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1. Introduction using MegP as a catalyst, compared with other catalysts agch
) ) o ) A the metal-catalyst%,is the easy purification of the resulted
It is well-known that, as insecticides and herb'qdesproducts because the M catalyst (and the corresponding

organophosphoryl compounds bearing a phosphoryipgR(O)  phosphine oxide M@(0)) can be easily removed undecuum

play an important role in agrochemistriphosphorus compounds from the products.

are also very useful starting materials in orgasynthesis (the

Horner-Wadsworth-Emmons reaction, for example) agdnls  7172p01 .~ > gwe cat. RsP ZIZPON A~ pw @

for transition metal catalysfsTherefore, the development of new o .

methods for their preparation is of current concern EWG =P(0)2°Z’, COZ’, CN
A further study on the synthetic potential of thise;M-

catalyzed addition by changing the vinylphospha@ympounds

to other CH=CHEWG ¢, S-unsaturated esters and nitriles etc.),

interestingly revealed that, in addition to theeoged 1 to 1 (one

molecule P(O)H with one molecule olefin) addlica novel 1 to

2 (one molecule P(O)H with two molecules olefin) actdii was

The nucleophilic addition of a hydrogen phosphortatean
electron-deficient alkene is a simple method fa pheparation
of phosphonates (eq 1). This reaction has beeredasut in the
presence of baséd4,ewis acids' transition metals microwaves,
and radical initiators such as AIBN.

cat. also generated (eq 3). Noteworthy is that such a@uad’ has

RO,P(OH + =Z “EWG (RO,P(0) .
(RORPOM = = 4 / PN EwG S only been recognized as a trace amount of by-ptsdafcsuch
EWG = an electron-withdrawing group; addition reactions of P(O)H to an electron-deficiatitene®™ ™

cat. = a base, Lewis acid, transition metal, radical initiator etc. L
Here below we report the details.

Recently, we and others reported that phosphine can

271
efficiently catalyze the addition of a variety ofydnogen ZZPONApyg

> Z'7?P(O)H
phosphoryl compounds to electron-deficient alketzeproduce cat. MesP 1(1 to 1 adduct)
the corresponding phosphoryl compounds in highdgiéeq 2§° * E— @
Enantiomerically pure P(O)-H starting chemicals atsmild be ZEWG . \/(\EWG
used in this reaction to give the corresponding sphoryl — ZZPkO) EWG
compounds with retention of configuration at the gptmrus ~ EWG COR.CN 1 (1 to 2 adduct)

center. In addition to its high efficiency, the mpary advantage

Oe-mail: libiao-han@aist.go.jp
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2. Results and discussion acrylonitrile only has a tiny effect on the reaati@ntries 5 and

) __6). On the other hand, the reaction temperatureafiatt the

To a mixture of (MeQP(O)H (1.0 mmol) and acrylonitrile yatio of the two productsl/1’. Thus, the selectivity tal’
(2.0 mmol) in THFO(l-O mL) was added Me(0.05 mmol, 1.0 constantly increased as the reaction temperaturgreased
mol/L in THF). at 0°C. The cooling ice bath was then removed (entries 7-10). The reaction also progressed mapiditoluene,
and th_e solution was stirred at room temperaturelfdr. GC CH,Cl, and EtOAc (entries 11-13). However, only low yields of
analysis showed that 97% (Me®JO)H was consumed and the {he products were obtained in DMF, DMSO and acetongi¢s
adduct1 (1 to 1 adduct) by the addition of one moleculei4-16). On the other hand, no addition products volerved
(MeO)LP(O)H to one molecule acrylonitrile antf (1 to 2 \hen the reaction was conducted in EtOH. Surprisirigiyever,

adduct) by the addition of one molecule (MgD)H to two 1 was selectively generated in a high yield witeBuOH was
molecules acrylonitrile were generated in 69% ant 3felds,  ysed as the solvent (entry 18).

respectively (eq 43’
Next, in order to clarify the scope and limitatioo6 this

MeO),P(O)H . . .
(e OH ol Mesp MeORPO) -~ fCN reaction, the additions of a variety of P(O)H compizurto
o~y THEIL IR 6o N (MeORP(O) N @ electron-deficient alkenes under this optimizedttiea condition

(entry 18) were carried out. As shown in Table 2ttadl dialkyl

Although the formation of the 1 to 1 adducts somewhat a phosphites tested could produce the correspondiadupts in
result within prediction, as mentioned above, thenfition of the  good yields with excellent selectivity to the 1 toatiductl
1 to 2 adductl’ was rather unexpected, i.e. it seems this is théTable 2, products 1-5). H-phosphinate isopropyl
first time to reveal its formation in such additioeactions of phenylphosphinate  and  secondary  phosphine  oxide
P(O)H compoundd! In order to selectively obtain the two diphenylphosphine oxide were also applicable to tection,
adducts, the reaction conditions were subsequeptisnized. generating the corresponding 1 to 1 adducts in lyigld with

