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Abbreviations: The following abbreviations have been used where relevant
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General Introduction



1.1, The first isolation of diphosphene

Main group elements of the later third period@eéned as heavier main group elements. Howeedatible
bond species had not been isolated until recenily td oligomerization through intermolecular P-mhdbo
formation and hydrolysis under ordinary conditiodBscause of longer element-element bond betweethitide
or higher period elements than those of secondel@ments, overlap of two p-orbitals is reducedotonf e
bond. In addition, Power estimated bond cleavageggnaboutr—bonding of double bond specie3hese
results have shown heavier double bond specieswaskerrm—bonding than double bond species of second
low elements (Table 1). Although ihler and Michael reported the synthesis of "Ph-PhP-by the
condensation reaction between PhiR@Id PhPHin 1877, structure was later turned out to be wr(8cheme
1.1)? Later, Daly confirmed by X-ray structure analysisat it was the mixture consisted of
pentaphenylcyclopentaphosphane and hexaphenyl@saphosphané.
Table 1. Relative energies (kcal/mol) ofandmtbonds in homo nuclear main group diatomic species

B-B 70 C-C 81/62 N-N 38/94
Al-Al 36  Si-Si 42/28 P-P 48/34
Ga-Ga 32 Ge-Ge 39/26 As-As 35/28
In-In 23  Sn-Sn 35/11 Sb-Sb  31/20
TI-TI 2 Pb-Pb 23 Bi-Bi 2110

Thin font ¢s¢ ¢ bond
Bold font ¢e= © bond

P
—>— . PR |
(F| 'T' Lo Ph!
- 3 Ph
"ol T Hel o Ph.__P__.Ph
Ph\P/P\P/Ph \E/ \?/
1 2 L~ p-p P, P<
PR Ph”™" “P”" “Ph
PH , Ph 5 ph

mixture of cyclophosphane compounds

Scheme 1.Reports of condensation between PhR@GH PhPk

While, kinetic stabilization by using very bulky stituents enables to provide an efficient consimacof
stable heavier double bond species. Véest. synthesized the first stable disilene via the dirad¢ion of the
corresponding 2,4,6-trimethylphenyl(Mes)-substilutgilylene generated by the photolysis of a tnsla
(Scheme 1.2%.

SiMe; h 2 Mes Mes
Mes,Si V —> Mes,Si: . gi=si
SiMe; -Me3SiSiMe; Mes Mes
6 7

Scheme 1.5ynthesis of the first stable disilene
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For example, the first stable diphosphene as dig2ri-tert-butylphenyl)diphosphene (Mes*-P=P-Mpwgfas
reported by Yoshifuji in 1981(Scheme 1.3Yhe reduction of Mes*Pgwith magnesium in THF led to the
formation of orange-red crystalline solids as arttadly stable compound. Since this reports, théch@asperties
of the first synthesis kinetically stabilized digpiene have been clarified.

CIEI
P\CI L P—p
-MgCl,
9

bulkyl substituent kinetically stabilized
formation of P=P double bond.

Scheme 1.3ynthesis of the first stable diphosphene

1.2 Structural, optical, and electrochemical propety of diphosphene

Diphosphene has characteristic structure in cormpanvith that of azo-compound. For example, P-Riflea

of Mes*P=PMes* is smaller than that of N-N-C angfé®?h-N=N-Ph (P-P-C = 102.8 (1), vs N-N-C 121.5(3))
®This difference is due to inert pair effect deriviesin heavier elemeritThe outermost atomic s orbital in
heavier element have a tendency not to participanel formation. The 3p and 3s orbital of a phospb@tom
have low tendency to form %pybrid orbitals. Therefore; andmbonds with high p character have been formed
in diphosphenéFigure 1.1).

By
s O
Cc= o !
N=N P:P.- fr—
—C/J By ’
/C Bu
\_7 10 |
N o and © bond of P=P
N-N-C 121.5(3) By double bond have been

P-P-C = 102.8 (1) formed without hybrization.

Figure 1.1. Structure difference between diphosphene and azebe

While the absorption spectra of diphosphenes etduiltivo maxima in the range of 300 to 500 hifhese
absorptions are ascribed to thetd-and r—midtransitions derived from the P=P double bond moigty
diphosphene. However, the absorption in the lomggarelength caused by-srJtransition is considerably less
intense than the shorter-wavelengthte$tni] Because the former transition is symmetry forbitddgainst the
latter of symmetry allowed transition. While dippbgne species are known to be more easily redieed t
azo-compound$ Cyclic voltammetry of Mes*P=PMes* in acetonitrilsing {Bu;N)BF, as an electrolyte and
a Pt electrode exhibited a reversible reductiorl®&3 eV vs. SCE in THE. In addition, ESR studies for
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diphosphene radical anions, which were generatazhbyelectron reduction, have been reported (FigjLte
The triplet signal in the ESR spectrum of the dggtene anion radical can be assigned to interabttween
the unpaired electron and two magnetically equival® nuclei fj = 2.007 — 2.018a(*'P) = (43-55 G)4:

Landég-factor,a: hyperfine coupling constant)], which are consisteith the singly occupied” orbital of P=P

moiety
.@ TMS 1
R TMS\(': Mes Me Mes Me
orn | e TMSTTH O
N - 3 X 3
R ? Tor 12 * X‘y 3

Bbt Mes Mes
13 14 15 O 16

Figure 1.2.Examples of diphosphene radical anions detecte3# (TMS = SiMeg, Mes = 2,4,6-MgCsHo,
Mes* = 2,4,6'BusCsHz, Tht = 2,4,6-[(M&Si).CH]sCsH2, Bbt = 2,6-[(MeSi).CH].-4-[(MesSi)sC]CsH2)

1.3 Substituent effect toward the property of diphgphene

Substituents have a greater influence on the prppédiphophene. Mes*P=P-Nir), 17and Mes*P=P-TMP
18 (TMP = 2,2,6,6-tetramethylpiperidinylyhere the lone pair of the nitrogen atoms conjutyatieh the P=P
double bond? 17 and 18 have shorter P-N bond length than that of diansimbstituted diphospherte.
Because the structure ©® has a perpendicularly relation between nitrogdrsstwents and the-bonding of
P=P!% Moreover, N-P-P bond angles bf and18 were wider than those of C-P-P bond angles. Thezebne
of resonance structures bf and18 could be described as X', which has P=N doublellzon negative charge
on phosphorus @ position.

Ny
"( >A/>< ~Si, S/i/
N™“'\
,N< N o Resonance structure
P= P= P=p. | “:
/P P. /P P. NN : R\N‘R R® :
*Mes “Mes '/SI—N‘Si’ | i . NRY
17 18 19 p=p oP—P. |
P-N 1.666 (3) A 1.685 (4) A 1.769 A | R/ : |
N-P-P  108.1(1)° 115.1 (3)° 102.2° i ' i
C-P-P 920 (1) 89.4 (3)° X X .

Figure 1.3.Influence of amino substituent on the structurdiphosphenes

Ferrocenyl-diphospher0 has a unique optical properfythat is, it exhibited red-shifted absorptionat

542 nm toward\max 460 nm of Mes*P=PMes*, because ofréi-electron transitions from d-orbitals at the Fe
center to thet* orbital of the P=P double bond (Figure 1.4). Altlyh these reports have shown importance of
substituent effect, the introduction of 13 elements diphosphene has not been reported.



(Me3Si),HC

CH(SiMe3),
Ferrocenyl-substituted diphosphene has red-
) p= shifted absorption (Anayx 542 nm) toward that
(Me3Si),HC \F©e of Mes*-diphosphene (Apay 460 Nm).

&

20

Figure 1.4.Ferrocenyl-substituted diphospheze

1.4 Reaction of diphosphene with alkyllithium.

Yoshifuji and Cowley reported the nucleophilic amoh of alkyllithium to Mes*P=PMes*9 and the
subsequent quenching of the obtained Mes*(R)P-PlésfR = "Bu (21), Me (24)] by proton source or a
variety of alkyl halide$>*® Yoshifuiji reported the synthesis of the correspogdiphosphene monosulfi@
via 21 as intermediate, which was only detectedByNMR spectroscopy (Scheme 1.4). The intermedifate o
24 has been converted to diphosphine by reactionwitthanol. However, it was described that isolatib?4
was difficult due to its high reactivity (Schemé)l.lto has reported the unprecedented reactivit®lowith
various benzoyl chloride giving phosphaalk@3ghrough a cleavage of P-P bord.

*Mes *Mes‘ Li S\\ /“Bu
\ n i , n P
P—R BuLi /p—pr 1)"BuBr Mes''P—R .
Mes* "Bu 21 Mes™ | 2) Sg ngy  Mes
3, -87 (d), -8 (d) 48% 22
ArCOCI Mes  Ar
- P—C,
68% (')
”Bu/P\Mes*
23
Scheme 1.4Reaction ofBuLi-Mes*P=PMes* adduct
* . | *Mes Li *
Mes, MelLi P—p MeOH Mes, H
o WP IV A SO e O
Mes* Me Mes* Me Mes*
9 24 25

dp -94 (d), -43 (d)
too unstable to isolate

Scheme 1.5Reaction of MeLi-Mes*P=PMes* adduct

1.50-donor ability of boryl-substituent
Boron has electropositive character in comparisith that of carbon atom (Pauling electronegatividpron:

2.20 Carbon2.55. The palladium comple®6 has shown strong donor property of boryl ligand. The bond
length of P-Pd ir26, which is trans-position of boryl ligand, is lomglean bond lengths of P-Pd of trans-position
for stannyl or alkyl ligand ir26 and27 (Figure 1.5). These results have shown that Higgshd has stronges
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donor property than those of alkyl- and stannyatig’® Moreover,a-donor property of boryl-ligand has been
comparable to silyl ligand, which is known as ofi¢he strongest donor ligands. The bond length of P-Pd of
trans-position for silyl-ligand i@8is similar to that of P-Pd of trans-position farl-ligand in26. In addition, .
Marder has investigated strengthoeflonor property of boryl ligand by computationahbysis. In square planar
platinum complex, boryl ligand showed stronger s$rarfluence in comparison with those of anionicugrd 4
element ligand$®

2.3383A  Me 2.2737(9)A 2.291(2)A PhPh
/D SnMe; Me2) Me Mez) ds
\4/ \*/ \" /
Pd \ Pd Pd\j
Ili)/l \B/N P \Me P’
2.2802A 2 ltl Me, 235124 Mez
7

26 27 28

Figure 1.5.Trans influence of boryl ligand in Pd complex

R Pt-Cl bond

P trans - length (A)

o donation| influence CH,CHs 2531
R Pt Cl .snMe;  2.565
’ -SiMe3 2.594
P BM
P = PMe, -BlVies . 2.608

Increasing trans

influence

Figure 1.6.Trans influence of boryl ligand in Pt complex

1.6 The 1t acceptor property of boryl substituent and geprtinteraction in phosphorus and boron —
containing compounds

Boryl substituent is known to interact with an adjat heteroatom throughtppt interaction. For example,
aminoborane has short B-N bond distance 1.38 A {mwomparison with that of an amine-borane (1258
(av.)), the planar core geometry, and the highvatitin barrier of B-N bond rotation (Figure 1%9).

