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Progress in the Synthesis and Applications of Phosphaalkenes
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Abstract The phosphaalkenes, as an important part of organophosphorus chemistry, play a very important role in the field of
homogeneous catalysis and functional materials due to special properties of P=C unit. However, the difficult access to
phosphaalkene compounds and their less stability have severely retarded the progress of the phosphaalkene chemistry. In this
paper, the recent advances in phosphaalkenes, introducing the properties, synthetic methods, and applications of
phosphaalkenes to provide some reference for related researcher are reviewed.
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ri—=N, “>p L MesSiCl p=A
< NH TP ] NH
. R1 N R! N
SiMe;
c—p=( . (A)
R _ R
Cl ‘\\\\SIMeg
rRe—N, Ok MesSiCl pA
— N — N
, NN NN
R R

1
R __N,2 RK«P\w/R R = Me, n-Pr, n-pentyl,
N-NH allyl, PhCH,, Ph, SiMe;
R' = i-Pr, CH,, t-Bu, SiMe3,
Mes, 1-adamantyl
RZ—Ns RZ\N’P\§/R R = Ph, COOEt, COPh,
N=N (MeO),P(0), Phy,P
R? = H, CHj, t-Bu,
1-adamantyl, SiMe;

R 21 ZRIEBEEIL G EE R
Scheme 21 Synthesis of di- or triazaphosphapentadienes
1.3.4 AKBCAZ B2 R B HAT A A 09 & AT R
DT A 2R T AT A 0 2 L TR A 4 ) 1 S T 5
MIZNTEAIA G, RARBC AL BRI G b s B AR

= R (B)
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PERIEDD, R T 2 I — RRIAL A MU &
W), EERN T YMERThREM R . AR
LB 2,4,6- = K F M 44 75 (30a) & Mark1 ™7 1966 41l
g2 29a 5 R P(CH,OH), R A i S8 A Bty 7 ik &
RAR 3, T HS 220 78 % I P(SiMes); 1 PH; S5 B A7 5
AR B Eh B RER APt & A SRR AS B, R C AT
WAL R 22 R BB T R AT 36t (Scheme 22)1*),

Ph Ph
A P(CH;0H); A
—_—
| + CgHsN | —
Ph” SO ~Ph Ph” ~P” “Ph
29a BF4 30a
R R R R
7 PRy YA 2, A
Lo S | N l — /J
(0] 515 0~ "PRY, O PRy, P
e
R=Ph, H

R' = Me3Si, H, CH,OH

B 22 i HBEES B TvE G s R

Scheme 22  Synthesis of phosphinines by exchange of P—O

1971 4, Ashe I REEAI 2 Yediol 1 sifb il 54
JBAE W T7 vk R A R B AR S, R B R G R
R LA- A YA T R R A N R BT
JRFVIRI =T 3% 1,4- A &4 31, 5 PBry K4
P/Sn A2 S S AR 1,4- I i fb A9 32, ZJa
FERPE A NI ER— 70 1 s EAR BB AR5 30b
(Scheme 23, A). Rkt KR | S HEERBINZHRE
JRA A IRAT AN 7 1%, 140 Mathey Z5177E 1996 4F4)
A [ /T A8 et A 24 A Whitby 258178 2004 4E 415
(#) P/Zr A4 (1) & it 4 2K (Scheme 23, B).

H, H H, H H o
C BuySnH, PBrs @ DBU_ [
7/ \ || . J o ®
/Sn\ | -HBr P
H H BuU Bu Br 30b
31 32
R R R
A PCls | A -MesSiCl V4
| 20°C, 24 h gl J ®
Zr_ "SiMe; ’ P~ "SiMe; p”
Cp/ \Cp c|:|

R 23 SHBES SR BN TTES AR

Scheme 23 Synthesis of phosphinines by exchange of P-Metal

bR IR A A AL AL 2 P AR B — R
W, HRSE TR, P LU RN S B e A P
WA B, e BRBRAR 7% o A I e Sk
A4+ 20 IR R, 33— 2 IR R B2 AL
S Lt Markl A1 Mathey 280505158 5 78 1982 4R 4R
TEFRY g B 5 et R I [ 4+ 21 FH 388 [4 208 0 A8 s 2 45 Rl
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%7K (Scheme 24, A), Regitz Z5P2E 1988 4RI A Bk
53R % Z 0% B ) BN A R 4% K (Scheme 24, B),
Griitzmacher 255°7F 2018 4E)IE T bk 5 2,3- “ R %
SN AR F A2 25L& 33 (Scheme 24, C). 2015 4,
Nishibayashil 8 T M6 BB -5 0 I[2 +2+2]3F
IR B, 133 — R R AT44) 34 (Scheme 24, D).