. ) high selectivity (products$, 7). The electron-deficient methyl

2.1. Sdlective generation of 1. acrylate andtert-butyl acrylate were found as reactive as

As a model reaction, we started our optimization by2crylonitrile to react with dimethyl phosphite, fishing the
conducting the addition of dimethyl phosphite toytmitrile in ~ €XxPected products in high yields (products, 9). The steric
the presence of ME catalyst (Table 1). The addition reaction atPulky methacrylonitrile and methyl methacrylate calorked
room temperature in MeCN took place rapidly to paE98% well under the. present reaction conditions and tlesired
total yield of /1’ with a ratio ofl/1’ = 70/30 (Table 1, entry 1) in Products were given in high yields (produt6; 11).
an hour. Stirring the reaction mixture for a longere (8 h) did  Taple 2. Selective 1 to 1 addition of a P(O)H compound to an
not give difference in yields and ratios of the quots, which  glectron-deficient alken.
indicates that botth and1’, once formed, are stable under current

conditions (entry 2). The reaction could also beied out using AN - B cat. Me,P T
less MgP (1 mol%), albeit the yield of the adducts slightl "% R, ~BuOH Zl/iz\/\Rz
Table 1. Reaction condition optimization for the selective o
generation ofl.? O E0. WO wBuo, 0
O [e) *O/ \/\CN Etd \/\CN l'PTO/ N n—Bud CN
I 5 mol% Me;P I Q CN 1, yield®: 84% 2, yield: 91% 3, yield: 86% 4, yield: 86%
O=PH + A~ O—}J ~\\/[\ ,yield”: o , yield: o , yield: ) , yield: 0)
e /TNt o ; N
P 25°C, 1h e} 0 Ph o
l ; E 0 iPro. P 0 Oy o
> N AN / ~
e Ny N —o vj)(
Entry Solvent Total yield of andl’ (%) Ratio ofl/1’ ) ) ) . .
1 MeCN 98 70/30 5, yield: 92% 6, yield: 89% 7, yield: 98% 8, yield: 98%
2 MeCN 97 70/30 o o
3 MeCN 65 68/32 PN o. ,,OVL /O\P// o
4 MeCN 54 76124 Y TR Ay ~
5 MeCN 96 69/31 ) -0 )
6 MeCN 97 70/30 9, yield: 84% 10, yield: 82% 11, yield: 87%
7 THF 97 71/29
89 THE 93 67/33 ®Reaction conditions: phosphite (1.0 mmol), alkea® (nmol), MgP (0.05
" THE 84 60/40 mmol),t-BuOH (1.0 mL), 25C, 1 h."Isolated yield.
10 THF 81 57143 . .
11 Toluene 95 81/19 2.2. Attempted selective generation of 1’
12 CHCI 83 89/11 . .
13 Et%Aé 83 73/27 Since the 1 to 1 addition produtivas successfully generated
14 DMF 34 56/44 selectively, we turned our attention to the selectieneration of
15 DMSO 32 50/50 1'. As described in Table 1, the selective generaifdi was not
16 Acetone 38 81/19 achieved under the conditions of Table 1. Therefowe decided
17 EtOH 0 0/0

to further optimize the conditions in order to séleely obtainl’
18 ___tBUOH a7 96/ Table 3). The addition also took pl dily witrethyl
®Reaction conditions: to a solution of dimethyl pbloige (1.0 mmol) and (Table 3). € adadiion also took place readily Yy

acrylonitrile (2.0 mmol) in solvent (1.0 mL) wasdi MeP (0.05 mmol, 1.0 acrylate (entries 1 and 2). Similar to acrylnitrilwhen 1.0
mol/L in THF) at 0°C. The reaction mixture was stirred at Z5for 1 h.  equivalence was used, 52% yield of the adducts withtia of

Yield was determined by GC'8 h. ‘MesP (0.01 mmol).“1.0 mmol  1/1' = 60/40 was obtained (entry 1). With 2.0 equivaleat
acrylonitrile was used<3.0 mmol acrylonitrile was used4.0 mmol  methyl acrylate, 96% yield of the adducts was olejrlbeit the
acrylonitrile was used.at 0°C. " at -40°C. " at -60°C. ratio of the adducts changed littl®&/{' = 58/42) (entry 2). The
decreased (entry 3). Similarly, when 1.0 mmol acriglde was  addition also took place smoothly with the bulkysdjiropyl
used, a moderate yield of the adduct 54% (entmwa®) obtained. phosphosite to give 88% yield of the adducts with/365
Interestingly, however, compared to entry 1, the abamore  selectivity (entry 3). In addition to M@, the reaction could also




be catalyzed efficiently by other trialkyl phosp&snE$P, n-BusP
and even the very bulky-BusP and CyP (entries 4-7).

3

Table 4. Scope and limitations of the Me-catalyzed reaction
between P(O)H compounds with an electron-deficientnalk®

Dimethylphenylphosphine also well catalyzed #uklition (entry Ry
8). However, the bulky dicyclohexylphenylphoshineyogave a 0 Rs 5 mol% Me;P 9\/@,14
low yield of the products under similar conditioenify 9). The  r-fx, * /\m " R \/’\R4 + Y Rj
catalytic activity of diphenylmethylphosphine wassal low THF, 25°C, 1h Ry

(entry 10), while triarylphosphines like §#h -MeCsH,)3P, (o- o, O o /S/CCN o, O o /ifCN
MeO-GsH,)sP all could not catalyze the addition reaction rfest Fo~en R en Ay R A
11-13). When we used triethylamine (pk 3.2), which is a Etoz E‘OT "”03 i-Pr0 .

stronger base than triethylphosphine (pK 5.4);* as catalyst
under similar conditions, the addition failed (gni4), showing
that basicity is important but is not the only factor a catalyst.
Very interestingly, however, with a combination ofgaeénactive
phosphine and B, the addition could also take place (entries 15
and 16). Thus, the combination gi-MeOGCH.,):P gave 16%
yield of the adducts (entry 15), and the combimatid Cy,PhP

yield: 95%, 2/2' = 69/31 yield: 84%, 3/3' = 65/35

Ph Ph
n-BuO. //0 n-BuO. /9 o W W CN
P~ P. O 0. O
#-BuG CN / CN Ph O. // Ph \P//
n-BuO \_ ), \/\CN N 0/ CN

