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Research Progress in the Preparation of Aryl and
Alkyl Mixed Phosphates

Jiao, Linyu™ Yu, Hua Ning, Zihui Li, Zhuo
(School of Chemical Engineering, Northwest University, Xi'an 710069)

Abstract Aryl and alkyl mixed phosphates are very important phosphorus containing organic compounds, which are widely
used in many fields, such as biology, medicine, pesticide, polymer, and material science. The unique physical, chemical, and
biological properties of phosphorus-based motifs provide more possibilities for their structural modification, derivatization,
and potential application. Therefore, the research on the preparation of these compounds has important theoretical and practical
significance. In this paper, the research progress of the synthesis methodologies of aryl and alkyl mixed phosphate in the past
few decades is reviewed. The application examples are listed. The experimental methods and development process of the con-
version of various kinds of phosphorus containing reagents to target compounds are summarized. The characteristics, mecha-
nism, and application of the reaction are discussed selectively as well. We hope that this review can provide a reference for the
development of new preparation protocols of mixed phosphate, and provide some useful references for scholars, graduate stu-
dents, and others in the related fields.
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Figure 1 Application of aryl and alkyl mixed phosphates in
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Scheme 11 Synthesis of cellulose diphenyl phosphate in ionic
liquid
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and diaryliodonium salts

LR, ARFERAMBRSCR G5 I0E TR Cu
AL Chan-Lam SRR FRIB ST NN HidE ks
(CDI)PSL, JRBH 1 R0 LA J NN- IR 3k mr — 0 fi%
(DCCO)“OMEAL A BRAL BB, A T 07 2 L Be Bk R VR
e b, AR, SOSOEPEAUIR, 4RI AR AR

4 ET=MHNBEERLSYNELERS
*

FEAIBHLEYT, BTN S RA e K
h, WBEER M AT AR R H L L EE N =L &
W, JERLE ) SR LR AL O T Tl th 2 o) % AR T )
ARG .

http://sioc-journal.cn/ 4185



BIKE

FLPE 1983 4, Bartlett S5 pfi#lkil | — PR A2
B0 RS IR % 07 kL e SRR R 1 7
VEEU 0 Scheme 19 B, 1E# DLIERERR =418 MR,
E—78 CHIREML R RN 7 d, 155 —F P—O0—0—
O 1 RAHIEM MY o3 A Ak, 1z &R A
FasE, HORMEE—78 CRIMIGIR B ZM4 T, IREIREF 6
h. 5, FEMERMERT, HAEEIROR A 3 oK
B PR A, T 5 A A e AU B A ) T A T
= A OBUHE T AR I AR S TR, DR R AR o &
Stephenson—McClure Y [ 73 fift [ 2, 5L 4040 R 1)
VUTTCIRII R, =AU 53 AL T = Ff SUHE (%) TOL S A S
TALE, 2 G YT LA — 2B o R R B RS A TR
('O [FII, 533 H 5 — R FEBERR MR 12, B ORZ T VEAT
FESRAFRT A e LU 24z ) 55 B R i R BR 1%, {5 FiT )
IR B I R TR B 1) SR ) £ A2

OPh _ _
5 O3 Pho, ,g g pyridine PhO,,,CI) ?
PhO™ ~OPh PhO” 53°C  PhO” |
op,  MeOH,-53°C SMe
0
— . |PhO ?/ Pho\ﬁ OM
N ~ - e
P
Bho” L OMe 1§ PhO
o 0, Yield: 97%

Bt 19 SRR UL 0 ) 5 T
Scheme 19 Preparation of mixed phosphates by oxidation and
decomposition of phosphite

2009 4, Oba PRI MIFEIX — s LT BN R,
RIE T — AL FE T = R AL (Scheme 20). 1
FH LA N B AL (rose bengal) A BRI, 76 HE
FMTHEF=ZLED THACOYFEA RS T
('02), Ja# HA AN BARKITEALRE, AT LASEIL — 55 2
) (Ar, TeO) H AL S84 . 72 SV B3 2 s A7 A2 1R 2611 T,
Tt A A U T RS, ORI SBT3 PP R g
R IR IR e R il 2, 70 B RIK 91%. Iz AL
BORAEF 4T, JF BB, TR, R E
THOLT, AU AR 22T DL & (Rl WOR R .