3 (0}
R? 1 R4 3 'R4 o R 4
|\ =—Ph R Ph R X R
T S
_
R 0770 R2 R P7 “Ph
R3

— 2 4
w P=—tBu R I\ R
R¢ 110-140°C
R P NtBu ®)
_ N
—_—
_N /A _P (©

33
/—: X
X + P=R cat. Fe X | P
= 140 °C T (D)
R = Ad, ONa 34

B 24 I B[4+ 2] S R4 e A

Scheme 24 Synthesis of phosphinines by [4-+2] cycloaddition
reaction

2017 4%, BAERAEAPIA ST SR 2-BE AR
NIERL, FEFZRERIF 260 CRimsctE TR o 07
BRI A 35 BEAR R AL o - B K 36
(Scheme 25, A). 7F 2015 4, fbAI1P &L RIE T 7-0 44
BEUK RIS FTAE 37 NJERL, MG - RIS S
B - AL B 38, ARJE FERRIE 1 T 1,27 R T
B ASE B o A AR FE BRI ) 39 (Scheme

25, B).
o)
o)
S 260 °C XN
4 2h _ *)
R COOMe P~ >COOMe
35 36

t-Bu”  t-Bu
OMe

MeO

(COCl), O OMe haBco O OMe
7 —_— |

2%0

38 39
N
N

37 O Ph

(B)

B3N 25 iz P G AL B PR R = B 2 2R
Scheme 25 Synthesis of phosphinines by degradation of 4° into
23-phosphorus
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1.4 HEBGHYENERAR

B 7 BIRARRIT RS . RSB A AT B A1k
G, A BRI B G E Y, AR
AAKECALN) P=C XL T, WA 2R A S0
TR AT, XA YA T I B I RN
W, HA RS EE B Bt ik, RTiX
FAE YRGB AR D, t— B A TE T S A 45 1 ()
WEFRBEL, MARA T EA TN A RS,

B FE R RN EH sp™N 5 sp’-P K758 /S04
WA, AAERDUH EL B AR T w0 s S s . B AT
Nk, CVEHRIE TABAL . (AL RG L 1) 4 350 AU A 2K 1k
EY, R ZBWEDIT R E TR )\ 4
A i Markl A Mathey 5556 /%, 2 JG— B B T 72k
JEARIEPT. —EF| 2018 4, BAFREARIE T R —
Fitsp® b B AIFR BB R &, BT o A7 AR
MITEH, XAMEA YR IAL BT Fa e (A 4).

Ph I N ome

FelNetasups

P
Ph Ph N

1972 1987 1987 2018

B4 TEOEBERELED

Figure 4 Structural type of azaphosphinines

LR R E LA sp’-P E‘Jﬁ?ﬁ%%%“% T
BRI SLA AL B AR A W, RS =A sp™-P

B 1,3,5- = A2k b 59, Eﬂ‘]%‘ﬁﬁﬁﬂ?ﬁ/\izﬂﬁ/\ui
[ P=C WA HICEE M. BT 1976 4F, Kobayashi 250
Il T2 AR AW, AR Y Diels- Alder
SN RN % 2,3,5,6-D0- = G 4 1,4- - W A b &
V) 40, [FEIRAETE T2 E W[4+ 2030 005 R 4
J5i(Scheme 26).

CF3

F4C, reflux CF3 H Fs
I I
Z \Z Hexane FaC Me
OMe
CF3
B3 26 & Diels-Alder N &l 1,4- 42K

Scheme 26 Synthesis of 1,4-diphosphinine by re-Diels-Alder
reaction

Zenneck iRFAHZE 1995 4EHRIE T i@ —
50 T B R A [2 42 21 I RSN, fﬁﬂém 1,3-
TSR E W) 41 (Scheme 27, A). 2001 4F, Regitz
SEOVR R IR IR IR 42 SRR N AR 2,4,5,6-HL
R-1,3- -4 254k &) 43 (Scheme 27, B).
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R
L e
] (2)tBu—=P t-Bu ]
Fe_ T .o tBu ®
£ > -40 ~ 30°C 774 P
R = a: H, b: CH,0C(O)CHs, t-Bu
¢: n-C4Ho, d: CH,OH, e: CH,OCH,  41a ~4le
t-Bu
t-Bu :
t-Bu P. t-Bu
80 °C
=R+ P=—tBu ———> k\'Pr (B)
+-Bu toluene
t-Bu
42 t-Bu
43

B 27 13- BRI RS OE

Scheme 27 Synthesis of 1,3-diphosphinines by phoshaalkynes

1995 4F, Binger i@ 2 2 HRIE T bk R AE[2+2+2]
MBS, TERG 1,3,5- = -3 KA 5 44 Al Dewar-
1,3,5- =B KL G 45 (Scheme 28), Fﬁkmﬁﬁz
RKTRBUEMHEIST TS & TR RIE, 25N
1b, PR IE B T VA Rl i %&MHM&&VH
2.