R R R ¥
OB=N® <— B—Ng,
R R R %

Figure 1.7.preprtinteraction of aminoborane

While a phosphino-borane have a strong tendenagdociate and they are given as oligomeric ringspa-
P frameworks with four-coordinate B and P centBisag has reported trimer and tetramer of {GPBH,,*
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Further Goldstein detected the structure of tetraspecies by X-ray analysi$However, recently, Power has
reported some monomeric phosphino-borane and Ipbig$phide have shorter P-B bond lengths than that o
phosphine-borane (Figure 1.8), becauserefpminteraction between boron and phosphorus &tom.

Mes R Mes R Mes Li Mes Li®
o ® \ / I \ / \©
B—R =——> OB=R® B—R <~—>= B=R
29 Mes R Mes R Mes R Mes R
1.930 A R = Mes(30), 'Bu(31), Ph(32) R = Mes(33), Cy(34), Ph(35)
P-B bond length 1.839-1.859 A P-B bond length 1.823-1.835 A

Figure 1.8.pre-pmtinteraction of phosphino-borane and boryl-phosphid

1.7 Nucleophic borylation of boryllithium

Segawa, Nozaki, and Yamashita reported synthedisrgf anion by a reduction of bromoborane possgsai
five-membered ring and bulky Dip group with lithiumaphthalenide and its characterization (Scheme“ls
addition, the boryllithium37 reacted with various organic electrophile sucha#g/| halides, carbonyl
compounds, proton source and fluoroarenes to fdditian or nucleophilic substitution products (Seteel.6).
Furthermore, boryl-substituted main group elemempmounds and metal-complexes can be synthesiztwby
reaction of boryllithium via nucleophilic borylatiqScheme 1.7(aff" The author expected this diaminoboryl-
substituent would have a strongdonor ability by low electronegativity of boronoat and would accept-
electron from adjacent atom, although nitrogen atdonate electron to boron atom (Scheme 1.7(b)).

=)

©

\
z

\
z

/

=)

©

=)

©

\
z

\
z

/

=)

©

Scheme 1.5Synthesis of boryllithium (Dip = 2,62rCeHs3)



uB uB uB uB

Me A-Bu Bn * cl
uB (85%) (78%) (13%)  (79%)
X a0 41 42 43
38 X =H (quant)
39 X =D (97%) "BuBr uB
MeOTf nBuCI BnCl or Br
Et,0 44
BB (oo
X,0 )
uB e '
Ar Ar-F : [\ : uB
fDip/N\B/N\Dip — UuB i 1) PhCHO (1 eq) )\
53 Ar = Ph (10%) (12 h) 5 I Li i 2)H Ph”  OH
54 Ar = C4F5 (55%) - : ! 45
s 5 (81%)
1) CO,
2) H Boc0 PhCOX
78 °C or
uB B (PhO),CO uB
+
Ho*o OH uB Ph” SO
52 51 Y
(11%) RO X0 X=Cl (74%) 46
(85%) . . OPh (71%) 47
R ='Bu (73 /o) 49 OBz (76%) 48

R = Ph (59%) 50

Scheme 1.6Reaction for boryllithium with electrophiles

pn—pn interaction

(a) (b)

(1) B-Li (2) B-Li
M-X LiX M-B E-X —>—LiX E-B
M = metal E = main group element

strong o-donor
Scheme 1.7(a) Synthetic methods for boryl-substituted traosi metal complexes and main-group-element
compounds (b) effect of diaminoboryl substituent

1.8 Low-coordinated main group compounds possessifigpryl substituents

Boryllithium has been utilized for the synthesisboiryl-substituted main group compounds. Aldridgeal.
have reported boryl-substituted silyleB8, germylene56, and stannylen&7 via nucleophilic borylatiod®
Among them, boryl-substituted acyclic silylene heacted with hydrogen gas, and it has been tramsibinto
corresponding hydrosilari8 (Scheme 1.8). From the DFT calculations of thétien, it was revealea-bond
of H, molecule coordinates to vacant p-orbital of silén transition state. In addition, diborylstareng59
and diborylleads0 could be synthesized by the reaction of SEPbBp with boryllithium 2



B-Pb—B

60
R, Dip* PbBr, T™S. Dip
E-N N
R4 Cl T™S —\ Si~pr H, H
B ) = AT e
- (E = Ge, Sn) Dip/N\B/N‘Dip _ B Br B/Si\N’Dlp 2 _Si
FN_ R ] Y ) B~ “\-Dip
B TMS Li ™S \
Boryllitium 37 55 58 TMS
E = Ge. R=Ph,R' = Me, 56
E=Sn, R=Me, R =H, 57
SnCl,
B-Sn—-B
59

Scheme 1.8Synthesis of boryl-substituted divalent group lehe&tnt compound

Ph Ph
;:\( Ph
Ph

E-N

c’  TMs
(E =Ga, In)
[\ or
Dip~N-g-N-Dip _ B TICI g—E—pg
T Li
Li E = Ga (61), In (62),
Boryllitium TI (63)
37

Scheme 1.9Synthesis of boryl-substituted divalent group Erent compound

They also reported the first thermally stable moapondivalent radicals of gallium, indium, and thah.?” X-
ray structures of these compound revealed a bevitBstructure (M = G&1, In 62, Tl, 63) and all of three
radicals were characterized to have spin densitglynat the metal center by ESR spectra and DFGutations.
The authors stated that bulky boryl substituerdaéd reactivity and stability of these low cooeded species.

1.9 Synthesis of boryl-substituted group 15 elemebmpound via nucleophilic borylation
As the first example of nucleophilic borylaton gfoup 15 elements, Gudat reported the reaction of
boryllithium with diaminochlorophosphines to give the corresfiog borylphosphine€4 and65.22

R Dip~N-g-N~Dip _ B | CIP(NMey),
Li [~ B-P(NMey),

|
N R = 'Bu, Di Li
R ( P) Boryllitium 65
64 37

Scheme 1.10Synthesis of boryl-substituted phosphorus compsund



However, peprtinteraction of B and P in these compounds wasladed to be significantly small. Because
the P-B bond length &4 [B-P 1.951(2) A] was longer than those of previph®sphino-boranes [B-P bond
length: 1.839-1.859 A]. In addition, NBO analysisnodel compound4’ indicated that the lone pair of N
atom largely interacted with the vacant p orbifabaron in contrast to the small interaction betw&eand P.

Dip
tBu@ N QN Second qrder .
S 2p292.1(2)° perturbation energies
NP—B. | N“ P_B\
/ NT BP1951(2A / N N->B 92.9 kcal mol”
<. Dip <_ P—>B 7.8 kcal mol”
64 64'

—> prn—pn interaction between boron and phosphorus is neligible

Figure 1.11.Property of diaminophosphino-borane

Recently, Kinjo reported boryllithiur@5 possessing a triazaborole skeleton, which unddrike@msmetallation
to magnesium and subsequently reacted with 1 esfuRh:SbCl and P#BiCI?° to afford boryl-substituted
diphenylstiban&7 and diphenylbismuthar@8, respectively (Scheme 1.8). However, these replogisdid not
deal with dihalogeno-substituted pnictogen specaidsch have been known as precursors of doubly édnd
compounds between group 15 elements.

By
=N
N. N MgBr,eEt,O Ph,BiCl
Dip~Tg TP . B = B —=—> B-BiPh,
I Li MgBr(thf), 68
Boryllithium 66
65 Ph,SbClI
B-SbPh,
67

Scheme 1.12Synthesis methods for boryl-substituted antimomy lismuth compounds

1.10 Boryl-substituted heavier double bond species

Previously, There are few reports of Boryl-substitbheavier double bond species. Sekiguchi syrtbedhe
boryl-substituted disilene&Bu.MeSi%Si=Si(SiMéBu,)(BR*2) (R* = pinacol69, catechol70) by the reaction
of disilenyllithium (BuMeSi)Si=Si(SiMéBu,)Li 71 with (pin)BCI or (cat)BCF® In addition, they also have
shown to prepar@2 and73 via hydroboration of disilyn@4 with 9-BBN or (cat)BH' Moreover,72 have
smaller torsion angle between boryl moiety and Em8iety (Si-Si-B-C = 18°) than that @8 (Si-Si-B-O =
529). Therefore, the absorption maxima7@f (Amax=469 nm), was redshift in comparison with that 3
(Amax= 411 nm). This result can be considered to be ascri@béxtension aft-conjugation of72 by vacant p-
orbital at boron.
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Scheme 1.13Synthetic methods of boryl-substituted disilene

While Aldridge reported the synthesis of boryl-dithsed digermyne-NHC (N-heterocyclic carbelgdduct
76 through reduction of NHC-stabilized (boryl)germami chloride75 with Jones’ reagerit.

