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Abstract

Recent studies on the chemistry of double bonds between phosphorus atoms are summarized
in this review which consists of five chapters. In chapter 1 appears historical background,
characteristic feature, and intrinsic nature for double-bonded compounds between phosphorus
atoms as a general introduction. Chapter 2 describes the author has synthesized and characterized
kinetically stabilized (F)-ferrocenyldiphosphene, in which the P=P 7 -electron system are extended
onto those of the conjugated the ferrocene unit. Chapter 3 ventures into thermolysis of 1,3-
dihydrotriphosphane to afford (E)-ferrocenyldiphosphene together with arylphosphine, which will
be a new useful synthetic route of (E)-diphosphene, involving theoretical calculations. Chapter
4 explored syntheses and properties of the first stable 1,1°-bis[(E)-diphosphenyl]ferrocenes as a
unique d(Fe)— 7 (P=P) electron system. The electronic structures of the molecules were determined
by analyzing electronic spectra, the transitions of which were reasonably assigned based on

theoretical calculations. Finally, conclusion and prospect are shown in Chapter 5.
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MDTORERIRAT = v OEKIE, 1981 4,
HHESICX Vs sheY, 2otk #ERNRENL
DFFEEHCDLZETRODPDO YRR T x Vi)
AR s, EBENEMEIHO SN TER Y
RAT7 = VEICHET 2RSS HE I Tw D72
D ZOFMIIEET 5 HUFETNEEEE TS
55,

FFIIEN R TH Y, ERENICES SRR
EN D5 FOME T Pauling 12 X 0 #2808 S 72 TR
BOBEZICE W HBShaHY, SZFYCcETHS
) VIRETEL o ZEEE OBRIC Z O EEHE M
W5 LI TERY. PFIZIETIVRVEY (U7
£, PhN=NPh) O&EF -EF - kFEMIF 114° T
HHHT, VRAT I VEO) Y- v - REMITE
NI YRS (Taple 1), ZhiE, U VEFO 3s
BIO3DpWBREERTAZERL o BIU S
L TWw5 Z L2l RBT 2R THS (Figure
1.

RICVFRAT7 = MLEWORM R THS. Th
ZEERA TN A X7 MV TRLSBFRT L2 EHNTE
5. ZEMEAWBMICHKRT ZBEBAAEO -1 BL O
BH O n-7* WAL AY 300 nm X 0 b E kM0 E#R
XD LTk ET 248 (Taple 2).

B, B AR VR IE S A BB DOFFETH 5.

CHIF) Y- Y ZEHEDO o BEIZRKE L 2V 3p
WUECTER I NS -DIMEL, @l LoRELRD
AWHESL %Y, FOEEHMEDOEMIKL 252 LT
FENE, 2%, VKRR 7z VLAY OELILF
WE T, HBRIARTEA ¥ 2 — B & ol A ek
S p M (Table 3).
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Figure 1. Formation of a double bond in trans-RP=PR
without hybridization.

Table 1. Selected structural data for ¢trans-dipnictenes (RE=ER, E = group 15 elements).

Me;Si SiMe,

R
Me;Si SiMes
Me,Si SiMe,
Mes* Tbt (R = H)
Bbt (R = SiMes)
R E=E bond (A) R-E-E bond angle (deg.) ref.
diazene (E = N)
Ph 1.247(2) 114.1(1) 7
diphosphene (E = P)
Mes* 2.034(2) 102.8(1) 4
(Me,SC 2002(3)® 1085 (4) 8
26-Mes,C.H, 1.985(2) 109.8(1), 97.5(1) 9
246-(F,C),C,H, 2022(2) 978(1) 10
Tht 2.051(2) 104.5(2), 106.4(2) 11
Bbt 2.043(1) 97.8(1), 1149(1) 11

a) average value.
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Table 2. UV/vis spectroscopic data of double bonds between group 15 elements (ArE=EAr)

Ar A/nm *(e) A/ nm* (&) cof
T n—n

diazene (E = N)

Ph 318 441 7

diphosphene (E = P)

Mes® 340 (7690) 460 (1360) 4

(Me,Si),C 353 (9474) 484 (62.8) 8

26-Mes,CH, 371 (8000) 455 (501) 9

Tht 405 (13000) 530 (2000) 11

Bbt 418 (12000) 532 (1000) 11

Table 3. Redox potentials (V vs. SCE) of diphosphenes.

Ar E,, (red) E,, (ox.) ref
Mes* -1.93 - 12
(Me,Si),C” -1.84 +16 13
26-Mes,C.H," ~2.08 +0.98 14

a) n-Bu,NBF, in THF. b) 0.1 M n-Bu,NBF, in THF. c) Not be reported.