B P t-Bu
R@R P=—R' R©R FBUNTS
I —_— |

Hf N Hf = PP
X'y 18°C~0°C e
=—tBu t-Bu
(:) 44
=—t-Bu R >——P
—_— B
0°C~20°C —7< B
>‘ P>/t -Bu t-Bu
t-| Bu 45

B 28 EHR+2H2 RN A 1,3,5- =R
Scheme 28 Synthesis of 1,3,5-triphosphinines by [2+2+2]
cycloaddition reaction

2017 4E, Nyulaszi A1 Streubel Z5HRE T F| ] PBusy
B P—CIEITTVE, DIBE ™ 28 A3 2 1,4- — -k
HATAEY) 46, Frdt— BT 7 HA I [N % BE(Scheme
29).

R
\N P N/
"BusP A .
S=< I I %Soo(f s< I I =S + ['BusPCl]
>r.t N P/ N
/ \ Ccr
R 46 R

DCM

B 29 EH PBuy AR 14- R
Scheme 29 Synthesis of 1,4-diphosphinine by reduction with
P BU3

2018 4F, Martin ¥4 CHHRE T BbAb &4 B S
AN B—C 89, BRI 1,3-M =B atb 54 47
(Scheme 30).

2 BRESYIRER
Bt — N RA “Zmik” KooK, RERILITH
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Ad

o Ph /&fP Ph. /i:
O
47

B 30 & FIRENSHE AT & A 15
Scheme 30 Synthesis of 1,3-boraphosphaalkene by the inser-
tion of P=C into B—C bond
ANTTIE: ()AL 2 i, B R A0 32 B R
(o' 5 o) PERAL(S 5 HRIERLL( 5 o) (M
SRR ST, BT AR RSN, A S AT
T AL, AR IC 2 AR B3 AT BL. (IR EC AL AL =2
t, B SV SEHLE R IR &, SRR
I BB A YE SO “BRIERIR” . o B
Yt B P=C XU AL BT, B T RILH C=C
KUSESAN IS5 2 A, H SRR A B e AR AL F 12 J5
S, AEAE R — SRR A 2 PR BRR TH A S
Wt R B SR B O — RO B G
(C™—P"), 1R 552 B8R 50 1k BT 6 A A e
(t: 5 53 Ak s kR A 2N B R A, T HLIX
FACE W) — R LLUR A ER A SO, B R AR S
(CT—P ) MBI AL 5 4 (K B SR AN S AR 25 5 kAT
I T {7 3 A ML 4 S SRR AL D SR B R T
R A BT BT TE AR,

WA H AT SCRRRIE, (AT OB AL SR A by
A=Al Ay 3 ()BT BRI 75— R
TR o 77 T FRL AL B (R BR BEP AN FEL 7). IXAPE L AT
e ), AN P=C XUBHIL PR A4,
AP o S B A WS T 7 s D0 I T 1574
KA RN, INTTAT LA 73 B AR TE B AR AL & M 4L
YA, (b) P=C XU BT 5 &8RN © HUIER
B MIEE e, R)aem LR O se 2% b
o SEEPIE. ()BT BRI B 7 5 A B s O AT
K, TR A BE AL BEA IR AL 5. XA ¢ AIBCAL T SUE
LA CAUE R, AT L B Ak & A 1) v 25 T e AR R A1)
Fi4b, X =R AL OO DA AL, T RGET &R
Mﬁ%%%.@@sﬁ%ﬁ%aﬂb%uﬁﬁm% ,€
& b Fl e BeA 7 AN A X ey 7y NFE— 2 %64
2 AT DU AR, T B 7 A AR A R B
A R A .