Jone's reagent

Mes Mes,
Al N\ :N "j
B . Mg—Mg .
— \‘\Ge - N\M M 4N /B
Pr2Me2 cr es Mes Ge=G
pip-NgN-pip _ B8 (7)6eC ! _ Ge=Ge _
T T Pre B \ /Pr

Li N/\N-"Pr /N
37 & ip=N__
75 76

Scheme 1.14Synthesis of boryl-substituted digermyne

Diboryl-dibismuthene is the sole isolated examplearyl-substituted heavier double bond speciesistimg
of group 15 element, which was synthesized by ¢laetion of boryllithium and (amino)(dibromo)bismatie
77.3* Aldridge has proposed thé® would be generated by the reaction intermediageito-dibismuthen&9
with boryllithium(Scheme 1.15). The structure8ffwas confirmed as co-crystal consisting86fian and80orh
by X-ray analysis. AlthougBO,an has coplanar relation between boryl-substituedtBuBi, plane,80un has
orthogonal relation between boryl-substituent agldiBplane (Figure 1.12). The B-Bi bond lengths inllogh
structures are 2.326(7) Ay and 2.317(9) AgQ.w), respectively, and these values are close teuheof
the covalent radii for B andli (2.32A).

L BI\"”Br BLi - B'\ "Li———| L— BI] ST T !
Br Br -LiBr L= :
G : el
L B E Phit™ ! -IIPhE
dimerization \Bi:Bi" B-Li \Bi:Bi" '\______Ezf___TMS___,'
L B
79 80

Scheme 1.15Synthesis of boryl-substituted dibismuthene
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Figure 1.12.Structure of boryl-substituted dibismuthene

1.11 Structurally characterized phosphorus-centeredadicals

Chemistry of phosphorus-center radical speciesésod the most rapidly developing research afeBsistence
of phosphorus-centered radicals in chemical reaetiere recognized for many decades, and simplgyblooss
radicals were detected by ESR in solution. Howesteidy of structural analysis of phosphorus-ceutea€lical
was just recently started due to high reactivitypbbsphorus radicalBoweret. al. reported the gas-phase

electron diffraction structure of phosphinyl radi84 as the first structural data of phosphorus-cedteadical.
However,81 had dimer-structure in the crystalline phase (Figu13)*

Me;Si
:i \.«SiMe;

Figure 1.13.The first structural data of phosphorus-centeaglical

After that, several reports have introduced isofatf phosphorus radical species by kinetic ontioetynamic
stabilization. These radical compourats broadly subdivided into three types, whichcatonc®’ neutral®®

and anionic radical speci&sCation radicals 082 to 86 are stabilized by carbenes, which are workedraagt
electron donating ligands.
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Figure 1.14.Structurally characterized cation and neutral phosus radicals
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For example, one of resonance structures of bis¢ca)-P2 addudtO0 can be described as bis-phosphinidene
moiety coordinated by two carbenes. (Scheme 1.hExéfore, oxidation ofl00 could proceed by using
PhC*B(CsFs)4 oxidation reaction, because of its having electiich phosphorud’® Therefore83 evolved
multi-bond character of P-P bonding. In the samemag tetraaryldiphosphine radical catior8@has a shorter
P-P length than typical P-P single bof{d.

Di Di Dip
Dip o pN Dip p\N Dip N ®
r N . ) N _ . )
N, ..p-c@| N, p=C ] PhsCB(CeFs)a | N, = p—C ] o
[Op-+" N[ =" No | " N~ |BCeFsk
N o bip N pip N Dip
Dip Dip Dip
Electron rich 100

multi-bond character
83

phosphorus moiety

Scheme 1.16Property of NHC-stabilized P2-radical cation

Triarylphosphine radical catior®3 and 89 show a relaxed pyramidal geometry of central phogps in
comparison with those of neutral compounds. In taldi89 displayed a perfectly planar geometry due to
sterically hindered substituents and donation efalyl groups’®¢Wang reported phosphorus-containing four-
membering radical catior@0 and91.3"% Almost spin densities &0 reside on the exocyclic nitrogen atoms.
However, spin densities 80 delocalize mainly in f\, core by replacement of substituents with SiMéese
results revealed that exocyclic substituents affpin distribution. For example of neutral radidg@hivers
reported that [MeSiNP us-N'Bu)s{ us-Li(thf)} sl] 92 has a cubic structure by X-diffraction analysisj éhat92

is transformed into solvent-separated ion paitin THF 38

thf .
\L __‘|th'f—| ' tB N Blu
tBUN=——Li” uN, N, o _
: T R ity [Lithf)glt + (thf)aLi
‘ 5“”“]7% MesSIN N
pZ_ N thf s
Me;SiN’ By
92 101

Scheme 1.17Solvation of lithium ions i®1

L. b L L b L L p .k
L=V-NZ"N-V-L ~—— L-V=N"""N=V-L ~—— L-V=N" SN-V-L
L L U L L L
L: (3,5-Me,CgH,)(Np) 93

,Np = neopentyl

Scheme 1.18Resonance structure 38

Cummins reported phosphorus-centered-radi8alvhich is stabilized by the vanadium (1V/V) redouple3®®
Orbital analysis revealed th@8 has only 31% of spin density in the 3p (P) orbitatl about 23% over each
vanadium atom. In the same manner, DFT calculagbosved tha®4 has almost spin density on the vanadium
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center. While spin densities of NHC-stabilized malutadical®95 and96 mainly delocalize in phosphorus center.
Dialkylphosphinyl radica®7, which has a helmet-shaped bidentate alkyl liggchonomeric form in solution
and the solid state in contrast®h 98 is stabilized by delocalization of neutral radicah four membered 1,3-
diphosphacyclobutenyl ring. Triphosphaallyl radi@@have been resonance stabilized by the d orbitddetb

W atoms.

101 102 and 103
Figure 1.14.Structurally characterized anion phosphorus raslica

While phosphorus-centered radical anion, only thiegmorts are available. Wang reported the strucbfire
phosphaalkene radical aniob81, 102 and dianioril03 in which the electron spin density mainly resides
the phosphorus atom. (Figure 1.14) In case of diphene radical anion, Tokitohs group isolated Uitti
diphosphene anion radicals by using 2,6-bis[bisgthylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl

group (Bbt) and 2,4,6-tris[bis(trimethylsilyl)metighenyl (Tbt) as extremely bulky substituefhtSHowever,
these compounds have not been structurally charzexdeby X-ray crystallographic analysis.

1.12 Synthesis of diphosphanediide

1,2-Dianion species, in which two negative cham@eslocated on adjacent atoms, have become inoghasi
popular in organic synthesis. Diphosphanediide isgebave been known to be generated by reduction
cyclooligophosphane or organophosphorus halidels atkali metal$® Recently, Griitzmacher reported the
crystal structure of two diphosphanediide. Disoditrg-diphenyldiphosphane-1,2-diide are detectedh as
cluster type structur&04, which are prepared from reduction of PhP@ith Na. In case of reduction (PRP)
with lithium in THF, Lix(P.Ph)(thf)x was given as red powder. Subsequently(FePhy)(tmeda) 105 was
obtained from recrystallization of toluene/TMEDAItWough diphosphene has been known to undergo one-
electron reduction by alkali metal, generation iphdsphanediide have not been reported.

"
[NaLol* Na— ]

/ N
18 Na oAl \\\
TMEDA/toluene PPh

6 PhPCl, T [Nag(PoPhy)s(tmeda),] — Pm!ANBA/-"iPy
- L \
\ _pph

(PhP)s + Li(excess) = [Liy(P,Ph,)(thf),] MEIAOIENE. 1 i b bh,)(tmeda),]

105
Scheme 1.19Synthesis of diphosphanediide
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1.13 1,3-Butadiene derivatives including heavier gup elements

Direct connection of such heavy double bond has kaewn to lead to longer-wavelength shifted absonp

In the group 14 species, tetrasilabutadi¢fé* and tetragermabutadied®7** were reported to exhibit an
absorption over 500 nm. Although the correspondimgsecutive double bond species involving heavieu gy
15 element has never been reported, a reactiorpBh( O} with P, was reported to give a dinuclear Rh
complex possessing a dianionic tetraphosphabutadiiele ligand 108** While butadiene derivative
incorporating less than four phosphorus atoms baes extensively studied since the first 2,3-diphasl,3-
butadienel09was reported? The isomeric 1,4-diphospha-1,3-butadiene spddi@sas also been investigated
and applied as a ligand to transition metal comgd&XAs a similar species, Bertrand reported that CAAC
[cyclic(alkyl)(amino)carbenes]-coordinated diphosprs speci€§ 111 has 2,3-diphospha-1,3-butadiene
character in contrast to the case of NHC (N-hetelacycarbene)-coordinated diphosphorus spetiez®’
because of the strongmracceptor property of CAACs than those of NHCs.

T/rip Trip
Tnp—EQ OE—Tnp
F-—E
Trip Trip
E = Si(106),

Ge(107)

Trip = 2,4,6-PraCeHy

110 111 112

Scheme 1.201,3-Butadiene derivatives including heavier grelgments

1.14 Natural bond orbital analysis

NBO (Natural Bond Orbital) analy$fsvas developed as a technique for studying hylaiitin bond covalency
effects in polyatomic wave function, based on Idiiatk eigenvectors of the one-particle densityrimaliBO

has also enabled to describe corresponding cltséhe picture of localized bonds and lone pairsassc units

of molecular structure. NBO have also been cawigicby considering all interactions between filtemhor and
empty acceptor NBOs and estimating their energetmortance by second-order perturbation theory. The
author described the interaction between a fifiearbital of the formal Lewis structure with onetbé unfilled
antibonding orbitalsto give the second-order energy lowering® . (Figure 1.15).
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Figure 1.15.Perturbative donor-acceptor interaction, involvinfilled orbitalo and an unfilled orbitad[]

This energy lowering is given by the formula (1)es F is the Fock operator arsd andesnare NBO orbital
energies.