TN EREESELERA (VKA T LY) FHEk
DOEWE FOMWEMPICE L Tk X25.

2—1. 72zEZNWNTIRATIZDOWT

VHRAT 2 DS EIHES L IIMEAER R
B LC7 ko VvEEREL, IR LRR
WEOEREMEMHLBANE L, FRICETL .
7zt r7uNRY Y I TZNVRIZVERAT =V
WG S0 FOERMT 1HED, Mes* %
FRRERE L CTEALLT7Tzd VI FRAT 2V
Mes*P=PFc (Mes* Offi&ix Table 1 2/, Fcid7 =
Ot = )V3E) 725 Niecke 5125 ) AR E Tz,
LALERLIDOYRAT 21, -30 °CLLETHE
ZIZRALLTL Vv, HESEFT T0 2 =R A

a

TETWhhol, FITEHZITRGEHELLELT
T ZNVHED 246 IZEZX (FRYAF NI IL) R
FUIEEEE L7z Tht % (F3%1 Table 1 ) %
v, 7xut=)VYKA7 =z ThtP=PFc % &%
THZEELT.

2—2 Z7IAtEZATKRRTILDER

Tz VEEFETAHY7UURRAT 4 VRS
EWEIREE LDV FIARAT A FEORIBIZE S
Uy =) VHERER T2 lERmE, WL L
T18 U7Herrul540lwv 74 7-=~ (DBU)
ZHOBIEAKZOSICE D, V- Y TEES
MThsb (E) -7z VIFRRAT7 =y 38ktan
EEAMWwE L LTS5 (Scheme 1). &6 N7k

b

TbtPCl, ———  TbtPH, ———— LiP(H)Tht

Tht
. Tt L g .
- p_p\ » i \
H Fc Fc

Scheme 1. Reagent and condition: (a) LiAlH,, THF, 0 °C; (b)

n-BuLi, Et,0, -78 °C; (c) dichloroferrocenylphosphine,

Et,0, -78 °C; (d) DBU, room temperature, 92% from TbtPH,.
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B AT AT X B LB EREIC X DL 92% THE
BT EIIRILE. BohTzuk
VRAT 2 VR B MV VICHEREE, BRBFEEH
120 TE TN L 7202 I3 sy, IERICEE
&%E’C?f)é ERWHS MR o7 T OMERITLIE]
W S N7z Mes* 2 A 2 FEARORH) L IXR 4
D Tht HIZ X B RERATRENTZEF R 5.

2—3. 70T ERIATIDRFIEE

Bonz720bk= VYV RZA 72 rDMPNMR %
WLzl s, KEHHEBIZ (B) -VFRRA T2
FUTHBIN 2 ¥ 7 F VBB Sh, ZoO#E %% 550
Hz 3V v - Y ZEEAHEOAER 2 XL Twi.
AN 7 o o0 e e L B O X Rk R O AT
I THi» 72 (Figure 2). 'V v -V Y #i&HEEIZ 20285
(15) AThy, chETlclfEshizy)y-Y =
HHEAOHBENTH L ZEBHLN R 722D,
Tz VNIRRT D) Y —) URERIZIBEB
L UREEREDO &8 S1I2BWTH ZEE AR R L
TWB ZEPHERTE .

2—4. 710tV RIAT T OEE
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(b)
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Figure 2. (a) Molecular structure of (E)-TbhtP=PFc
with  thermal ellipsoid plots (50 %
probability). Hydrogen atoms are omitted
for clarity. (b) Schematic drawing of
(E)-TbtP=PFc with some selected bond
lengths and angles.

R A 371 B £ ¥ 542 nm (2B X L7z (Figure
3. WiHXYARAT = VDO - n * B, HBHEE
MLCTICHK T A D THH, ThEFTIZHESN
727 VEEMAK (ArN=NFc) OFN L X ) EHEKRY 7
FLTWABZERHLME 25720 Zhig, Kw
IRNVF—HMTHHY ¥ - ¥ HEEO  *HE
WCERRTLEEZOND.
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ERITIEFMONTBY, ZhosoWEO L
RERT AL IWNEETH - 72" EH IR L2
TtV I RAT 2 VEEOBIZ, 13-V Ko
2-7z28%=)V-123 M)ERXT 7 Uy HFLATW
HIEEAMLTWE 61, ZOMNIKRT 7V
DB EN TR L2 & 2 A ERI 2 00 BUS A3 B
WEh, AL Tr7zatVIKRAT = V15
SNTWAIERFER L. 22T, o HER
YR L ORI ER L.
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Figure 3. Experimental UV/Vis spectrum of
(E)-TbtP=PFc in n-hexane (22 x 10" M)
and calculated electron transitions (black
bars) of (E)-MesP=PFc.