__ 7 _ 7
%—P\/ >TP >:|:|><M >TP\ >TF§<M
M M M M M M M
a b c d e

A IR B S N

Figure 5 Coordination modes of phosphaalkenes
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AL SRR o LA R n BTS2 44, TR
B E S R L Ings, AR A RREIA VL
fidk 2 —, TESMEA R RIS R EEREM.
CTBEEIR T M 48 1A GRS &R s S,
7E Pd F1 Pt &JRMEAL S, G AR 5 AR
2001 4 Yoshifuji 251 YR FH IX FSFRAR L A0 R T 1
b 1,3-T I 53 kA 1,4 i Bi(Scheme 31, A),
IR 5 = AR B A o R A I 1) i A R e e R A R
(Scheme 31, B)%!. 2002 4, Yoshifuji 2" S X 4%
A A TR 0 T 5 2 P ST A P I PR O A e A
% (Scheme 31, C). 2004 4E, Ozawa 2588 T 1% 4k 771
N, W VA BRI 11 3% B M 2504 T R Ak 1) SR (Scheme 31,
D).

I\I/Ies
Ar)E[/P\
M
N\ A
Ar Fl’
48 Mes
R [Pd(48)(;2-ally)]*OTf (2 mol%)
A INF + PhNH PhNH
Z , * 2 r.t., toluene, 3~24 h /\/
o) OSiR;
[Pd(48)(Me)]*OTf" (3 mol%)
+ HSIR; (B)
Py (3 mol%), 50 °C
2.5~24h,-H,
Pd(48)(73-alyl)]*OTf (2 mol% Nu
O e g [PAURIOTAITOTE @ mot) o TY (e
Py, r.t. or 50 °C, MgSO4
-H,0
O /_/ O, /J
[Pd(48)(7>-allyl)]*OTF (0.1 mol%)
o RN C)
/—/ PhNH,, 30 °C
© - PANHN OH

B 31 B T A MR A RS 8
Scheme 31 Application of diphosphinidenecyclobutenes as
catalyst

2013 4E, Ozawa R HRIE T 1,6- W4 203t
MEmE S5 =52 590 49 A — R E M R R 5N
N-Fe R B, 7= 251k 90% LA F(Scheme 32).

u HRERET TR RS EY, HAE
NTFPERCAAR RN H T — R 5 F AR filtn 1998 F
2001 4EHRIE T AW 50 1ERTFHERLAR Rh 4k 206 1)
SALIE JR [ B (Scheme 33, AR X4 S M 4K, 1 IS
(Scheme 33, B)7"; 2002 F1 2003 4 X ARiE T L& 51 1F
N FPEBECAR, B <6 4 A AL 1R N Bl S B (Scheme 33,
OV IRIFRAL 2 B (Scheme 33, D, E)I7.

1996 4E, Zenneck 2R 2-= Ffi kfit-4,5- — Fi 56
T 2 MR (1) 104 8 Bk 48 & 1(COD) 52 1E A AL 71,
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Cl
49

cat. 49, CsOH (10 mol%)

R'NH, + RCH,OH R'NHCH,R

100 °C

cat. 49, KH,PO,4 (10 mol%)

R'R®NH, + RCH,OH R'R2NCH,R

140 °C

B 32 T MRBERE L e AL S A (R A S R

Scheme 32 Application of 1,6-diphosphaalkenylpyridine as
pPp phosp ylpy
catalyst
R1 M CFE Me CFg Me
Me Me I;Me
Me Me
50 51
o] H, (101 kPa), 50 (5 mol%) o
Rh(cod),]PFg (5 mol%
RMOMG [Rh(cod),]PF (5 mol%) R/\_/lkOMe )
NHCOMe EtOH, r.t. H
79% ~ 96% ee NHCH;OMe
92% ~ 100% yield
" H, (101 kPa), 50 (5 mol%)
R O
[Rh(cod),]PFg (5 mol%)
X (B)
RJ\AOH THF, A RMH
up to 92% ee
up to 98% yield
o ZnEty, 51 (6 mol%)
CuOTf (5 mol%) Et O
A \ *
g THE A AN ©
up to 91% ee
up to 89% vyield
S I\/§
_ \ || cuBr (5 mol%), 51 (5.5 mol%)
_ CH4CN, 0 °C
Nl up to 90% ee J
FIO/ Nar up to 75% yield
o~
O N R ||CuOTf 5 mol%) 51 (5 mol%) t Q/
\]\;/’i‘—ﬂ_i ¥ ‘ CHyCly, rt.
R up to 96% ee

up to 100% vyield

B 33 W R BAL S e TR AL R
Scheme 33 Application of chiral phosphaferrocene as ligand
LB F B (DMAD, —H 3t Zbk R IR E) K&
[2+2+ 210 = IR INR SL T8 BR AT AEY), Bk

