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Abstract

Phosphorus is an essential element in all fields of chemical science,
ranging from material science to biochemistry.  Recently,
phosphaetynolate anion (PCO"), formally featuring a phosphorus of
oxidation state -1, has emerged to be an excellent building block for
construction of structurally sophisticated compounds. The thesis will
focus on synthesis and isolation of a series of phosphorus-containing
compounds prepared from PCO". In Chapter 1, we will briefly introduce
the background of PCO™ chemistry, including its synthesis and reactivity.
In Chapter 2, we will prepare an extremely reactive monocoordinated
phosphorus species from PCO  under photolysis, namely a singlet
phosphinophosphinidene. In Chapter 3, we successfully isolate the first
base-stabilized parent phosphenium cation and related species. In Chapter
4, we prepare several transiton metal phosphaetynolate complexes MPCO
(M = Cu, Au, Co, Ir) and study their reactivities. It is very important to
note that IrPCO is unstable and rearranges into Ir-P=P-Ir, which is the
first dimetalladiphosphene. Finally, in Chapter 5, a thorough theoretical
study is carried out to understand the cycloadditon chemistry of PCO-,
showing that electronic properties of different unsaturated compounds

play a crucial role in reactivity and regioselectivity.

Keywords: phosphaetynolate anion, phosphinidene, phosphenium, transition metal,

cycloaddition, DFT



)= [0y [0 OO I
BB e ettt nas I
B e ettt ettt v
YA 01 ¢ (o1 AR \Y
<O VI
TABLE OF CONTENTS ..ottt sttt ssss st ss s s nssensen s enenes VI
BT ZETD oot Vil
I I = T . TSP SO 1

1.2 RECAIIEIL S IBIE BEFNBIBIME « oottt 2
1.2.1 BEEEE R AYIEIE TEFIIEL ..ovooevoeveeeeeeeeeeeeee e ens e en et 2

1.2.2 BEEHZEAL EHIBI B TETNIIRL ..ottt 4
I s = = B v U TTTOTTT 5

e =35l OO 6
BT BASHBEREBERUAMEIEER oo 8
25 =1 =TT 8
2.2 BERGITIL oottt 10
2.2.1 FBEEFEHARBIFEIR oottt 10

2.2, B S B B R BT I oo et 13

223 BEE R R BRI RIIEMERITT oot 16
2.2.4 B E R B E BRI R RITEIERITT oo 17
2.3 LN G e et 21
24 FEETTIE oottt 22
2.5 SRR BB oottt 22
2.5.1 SEIGILBE RLIR T oot 22

252 SEI IR RIEIARIRIE oottt 22
BEZETTR vttt 34
FEE AANFERENEMNBMESETFEME (PH,) REMEXUEYHER ... 39
3L Bl B ettt 39
3.2 BEBRGITI oot 40
321 AANFRBEN ZEAMES FEMAE (PHRFIPH,) BIE MK oo, 40

322 AR N FRBENBMESHRTEEBELAMBIE L .o, 43

323 AXAMFEREMNBMETERBE S HBEEC ST E A ..o, 45

B3 NG ettt 45
B s oy .~ 46
3.5 SRR EBAY oottt 46
350 SEIGIBE RLIR T oottt 46

35.2 SIS I R BIABIRIE oottt 46
BEZETTHR oottt 51
ENE HERRE. €. ¥ REBLASYHNERBEREEIEMRHT ..o 55
AL BB ittt 55
B.2 BEIREITIL oottt 55
421 BHERRFANKNERUEMHE R R R BITEMEZ ..o, 55