?Ph
3
O, Ar,TeO P.
PhO” “OMe
hv
rose bengal
sensitizer
1 o
0, Ar,Te PhO_|!
_P=0OMe
PhO
Yield: 91%

B 20 S6FE IO . BB MR I AL %
Scheme 20 Catalytic preparation of light-induced aryl and alkyl
mixed phosphates
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5 ETERGMBEREIELAMNERSE

T R TG 75 7 WAL AR b Ak A% AR % i
FURIAZ, NATE T 2 R R G A e R e,
AR EER, A2 i B AE A 2 N AR R SE i AR K
Mfe s, R, 22 E P00 R AN e X Sk 1k
BT AT

2010 F, Tamilselvi 1 Mugesh ZH4E ISR T — &
H AR ORI Zn FREY), FEIG SN TR =
75 #EE(PNPDPP)/E pH v 9.0 1) 2-¥F CU& I 4B iR
(CHES)ZEM B IR /K il S B, SRR AN, it it —
SR FE ORI, A8 FH R AR R B AR TR, AT I A
TR AR TE 5y T AR LR P /K A 6, R AR 0o gl o
O JEF I BUE S AR5 P—O BEWTRY, =2,
P 1S B A (0 R R R B, SRR R — o
T XA (PNP), SEIL 15 Gt i 2 B i@ (Scheme
21). fEZNH, I 204 202 min.

o
PROLT_ OH
complex

MeOH, 300 min PhO

]
PhO”~ PhO_Ii
Conversion: ~100% DPMP

P=0OMe +
NO, NO,
PNPDPP PNP

e

complex

B 21 B = 5 B R TE SR AV E T IR R AR L
Scheme 21  Alcoholysis of triaryl phosphate under the action of
zinc complex

AER, @bk LA RIF . ik tERe, 78
AW G A 7 LA T2 RLH. 2012 4, Hupp
F Nguyen SEH5-40150 5450 T /45 1N IAREE B 1% 156 A 1 28
e 2 SR AR VE. TERR B, bR R &R
INBR(ANESIRIE, Scheme 22), if /& B0tR i 4 & nh bk PO 58
WL TR R, AT DA s A = 256 Y R I IR
MR PERE AR SN, 75 320 AH L PR I8 22 7= 4 — 28 55 HH
WRERES. SR, 12 M TG MR, TR 54 h 1
1k, RARE] 7T4% I BERE =)

& )& A HLHE L (MOF) J2 T 47 2R Mt R PR 0l % Je 1
— P B R RN R i RE AL, 7E LR 7T RO SR
PAEZ G, 2R SR BERR LK R 3R 2 2 MOF
MEL o, U10-66 PLINSE Lewis BRI A0 Ze'Y DL
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EACHIIA B TR, s B AR 1 2 3 2
45~50 min, R ZATIRIEWIKIY >z — A Bk,
FEAZAAER, JRA 7K A AT PR 0 e A R A5 3 R

= (Scheme 23)147),

PhO\(I? o "
PhO/P 0 Porphyrin catalyst PhO_Ji
- - . _P=0OMe +
CHCI;/MeOH  PhO
(V:v=1:1) Yield: 74% NO,

NO,  gooc,54h

|

PNPDPP

B 22 ARRRI SRR AL I B R = 07 I I At S 1
Scheme 22 Alcoholysis of triaryl phosphate catalyzed by alu-
minum porphyrin dimer

(a) Hydrolysis

Meo_ ) OH
Meo” 2 UIO-66 (6 mol%)  MeO_ [T

R E——— P==OH +

N-ethylmorpholine  MeO”™

H,0, 200 min
NO, Conversion: 98% NO,

(b) Alcoholysis
Pho\ﬁ OH

UIO-66 (6 mol%) PhO\(I?
_—— _P==OMe +
MeOH, 200 min PhO

Pho”
Conversion: 100%

NO, NO,
B 23 UI0-66 fH AL IBEER = 7 B8 A K A AR Ak S [
Scheme 23 Hydrolysis and alcoholysis of triaryl phosphate