5 AT 2R R AR = BRI B S N T i E AT AE )
(Scheme 34). 1998 4F, A7 A F 4% 2K A FL A4 )
n*- BRI 1,4- R Ak-1,3-T ZJi(DAD)S &1 Atk
AU, AL 1,37 0 16 [4 -+ 20 R[4+ 4] (69 580 Bl S L.
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2002 4E, Kozlowski Z5UUH F A 451 4 K 2% S WAL,
S F PB4+ 21 IR R, TR & IR I B 5 2R 52 i
AR P H, - R0 2 ) s A B s i SR

n R—=N

cat. 52 S N
’ 20°C, 48~96h | *
m R'———H ’ \ N/ _

R R RN R

R
R’ 7,

X, - 1

R’ R' R R' e

B 34 BEAORATAE M TE AL R ) R

Scheme 34 Application of phosphinines as catalyst

R NYERR T S, BRI S5 SR AT
SR AL, MR S AT RE R AR VR 2 R RN,
BEd LA R RE S R AR, 4 e A A I S AL IR
IIVAANIRE PO R A /i E 2 N K A d AKAIN, S 4<0E 79 1)5953
R 13-8% 1,538 [ M, Diels-Alder Jswi™ VAT HLER
T B2,

ANk, T P=C XUk S5 B S Re AR AR AL 1)
PERRAE, BRI AT AT R I AR S R S S,
55 RT3k o7 BURE A G5 R AR IR
L. ARAERAPE TR A, 5 08 327 e B T 15 2 A ]
A 25 7=, — RO R BB SUREE (C ™ —P ) B AR AL
(RS OSUER(C T —P O BRI Ak & 0 R AL R AN, 4y
WK C—H 724 53 (Scheme 35, A)k P—H (W1t [ %)
724 54 (Scheme 35, B)™) M RN (10 24 45 1O B AL
S JEE AR ORI, AT DAZE B8 S5 o A 7N T
£ AL &) 55 (Scheme 35, €)%,

_/\/

Ph Ph OMe
C=P-Mes MeOH, CH—P-Mes  (A)
Ph PH
53
Me Me H
_C=P—Ph MeOH C P—Ph
MezN MeZN OMe (B)
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Mes
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N 2 BH5 THF N b ey
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l\\l Ph N Ph
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Mes Mes
55

BR 35 MRmERBEE LS Y
Scheme 35 Opposite polar phosphaalkenes
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JO7 T R AR L S A 1 B 0 B R T R ) AR
BERZ, M RGHEYSE B TR LR+ 21N
J(Scheme 36, A)®L 5§ Ak 43T HI[2 -+ 3130 e e B 5%,
5 1,3- T I [2+ 4158 ndi(Scheme 36, B)®, K& [2+
81N A M (Scheme 36, C)&58 32234 hin ik s 2 4B
JEAH Woodward-Horffmann Fi U 1.

[ Me Me

Me 2+2]
—p{  * MeC=C-NEt; —= EtO,C_/| ~W(CO); (A)
EtO,C W(CO)s ELN  Me

Me
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: OSiMe '
_SiMe 3| R
P e 1243 v¥ WG
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P~ci \ P ©)
Ph SiMe3

B 36 BHELEPIIIFR IR R

Scheme 36 Cycloaddition reaction of phosphaalkenes

2003 4F, Gates WA HE— L0 RIMBEIBAL S
VSIS PR, 12 B RSN GET T 2
KA E RS R R G Y)(Scheme 37, A), T H.
WAE S K 2R LRI L R Y (Scheme 37, B)PYL 2013
4 Gates 25U R IUIX FA A VITERRE 104 AF T RESEIS L
AR H AR 2 1,4-R A 17 ¥)(Scheme 37, C).

. Ph Init . 'IDh ]
= 150 °C Tl (A)
Mes Ph Mesph
E MesPh; i :

P_< o, PhMeCH-TEMPO
Q 125 °C

B 37 B IL A0 R A R

Scheme 37 Radical polymerization of phophaalkenes
2014 4, Stephan SF™2HRIE T 1,3,5- =BEREL S
HARMERE T TR, £ 4 bar ARENT S
110 CHAMF T 5EAURA MBS ST i sUBE 4% — )
WEY 56a, ZALEYIWE LSR8 5 KA B E

.- _VAZO
P=< + =\
/ Ph 140 °c

()
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Ak &4 56b (Scheme 38).
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Scheme 38 Cleavage of hydrogen molecule by 1,3,5-triphos-
phinine
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