, <0|F 0*>2

AE® = — ¢h)

Egx— &g
1.15 The purpose of this thesis
As mentioned in the previous sections of this tdrapliphosphene species have been attracted styutdural,
optical, and electronic property. These propetieage been affected by substituents on the diphosphghile
boryl-substituents show some characteristic proggrivhich work agr donor andt acceptor. For example,
phosphino-borane and boryl-phosphide compound pay@t interaction between boron and phosphorus. The
author expected that introduction wfacceptor substituent to P=P double bond couldctste property of
diphosphene. Moreover, since the first reducticerction of diphosphene was reported in 1982, strattu
characterization of diphosphene radical anion lea®mnbeen reported. Althoughacceptor property of boryl
substituent waanticipated to stabilize such as aniosjecies, there have been no reports of the syatbési
boryl-substituted diphosphene. Because the symtioésioryl-dihalophosphine as a precursor has Heteoult
by using electrophilic boron reagent. Thus the awutblanned to synthesize diboryldiphosphene by the
nucleophilic borylation method and investigated [toperty in this thesis. In chapter 2, synthedis o
diboryldiphosphene, detail of property, and DFTcaldtions have been described. In particular, thtba
confirms boryl substituent has worked @+tonor on diphosphene by means of comparison witM® and
LUMO level of diboryldiphosphene, diphenyldiphopkeas a model compound, and Mes*P=PMes*. In
addition, the reaction of this diboryldiphosphenéwWBuLi afforded a boryl-substituted phosphinophosphid
that was stabilized by &electron-accepting effect of the boryl substituentomparison with the thermally
unstable Mes*-substituted derivatjda chapter 3, synthesis of diborydiphosphene eddiaion species and
characterization are described. X-ray structurediforyldiphosphene radical anions have showm p
prtinteraction between boron and phosphorus, whetdtraiso has been supported by ESR spectroscopy and
DFT calculations. In chapter 4, the author hasakgeproperty of boryl-substituted diphosphanediideich
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was generated by the reaction of diboryldiphosphégtieexcess amount of lithium, from the NMR spaciX-

ray structure and reactivity toward Mel. Moreovieoryl-substituted diphosphanediide DMAP complex has
been revealed to have 1,4-diboranuida-2,3-diphdsphdiene (B=P-P=B) character by its X-ray and DFT
calculation. In chapter 5, the final chapter oktHissertation, a conclusion throughout this staslyvell as
perspectives of this chemistry in this thesis Haeen described.
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Chapter 2

A Boryl-Substituted Diphosphene: Synthesis, Structte, and
Reactivity with "BuLi to Form An Isolable Adduct Stabilized

by prtprtInteractions
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2.1, Introduction

The synthesis and photophysical properties of mraantaining organic molecules have been thoroughly
investigated especially with respect to the substituent effe¢tthe boryl group. The-acceptor properties of
boryl substituents are due to a vacant p-orbithlctvmay accept electrons from adjacent atoms. [{teéind..6)
But boryl substituents also exhibit stroaglonor properties due to the relatively low elestrgativity of the
second-row element boron atom (2.04, Pauling), wisareflected in e.g. the strom@gnsdinfluence of boryl
ligands in transition-metal-boryl complexes (Chaft®). In contrast to the well-understood substitieffect
of the boryl-substituent in organic and coordinathemistry, the effects in main group chemistmai
relatively unexplored, probably due to the limitegtailability of boryl-substituted main-group-elemen
compounds. However, nucleophilic boryllithium haseb utilized to make novel E-B bonds via nucleaphil
borylation of electrophilic main group reagentshé&pter 1.8) (E = B, Al, Ga, In, Tl, C, Si, Ge, &md P)
Aldridge reported interesting redox chemistry & thain group elements, e.g. direct reaction of Istylene
with dihydrogen, or the formation of divalent grolL® radical speciesHowever, these studies on boryl anion-
derived main-group-element compounds did not reeglinformation regarding the substituent effédiary!|
groups on the redox chemistry. The author desctiastt property of diphosphene in chapter 1. Tohpgties
of the P=P double bond are strongly influencedHsygubstituents on the phosphorus atoms. So fa/2dt
alkyl,* silyl,® thio f amino-substituted diphosphehbave been reported (Figure 1). Although two coratponal
studies on boryl-substituted diphosphenes have besortedf such species have not yet been investigated
experimentally. Herein, the author reports the synthesis and ptppéa diboryldiphosphene. Characterization
of this diphosphene by UV/Vis spectroscopy, cyetttammetry, and DFT calculations revealed thattibeyl
substituents act as-donor substituents. Moreover diboryldiphospheretewith"BuLi to furnish an isolable
phosphinophosphide, which is stabilized by-prtinteractions between the boron and the phosplaiarss.
This behavior is thus markedly different to thatled Mes*-substituted diarylphosphede

2.2, Results and discussions
2.2.1, Synthesis of diboryldiphosphene 113

The author used to precursor as chlorobofddeossessing a saturated C-C bond because arognafi&it
may reducetacceptor property of boryl-substituent. Previopishywas reported that the reaction of boryllithium
with PCk generated the corresponding chloroborane, becdusaogen abstraction reaction by boryllithium
(Scheme 1¥° Therefore, the transmetallation of the boryllitnid15, which was prepared frofil4, with 1.2
equivalents of ZnGlafforded THF-coordinated dimeric borylzinc chlaril16thf), via a procedure similar to
that of previously reported borylzinc species (ebe)™* This direct substitution at the main group element
with a nucleophilic borylzinc reagent stands inrlstaontrast to the reductive dehalogenation of
aminodibromobismuthane(lll), which is convertedoird diborylbismuthene through a Bi(l) intermediate,
reported by Jonest al 1> The reaction of isolated {6fhf), with PCk in acetonitrile resulted in the formation
of boryldichlorophosphiné17. Additionally, the molecular structure @17 has been determined by a single-
crystal X-ray diffraction study (Figure 1). The ebged B-P bond length of 1.952(2) A117is close to the
sum of the covalent radii of the B and P atomsg AR'® which suggests the absence of arytinteractions.
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Scheme 1Reaction of boryllithium with PGI
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Dip = 2,6-Pr,CgH3
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28%

Scheme 2Synthesis of diboryldiphosphené3

y cit

Figure 1. Crystal structure af17 (thermal ellipsoid set a 50%, hydrogen atoms arited for clarity); Selected
bond lengths [A] and angles [°]: P1-B1 1.952(2); 1 1.409(3), B1-N2 1.397(3), N2-B1-N1 110.32(17)

A subsequent reduction @7 with magnesium in THF furnished diboryldiphosphdid&in moderate yield.
In the®P NMR spectrum o113 in CsDs, two magnetically equivalent phosphorus nucleieraserved alp
605 ppm, which are comparable, albeit slightly lbs¥e-shifted, to the resonances of carbon-sulistitu
symmetrical trans-diphosphene§, 77600 ppmif: % % 1 The electropositive boryl-substituents may
contribute to the low-field shift of these resonescconsidering that the chemical shifts of symicedtr
diphosphenes with electropositive silyl substitge¢lectronegativity of Si: 1.90, Pauling) are Iert
downfield-shifted §, 735, 818 ppm) (Figure 25.>The'B NMR spectrum ofl13showed a broad signal &
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30 ppm.
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SiMes ‘Bu
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Figure 2. Comparison of'P NMR chemical shift between silyl-substituted dipphene andi13

2.2.2, Structure of diboryldiphosphene 113

The centrosymmetric molecular structureldB was determined by single-crystal X-ray diffractimmalysis
(Figure 3). The observed P=P bond length of 2.0BBBA is slightly longer than those of previousiported
carbon-substituted diphosphene [1.985¢2)051(2¥¢ A].The two boron containing planes are orientedcait
perpendicular to the planar B-P=P-B moiety, exhilgita dihedral N2-B1-P1-P1* angle of -83.2(2)°. sThi
structure stands in stark contrast to the perpetatiaand coplanar conformers that were observedhier
recently reported diboryldibismuthene. The B1-Padl@ngth of 1.936(3) A in13is similar to the B-P bond
length in117[1.952(2) A], indicating a single-bond characiarthis bond, due to little overlap between the 2p
and 3p orbitals of the boron and phosphorus atoesggectively. The observed B1-P1-P1* angle of 99)8&
is relatively small, but still within the range thie corresponding C-P-P angles of symmetrical ¢arbo
substituted diphosphenes [93.22t{5¥14.9(1)%.

Figure 3. Crystal structure of13 (thermal ellipsoid set at 50% probability hydroggoms omitted for
clarity; asterisks denote atoms generated by symgroeeration), Selected bond lengths [A] and anffles
P1-B1 1.934(3) , N1-B1 1.420(4), N2-B1 1.425(4);F2.2.0661(18), N2-B1-N1 108.1(2), P1-P1-B1-N1
95.9(3)
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2.2.3, DFT calculations of diboryldiphosphene 113

DFT calculations at the B3LYP/6-31G level of theoeyealed the following features. By using the talys
structure as an initial geometry, the optimizeddtre ofl13was obtained with similar structural parameters
[P=P 2.054 A; B-P 1.966 A; B-P-P 101, ®-B-P-P torsion angle -85°Band parallel relationship between two
diazaborole rings. The resulting structure is naasdd 385 _Ci). In addition, NBO analysis df1385_Ci) has
shown that Wiberg bond indexes of B-P and P=P &@@®&3land 1.911, respectively. Moreover, small sdeon
order perturbation energies are estimated to b@ I&8l/mol between boron and phosphorudi These
results are in good agreement with smatgt interaction between boron and phosphorus. Seleatdelcular
orbitals 0f113(85_C)) are illustrated in Figure 5. (1) the HOMO extshigatures of the nonbonding lone pair
on the phosphorus atoms [Figure %(l2) the HOMO-7 and the LUMO correspond to thendt* orbitals of
the P=P double bond [Figure 5(a),](dnd (3) the HOMO-1 is predominantly characteribgdcontributions
from theTtrtype orbital of the diazaborole moieties [Figufe)b

Wiberg bond index Second order perturbation

Dip

o \ energy (kcal/mol)
ip
/ 1033 /N?'i Donor  Acceptor  AE
; ] LP(P1) LP*(B2) 386
LP (PG9) LP* (BY0) 3.86

N1
Uoss Peo—B870
B2—P11811
Z NTB | p(N3) LP*(B2) T70.19
b LP (N10) LP* (B2) 67.76
Bip LP (N71) LP* (B70) 70.19
LP (N78) LP* (B70) 67.76

Figure 5. Selected molecular orbitals 41385_C;) calculated with B3LYP/6-31G(d) level [(a) LUMO, (b)
HOMO, (c) HOMO-1, (d) HOMO-7] (hydrogen atoms aneitied for clarity, gray: carbon, blue: nitrogen,
orange: phosphorus, pale peach: boron)
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2.2.4, Optical and electronic properties of diborydiphosphene 113