\



4.2.2 MERIRAMEERBUEMHIIE R RITEEIT oo 57

A3 IINGE ettt 61
BA FEETTIER oottt 61
A5 SEBEEREY cooooeveeeeeeeee ettt 62
451 SEIEALBERZIRTN oot 62
452 SR BTRIHIBIRIE ...ovooeeeeeeeeeeee ettt 62
BEZETTIHR oottt ettt 70
FEHE HEEBRRAETFHMBRBIAIIEIBTIIY oo 72
30 = =TSO RUTTU SR 72
5.2 ZEBRGITIL oottt 73
5.2.1 MERIROBETSHBEFHERIFMARBIBIBIZ oo, 73
5.2.2 BB IR 1B T 5 HERFN IR — L AR M AR B EB IR ARG oo, 77
523 EEAIR 1B TS 2-FxEMBIR AR BB ..o, 78
5.3 N et ettt ae st et etk R e ettt ses 79
R iy~ 79
=511 N TP 80
e 0 OO 108
= — v al TSP 110
SN 1] 7 /TSRS 112

Vi



TABLE OF CONTENTS

DEDICATION ..ttt sttt sttt et e b b et b e b st e bt e ke s b e b e e b e st e s e ebesb e e et e nbe s e ebenbeseebenee e ebennes |
ACKNOWLEDGMENT ..ottt sttt sttt sttt be bbbt n e nbe e ene st s 1l
ADSETACT IN CRINESE. ... ettt ettt et b et bbbt e b e st e b sbe e ene st e e v
Y 451 T SOOI \Y
TABLE OF CONTENTS IN ChINESE «.veviieiiiie ettt sttt VI
TABLE OF CONTENTS ...ttt ettt sttt sttt sttt b e VI
(O{gT=T o) (=1 gl IR N 4 oo [0 Tod 1 T ) o SRS VI
1.1 The industrial preparation of phosphorus COMPOUNS..........ccccviriireieienece e 1

1.2 Synthesis and reactivity of low-coordinated phosphorus compounds .........c...ccoeeeiienineienineenen, 2
1.2.1 Synthesis and reactivity of phosphaethynolate anion ............ccccccevvveiiiiiiiciie e, 2

1.2.2 Synthesis and reactivity of organic phosphaketene compounds.............ccccecievievvereeiennen, 4

1.3 The goal Of the theSIS.....cvveiiie e ettt teesteeaesneas 5
RETEIENCE ... bbb e bbbt et b e e bbbttt b e e e e b b nne 6
Chapter 2. A room temperature stable singlet phosphinidene ..........ccccocceviviiiiiiiiscceece e, 8
2.1 INEFOAUCTION ...ttt bbbt bt et b e bt bbbt b e e st e e e nn e e e 8

2.2 RESUIES AN ISCUSSION ...ttt bbbttt ettt e et st b e bbb nnesne e 10
2.2.1 Evidence for a transient phosphinidene ...........cccie i 10

2.2.2 Preparation of a singlet phosphinophosphinidene ..o, 13

2.2.3 Reactivity of the singlet phosphinophosphinidene ..o, 16

2.2.4 Reactivity of a stable phosphanyl-phosphaketene ..........cccccevveveeciiieieceeceece e, 17

2.3 CONCIUSION ...t ettt bbbt b bt bbb e et sb e bbbt e e e e e nne e 21

2.4 ComputatioNal GELAIIS ... ....viiiiiie e ae e 22

2.5 EXPErimental SECHION ......ciive ittt be e e ae e anees 22
2.5. 1 GONEIAL ... bbb bbbt 22

2.5.2 ProCEAUIES @NG GATA ... .c.veveeeieeitieieeieeie sttt bbb bbbttt e e e 22
RETEIENCE ...ttt b et bbbttt e b e bbbt et ne b b 34
Chapter 3. Isolation of an NHC stabilized parent phosphenium (PH,") and related species......... 39
3L INEFOOUCTION ..t b bbbt e et bbbt bt et e e e e e 39

3.2 RESUIES AN ISCUSSION ....veieti ettt bbbttt e bbbt e e 40
3.2.1 Isolation of an NHC stabilized parent phosphenium ..o 40