a b
TbtPH, — > LiP(H)Tbt — (TbtHP),PFc

Scheme 2. Reagent and condition: (a) n-BuLi (1.0
eq.), Et,0, -78 °C to room temperature. (
b) FcPCl, (05 eq.), THF, -78 °C to room
temperature.
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3—2 13-JERO-123- PRI T7DERE
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PEBVEREEZETEIRRA T4 VETFV)F Y
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VKRR T 7 v % 73%0 HEEINE CT1572 (Scheme 2).
AL 13-Ye Fa b )RR 77 VIEBETTHE
ETHY), EHIHBFERYEUH80 °C TTMELT
BEALIZBM E N oz, ThITICHE SN
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AbNh5.
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Hy, wiEE QR 3RY) K, #%HEHEIE (1S'3RY) B L
O (AR*3S") fh& LTRBWHEETH - 72 (Figures 4
and 5, Table 4). A% 7 M PL g (3 HURS 5 X R s
AT TITW, BEENS X =2 — 2B 2 IR L
7z (Figure 6).

3—3. 13-YERO-123 PRI T 7> DEDE
RS

W2, 13- YVe Fa b )RR 77 VOE MV VE

WERERHEELMALL-EIA, BT LHRZAT 4

VEVRAT 2 UERMNIC LI ORTERT LI L

%M L7 (Scheme 3). RIS % 95 20 5 150

°C OHEH TITVy, WA % 1T - 72 (Figure 7,

5, —ODABXBLUI oD AB /Y — U HEH Table 5). #Ml & 172G O SO 3 13 F B %
SNz, ISR 3HOEBKICHRE TSI 7 LT B L 1IRTHY, EHEbz s vE—-BLUrz v
PEE—% Eyring A 6RD L L, e +288
T T + 0.86 keal/mol, -6.8 + 1.8 cal/molK & lik b & h 7.

:—P—Tbt :—P—Tbt ‘—P—Tbt

S N S 3— 4. BAHMBIEOERIER
) | ) PH, EF VAT (1) ORBIIZE B trans- ¥ 7 A
'_ﬁ_%t mbﬁ_ﬂ '_T_%t 7x Y HP=PH (2) BXUHAR7 1 v HP 3) 4
H H H BOEARICE L CHRETREHWER 2 To 7. WE
(18%,3R*) (1R* 3R*) (1R* 38%) DFER, PH, OE ek L ) U EBRERIKEE TS1b
Figure 4. ZAEH L, RBLEND 2 B X 03 £ 5.2 5 2 £ 4]
5, % 572 (Figures 8 and 9). P;H; 7 F DAL
N
N
o
° A
° N 2 00,
oo g o o
mlg M NN JLﬂ lLLw
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Figure 5. *'P{'H} NMR spectrum of 1,3-dihydrotriphosphane
two A,B (open triangles and squares) systems we

in benzene-d; at 50 °C. One ABX (open circles) and
re observed.

Table 4. *P{'H} NMR data of 1,3-dihydrotriphosphane in benzene-d, at 50 °C

Spin System 6 (Pl) 6 (Pz) 6 (PS) JP]-PZ JP]—PS JPZ—P3

[ppm] [ppm] [ppm] [Hz] [Hz] [Hz]
A,B -69.5 -46.2 -69.5 F221 - F221
ABX -75.6 -42.2 -73.0 F223 < *5 F219
A,B -62.6 -52.3 -62.6 ¥219 - 7219
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Figure 6. Molecular structure of 1,3-dihydrotriphosphane
with thermal ellipsoid plots (50% probability).
Hydrogen atoms are omitted for clarity.

BIRICBWTHBED 517 ASTIF -2.3 cal/molK T
D, 13-V Fa b)) RRAT7 7 Y OBGMRIZBWTE
ERIICEBI S 7 AST LR WETH 72 oF D, B
WS N 7B BT H 5 FPIKRERENC L D W3R
ERRELRHL, TR PEITL TS DL
Zibhb.