To better understand the electronic effects ofltbeyl-substituents ir113 the compound was subjected to
UV/Vis spectroscopy and cyclic voltammetry, andttier DFT calculations. The UV/Vis spectrum bi3
showed two absorption maxima at 310 rea5(700) and 400 nne€680) (Figure 6), which were assignedas
0 and r-mitransition by TD-DFT calculations (Figure 7). Twbsarption maxima ot13 are slightly blue-
shifted relative to the absorptions of Mes*-sulbistitl diarylphosphen@ (325, 460-532 nm),indicating a
larger HOMO-LUMO gap 0D relative to that oft13 The cyclic voltammogram d in THF (supporting
electrolyte: 0.100 M"BusN][BF4]) showed a reversible reduction wave at -2.24 §. UpFe/CpFe"; Figure
8), which is lower than that df13(-2.36 V)!® suggesting a lower LUMO level il 3relative to that ir9. (vs.
CpFe/CpFe’; Figure 9)

0.1
14 0.09
12 0.08
L 10 0.07 fé
€ 006 9
5 8 0.05 g
‘é 6 0.04 %
X 003 &
0.02
2 0.01
0 — . 3 R - -~ - ' 0
250 300 350 400 450 500 550

wavelength /nm

Figure 6. UV-vis spectra 0 (blue),113(red), andl13 (black) at CAM-B3LYP/6-31G(d)
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UV—VIS Spectrum
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Figure 7. Simulated UV-vis spectrum dfL385_Ci) by TD-DFT calculations.
Table 1.Parameter of UV-vis spectrum 81385 _Ci) by TD-DFT calculations.
Excited State Calculated
1 HOMO—LUMO 519.41 nm f=0.0000
2 HOMO-1-LUMO 343.99 nm f=10.0010
4 HOMO-7—LUMO 302.82 nm f=0.0936
7 HOMO-9—LUMO 270.26 nm f=0.0190
8 HOMO-3—-LUMO 267.96 nm f=0.0111

27




Current (pA)

-2.8 -2.6 -2.4 -2.2 -2 -1.8

Potential (V) vs. Cp,Fe/Cp,Fe*

Figure 8. Cyclic voltammogram of a 0.100 mM solutionif3in THF [electrolyte'BusNPFs (0.100 M)]

Current (nA)

-2.7 -2.6 -2.5 2.4 -2.3 -2.2 -2.1 -2

Potential (V) vs. Cp,Fe/Cp,Fe*

Figure 9. Cyclic voltammogram of a 0.01 M solution @fn THF [electrolyteBusNPFs (0.100 M)]
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2.2.5, The influence of boryl-substituent on P=P ddble bond

The author confirmed properties of boryl-substitugnmeans of comparison with HOMO and LUMO levels
of diboryldiphosphené&13 diphenyldiphophen&l18as model compound, and Mes*P=PM&3*@ structural
optimization of9 and113at the B3LYP/6-31G(d) level of theory was ablegproduce the crystallographically
obtained structures, albeit with slightly deviatifdedral angles. For comparisdi8was calculated as a model
compound. Since the optimized structur@afas similar to the crystal structure witho@tho)—C({psg—P—P
dihedral angle of 63° witlC,; symmetry, the structure is named #{63_C,). According to the optimized
structures 0B(63_C,) and11385_C)), three different structures of a model compourttR=PPhX18), were
optimized with fixed dihedral angle of @tho)—C(pso—-P—-P as 63° (two Ph rings are @ symmetrical
structure withC; axis dividing P=P double bond), 63° (two Ph riags parallel and i€; symmetrical structure),
and 85° (two Ph rings are parallel anddnsymmetrical structure), in which three obtainedigtures are
denoted a41885_C)) 11885 C,), and11863_C,) (Figure 10). These calculations revealed thaptiesence
of boryl substituent il13raises the energy levels of all P=P-related db{ta 11, ) relative to those 0118

In contrast, all of energy levels d1385_Ci) were slightly lower than those 6{63_C,). From these results,
the author concludes the following trend: 1) dibdighosphend 13 has higher P=P related orbitals due to the
o-donating effect of boryl substituent, 2) Mes*-stitosed diphosphen@has further higher P=P related orbitals
due to the introduction of three electron-donatimgthyl groups on the phenyl ring in comparison witlenyl-
substituted diphospherid 8regardless to the dihedral angled 8.

opd # | 113(85_C) 118(85_C) 118(85_C,) 118(63_C,) 9(63_C,)
torsion | N-B-P-P  C-C-PP CCP-P CCPP CCP-P
angle | -853°  -853°  -853° 62.9°  -62.9°
(e\z) LUMO
4 Lumo 2152
—2.262 p=p
T . LUMO LUMO  LUMO ./
L 40404 -2666 -2.666 —2.623 +0.471
1
51
HOMO HOMO
T —5.463
~5.542
r \ +0.597 +0.593; ne
T . HOMO  Homo ~ HOMO
-6+ \ = —6. : K Tp=p
6 6139 6128 PR
- . / —5.941
| HOMO-7" 44 532 +0.827;
~6.239 ;
| HOMO ™™ ~"HOMO-1
74 HOMO-2
6771 ol —6.768

Figure 10. Calculated energy levels ofp-p, Nonbonding, ande-p orbitals in boryl- 113), phenyl- (18),
supermesityl-g) substituted diphosphenes (the number in pareesrasws torsion angle between substituents
and P=P planes;; andC; denotes relationship between two substituents)
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2.2.6, The reaction of diboryldiphosphene with"butyllithium and decomposition of Mes*("Bu)P-
PLi(Mes*)

N B n B
nguLi B - recrystallization Bu
13——> PP - PR
3T5ch B Li{thf), PME/hexane 5" | iqgme)
; 119 (thf),, 119 (dme)
stable in THF at RT stable in CgDg at RT
3 -191 (d, Jpp = 208 Hz) 3 -226 (br)
-127 (d, 1Jpp = 208 Hz) -127 (d, YJpp = 205 Hz)
"BuLi "Bu ~ Mes* an unidentified product
9 — > PR o 85 -58 (t, J = 146 Hz)
THF Mes* Li(thf),, 0°c 3( J=146 H
-35 °C 7.5h tJ= 2)
120(thf),,

unstable in THF at 0 °C
dp 66 (d, 1Jpp = 393 Hz)
8 (d, Ypp =393 Hz)

Scheme 3Addition of "BuL.i to diphosphene$13and9

Addition of "BuLi to diboryldiphosphend 13 at -35 °C in THF afforded the stable addut®(thf),, which
exhibited two doublets & -192 (P-Li) anddp -127 (P2Bu) ppm in the’’P NMR spectrum (Scheme 3). The
relatively large coupling constantJ¢=208 Hz) is indicative of direct bonding betweerotmequivalent
phosphorus nuclei. Considering that tH&and’Li NMR spectra ofl 19(thf), showed two distinct broad signals
and one sharp singlet signal, respectively. Thedtion should be dissociated from the phosphidéecdn
form a solvent-separated ion pair in THF, this sggeavas found to be stable at room temperatur®.fomh.
(Figures 11, 12, and 13).

126.14
~-127.35
~.191.26
~-192.64

|
‘ \
A(MJ I Hr W W‘ A ‘M ﬂ‘W"ﬂW ﬂM’W M i e WW W"W

) A R N A L N W
100 125 -150 -175 -200 -225

Figure 11.%'P NMR spectrum of19(thf),.
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Figure 12.'B NMR spectrum ofl19(thf)n.

-0.40 -

Figure 13.°Li NMR spectrum ofL19(thf),.

In contrast, treatment &with "BuLi at -35 °C in THF led the appearance of twolidletsignals ad, -66 and
S 8 ppm, indicating the formation 8BuLi adduct12Q(thf),.X° However, this species gradually decomposed at
0 °C over the course of 7 h to generate unidedtgi®duct exhibiting two triplets @ -58 andd 3 ppm in the
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3P NMR spectrum (Figure 14). Since the related dgtlaphosphane have also been confirmed as twettrip
signals in®'P NMR spectruni’ unidentified product may be cyclotetraphosph&a®g which generated from
dimerization of' BuP=PMes* (Schemé4).

L ! ... S | S
* }‘ . 0.5h | f
l k 1.5h ' |

’}” 3.5h
e Kot

,__AA__../IJL A Mj.S h mmmww
i LSS e
|“| 6.5h i
|i| 7.5h oo

T T T T

0 -20 -40 B0

PPM

9 cf) . r':/les
* n ,
"Mes_ Mes* Mes* Mes, _d Bu P-P M
W) / - P—P M Lo es
/P_LP) -Mes*Li =P dimerization L e PP,
"Bu L "Bu /P_P\ Ph
"By Mes* Mes
121
Bp -B8 (t, Jpp=146 Hz) 5, -44.4 (t, Jpp=122 Hz)
3(t, Jyp=146 Hz)  -24.8 (t, Jp=122 Hz)

Scheme 4Proposed mechanism of generation of cyclotetrapgfeosgi21

The extraordinary stability df19(thf), relative to12Q(thf), should most likely be attributed to the preserice o
preprtinteractions between the boryl substituent angtiasphide unit id19thf),. Although the isolation of
119thf), was not successful, recrystallization Idfq(thf), from hexane in the presence of 1 equiv of DME
furnished119dme) as a crystalline solid. TR#® NMR spectrum of19dme) in GDs exhibited one doublet
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signal adp—116 ppm (PBu, *Jp=205 Hz) and one broad multiplet signadat226 ppm (Figure 15). Moreover,
the author confirmetBu group ofl19dme) by using 1D DPFGSE-TOCSY NMR (Figure 16).

< 0 0
o< N~ Yo}
@ © ~ ~
0w © © o
S 8 &
P | ¢
A
C Y
,PA_PB.
sB Li(dme)
119(dme)
Pg
\\l\\l\‘i\\\l\\l\‘I\\I‘\I
1222.5225.0227.5230.0232.5
PPM
T T T ’ T T I T ‘ T T T T [ T T T T | T T T T ‘ T
0 -100 -200 -300 -400

Figure 153 NMR spectrum ofi19dme). The broad multiplet NMR signals &-226 ppm in phosphide
moiety is probably due to the coupling witk, °Li, and Li.