4 5 5

yield: 87%, 4/4' = 63/37 yield: 92%, 5/5' = 70/30

. . . (0] O
with EtN gave 42% yield of the adducts (entry 16). As exgbct POy i-PrO\P/a)f\ N P PP N
the triarylphsophine having an amino groypMe,NCeH,)sP PH Nw CN P N CN
could also catalyze the reaction (entry 17). Howedespite 6 6 7 7
such an extensive study on the reaction, the $edefrirmation yield: 88%, 6/6' =73/27 yield: 96%, 7/7' = 65/35
of 1’ has not been found yet. OO OBu-
Table 3. Reaction condition optimization for the selective ~©- ” -0 P OBuf o
generation of.’.? V\W o SN V\m OBu-1
o
(\13 A~ 5 mol% cat. 9 9\/[\]{2 8 8
RFHR, T 7 R 259 11 Rl/g\/\Rz + Rl/l‘) R, yield: 95%, 8/8' =57/43 yield: 83%, 9/9' = 59/41 o
; ' &
1,3,8 1,3,8' vé\ o, h
//
Yield Ratio O J\ \/H( 0. f
Entry R R Cat. (%)° wr)y CN 0
1% MeO  COOMe MeP 52 60/40 0
> MeO  COOMe MeP 96 58/42 10 10 11 1
i: iI:/IPrCC)) g” l\égf gg ?ggg yield: 73%, 10/10' = 46/54 yield: 81%, 11/11' = 100/0
€ 0.0 )
5 MeO CN n-BusP 86 70/30 o O h o A
6' MeO CN t-BusP 84 70/30 P SN g
. O
7 MeO CN CyP 72 66/34 P V\(f)r PO o V\W Ph. g o
g MeO CN MePhP 85 70/30 pr > Ph/
o MeO CN CyPhP 12 60/40 12 a ° s B
13 mgg gm M:EF?D (8) 50_/50 yield: 85%, 12/12' = 62/38 yield: 94%, 13/13' = 62/38
12 MeO CN ©-MePh)P 0 - 0y OBu-
13 MeO CN 6-MeOPh)P 0 - pho P 0
14 MeO CN ESN 0 - )3 OBt 0 my | o [N
(p-MeOPh)P P g OBur  pif CN Vi
15 MeO CN P e 16 46/54 Y ot/ P CN
(6]
16 MeO CN CyPhP, EN 42 52/48 1 » s s
:|.7f MeO CN Me l(\lpF_’h)gP 58 58/42 yield: 93%, 14/14' = 72/32 yield: 92%, 15/15' = 59/41
2
#Reaction conditions: phosphine (1.0 mmol), alkehenfol), catalyst (0.05 0
mmol), solvent (1.0 mL), 25C, 1 h.’Total GC yield ofl and1’. “Ratio of Ph P/P o _O. //
1/1’ GC yield.“1 mmol alkene was usefHF as solventMeCN as solvent. P >~  Ph. \/\n/ Oy
As summarized in Table 4, in addition to (Mg@(0O)H, other -0 5
dialkylphosphites (RQP(O)H (R = Et,n-Bu, i-Pr, PhCH) also 16 17 17

yield: 81%, 16/16' = 100/0 yield: 95%, 17/17' =91/9

reacted readily to give the products in high yieldable 4,
products 2-5 and 2’-5’). Not limited to dialkyl phosphite,
isopropyl phenylphosphinate (product§ and 6’), and Ph. //0
diphenylphosphine oxide (productsand?’) could also be used ])h/
as the substrates to give the corresponding adaubtgh yields.

" //\/5
P

®Reaction conditions: P(0)-H compounds (1.0 mmodkere (2.0 mmol)
MegP (0.05 mmol), THF (1.0 mL), 2%, 1 h. The yields in the table were
isolated yields.

18
In addition to acrylonitrile, satisfactory resultgere also yield: 96%, 18/18' =87/13
obtained in the reaction of (MefPXO)H with several acrylates
such as methyl acrylate (produ@sand 8’), tert-butyl acrylate

(products9 and9’), methyl acrylonitrile (productd0 and 10’),
a_nd methyl methacrylate (produds and 11.')' in 73% to 95% 1 adduct11 and 16 were obtained selectively (products and
yields. Good_ results were also obtained with |sopropyI16)' Methyl vinylketone also could be used as thestabe to
phenylphosphlngte an(_j methyl acrylate (prodlj(ﬂsan_d 12). give the 1 to 1 addudi7 and 18 predominantly. The two adducts
Diphenyl phosphine oxide also served well to readh wdrylates, could be separated and isolated in pure form byeutonal

producing the products in high yields (produt®&16 and 13- techni All th d btained h hel
16"). It is worth noting that under the reaction coiuais, the 1 to echnigues. ese compounds we obtained have hdgn
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characterized spectroscopically as shown in the rerpatal
section.

2.3. Mechanistic study.

To gain some insights into the reaction mechan&sgries of
control experiments were carried out (Schebhelt was known
that acrylonitrile could dimerize to

the addition of P(O)-H compounds to acrylonitrile sldogive

the 1 to 1 addud, while the addition td9 should give the 1 to 2
adduct 1’ (eq. 5). Indeed, a separate experiment usifg
confirmed that the addition did occur to produte (eq. 6).

However, as described below, this reaction path, agthaould

not be completely excluded out, should not be tagnpath for

the formation ofl’ under the reaction conditions.