3.2.2 Isolation of NHC parent phosphinidene transition metal cOmplexes..........c.ccooevevenennnn 43

3.2.3 Isolation of an NHC parent phosphinidene Lewis acid compleX.........ccocoevrinieiininnennnn 45

3.3 CONCIUSION ...t bbb s b e bt bbb e et e b bt sb e s be e bt e bt et e e nae e 45

3.4 ComputationNal ELAIIS .........ooveiiieiie e e 46

3.5 EXPEIIMENTAl SECTION ...t bbbt sae s 46
BB L GBNEIAL ...t bbbt bbb e e e 46

3.5.2 ProCedures and QLA ...........coeieiuiiiiieie ettt bbbt 46
RETEIENCE ...ttt b bbbt bt et et s b e b e bt bt bt nr e e b e e 51
Chapter 4. Phosphide delivery to transition metal COMPIEXES ........cccooieiiieienie i 55
o I Va1 1 T [N Tox (o] IO ST 55

4.2 RESUIS AN QISCUSSION ...ttt bbbttt bbb bt ne b e 55
4.2.1 Isolation and reactivity of Co- and Ir-n" PCO COMPIEXES .........ovevvereerreeesrereiseerieniesnean. 55

Vil



4.2.2 Isolation and reactivity of Cu-n> PCO and Au-n" PCO COMPIEXES ........cvverveerrerrerrennene, 57

I @] o 111 [ o F OSSPSR 61

4.4 Computational detailS ..........ccviiriiiiiiei e 61

4.5 EXPErimental SECTION .....c.oviiiuiiiiiiie ettt et eb e 62
T T T | AU 62

4.5.2 Procedures and GAtA ...........cceieeeriiieieiese sttt sttt ee e e 62
RETEIENCE ...ttt bbbt s et et b e b e bt eb e Rt ne et ae e 70
Chapter 5. Theoretical study of cycloaddition chemistry of PCO™ .......ccccooiiiiiiiiiiieeee e, 72
LT84 oo [3Tod o o USRS 72

5.2 RESUILS AN AISCUSSION ....viieiii ittt ettt bbb ad e s et 73
5.2.1 Cycloaddition chemistry of PCO™ with electron-deficient alkynes .............ccooooiiniinnnn. 73

5.2.2 Cycloaddition chemistry of PCO™ with Ph,C=C=0 and DIPPN=C=NDIPP..................... 77

5.2.3 Cycloaddition chemistry of PCO™ with 2H-pyran-2-0ne............cccoovviniiiiieinenecnennns 78

LIRS N o] 1 [T o SRS 79

5.4 ComMPULALIONAI AELATIS ......ecveieiiieeieecee e 79

Rl B Lt L TSPV P TP PRP PP PR 80
=] (=] 0ot PSSP 108
Chapter 6. Conclusion 0Of the TheSiS. ..o 110
AV 1 - VO S TSRO P PO PPR 112



11 TlHlESHmEeED

1669 4F, fH[E 7 A\ Henning Brandt b4 . KR A K SRR BTN
IR T ABRE 1.1, PN, R AEEHRKIRE TR,

(NH4)NaHPO4 A NaPO3 + NH3 + Hzo
8NaPO3+ 10 C 2 2Na4P207+ 10 CO + P4
A

4 NaPO3 + 2 SiO, + 10 C 2 NaySiO3 + 10 CO + Py
B 1.1 a8 P, K%

Bz b, AR, KEEE LS 5 4 0528 R R SR
mE 1.2 iR, KIREED i (phosphate rock) B TG & 2 LA+5 LR E, 4t
AL, WL E RO, (B TTES A KERE YA E
(CaS04). Fiah—MJ7 s B Bk ik [ oy A i, ZE TV b, REHEABES
WA N =S ACBE(PCla), TR N N A LB L & -

oxidation
state
A L H,S0, other organic
+5—1—  phosphate rock @,"r ———— H;PO, (RO),P(0)OAr ———— > g
wet process compounds
+4—— 0]
furnace hosoh
1 .~ | electric organophosphorus
+3 G, Sio, furnace process PCl; ——> (RO),P(O)H ——> compounds
A I4 R= a“fyl’ ary/ (bench-stable)
A S MOP(O)H, ———> ROP(O)H,
\ Tp MOH+H0
0—— P, —» T€
4 Theat ¢ Na, carbonate
A NaPCO ——  » phosphorus-containing compounds
5 (mostly highly reactive)
33— PH; —> organophosphorus compounds