PC;H,CH;,

PCH,CH,Et

PCH,CHEt
W B

20 ms

10 ms

Figure 16. The 1D DPFGSE-TOCSY spectra #u moiety of 119dme) with selective irradiation to the

33



terminal CH with varied mixing time. With shortening the migitime, signals disappeared in the order of the
distance from the terminal GH

For 119dme), only one very broddB NMR signal was observed & 34 ppm, while théLi NMR signal in
CsDs exhibited a doublet of doublet &t -4.43 ppm (Figure 17). The observed coupling amtstof'Js =82

Hz and?Jpi=3 Hz should be attributed to interactions betwiium and the two inequivalent phosphorus
nuclei (Figure 18). In their entirety, the resutghis multinuclear NMR analysis indicates tha8(dme) exists

in CsDe as a contact ion pair with P-Li bond ig solution.

M

_PPM

T T ‘ T T ‘ T T ‘ T T T | T T T ‘ T T ‘
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Figure 17B NMR spectrum ofl19dme). The NMR signal & = 34 ppm (fwhm = 1350 Hz) is probably due
to the overlapping of the two broad signals oftike inequivalent boron atoms.
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Figure 18/Li NMR spectrum ofL19dme).
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2.2.7, X-ray structure of 119dme)

A single-crystal X-ray diffraction analysis b1 9dme) suggested strongyprtinteractions between the anionic
phosphorus atom and the adjacent boron atom (Fifj@)e Single crystals ofl19dme) contained two
independent molecules &19dme) and one molecule of hexane per unit cell. Weeindependent molecules
differ with respect to each other with regard te thientation of the diazaborole ring connectetthéoP2 atom.

In 119dme), the P-B bond lengths within the phosphidéetgd1.896(3)/1.898(3) A] were slightly shorter
than those in th&Bu-substituted phosphinyl moiety IL9dme) [1.933(3)/1.954(3) A]. The sum of bond angle
around the phosphorus atoms (P1: 3%¥B35.5°, P2: 322°1312.7°) demonstrate that the pyramidalization of
P1 was less pronounced than that of P2. Theseautaliéeatures indicate the existence ofjpt interactions
between P1 and the boron atom, probably due texiséence of two lone pairs on P1, and revealth8dme)
exists as contact ion pair in the crystalline state

Figure 19.Molecular structure af19dme) (thermal ellipsoids set at 50% probabilitytogen atoms omitted
for clarity). Selected bond lengths [A] and angf#sN1-B1 1.448 (4), N2-B1 1.457 (4), P1-B1 1.895, (3N1-
B1-N2 105.2(17) N3-B2 1.445 (4), N4-B2 1.434 (43;B2 1.933 (3), P1-P2 2.1775 (11)

2.2.8, DFT calculations of 11@me)
The presence of strongyptt interactions between the anionic phosphorus atwhttze adjacent boron atom
in 119dme) was also corroborated by DFT calculationse $tnuctural optimization of the two independent
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structures encountered in the unit cells afforaemldnergetically similar structures, and an imagjirilequency
was not found. The author selected the HOMO andHtB®&O-1 of 119dme) correspond to the PaBbond
and a lone pair on the phosphorus atoms, respBctiF@ure 20). An NBO analysis of the resultingotw
structures, which described as molecules A and Baible 1, provided estimated second-order pertigiat
energies of 46.78 and 54.67 kcal/mol. This resa#t suggested the existence of donor-acceptor atitmna
between the phosphorus atom of phosphide moietyttandttached boron atom. While the both molecofes
A and B have showed small interactions betweengdimrsis atom of phosphinyl moiety and boron atoneseh
interactions may very likely be the key factor fbe stabilization of boryl-substituted phosphinogbiude
119dme).

Figure 20.(a) HOMO and (b) HOMO-1 of19dme) (only one of the two energetically similastures is
shown; hydrogen atoms are omitted for clarity; cotade: gray = carbon, blue = nitrogen, orangeasphorus,
pale pink = boron, purple = lithium, red = oxygen).

Table 2. Donor-acceptor interaction (kcal/mol) 119dme) estimated by the second order perturbatieorth

analysis.
moleculg atom NtoBPtoB
55.40
P coordinating to Lji 46.78
55.96
A
67.02
"Bu-substituted P 0.57
59.28
55.32
P coordinating to Lii 54.67
53.79
B
57.83
"Bu-substituted P 18.40
61.56
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2.3. Conclusion

Boryl-substituted diphospheriel3 was synthesized by a nucleophilic borylation ofisP@ing a borylzinc
reagent. A single-crystal X-ray diffraction anal/éh combination with DFT calculations and an asl\yof
UV/Vis spectroscopic results revealedr-aonating effect of boryl substituents 143 that is slightly weaker
than that of the Mes* substituent. The reaction 148 with "BuLi resulted in the formation of a
phosphinophosphide that was stabilized byaccepting effect of boryl substituent, which wasfirmed by
single-crystal X-ray diffraction analysis and DFaleulations.

Experimental procedure

General

All manipulations involving the air- and moisturersitive compounds were carried out in a gloveldixvéa
MFG and Korea KIYON) under argon. Ether, THF, tolagandh-hexane were purified by passing through a
solvent purification system (Grass Contour). Lithidispersion (purchased from Kanto Chemical Ca,, In
containing 1% sodium) was washed with hexane bdfmeaise to make a lithium powder. NMR spectra were
recorded on 500 or 400 MHz spectrometers. Chersitt are reported in ppm relative to the resighaatially
protonated solvent foiH, deuterated solvent fdfC, external Bk OEb for B and 85% HPQ, for 3*P nuclei.
Data are presented in the following space: chensigif, multiplicity (s = singlet, d = doublet, ttriplet, sept

= septet, m = multiplet, br = broad, brs = broaugkat), coupling constant in hertz (Hz), and sigaada
integration in natural numbers. Mass spectra werasmred on a JEOL JMS-700 mass spectrometer. ileltin
points were determined on Optimelt (SRS) and wamuected. Elemental analyses were carried diieaf
Rabbit Science Japan Co., Ltd. X-ray crystallogm@mnalysis was performed on VariMax/Saturn CCD
diffractometer.

Synthesis of 114

A dichloromethane solution of BE{1.0 M, 56.0 mL, 56.0 mmol) was added to a hexswiation of NV, V-
Bis(2,6-diisopropylphenyl)ethylenediamine (15.3 g, 40.0 mmol) at room temperature under rargo
atmosphere. After stirring the reaction mixture36rmin at room temperature, volatiles were evapdrander
reduced pressure. Then, &H, (200 mL) and NEt(68.9 g, 360.0 mmol, 50 mL) were subsequently ddde
the residue at room temperature. The resultingesuspn was stirred for 15 h at 50 °C. After voksilwere
evaporated under reduced pressure, hexane was taldeel residue. The resulting suspension wagdilte
through a pad of Celite. Volatiles were removedibe filtrate to give a white solid @14(13.2 g, 3.11 mmol,
78 %). An analytically pure sample was obtaineddnyystallization from hexan8d NMR (CsDe, 500 MHz)
01.30 (d,J =7 Hz, 12H), 1.36 (dJ = 7 Hz, 12H), 3.40 (s, 4H), 3.46 (seps 7 Hz, 4H), 7.13-7.16 (m, 4H),
7.21 (ddJ =7, 9 Hz, 2H);}*C NMR (GsDs, 125 MHz)& 24.6 (CH), 25.0 (CH), 28.9 (CH), 52.2 (CH}, 124.2
(CH), 127.8 (CH), 138.0 (4°), 147.7 (4B NMR (CsDs, 160 MHZz)d 24 (br s); mp: 180.6-181.1 °C. Anal.
calcd. for GeH3sBCIN2: C, 73.50; H, 9.02; N, 6.59. Found: C, 73.73; 9N, 6.71.

Synthesis 0f(116 thf),
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In a glovebox, a 30 mL vial equipped with a glassgnetic stirring bar was charged with4 (2.00 g, 4.71
mmol), lithium powder (0.370 g, 47.1 mmol), and hidgalene (0.604 g, 4.71 mmol). To the mixture, HFT
(15 mL) at —35 °C for 25 h. The reaction mixturesvithered through a pad of Celite and the resigas washed
with THF (10 mL). The resulting solution was addec THF (10 mL) solution of Zn€(0.771 g, 5.66 mmol)
at —35 °C and the resulting mixture was stirree3 °C for 20 min. After volatiles were removedrrahe
reaction mixture under reduced pressure, the residis triturated with hexane. The resulting suspansas
filtered through a pad of Celite to remove inorgasalts. After solvent was removed from the fitrander
reduced pressure, the residue was recrystallipad frexane/THF to givel{61hf), as colorless crystals (0.745
g, 0.668 mmol, 28%). Recrystallization of the praddrom CHCN solution gave single crystals of
(116 NCCHs),- 2CHCN suitable for X-ray analysisH NMR (CsDs, 500 MHz)3 1.24 (br, 4H, THF), 1.28 (d,
J=7 Hz, 12H), 1.31 (d) = 7 Hz, 12H), 3.26 (br, 4H, THF), 3.55 (s, 4H%3(septJ = 7 Hz, 4H), 7.10 (d,
4H), 7.13-7.17 (m)*C NMR (GsDs, 125 MHz)& 25.0 (CH), 25.1 (CH), 25.3 (CH), 28.5 (CH), 54.6 (CH),
68.4 (CH), 123.8 (CH), 126.6 (CH), 142.0 (4°), 148.0 (4*B NMR (CsDs, 160 MHZz)3 34 (br s); mp: 181.9-
184.7 °C Anal. calcd. for GoHg2B2CloN4O-Zn2: C, 64.07; H, 8.25; N, 4.98. Found: C, 63.94; 338N, 5.11.