catalyzed by UIO-66

2018 4, FRAR BIRAHMSITT & T — M B
I TEHO/MUEIE (A A Z (2 3E A BE A2 SV (Scheme 24),
55 bR R AT 4 W R S S AN ], 2 A RT DR B TR
T b SR L PEVE M A 0 S, AR RI0T R btk
Rle. RTFERM, 2k R0 0 H 5w s s A i) B
A D) RETEIR S BERBE R &, Hed AR A
J ) SR LB A AT LU 2 AR AR (R el . R
By i LA R B 45 AR SR A SR, A 2 3 R AR A S
IS4 Jig 28 3% 2L 801 )R B4R £ (Continuous Flow System),
SEHL T B SR e il . SOMALEER B, EnEfE
A R AV FH 2 0GB, AT LARAR v O T8 1 198 TR
Mt 6 v T AT, Ay Jim 5277 S R R R AZ U SR A T
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(1) Tf20 (1.5 equiv.)

o pyridine (2.0 equiv.) EtO\(Ijl

EtO DCM, r.t., 10 min _P=0
N
EtO/P_OEt EtO
(Z)Q—OH (2.0 equiv.)
r.t., 30 min Yield: 99%
(1) T6,0 (1.5 equiv.) o0
pyridine (2.0 equiv.) p=—

DCM, r.t., 10 min

L O
(2) Me—@—OH(Z.Oequiv.) ©

r.t., 30 min Me
Yield: 85%

BIR 24  THO/MEIE (R 1) ZEEE e AT i S5 o
Scheme 24 TfO/pyridine promoted continuous transesterifica-
tion reaction

TEZIEA A, BRI S AL 0 mT DA 38T 1 ik
fEH. 2001 4F, Kaboudin 250 & 7 —Fh AR — £ BR/
FAAAMN B (P,0s) TR A WAL BBy BB W 7%, 1E
120 CEM N, AMBHAFIAIK R 2T 48 h KM,
AT DA DA H S5 345 i 7 2849 B B S AE H =)

OH (0]
o ZEN o
eol_ p PO gy
tO cl 120 °C,48h cl
Yield: 63%

B 25 P05 (LBt IR — £ R 2 4 s
Scheme 25 Transesterification of triethyl phosphate promoted
by P20s

6 ETHMBEBRNBIRREIELAYHNANTE

M R T AR IR W RN, R IR SR A P
PL P(O)—H. P(0)—Cl. P(O)—OH E fit H1E A EEL, L
[N N /Y& X (B 7 Wil da Y A i 4
TP A B el A MR 2 I R SR s 7 AL
TS, 208 438 B T IR, A, A o 75 5
FER il P B To K T ) 46 A R A RRIBUR k47, (£ —
SERRRE BRI T S ) & P AR, Rk, R
I R R R VR R 2R AL A T L 2 AE JE .

S AR — 2K 5 (DPPA) & — Fh 2 ThRE I MLk I
A, MEHW, CRESEMRNBI, dEEEELR
Ji A S BB, gtk Curtius HEHER RIS K e Bk 5
S e BT YA i 2 A T SR I R ) SRRV
FF= i PEPE.

2019 4F, FEMATSETTE K DPPA 1R Bt AL )
RLF 05 25 e R RR VR N 1) fi AL & e (Scheme 26).
TEiZME IR R, DPPA I AT E AL &R
B SRRAR N T 7 =X, CuCl A AR F AN B {345

http://sioc-journal.cn/ 4187
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P—N R AR, £ L —0F No FER, 15
FIN=Cu & )& JiF ik, i ik LALL Lewis fITE
A P=0 XUk M ER PR, M R IR+ 1
FRUC BT 2 B, (I o AR B S A A S B AT

CuCl (10 mol%)

PhO._ 9 NayCOj3 (0 ~ 0.5 equiv.) Phoﬁ
P—N3 + alcohol _P=
PhO” cyclohexane/ROH PhO
(VIV =9:1,20 mL) R = aIkyI
40°C Yield: 75% ~ 95%
open air

B 26 S RUBERR — B AR DT REAE AR F R RO fEAL e 1k
Scheme 26 Catalytic conversion of diphenyl azide phosphate
and fatty alcohol under the action of copper

B e, R/NEREIAHSEBISI T Zn(acac), 15 i Al
A T HERE ML AL, TRk R, Hie BB AT %Y
FTGA 5 DPPA [N, fiE B T — R AR
I (Scheme 27)FNE Ik e fb & 4. HAG A A Bk S5 1~ 1O g
7 0 R 103 J B 43 TR S 4 IR S s, ISR SR AR PR AR