Me;P 0 CN
/O\ﬁ/vC ®)
{ CN

/o\P//O o Mep CN (McO),P(O)H
/ \/\CN ) Z CN
—0 (Mc0),P(O)H N —d

1 19 1

5 mol% Me3P 9\/[\(‘)\1
- @ - . _
o-F CN ©

Scheme 1Control experiments

(McO),POH + 19

THF /
1.0 mmol 2.0 mmol (10mbyrt, 1h Y
1', 87% yield?
(Mc0),P(O)H .

5 5 mol% Me3P

o~ 5 mol% Me;zP reaction 1.0 mmol reaction mote Mes 1, 65% yield 7)
CN THF (1.0 mL) mixture rt.1h mixture 1', 26% yield

2.0 mmol rt.lh 19, 5% yield trace amount of 1 and 1'

5 mol% Me;P - (eOaPOM 5 mol% MesP ;
PN o Mej reaction 1.0 mmol reaction > MO0 Vel 1 84%yield (g

-BuOH (1.0 mL) mixture rt.1h mixture 1'. 3% yield
2.0 mmol rt, lh 19, 10% yield trace amount of 1 and 1'
5 mol% Me;P A 0N 2.0mmol

(MeO);P(OH 1. 64% vield ©)

1', 23% yield

THF (1.0mL) rt, 1h rt.1h

1.0 mmol

Firstly, under the reaction conditions in the aleserof
(MeO),P(O)H, the dimerization produd® from acrylonitrile in

produce 2-
methyleneglutaronitrilel 9.'* Therefore, it was first thought that

addition of (MeO)P(O)H to CH=CHCN is proposed (Scheme 2).
Dimethylphosphite and trimethylphosphine may gererah
intermediate . This intermediaté adds to acrylonitrile, perhaps
via an intermediatél , to give the 1 to 1 addudt On the other
hand, intermediatdd may add to another molecule acrylonitrile
to generatedll which, via a subsequent protonation, will give
the 1 to 2 adduct’. 1 to 1 adducl was major product whet
BuOH as solvent sinceBuOH provides the proton which can

quickly quench the intermediaté. Although the addition of
MesP to acrylonitrile generating a zwitterionic spedisis also
a long-proposed reasonable reaction, however, apharthis is
a dead path for the catalytic addition of (Md&P)H to
acrylonitrile as shown in eq.s 7-9.

3. Conclusion

In conclusion, we have disclosed a simplesR4eatalyzed
addition of hydrogen phosphoryl compounds P(O)H &xtebn-
deficient alkenes to give the very useful functiophosphoryl
compounds. The reaction produced not only the 1 &lductl
but also 1 to 2 addudt'. The generation of the 1 to 1 adddct
was selective. Although a selective generationlofwas not
achieved, this adduct could be isolateth conventional
techniques. The workup of the reaction mixture isyv@mple
compared with other methods since the catalyst @ardsily
removed from the product undeacuum.

4. Experimental section

General information: All materials were purchased asdd
without further purification™H NMR spectra were recorded on
JEOL JNM-ECS400 (400 MHz) FT NMR in CDQNith Me,Si
as an internal standarfC NMR spectra were taken on JEOL
JNM-ECS400 (100 MHz) FT NMR system in CRCI'P NMR
spectra were taken on JEOL JNM-ECX400 (162 MHz) FT NMR
system in CDG with 85% HPQO, solution as an external

THF andt-BuOH, was obtained in only 5% and 10% yield, standard. HPLC (recycle GPC) method for isolation was

respectively (eq.s 7 and 8). Very surprisingly, éldeition almost

performed on JAPAN ANALYTICAL INDUSTRY LC-908 with

did not take place when (Me@YO)H was subsequently added JAIGEL-1H (polystyrene-based column). High resolutinass

to the mixtures. On the other hand, by the additbanother 5
mol% MeP, the addition took place rapidly to give the axdu
in high yields (eq. 8). Therefore, it can be saf@yncluded that
the combination of CHCHCN with MgP can significantly
deactivate the catalytic activity of Me in the addition of

(MeO),P(O)H to CH=CHCN. However, interestingly, such a
deactivation of the catalyst M@ was not observed with the
combination of (MeQP(O)H with MeP, because the addition
still took place readily when CHCHCN was subsequently

added to the mixture of (Megd(O)H with MaP (eq 9).

Scheme 2.A plausible mechanism for the Mecatalyzed
addition of (MeO)P(O)H to acrylonitrile.

D4 Mep — < © 2N ? o

(MeO),PH 3 [(MeO),P(0)][Me;PH] (Meo)zp\/\CN
I n

(MeOpP 2 L o

) — ,

€O ~>eN (MeO), ~ NN
n 1
9

Meoyb Q. |7 eN Q CN [H'] (H)\/[\CN
(MEORPN AN —— (Me0),P o (MeOyP oN

I I 1

1]

® (MeO),PH 0

Me;P + &N — MesPA — X (MeORP\ A~
v 1

Although a detailed mechanism is not clear, on #ssof the
above results, a simplified mechanism for the;RAeatalyzed

spectra were obtained on JEOL JMS700 at Kyoto-Nara
Advanced Nanotechnology Network.  Caution:
trimethylphosphine has toxicity and high volatility. When
trimethyl phosphine is manipulated, ventilate the bench carefully.