Synthesis of 117

In a glovebox, PGK119uL, 1.37 mmol) was added to a @EN (20 mL) solution of 116thf), (460 mg, 0.912
mmol) at room temperature. After the reaction nrigtwas stirred at room temperature for 9 h, vaativere
removed under reduced pressure. The residue wasated with hexane and the resulting suspensiasn wa
filtered through a pad of Celite to remove inorgasalts. After volatiles were removed from therdéite under
reduced pressure, the residue was recrystalliped frexane to give a pale yellow solidldf7 (251 mg, 56%).
'H NMR (CeDe, 500 MHZz)d 1.24 (dJ= 7 Hz, 12H), 1.34 (d]= 7 Hz, 12H), 3.53 (s, 4H), 3.61 (sept 7 Hz,
4H), 7.09 (dJ = 8 Hz, 4H), 7.17 (dd] = 7, 8 Hz, 2H)*C NMR (CDCEk, 125 MHz)5 24.1 (CH), 26.1 (CH),
28.6 (CH), 54.4 (Ch), 124.0 (CH), 127.4 (CH), 138.0 (4°), 147.2 (4*B NMR (CDCk, 160 MHz)5 26 (br
s); P NMR (CDC}, 160 MHz)d 158 (s); mp: 98.9-182.3 °C. (decomp); Anal. cafod.CoeH3sBCIN2P: C,
63.56; H, 7.80; N, 5.70. Found: C, 63.68; H, 8/1955.66.

Synthesis of 113

In a glovebox, a solution df17 (0.251 g, 0.511 mmol) in THF (3.00 mL) was addednagnesium (13.6 mg,
0.562 mmol) in a 3 mL vial at —35 °C in refrigenatd glovebox. The resulting mixture was stirred 34 h at
—35 °C, during which time the color of the soluticihanged from colorless to red. After the reactiurture
was evaporated under reduced pressure, the residaetriturated with toluene (50 mL). The resulting
suspension was filtered to remove Mg@irough a pad of Celite. Volatiles were evapordtech the filtrate
under reduced pressure. The resulting green sedidue was filtered through a glass filter and washed
with EtO to givell3as a yellow solid (102 mg, 47%H NMR (CsDs, 500 MHz)& 0.97 (d,J = 7 Hz, 12H),
1.23 (d,J =7 Hz, 12H), 3.56 (s, 4H), 3.63 (septs 7 Hz, 4H), 6.98 (dJ = 8 Hz, 8H), 7.12 (tJ = 7 Hz, 4H);
13C NMR (GDs, 125 MHz)5 24.5 (CH), 26.0 (CH), 28.5 (CH), 54.3 (Ch), 124.0 (CH), 127.1 (CH), 139.6
(4°), 147.3 (4°);"'B NMR (CeDs, 160 MHz)5 32 (br s); 3P NMR (GDs, 160 MHz)d 605 (s): mp: 212.7-

38



217.1 °C. Anal. calcd. for42H76B2N4P2: C, 74.29; H, 9.11; N, 6.66. Found: C, 74.17; 419N, 6.59.

NMR observation of 119(thf), generated by the reaction of 113 witfiBulLi

In a glovebox, precooled (—35 °CBuLi (12.0 uL, 19.9 umol, 1.66 M) was added to a precooled (=35 °C)
solution 0f113(14.7 mg, 18.Jumol) in THF (0.500 mL) in a 15 mL vial. After sting the resulting solution at
—35 °C for 10 min, the reaction mixture was transfe to a precooled J-Young NMR tube. The NMR tulas
quickly brought out from the glovebox and NMR spacatere recorded at 0 °C. After leaving the NMRetub
9.5 h at room temperature, NMR spectra were recoadgin to confirm the stability df19(thf), at room
temperature.

Isolation of 119(dme)

In a glovebox, a precooloed (—35 °C) THF solutiéd ML) of 113 (188 mg, 0.232 mmol) was added to a
precooloed (—35 °Cih-BuLi solution (1.64 M, 161uL, 0.264 mmol) in hexane. After stirring the reaati
mixture for 30 min at —35 °C, the solvents wereparated under reduced pressure. Addition of tol§2meL)
to the reaction mixture and removal of volatilesl@emreduced pressure were repeated two times toveirHF
completely. The reaction mixture was recrystallifean hexane solution in the presence of DME (34.1
0.232 mmol, 1 equiv. t@13) to give119dme)as colorless crystalline solids (140 mg, 0.141 mrébs)."H
NMR [CsDe, 500 MHz, 60 °C, signals dBu group were assigned with 1D-TOCSY spectra witledtive
irradiation to the terminal CHin "Bu group and varied mixing time(Figure 169 0.56 (m, 2H,
PCH.CH,CH>CHs), 0.93 (t,J = 7 Hz, 3H, PCHCH>CH,CHs), 1.05 (m, 2H, PCKCH,CH,CHs), 1.13 (m, 2H,
PCHCH,CH,CHj3), 1.15 (dJ=7 Hz, 12H), 1.22 (d] = 7 Hz, 12H), 1.38 (d] = 7 Hz, 12H), 1.41 (d] = 7 Hz,
12H) 3.12 (s, 6H), 3.30 (s, 4H), 3.43 (s, 4H) 43(§, 4H), 3.62 (sepd,= 7 Hz, 4H), 3.68 (sepd,= 7 Hz, 4H),
6.92-6.99 (m, 6H), 7.03-7.09 (m, 6HJC NMR (CsDs, 125 MHz, 60 °C) 14.5 (s, PCHCH.CH;CHs), 24.3
(CHs), 24.4 (CH), 25.4 (d,J = 8 Hz, PCHCH,CH,CH3), 26.3 (CH), 28.2 (dd,J = 24 Hz, 7 Hz,
PCH.CH,CH,CHs), 28.7 CHMe;), 32.7 (ddJ = 6 Hz, 4 Hz, PCLCH.CH,CHjs), 53.9 (NCH,), 54.5 (NCHy),
58.8 (OCHs), 72.2 (CCHy), 123.6 (CH), 124.0 (CH), 126.0 (CH), 126.2 (CH)3.4 (4°), 144.7(4°), 149.11 (4°),
149.15 (4-)"B NMR (THF-ds, 160 MHz) 34 (br, half width ~ 1350 Hz, probablyectto overlapping two broad
signals of two inequivalent boron atom&® NMR (GDs, 160 MHz)d —116 (d,J = 205 Hz), —226 (brm,
probably due to the coupling withP, °Li, and 'Li); ‘Li NMR (CeDs, 194 MHz) —4.43 (dd] = 82, 3 Hz); mp:
186.2-204.7 °C (decomp); HRMS (EBm/z Calcd. for GeHgB2N4P> [M+H-Li-DME]*: 899.6592, found:
899.6588.
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NMR measurement at 0 °C to monitor the decompositio of 120(thf), generated by the reaction of 1 with
"BuLi at -35 °C

In a glovebox, precooled (—35 °CBuLi (20.9 uL, 54.3 umol, 1.64 M) was added to a precooled (=35 °C)
solution of9 (20.0 mg, 36.2umol) in THF (1.0 mL) in a 3 mL vial. The resultisglution was transferred to a
precooled (—35 °C) NMR tube. The NMR tube was qlyitkought out from the glovebox and was loaded to
precooled NMR probe at -30 °C. After elevating tenagure of the probe to 0 °C, NMR spectra wereatsuiy
recorded at 0 °C (Figure 14). The resulting twpléti signals could not be completely characterized.

2. Details for X-Ray Crystallography

Details of the crystal data and a summary of theenisity data collection parameters fbl3 114
(116MCCH)2- 2CHCN, (116thf),- CHLClp, 117, and119dme) are listed in Table S1. ORTEP drawings of the
compounds, which are not displayed in main text,jlarstrated as Figures S3-S5. In each case axdaitrystal
was mounted with a mineral oil to the glass fibed &ransferred to the goniometer of a Rigaku Merc@€D

or a VariMax Saturn CCD diffractometer with graghihonochromated Mo & radiation A = 0.71075 A). All

the following procedure for analysis, Yadokari-XG082Y was used as a graphical interface. The structures
were solved by direct method with (SIR-2014 and-ST#? and refined by full-matrix least-squares technigjue
against? (SHELXL-2014)® The intensities were corrected for Lorentz ancéppétion effects or NUMABS
program (Rigaku 2005). The non-hydrogen atoms wedfieed anisotropically. Hydrogen atoms were placed
using AFIX instructions. Because of the hard disomaf CHCI, molecule in {16 thf),- CH:Cl,, SQUEEZE by
PLATON?4 was applied. All the resulting CIF files were dsjped to Cambridge Crystallographic Data Center.
Table S1. Crystallographic data and structure refinemengitietfor 113 114, (116 NCCH)2- 2CHCN,
(116 thf),- CH:Cly, 117, and119dme).

113 114 (116 NCCH) 2CHCN | (116[thf),- CHCl, 117 119dme)
CCDC deposit
) 1491008 1491009 1491010 1491011 1491012 1491013
Empirical
Cs2H76B2N4P; Cu6H3sBCIN, CsoHssB2CloNgZn, Ci121H18B4CleNgOsZn, | CogHzeBCILNLP | CisoH218B4Li ,NgO4Py
formula
Formula weigh 840.72 424.84 1144.64 2334.19 491.26 2162.13
T (K) 93(2) 93(2) 93(2) 93(2) 113(2) 93(2)
Crystal systen Monoclinic Monoclinic Monoclinic Tetragonal Monoaic Triclinic
Space group P2,/n P2:/n P2:/n 14./a P2./n P-1
a(A) 13.084(6) 19.271(3) 13.317(3) 29.607(6) 9(295 12.3796(16)
b (A) 14.600(6) 6.7904(11) 14.422(3) 29.607(6) 023(8) 21.551(3)
c A 14.667(7) 19.475(3) 16.548(3) 14.542(3) 26(53 25.488(3)
o (°) 90 90 90 90 90 100.147(3)
B () 113.916(6) 105.294(2) 102.056(3) 90 99.851(4) aW(BP
y(©) 90 90 90 90 90 96.4438(17)
V (A3 2561(2) 2458.1(7) 3108.0(10) 12747(5) 2713.3(11 7266(15)
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z 2 4 2 4 4 2
Dear, (9/n7) 1.090 1.148 1.223 1.216 1.203 1093
 (mnh) 0.122 0.170 0.900 0.920 0.315 0.110
F(000) 912 920 1216 4968 1048 2368
Crystal size
0.07x0.07x0.03 | 0.40x0.18x016 0.09%0.08x0.07 0.20%0.15%0.05 0.40%0.30%0}15 0.38%(0.18
(mm)
28range (°) 1.763-31.463 3.465-27.48p 3.022-27.478 3.077-27.461| 2.044-27.558 3.005-27.453
reflns collected 24470 19186 25193 51473 20680 54015
Indep.
7683/0.0927 5618/0.035¢ 7108/0.0615 7224/0.0547 1/620890 28901/0.0416
refinsRne
param 317 279 344 333 335 1438
GOF onF? 1.041 1.141 1.075 1.102 1.099 1.067
Ry, WR,
0.0799, 0.1716 0.0533, 0.1260 0.0544, 0.1101 0.0455, 0.1078 0.0483, 0.1000 0.,082067
[1>20(1)]
Ri, WR, (a”
0.1537, 0.2137 0.0612,0.136 0.0749, 0.1217 0.0520, 0.1118 0.0662, 0.1085 0.12@878
data)