B R ug mr, 15 B WA= YRR A R R (BRI ¢ Bt
filz=52 1 48).
Zn(acac), (10 mol%) o
PhO_ || Na,CO3 (0.5 equiv.) PhO_II
_P==N3 + alcohol _p=
PhO” dioxane (2.0 mL) PhO
60°C,35h R = alkyl
Yield: 43% ~ 90%
B 27 BEBEER —IRERAN IR DRI E B A T A AL

Scheme 27 Catalytic conversion of diphenyl azide phosphate
and aliphatic alcohol under the action of zinc

B, FEARAR RSO 4 JE A L [ T DPPA
(B RV ES & BT VAR R B 2 MR R, 1E# 1% RN
(CSYWE R RIRZ HA SN, i ] 54 Bl 4 1 f il
B PG, B AR BTG T B A AH R R A B AT A,
{EZ AT SR AT LATE 255 Hh S I DPPA [ Big A 7= 490 1) e R
, ISR B G0 T 2055 e AR
FREaRAC &Y, N ECEYI G SR T 3 2
(Scheme 28) AR, RS R G, A AT
AT DU i 7 S 8 SR B SR AR, B — e RIE 3R

FesEtk. XS, SR E AR it L&
ol B T I S AT WY SR AR AL, B (AT A A
UGN, o B S SRR, RIS TR R
E S SR B e A HEE R D R Y, KRG AL
TR R 32 2 A

heterogeneous catalyst
(10 mol%)

PhO_ || Na,CO3 (0.5 equiv.)
P—N3 + alcohol
PhO” cyclohexane, 80 °C, 24 h
Phoﬁ
~P=OR OH o
R = alkyl G N
Yield: 80% ~ 93% Ho~ H2N HO— ™ O
®Cu ]
~0 OH NH, <!,
o 0d
heterogeneous catalyst
B 28 B ZUBEIR — IRERTE Z AR R TN IR EAL

Scheme 28 Catalytic conversion of diphenyl azide phosphate in
heterogeneous system

7 ETHe#HBRUATNHBRERLCEYNE
D93

[ 8% X 7 R R A U = e 17 Bt ) e R aBC
AEIE . FIE. = mEm u&”%@F@ﬂ%%¥TEﬁE
FI, tnr DR D5 5L e L RR VR BR AT 44, /£ — 2 %%
N EAR R B AR

20 40 70 54K, Mitsunobu ZE0575@ i — 5% SR I Ik
SR 1,4- A e 1 4b 22 S R 2% T 1 9 (Scheme
29), BHAEMEIE R EEES T (Nicotinamide adenine
dinucleotide, NADH) ] 5.4 FH 5 21| It 5= (1) nbt e 845 5
(A, J& 3 e = 2R IE B 7 (2 P Rl s 9 ) B
H CelV & (eIl b 2= 58 S M) AR N SRR & A4
SEAZHURHI £ 05 B . BeBL iR VR IR (Scheme 29).

P, BT 1,4- AN E IR SR T IR FE AT AE
Ttk fe, 1R OB IR I BB T & R R AT HRGR r BA

O
PhO_ II \ EtOH N .
PhO._ || N\ PhsC*BFjorCe"  PhO._ ,'3' . © B ¢
/LJ\ QAC rt, 48 h pho” OF NG
Al Yield: 85%
Pho\?u
L Pho” 5 —,
N+
{ e
Ac
B 29 WAL NE 84 Eh o () 4472 BERR VR IS 5 1 A
Scheme 29 Application of phosphorylpyridinium salt intermediate in the synthesis of mixed phosphates
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O AEMANI) S NAA Frb, 3l A SN — ) &
TR R AW, = E A3 B KR £ 5 (Scheme
30)157),

o]
PhO\IIDI—O high pressure
PhO” N + EtOH Hg lamp, hv
QAC Oy rt, <4h
Ac
o]
PhO_i BAN'S T
SP—OEt + |
PhO N
Yield: 67%
ER 30 miEoRAT S0 T BRI e £ 2 7E BE R VR B 5 P 11

AEE|

Scheme 30 Application of phosphorylpyridinium salt in the
synthesis of mixed phosphates under the condition of high pres-
sure mercury lamp