General procedure for Me catalyzed addition of P(O)-H
compounds to electron-deficient alkenes: A glasdeséhtube
was charged with P(O)-H compounds (1.0 mmol), electron-
deficient alkenes (1.0 mmol) and 1.0 mL solvent.eAthe tube
was cooled in an ice-water bath, #2e(1.0 mol/L in THF, 0.05
mL) was injected with a syringe. After stirring fom&inutes, the
ice bath was removed. The reaction mixture was warnapetb
room temperature and stirred for 1 h. The solvewt BMe was
removed under reduce pressure. The crude producpwified
by GPC to get the analytically pure samples.

4.1. Dimethyl (2-cyanoethyl)phosphonate (1). Colorless oil;3y
(400 MHz, CDC}) 3.54 (6H, dJ 11.2 Hz), 2.40 (2H, td] 8.0 Hz,
J 15.2 Hz), 1.87 (2H, td) 8.0 Hz,J 18.0 Hz);8c (100 MHz,
CDCly) 117.96 (d,J 16.2 Hz), 52.23 (dJ 6.7 Hz), 21.03 (dJ
144.8 Hz), 10.84 (d] 3.8 Hz);8 (162 MHz, CDCJ) 29.48. This
compound is knowr

4.2. Dimethyl (2,4-dicyanobutyl)phosphonate (1'). Colorless oil;
8y (400 MHz, CDCJ) 3.74 (6H, d,J 11.2 Hz, d,J 10.8 Hz),
3.06~3.03 (1H, m), 2.76~2.46 (2H, m), 2.20~1.94 ,(2h}; &¢c
(100 MHz, CDC}) 119.04 (dJ 11.4 Hz), 117.70, 52.89 (d,6.6
Hz), 52.82 (dJ 8.6 Hz), 28.58 (dJ 10.5 Hz), 27.79 (d) 143.9
Hz), 25.40 (d,J 3.8 Hz), 14.9935, (162 MHz, CDCJ) 27.54.



5
HRMS (ESI) Calcd for [M+H] CgH1N,O;P: 217.0742, Found: J 2.9 Hz), 15.125, (162 MHz, CDCJ) 25.88. HRMS (ESI)
217.0729. Calcd for [M+H] CgH,,N,O,P: 369.1368, Found: 369.1387.

4.3. Diethyl (2-cyanoethyl)phosphonate (2). Colorless oil; 3y 4.11. Isopropyl (2-cyanoethyl)(phenyl)phosphinate (6). Colorless
(400 MHz, CDC}) 4.13~4.05 (4H, m), 2.63~2.55 (2H, m), oil; &, (400 MHz, CDC}) 7.66~7.61 (2H, m), 7.45~7.41 (1H, m),
2.08~1.99 (2H, m), 1.30 (6H, td,1.6 Hz,J 7.6 Hz,);5c (100  7.37~7.33 (2H, m), 4.46~4.34 (1H, m), 2.56~2.33 ,(2H),
MHz, CDCk) 118.37 (dJ 18.1 Hz), 62.34 (dJ 6.7 Hz), 22.844 2.17~1.92 (2H, m), 1.24 (3H, d,6.0 Hz), 1.03 (3H, d] 6.4 Hz);
(d,J 144.8 Hz), 16.41 (d] 5.7 Hz), 11.59 (dJ 3.8 Hz);6p (162  &¢ (100 MHz, CDC}) 132.52 (dJ 1.9 Hz), 131.30 (d] 10.4 Hz),
MHz, CDCL) 26.62. This compound is knowh. 130.29 (dJ 126.8 Hz), 128.55 (d] 12.4 Hz), 118.21 (d] 18.1

. . , . Hz), 70.28 (dJ 6.6 Hz), 26.41 (dJ 101.0 Hz), 24.14 (d) 2.8
4.4, Diethyl (2,4-dicyanobutyl)phosphonate (2'). Colorless oildy Hz; 2355 ((d 348 Hi) 10 31(8 (162 MHz) cDCY) (38 70
(400 MHz, CDC}) 4.17~4.09 (4H, m), 3.13~3.03 (1H, m), e ( Nl e ; _—

2.67~2.50 (2H, m), 2.22~2.12 (2H, m), 2.08~1.94 (&, 1.33 HRMS (ESI) Calcd for [M+H] C;,H;-NO,P: 238.0996, Found:

(6H, t,J 7.2 Hz);8c (100 MHz, CDCY)) 119.17 (d,J 11.5 Hz), 238.0994.

117.63, 62.59 (d) 6.7 Hz), 62.56 (dJ 6.7 Hz), 28.91 (dJ 11.5 4.12. Isopropyl (2,4-dicyanobutyl)(phenyl)phosphinate (6’).

Hz), 28.70 (d,J 123.0 Hz), 25.67 (dJ 3.8 Hz), 16.37 (dJ 4.8 Colorless oil; 3 (400 MHz, CDC)) 7.76~7.71 (2H, m),

Hz), 15.15;85 (162 MHz, CDC)): 8 (ppm) 24.63. HRMS (ESI) 7.57~7.52 (1H, m), 7.49~7.44 (2H, m), 4.55~4.45 (i),

Calcd for [M+H] C,oH1gN,05P: 245.1055, Found: 245.1079. 3.29~3.16 (0.6H, m), 3.03~2.92 (0.4H, m), 2.62~22H, m),

4.5. Diisopropyl (2-cyanoethyl)phosphonate (3). Colorless oil 3y 2.38~1.91 (4H, m,), 1'3,6 (3H, d6.4 Hz, d.J 6.4 Hz), 1.13 (3H,

d, J 6.0 Hz, d,J 6.4 Hz);5c (100 MHz, CDC}) 133.01 (dJ 2.8

(400 MHz, CDC}) 4.71~4.63 (2H, m), 2.60~2.52 (2H, m),

503-1.94 (2H 199 (12 H. dii3.2 Hz.J 6.4 Ha)5. (100 Hz), 132.91 (dJ 1.9 Hz), 131.63 (dJ 9.5 Hz), 131.51 (d] 10.5
.03~1.94 (2H, m), 1.29 (12 H, Adi3.2 Hz,J 6.4 Hz);3c Hz), 131.04 (dJ 127.8 Hz), 130.31 (d] 127.7 Hz), 128.92 (d]