Figure S3.Molecular structure 0114 (thermal ellipsoids set at 50% probability, hydnoggeoms are omitted

for clarity)
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Figure S4.Molecular structure ofl{lENCCH).- CHsCN (thermal ellipsoids set at 50% probability, hygken
atoms and co-crystallized GEN molecule are omitted for clarity, asterisks denatoms generated by
symmetry operation)

Figure S5.Molecular structure ofl(Ll6thf),- CH.Cl, [thermal ellipsoids set at 50% probability, hydeag
atoms and co-crystallized GEIl; molecule (SQUEEZED) are omitted for clarity, aisties denote atoms
generated by symmetry operation]

43



Reference

(1) Boron-Containing Polymers, Doshi, A. JakleinFComprehensive Inorganic Chemistry Il (Second Ejtio
(Ed.: J. R. Poeppelmeier), Elsevier, Amsterd2di,3 pp. 861-891; (b) Rao,Y.-L.; Amarne, H.; WangC8ord.
Chem. Rev2012 256, 759. (c) Jékle, FChem. Rev201Q 110 3985; (d) Swamy, C. A.; Priyanka, R. N.;
Thilagar, P.Dalton Trans.2014 43, 4067. (e) Yin, X.; Chen, J.; Lalancette, R. A.amder, T. B.; Jakle, F.
Angew. Chem. Int. E@014 53, 9761. () Ji, L.; Edkins, R. M.; Sewell, L. J.e&by, A.; Batsanov, A. S.; Fucke,
K.; Drafz, M.; Howard, J. A. K.; Moutounet, O.; ltséene, F.; Boucekkine, A.; Furet, E.; Liu, Z.; ElJ.-F.;
Katan, C.; Marder, T. BChem. Eur. J2014 20, 13618. (g) Braunschweig, H.; Dyakonov, V.; EngBls Falk,
Z.; Horl, C.; Klein, J. H.; Kramer, T.; Kraus, KKrummenacher, I.; Lambert, C.; Walter, &hgew. Chem. Int.
Ed.2013 52, 12852. (h) Weber, L.; Eickhoff, D.; Marder, T.;Box, M. A.; Low, P. J.; Dwyer, A. D.; Tozer,
D. J.; Schwedler, S.; Brockhinke, A.; Stammler,&d;-Neumann, BChem. Eur. J2012 18, 1369. (i) Weber,
L.; Halama, J.; Bohling, L.; Chrostowska, A.; Ddag A.; Stammler, H.-G.; Neumann, Bur. J. Inorg. Chem.
2011, 2011, 3091. (j) Chen, P.; Lalancette, R. A.; JakleJ.FAm. Chem. So2011, 133 8802. (k) Weber, L.;
Werner, V.; Fox, M. A.; Marder, T. B.; Schwedler; Brockhinke, A.; Stammler, H.-G.; Neumann,Balton
Trans.2009 1339. (I) Entwistle, C. D.; Collings, J. C.; Staf, A.; Palsson, L.-O.; Beeby, A.; Albesa-Jove, D.
Burke, J. M.; Batsanov, A. S.; Howard, J. A. K.; 8¢y, J. A.; Poon, S.-Y.; Wong, W.-Y.; Ibersiene, F
Fathallah, S.; Boucekkine, A.; Halet, J.-F.; MarderB.J. Mater. Chem2009 19, 7532.

(2) (a) Protchenko, A. V.; Birjikumar, K. H.; Dande,; Schwarz, A. D.; Vidovic, D.; Jones, C.; Kalfamnis,
N.; Mountford, P.; Aldridge, SI. Am. Chem. So2012 134, 6500. (b) Protchenko, A. V.; Dange, D.; Harmer,
J. R.; Tang, C. Y.; Schwarz, A. D.; Kelly, M. J.hifips, N.; Tirfoin, R.; Birjkumar, K. H.; Jone<.;
Kaltsoyannis, N.; Mountford, P.; Aldridge, Bat. Chem2014 6, 315.

(3) (a) Yoshifuji, M.; Shima, I.; Inamoto, N.; Hitsu, K.; Higuchi, TJ. Am. Chem. So&981, 103 4587; (b)
Yoshifuji, M.; Shima, I.; Inamoto, N.; Hirotsu, KHiguchi, T.J. Am. Chem. So&982 104, 6167; (c) Weber,
L. Chem. Rev1992 92, 1839. (d) Baumgartner, T.; Réau,Ghem. Rev2006 106, 4681.

(4) Cowley, A.; H. Kilduff, J. E.; Newman, T. H.aRulski, M.J. Am. Chem. So&982 104, 5820.

(5) (a) Cowley, A. H.; Knueppel, P. C.; Nunn, C. ®tganometallicsl 989 8, 2490. (b) Weber, L.; Meine, G.;
Boese, R.; Augart, NOrganometallica 987, 6, 2484. (c) Wiberg, N.; Worner, A.; Lerner, H.-\Waraghiosoff,
K. Z. Naturforsch., B: Chem. S@002 57, 1027; (d) Cappello, V.; Baumgartner, J.; Drargsfél.; Flock, M.;
Hassler, KEur. J. Inorg. Chem2006 2393.

(6) Markovskii, L. N.; Romanenko, V. D.; Povolotsi¥. I.; Ruban, A. V.; Klebanskii, E. @h. Obshch. Khim.
1986 56, 2157.

(7) (a) Niecke, E.; Ruger, R.; Lysek, M.; Pohl, Schoeller, WAngew. Chem. Int. Ed. Engl983,22,486; (b)
Niecke, E.; Ruger, RAngew. Chem. Int. Ed. Endl983,22, 155.

(8) (a) Usharani, D.; Poduska, A.; Nixon, J. Fmdds, E. D.Chem. Eur. J2009 15, 8429 (b) Vogt-Geisse, S.;
Schaefer, H. F. Chem. Theory Comp012,8, 1663.

(9) Fischer, R. C.; Power, P.Ghem. Rev2010,110,3877.

(10) Graduation thesis of Masafumi Okamoto

(11) (a) Kajiwara, T.; Terabayashi, T.; Yamashith, Nozaki, K. Angew. Chem. Int. EQ008 47, 6606. (b)

44



Campos, J.; Aldridge, ngew. Chem. Int. EQ015 54, 141509.

(12) Dange, D.; Davey, A.; Abdalla, J. A. B.; Aldge, S.; Jones, ©@hem. Commur2015 51, 7128.

(13) Emsley, JThe Elements3rd ed., Oxford University Press, New Yoi/§98

(14) (a) Yoshifuji, M.; Sasaki, S.; Shiomi, D.; M, T.; Inamoto, NPhosphorus, Sulfur Silicon Relat. Elem.
199Q 49-5Q 325. (b) Yoshifuji, M.; Sasaki, S.; Inamoto, N.Chem. Soc., Chem. Comm@889 1732. (c)
Jutzi, P.; Meyer, U.; Krebs, B.; Dartmann, Ahgew. Chem. Int. Ed. Engl986 25, 919. (d) Scholz, M.; Roesky,
H. W.; Stalke, D.; Keller, K.; Edelmann, F. J. Organomet. Cheni989 366, 73. (¢) Ranaivonjatovo, H.;
Escudié, J.; Couret, C.; SatgéPhosphorus and Sulfur and the Related Eleme8s, 31, 81.

(15) Urnézius, E.; Protasiewicz, J. Main Group Chemistry996 1, 369.

(16) Sasamori, T.; Takeda, N.; Tokitoh, NPhys. Org. Chen2003 16, 450.

(17) Sakagami, M.; Sasamori, T.; Sakai, H.; Furuka¥y, Tokitoh, N.Bull. Chem. Soc. Jp2013 86, 1132.
(18) Bard, A. J.; Cowley, A. H.; Kilduff, J. E.; land, J. K.; Norman, N. C.; Pakulski, M.; Heath A5J. Chem.
Soc., Dalton Transl987, 249.

(19) Treatment 09 with "BuLi in THF at room temperature affords addi26, which exhibits two doublets at
S —9 andd 81 ppm tJpp = 344 Hz) in its’P NMR spectrum. The discrepancy of t#e NMR chemical shifts
may be attributed to the measurementl®d0 at lower temperature (0 °C). For details, see:hifag, M.;
Shibayama, K.; Inamoto, \Chem. Lett1984 13, 115.

(20) Smith, R. C.; Urnezius, E.; Lam, K.; Rheingdd L.; Protasiewicz, J. Onorganic Chemistry2002 41,
5296.

(21) (a) Kabuto, C.; Akine, S.; Kwon, E. Cryst. Soc. Jpr2009 51, 218.

(b) Kabuto, C.; Akine, S.; Nemoto, T.; Kwon, E.Cryst. Soc. Jpr2009 51, 218.

(22) (a) Altomare, A.; Burla, M. C.; Camalli, M.;a8carano, G. L.; Giacovazzo, C.; Guagliardi, A.}iMmi,
A. G. G.; Polidori, G.; Spagna, R.Appl. Crystallogrl999 32,115. (b) Burla, M. C.; Caliandro, R.; Carrozzini,
B.; Cascarano, G. L.; Cuocci, C.; Giacovazzo, Gi|ldno, M.; Mazzone, A.; Polidori, G. Appl. Crystallogr.
2015 48, 306.

(23) Sheldrick, GAct. Cryst. Sec. @015 71, 3.

(24) Spek, AActa Crystallographica Section 2009 65, 148.

45



46