2002 4F, Tanaka 4@ 2SI 1 — Fiokr 24 ) i e 10
WA, IR LR R AR 7 B ) S B e R
JiEE . PR ER VRIS SR AP0 (Scheme 31). & 1% &
P S R EE (NCT) VR A a8 B e AR, 7B iR
A SUAE EGN FI CHACl R 22— 45 B 8 1) 4% B
Tk E AL A W) (Scheme 32). 245 JIg i BE kAT S5 4% S BT,
NCT 1R% 5 R AR & 2%, & BCH b= P [FR,
REN T — e R, R, 2 A A
J& Tl Ik SR T D BEAE A e 2 5 R R4 R B AR,
FFFEUE B, BT A% B 750 (0 A7 76 5 H AR e B %8 0% B
B 1R N AT LTRSS R POE R AL

O
PhO_II [\
_P—N_ _SH +
PhO WNT /\o?

CN

t-BuMgCl
THF, r.t., 0.25h

(0] [\
PhO_II HN
-0 +

S
PhO” \Nﬁ
“CN
Yield: 88%
B 31  JE T NCT B BB A 72 B R TR R 5 1 o ) 2

A

Scheme 31 Application of NCT-based new phosphorylation
reagents in the synthesis of mixed phosphates

o M\ EGN, CH,Cl,  PhO_S [\
PhO_Tl HN_ S rt. P=N_S
>P=—cl + )Y ~ ———— PhO h
PhO
N. N
CN CN
Yield: 75%

B 32 NCT L5t s s B AL &4
Scheme 32 Preparation of phosphoramide compounds from
NCT and phosphoryl chloride

P AE LA JE, Jones S5O0 WE M g i 5 1F T 4
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(n-BuLi)s THF FUBEMESUS N, &k 17— P 2 ik
Ik 1k i 771 (Scheme  33). WF AR F W, 766 Hl & )8 il 57
n-BuLi FIYEFR, BRI AGAGR T LUFL TG 197 B 2R 47 Bis A 15
BITF R R R ERR T, RN I B A R I
A AR AT DU B EAT BOAL, T RS TR R AL,
WA ) e L 190 BB 32 PR DR /N DR 2850 H b IR
BRI (Scheme 34). HAAFERE, SYRMN &
HITE R A AVELGR A A, B A A= IR T4 %0
IR TG AR R, X SN SR A R AR e AR B A v P

0O 0]

o) o
PhO_II n-BuLi PhO_II

SP—Cl + HN)LO —_— :P—N)LO
PhO \J THF PhO L ph

Ph
Yield: 87%

BRIz 33 WMl I 5 ol 1 S o BT B BB A
Scheme 33 Synthesis of novel phosphorylation reagents from
oxazolidinone and phosphoryl chloride

o)
o)
PhO_1I
PhO/P—N)LO
n-Bui, Et,0 P:h
then DCM ;
A S N
o)
o)
PhO_Ti
PhO:P_O + HN)LO
— \L-Pn
N\
Yield: 86% Ph

B3 34 5 W e I T 2R W A ) E B IR T8 15
R

Scheme 34 Application of new phosphorylation reagents con-
taining oxazolidinone in the synthesis of phosphates

ANAZ G, LGB S ST IR & N AR RAE
Cu(OTf), MEEEAE NN-XLCRELT FFEE)-1,2-24 i
(BEN) 3L FIMEH T RIEALERAL, 15 SN R AT 2 11
A5 15 B Sy {87 B AT (Scheme  35). #E ALK &9, 1A
M PR RO DA R 5 T 55 AR T 380 R van R Ak A
M55 LR IRIRRR LAY, B 74 R, T4
J& £ Mg(OTH),, it &)@ =5 H R £ Gd(OTf);+
Y(OTh)s PA A Eu(OTf)s tEF R I H &5 1 fifb i 1%, 1k
B T AZ N T REA T T Lewis BRISHY M AL 1 F A LR

2014 4, RIE=MESRAL A nT DU T R 1L
KT, AT AR EL A O LR I U SE AT R ) b 22 AR
EME. Panda 1 Hall PREZHIEF 77 KRB, K3 =124k
BT LB LA R RIS AR & (D8RP
TR — 2 T 3d 3 AN SR BT i (+-BuOC) J B 5 4k,
AR — CFE R A, Bz A & IR E I N i
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ik SR