4—1. EX (UFRR7x>) FIZDOWT
EHEDVPER (VRAT V) OIS »025%
W 2BDOE R (VARRAT7x V) HEELHRESNT
w7 (Figure 10). #3700y raxy
FYVTZNVBRIZVKRA T = Ve sE-E X
(VYRR 7 2 V) HEAROEKE SN 2 M E Y %
HE L, Witz g s,

4—2 EX (YRRT71Y) HEOEKREEE

11-¥Z2 (Yr7uuksA77=)V) 70t &4
WHTERRE LTHY, 720t VIV RA 720D
SR ERBORKIZEY 11-E A (YVFAT7z=))
Tzt 4aBLP4b EERTAIEICEIIL
(Scheme 4). I bidWIFhdLEREBOR NN
WETHo72 4aBLP4b DENRVEX U FIIBITS
P NMR T3, KBS#HBIIC (E) -VARA 7212
B v 7 F v 6= 4973, 4889 (4a) , §= 4969,

Tht
A
(TotHP),PFc ——= TbtPH, + P=R

Scheme 3. Thermolysis of 1,3-dihydrotriphosphane.
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Figure 7. First-order kinetic plots of the thermolysis of
1,3-dihydrotriphosphane in toluene-dg (9.95
x 10 mol/dm®) in a range from 130 to
150 °C. The lines are least-squares fit to the
data points up to three half-lives.

Table 5. Data for the thermal decomposition of 1,3-
dihydrotriphosphane in toluene-dy

temperature [°C]  observed kinetic constant [s™']

95 234 £ 010 x 10°
105 589 + 031 x 10°
115 154 £ 025 x 10°
130 6.39 = 022 x 107
140 147 + 013 x 10"
150 368 = 0.13 x 10™

491.1 (4b) , Ypp = 550 Hz (4a and 4b) 1258 = h,
FOREEREINEFCICHESIN Tz 0=V
VERRAT7 z VEOMEIZEP LTV 51T
faBIPab oY ¥ - UHEEEZERZN 201503)
BLUr20386(18) AThh, ThETIcHEshL
V- YHESGEOHMNICH D Z LAV T
(Figure 11).

4—3. EX (YKRZXTxr) BMOME

4a B X U 4b O REMRIRE DRI OWTEE L 72
daB X T4bid, IV ART PIZBWTOHI2HB
U611 ecm™ 12, IR ARZ PIVIZBWT 614 B L
615 cm™ IZHW T PV ERL, IhHEVWTRD Y
¥ =) Y ZEMSEE O MEERENCHE T 5 2 7y
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HPPH = 180.0° HPH = 93.7°
2.039A
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Figure 8. Optimized structures of grand states la, 1b, 2, and 3 and transition states TSla and TS1b at B3LYP/
6-311+G(2d,p) level. The arrows for TSla and TS1b indicate the transition vectors.

3 :
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< ! V243
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1a(C)) "4 1b (C
0.0 +0.3

Y

Reaction coordinate

Figure 9. Energy diagram for the disproportionation
reaction of P,H; calculated at B3LYP/6-
311+G(2d,p) level. Energies are in kcal/mol
(relative to la).
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t-Bu

-Bu

= O

Qs prs S
Vs N _Q P
t-Bu

Mes

Ar Tht (4a)
t-Bu t-Bu = Bbt (4b)
Figure 10.
LiAIH, Ar = Tht, 97%
CloPAr ——— > H,PAr EAF: Bbt 969:3
THF =
0°C
<=Br L iy =7 P(NEt), ==—PCl
: 2. (Et,N),PCl , HCI/EL,0 :
Fe — »  Fe — 3 Fe
@——Br _E;z?c @——P(NE[Z);; ';tszg’c @——Pm2
(98%) (84%)
PCI P
@_ 2 2LP(HAT  2DBU Ar_p//_? o Ar
//
@—PCIZ benftene p

4a (Ar = Tbt, 68%)
4b (Ar = Bbt, 62%)

Scheme 4. Syntheses of 1,1 -bis[ (£)-diphosphenyl]ferrocenes 4a and 4b.
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LT L E T

X W

[1] Pitzer, K. J. Am. Chem. Soc. 1948, 70, 2140.

[2] Koller, H,; Michaelis, A. Ber. Dtsch. Chem.
Ges. 1877, 10, 807.

[3] (a) Kuchen, W.; Buchwald, H. Chem.
Ber. 1958, 91, 2296. (b) Daly, J. J.; Maier,
L. Nature 1964, 203, 1167. (c) Daly, J. J.
Maier, L. Nature 1965, 208, 303. (d) Daly,
J. J. J. Chem. Soc. 1964, 6147. (e) Daly, J.



VY- Y TEMS

o Fe

IR C31*

PV G
P2 P17 D R

Figure 11. Molecular structures of the major parts of

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

(a) 4a and (b) 4b with thermal ellipsoid
plots (50% probability). Hydrogen atoms
are omitted for clarity.