B 1.2 EBHLEYIRIS %



4t b, SRR TS (H-phosphonates) 2 & (X 19 2 i (H-phosphinates) /& B 22 1]
BT I £ 1945 4%, Todd VAL T /A TE BRI AT LA 537 41 0 R B
A1 IE B G 55— 4% (H-phosphine  oxide) AR 4 & B L 41 77 1 2
B EYIFIG T 2R, BRBEGE(PHa) R — A 5 ELIR IR 3 Ak, (ELH
BRI 2 Toll 75 B LU A B,

1.2 KBNS SRR T

121 BB SRR M

T &% #2171 B 1 (phosphaethynolate anion, PCO") /& &% 1 11 2 1~ (cyanate
anion, NCOOHI & RERMIM. 7F 1992 4, BEFRAR7E T4 E (LiPco) Pl ik
W E AL 225K Becker Ml Westerhausen I & k. (H @Ak w %], JEH.
LiIPCO H SfaE iz, EBiEMMRAE Tt I Z . 7E 2014 4, it
b5 Gritzmacher 25 NCHRIE T —Fh i b 108 A IR 85 (NaPCO) 138 7 1
(B 1.3). ZAELL S UK E KRR as ok, I ZREAE Ny imad 7 71,
FIEAL SACT T BRERIR SR, AT LK &) £ B R AN I — NI & 4. B
BT RER Y], BERURRAR 60 12 LT PR 32 Z IR K A S ik (B 1.4).

ERBRE, BRI DL /KA BUNS, MBI ORI EHMR 2 AR
P& P e i s T (B 1.5).

Koo R

or

QP Et0” oEt

P.s + Na = NaPCO(dioxane)x

‘BuOH, dioxane
naphthalene

B 1.3 BEFERMEIA K

x=1.5-3.0

ZE ok Ul BE B R AR 7S ] LA 5 0 i (ketene) B E Bk — R AL A&
(carbodiimide) & AN, AR P TCH I B TP (& 1.5A,C). 4,
T EURR AR 70 B Tt 1T LA B o T Pl R A B B IS A S I 1 s 25 2 Y
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15B,E). WEFIRMR B FIER] LS 2-BRIEME IR & AR [2+4)1 R IRl s B, it 2 —4>
TR EARR, TR R (K 1.5D).

S, .. .
:P=C-0: == :P=C=0:
51.7 % 40.2 %
Phosphaethynolate Phosphaketenide

B 1.4 BEEURIR 5871 B RILR 4T

Ph Ph .+
oM
A (A)
0—=C, /=0 M=K
+CO Y
P
EtO,C CO,Et
\ / 4
S i
EtOZC/g"“PVC\COZEt . ﬁ
pyridine c
r.t. Ph” “Ph
+ 1.0 equiv. it
o
) o M Et0,C—C=C—CO,Et Et0,C-C=C—Ph \
\ 2.0 equiv. 2.0 equiv. EtOZC\c/C%c/CozEt
Et0,C.___C.___CO,Et MPCO i (B)
c” C i i Cc
T ‘ dioxane 1.0 equiv. DME Ph P “Ph
PN - 70°C
EtO,C P CO,Et o M = Na
1 DME
C 60 °C -
Hﬁ/ \? pyridine DIPP
r.t.
M = Na HC. ~CH N=c=N
H DIPP
1.0 equiv. 1.0 equiv.
DIPP =
.
M o
‘ DIPP
- HC™ Sp N
(D) M=Na T 0—C] C—N M=K (O
HC CH
~¢” \,5/ DIPP
H

B 15 BERRIE TS5 RIS R A

b T B SRR 1 5 7 IR SR i R, B DAAT DA P A S8 7R AL (191 2
l, 80% SO,), A Y R AR XA B P 1.6).
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