F R AR = (BtH) [ B A3 BT AE A =4, F=2emlik
92% (Scheme 36, Path A). (2)—4&— k. TERLAI AL
H =M I EER R, R — 288 T DL B A
MATAYD, FFN 75% (Scheme 36, Path B). 7ERS M
INFR B S (MW) [N 2 458 4 Bh 26 1 T, 151 B0
AR B RN, 2R IF = R A B e
e, AMERT DL 25 26 05 2 B 2R ER R S (Scheme 37),
R LARLH T &5 SRR s R, 8 P—
O, P—O LK P—S BRI AL BT i LB A5 i,

o ¢ Cu(OTf), (0.2 equiv.)
PhO\||3| N)LO _~_OH ligand (0.2 equiv.)
- - +
PhO \L-Ph ~ EtsN, CH,Cl,
Ph 20°C, 18 h
o] o]
PhO._ o . L - -
PhO”  \ \ HN Oé b PPN
Yield: 88% Ph ligand

BRI 35 & AN i 00T R B AL R e R ER 1 R B
AL

Scheme 35 Catalytic conversion of a novel phosphorylation
reagent containing oxazolidinone under the action of copper salt

ol N
P=N" N

(0} O ~
Eto\IF! H t-BuOCl EtO\IIDI ol BtH EtO
Et0” CH,Cl, EtO” Base

rt,2h
Path A (One-pot, two-steps)
Yield: 92%

BtCl, K,CO3 | Path B
MeCN, rt., 2 h | Yield: 75%

(0]
EtO_II
SP—H
EtO
B 36 I =MRRBEIAL R R &
Scheme 36 Conversion scheme of benzotriazole phosphoryla-
tion reagent

Eto\cup? N,N\\N OH Eto\ﬁ o
Et0” . _ NaCOs | g
80 °C, 30 min, MW

Yield: 77%

B 37 ZRIH =M A B R VR R S B 1 L
Scheme 37 Application of benzotriazole phosphorylation rea-
gents in the synthesis of mixed phosphates

bR 7 &H P—N BE RSB 248, 1Eh
TH P—C BMAEHANBERA, JERR - 48
(DEPC)! BRI DLAE 55 3 e 5 B R VR 6 1 4 B EC 4
¥, DEPC B4 U 22 1 Scheme 38 /R3], Guzman il
DiazIC 8 T 7EVK/KH F, DEPC 1] LA A Fl 25 A
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W 2R By B2 My R AR B AL SO SE. BRI, % B2 Il = il 5
PEYI B HCN, BN, 5 ZAE R MAA RPN = %
(EtsN) F FNER P B 7= 9 (Scheme  39), [FIFS, 2T L
B JF K, DEPC TERBERRER & R 1) S 6 A7 4.

o o
EO . ciscop O
- = - _ —_—
BO” Y 2 EtN E0” 7 =0
S S-s
o
/P-
EtO
Yield: 68%

B 38 DEPC K& %k
Scheme 38 Synthetic route of DEPC

Cl

O
OH EtO._Ii
o) ~P—0
S ONg]] EtsN EtO
SP=CN + PP ——
EtO 0°C, 30 min
|

C
Yield: 91%

B 39 FALMER — TR 53 SR AL S B
Scheme 39 Esterification reaction of diethyl cyanophosphonate
with p-chlorophenol

8 LHitERE

g5 bR, (R —BUnE B, Hr RO R ket
PR IR BRSRAL S B 5 D7 iR T R 32 B T 5 A
AL ISR i2 990E, C2e N HTHIAE F B 5 Z1
SREEAE ATt R AR HER L P MRS E T A
GEMI R P RSO AL S BE DN TR BT R R AL AR 2R, OBEAE
AR I fag A AR R EURR IR K 2 v AR 7 —
SE MR R, UTEEAER, BB & O R BRI A W
I, WO, A, R, AR, [
HABHESCAR L ah & O 55, RPN Gt 178
Jriz . EHARRERTT R, WOV IR RIA RO 5
BT E LR, A EASCHES A B T 3 I 1%
07 S SR, R 5 SHEH, 2R
WHLAEES 5, JIRIEREL KRR STk )&
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