'\(’]'IHJZ’?)%D&@ g%gg éd*ia,lgél:z)’ 17116089 g‘é%?”% 2?6925 12.4 Hz), 128.86 (d] 12.4 Hz), 119.33 (d] 11.6 Hz), 119.14 (d,
(d, J3.8 Hz), 23.89 (d) 136.3 Hz), 11.68 (d] 3.9 Hz);3p ( J12.4 Hz), 117.65, 70.98 (d5.7 Hz), 70.95 (d] 5.8 Hz), 32.76

MHz, CDCE) 24.33. HRMS (ESI) Caled for [M+HIGHINOP: ("1100 1 Hz), 32,39 (d) 100.0 Hz). 28.85 (d] 7.6 Hz). 28.56

220.1102, Found: 220.111. (d.J 6.7 Hz), 24.96 (d) 6.7 Hz), 24.89 (dJ 3.8 Hz), 24.43 (dJ
4.6. Diisopropyl (2,4-dicyanobutyl)phosphonate (3'). Colorless 2.9 Hz), 24.35 (dJ 2.8 Hz), 23.77 (dJ 2.8 Hz), 23.73 (dJ 2.9
oil: 4 (400 MHz, CDCJ) 4.77~4.67 (2H, m), 3.12~3.02 (1H, m), Hz), 15.07, 14.973, (162 MHz, CDC}) 37.68 (s), 37.01. HRMS
2.67~2.50 (2H, m), 2.25~1.88 (4H, m), 1.33 (12H,32.0 Hz,J (ESI) Calcd for [M+H] CuHyN,OP: 291.1262, Found:
6.0 Hz); 5c (100 MHz, CDC)) 119.32 (d,J 12.4 Hz), 117.64, 291.1226.

71.59 (d,J 6.7 Hz), 71.52 (d,) 6.6 Hz), 30.08 (dJ 129.6 Hz),
28.70 (d,J 6.7 Hz), 25.83 (d) 3.8 Hz), 23.98 (dJ 3.8 Hz), 15.17;

dp (162 MHz, CDC)): 3 (ppm) 22.39. HRMS (ESI) Calcd for 2.67~2.56 (4H, M) (100 MHz, CDCY) 132.57 (d,J 2.8 Hz),

[M+H]" CiaHz2N,O5P: 273.1368, Found: 273.1389. 131.48 (d,J 101.1 Hz), 130.80 (d) 9.5 Hz), 129.11 (dJ 11.4
4.7. Dibutyl (2-cyanoethyl)phosphonate (4). Colorless oil; 8y Hz), 118.64 (dJ 18.1 Hz), 26.63 (dJ 69.6 Hz), 10.475p (162
(400 MHz, CDC}) 4.07-3.95 (4H, m), 2.61~2.54 (2H, m), MHz, CDCk) 30.04. This compound is knowh.
2.08-1.99(2H, m), 1.65-1.58 (4H, m), 1.40-1.31 (A1}, 0.89 414 5 ((Giphenylphosphoryl)methyl)pentanedinitrile (7).
(6H, t,J 7.2 Hz);3c (100 MHz, CDCY) 11833 (dJ 181 H2).  Ciicocs™ oil 5. (400 MHz, CDCY 7.70-7.70 (@H, m)
65.99 (d,J 6.7 Hz), 32.42 (4] 5.7Hz), 22.66 (d) 144.8 Ha),  7er” o0 o™ 0 o075 T (0 26 70ty
18.63, 13.48, 11.56 (d| 3.8 Hz);3p (162 MHz, CDCY) 26.62. 5’z 544 (a1 11" 5 37-2 59 (1H, m). 2.08~1.98 (B8): 5
HRMS (ESI) Calcd for [M+H] C;;H,sNO5P: 248.1415, Found: (1'00 M.Hz, CD,Ci) ’132'_79 (d"] 28 Hz), ,13.2.66 (.dJ ’2_9 Hz§

248.1435. 132.48 (d,J 101.9 Hz), 131.03 (d] 9.5 Hz), 130.83 (dJ 100.0
4.8. Dibutyl (2,4-dicyanobutyl)phosphonate (4"). Colorless oil, ~ Hz), 130.53 (dJ 9.5 Hz), 129.23 (d] 12.4 Hz), 129.17 (d] 12.4
(400 MHz, CDC)) 4.12~4.00 (4H, m), 3.13~3.02(1H, m), Hz), 119.28 (d) 11.4 Hz), 117.61, 32.48 (d,67.7 Hz), 28.97 (d,
2.67~2.50 (2H, m), 2.23~2.13 (2H, m), 2.08~1.94 ,(2H), J4.8 Hz), 25.16 (dJ 1.9 Hz), 15.245, (162 MHz, CDC}) 28.72.
1.69~1.62 (4H, m), 1.43~1.34 (4H, m), 0.92 (6HI 7.2 Hz):5c  HRMS (ESI) Calcd for [M+H] C;sH,N,OP: 308.1078, Found:
(100 MHz, CDC}) 119.20 (d,J 12.4 Hz), 117.58, 66.36 (d,6.7  308.1080.