J. J. Chem. Soc. 1965, 4789. (f) Daly, J. J. J.
Chem. Soc. (A) 1966, 428,

Yoshifuji, M.; Shima, I; Inamoto, N.; Hirotsu, K;
Higuchi, T. J. Am. Chem. Soc. 1981, 103, 4587.
(a) Weber, L. Chem. Rev. 1992, 92, 1839. (b)
Power, P. P. Chem. Rev. 1999, 99, 3463. (c)
Tokitoh, N. J. Organomet. Chem. 2000, 611,
217.

Pauling, L. J. Am. Chem. Soc. 1931, 53, 1367.
Rau, H. Azo Compounds; Dirr, H.; Bouas-
Laurent, H., Eds.; Photochromism: Molecules
and Systems; Elservier B. V.. Amsterdam,
2003, pl171.

Escudié, ]J.; Couret, C.; Ranaivonjatovo, H;
Satgé, J.; Jaud, J. Phosphorus Sulfur 1983, 17,
221.

Cowley, A. H.; Kilduff, ]J. E;; Norman, N. C;
Atwood, J. L; Hunter, W. E. J. Am. Chem.
Soc. 1983, 105, 4845.

Lubben, T.; Roesky, H. W.; Gornitzka, H;
Steiner, A.; Stalke, D. Eur. J. Solid State Inorg.
Chem. 1995, 32, 121.

Sasamori, T.; Takeda, N.; Tokitoh, N. J. Phys.
Org. Chem. 2003, 16, 450.

LEWIZHY % &

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

R (KiH)

- 105 -

Bard, A. J.; Cowley, A. H;; Kilduff, ]J. E.; Leland,
J. K;; Norman, N. C,; Pakulski, M.; Heath, G. A. J.
Chem. Soc., Dalton Trans. 1987, 249.

Culcasi, M.; Gronchi, G.; Escudié, J.; Couret, C;
Pujol, L.; Tordo, P. J. Am. Chem. Soc. 1986,
108, 3130.

Shah, S.; Burdette, S. C.; Swavey, S.; Urbach,
F. L., Protasiewicz, ]J. D. Organometallics 1997,
16, 3395.

Pietschnig, R.; Niecke, E. Organometallics 1996,
15, 891.

(a) Tsutsumi, T.; Okubo, M.; Yasuoka, N;
Katsube, Y. Bull. Chem. Soc. Jpn. 1988, 61,
237. (b) Kurihara, M.; Matsuda, T; Hirooka, A
Yutaka, T.; Nishihara, H. J. Am. Chem. Soc.
2000, 122, 12373.

For a review on open-chain phosphorus
compounds, see: Baudler, M.; Glinka, K. Chem.
Rev. 1994, 94, 1273.

(a) Baudler, M.; Koch, D.; Carlsohn, B.
Chem. Ber. 1978, 111, 1217. (b) Baudler, M;;
Reuschenbach, G. Phosphorus and Sulfur
1980, 9, 81. (¢) Baudler, M.; Hellmann, J.;
Reuschenbach, G. Z. Anorg. Allg. Chem. 1984,
509, 38. (d) Baudler, M.; Tschibunin, H. Z.
Anorg. Allg. Chem. 1992, 617, 31.

(a) Yoshifuji, M.; Shinohara, N.; Toyota, K.
Tetrahedron Lett. 1996, 37, 7815. (b) Shah, S;
Concolio, T.; Rheingold, A. L.; Protasiewicz, ]J.
D. Inorg. Chem. 2000, 39, 3860. (c) Dutan,
C,; Shah, S;; Smith, R. C,; Choua, S;; Berclaz, T,
Geoffroy, M.; Protasiewicz, J. D. Inorg. Chem.
2003, 42, 6241. (d) Smith, R. C; Protasiewicz, J.
D. Eur. J. Inorg. Chem. 2004, 998.

Nagahora, N.; Sasamori, T.; Takeda, N;
Tokitoh, N. Chem. Eur. J. 2004, 10, 6146.
Nagahora, N.; Sasamori, T.; Takeda, N;
Tokitoh, N. Organometallics 2005, 24, 3074.

(a) Nagahora, N.; Sasamori, T.; Tokitoh, N.
Chem. Lett. 2006, 35, 220. (b) Nagahora, N
Sasamori, T.; Watanabe, Y., Furukawa, Y,
Tokitoh, N. Bull. Chem. Soc. Jpn. 2007, 80,
1884.

(a) KB W, B¥GEE BRI ~D AM 11
WRCEOLE, EuHENE, 2004 (b) 7k
&, ERAE, wikid#EE BRLE~0 AM 17
SFEERORER, SWEIE, 2002. (c) BkEERK
Wk, AT, WAL, 2008.






