in products
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Figure 5. Property of (alkyl)(amino)boryl-substituted dipipbgne
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