Hz), 66.34 (d,J 6.7 Hz), 32.49 (dJ 5.8 Hz), 32.47 (dJ 5.8 Hz),
28.89 (d,J 143.9 Hz), 28.86 (dJ 9.5 Hz), 25.75 (d) 3.8 Hz),

18.71, 15.22, 13.5%, (162 MHz, CDC)) 24.65. HRMS (ESI)  (5/,"\ "5 571 99" o1, m. (100 MHz, CDC) 172,41 (0.
Caled for [M+H' CiHooN;0P: 301.1681, Found: 301.1663. 191 112005 48 (47 6.7 Hz), 51.99. 27.17 (3.3.8 Hz), 20.69 (d

4.9. Dibenzyl (2-cyanoethyl)phosphonate (5). Colorless oil;5,,  J143.9 Hz);5s (162 MHz, CDCY) 33.39. HRMS (ESI) Calcd for
(400 MHz, CDC}) 7.38~7.24 (10H, m), 5.08~4.92 (4H, m), [M+H]* %HMOSP: 197.0578, Found: 197.0554. This compound
2.52~2.45 (2H, m), 2.05~1.94 (2H, md; (100 MHz, CDCJ) is known!

1351'73 (d’é75§75 HéJ)’Glg 8|_'|81 (zdéJ ??87 (TZ)l 412(? .I?Il, 11118 4225 g 4.16. Dimethyl 2-((dimethoxyphosphoryl)methyl)pentanedioate
1 Hz), 67.95 (d) 6.6 Hz), 23.38 (d) 144.0 Hz), 11.42 () gy " 5loress oil;d, (400 MHz, CDCY) 3.69~3.62 (12 H, m),

25 . 152 o, 0D, o ) 27,02 VS S 280-270 (o, ), 231-2.15 (0, m) 196177 (oh
S At : St ' (100 MHz, CDC}) 174.33 (d,J 8.6 Hz), 172.79, 52.55 (d,6.6
4.10. Dibenzyl (2,4-dicyanobutyl)phosphonate (5'). Colorless oil;  Hz), 52.46 (dJ 6.7 Hz), 52.05, 51.69, 39.05 (@3.8 Hz), 31.19,
34 (400 MHz, CDCJ)) 7.35 (10H, b), 5.10~4.92 (4H, m), 28.42(dJ12.4 Hz), 27.65 (d] 142.0 Hz);3p (162 MHz, CDCY))
3.00~2.89 (1H, m), 2.55~2.36 (2H, m), 2.17~2.00 ,(2h), 31.77. HRMS (ESI) Calcd for [M+H] C;oHcO-P: 283.0946,
1.96~1.85 (2H, m)dc (100 MHz, CDCY) 135.57 (dJ 5.7 Hz),  Found: 283.0927.
13551 (d,J 4.7 Hz), 128.96, 128.92, 128.84, 128.80, 128.45
128.37, 119.08 (d] 12.4 Hz), 117.52, 68.31 (d,6.6 Hz), 68.20
(d, J6.7 Hz), 29.53 (dJ 143.9 Hz), 28.68 (d] 8.6 Hz), 25.59 (d,

4.13. 3-(diphenylphosphoryl)propanenitrile (7). White solid; 3y
(400 MHz, CDC}) 7.74~7.69 (4H, m), 7.58~7.47 (6H, m),

4.15. Methyl 3-(dimethoxyphosphoryl)propanoate (8). Colorless
oil; 84 (400 MHz, CDC}) 3.67 (9H, dJ 10.4 Hz, s), 2.57~2.50

4.17.  tert-butyl  3-(dimethoxyphosphoryl)propanoate  (9).
Colorless oil; 3, (400 MHz, CDC}) 3.69 (6H, d,J 10.8 Hz),
2.48~2.41 (2H, m,), 2.03~1.94 (2H, m), 1.39 (9H, &) (100
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MHz, CDCL) 171.08 (d,) 18.1 Hz), 80.90, 52.38 (d,6.7 Hz),
28.41 (d,J 3.8 Hz), 27.94, 20.68 (d, 143.0 Hz);5, (162 MHz,
CDCly) 33.99. HRMS (ESI) Calcd for [M+H] CoHyOsP:
239.1048, Found: 239.1076.

4.18. Di-tert-butyl 2-
((dimethoxyphosphoryl)methyl)pentanedioate (9'). Colorless oil;
3y (400 MHz, CDCY) 3.69 (6 H, d,J 2.4 Hz, d,J 3.2 Hz),
2.67~2.57 (1H, m), 2.25~2.13 (3H, m), 1.86~1.69,(8H, 1.42
(18H, s, s)5¢ (100 MHz, CDC}) 169.14 (dJ 7.6 Hz), 167.75,
77.05, 76.41, 48.38 (d,6.7 Hz), 48.28 (dJ 6.7 Hz), 35.80 (dJ
2.9 Hz), 28.60, 25.01 (d] 13.3 Hz), 24.00, 23.93, 23.44 (@,
142.0 Hz);6p (162 MHz, CDC}) 32.55. HRMS (ESI) Calcd for
[M+H] " C.¢H3,0,P: 367.1885, Found: 367.1886.

4.19. Dimethyl (2-cyanopropyl)phosphonate (10). Colorless oil;
3y (400 MHz, CDC}) 3.72~3.68(6H, dJ 10.8 Hz, dJ 11.2 Hz),
2.99~2.87 (1H, m), 2.16~2.05 (1H, m), 1.93~1.83 ,(IH,
1.39~1.37 (3H, dJ 7.2 Hz, d,J 6.0 Hz); 3¢ (100 MHz, CDC}))
121.56 (d,J 12.4 Hz), 52.72 (dJ 6.7 Hz), 52.59 (dJ 6.6 Hz),
29.97 (d,J 142.9 Hz), 20.39 (d] 3.8 Hz), 19.28 (dJ 9.5 Hz);3p
(162 MHz, CDC})) 28.65. HRMS (ESI) Calcd for [M+H]
CsH1aNOsP: 178.0633, Found: 178.0646.

4, 20. Dimethyl (2,4-dicyano-2-methyl pentyl)phosphonate (10°).
Colorless oil; 64 (400 MHz, CDC)) 3.76 ~3.72 (6H, m),
2.88~2.80 (1H, m), 2.31~1.98 (4H, m), 1.63~1.59 ,(3Hs,),
1.41~1.39 (3H, dJ 7.2 Hz, d,J 6.8 Hz,); 3¢ (100 MHz, CDC}))
122.24, 122.13, 121.98 (d,11.4 Hz), 121.80 (dJ 11.4 Hz),
52.91 (dJ6.6 Hz), 52.84 (d) 7.7 Hz), 52.71 (d) 5.7 Hz), 43.11
(d,J7.7 Hz), 42.93 (dJ) 7.7 Hz), 36.09 (dJ 142.9 Hz), 33.78 (d,
J 142.0 Hz), 33.37 (d] 2.9 Hz), 33.07 (dJ 2.9 Hz), 26.28 (dJ
5.7 Hz), 25.20 (d] 7.6 Hz), 22.09 (d) 26.6 Hz), 19.59 (d] 16.2
Hz); 8 (162 MHz, CDCJ) 26.48. HRMS (ESI) Calcd for
[M+H] " CyoH1gN,0O5P: 245.1055, Found: 245.1067.

4.21. Methyl 3-(dimethoxyphosphoryl)-2-methylpropanoate (11).

Colorless oil; 3 (400 MHz, CDC)) 3.68~3.64 (9H, m),
2.84~2.72 (1H, m), 2.28~2.18 (1H, m), 1.81~1.70,(iH, 1.25
(3H, d,J 8.0 Hz); 3¢ (100 MHz, CDC}) 175.58 (d,J 12.4 Hz),
52.36 (d,J 4.8 Hz), 52.00, 34.30 (d,2.9 Hz), 28.95 (dJ 141.1
Hz), 18.67 (d,J 9.6 Hz); 6p (162 MHz, CDC}) 32.55. HRMS
(ESI) Calcd for [M+H] C;H,0sP: 211.0735, Found: 211.0764.

4.22. Methyl 3-(isopropoxy(phenyl)phosphoryl)propanoate (12).

Colorless oil; 3 (400 MHz, CDC}) 7.67~7.62 (2H, m),
7.42~7.31 (3H, m), 4.59~4.34 (1H, m), 3.47 (3H,%53~2.31
(2H, m), 2.17~1.95 (2H, m), 1.24 (3H, #6.4 Hz), 1.02 (3H, d,
J 6.4 Hz);3c (100 MHz, CDC}) 172.36 (dJ 17.2 Hz), 132.08 (d,
J1.9 Hz), 131.45 (d) 123.9 Hz), 131.41 (d1 9.5 Hz), 128.38 (d,
J 12.3 Hz), 69.59 (dJ 5.8 Hz), 51.62, 26.38, 25.79 (d,102.0
Hz), 24.31 (d,J 2.9 Hz), 23.71 (dJ 4.8 Hz); 3p (162 MHz,

CDCl;) 41.79. HRMS (ESI) Calcd for [M+H] CigHx004P:

271.1099, Found: 271.1080.

4.23. Dimethyl 2-
((isopropoxy(phenyl) phosphor yl)methyl ) pentanedioate (a2).
Colorless oil; 3y (400 MHz, CDC)) 7.74~7.67 (2H, m),
7.49~7.38 (3H, m), 4.48~4.37 (1H, m), 3.56 (6H)d2.4 Hz, d,
J 65.2 Hz), 2.84~2.67 (1H, m), 2.42~2.18 (3H, m), 2007
(3H, m), 1.28 (3H, d) 6.0 Hz, d,J 5.6 Hz), 1.05 (3H, d] 5.2 Hz,
d, J 6.0 Hz);5¢ (100 MHz, CDC})) 174.42 (dJ 6.6 Hz), 174.21
(d, 3 7.6 Hz), 172.77, 172.70, 132.20, 132.08 Jd24.9 Hz),
131.75 (dJ 10.4 Hz), 131.72 (d) 123.9 Hz), 131.63 (d] 10.5
Hz), 128.50 (dJ 12.4 Hz), 128.43 (d] 12.4 Hz), 69.88 (d] 6.7

23.82 (d,J 4.8 Hz); 55 (162 MHz, CDCJ) 40.71, 40.29. HRMS
(ESI) Calcd for [M+H] C;H,O¢P: 357.1467, Found: 357.1477.

4.24. Methyl 3-(diphenylphosphoryl)propanoate (13). Colorless
oil; 8y (400 MHz, CDC}) 7.86~7.63 (4H, m), 7.45~7.36 (6H, m),
3.53 (3H, s), 2.59~2.47 (4H, ) (100 MHz, CDCY) 172.63 (d,
J16.2 Hz), 132.51 (dJ 99.1 Hz) 131.82 (dJ 2.8 Hz), 130.63
(d, J 9.6 Hz), 128.63 (dJ 11.5 Hz), 51.84, 26.11 (d,1.9 Hz),
25.24 (d,J 72.9 Hz); 6 (162 MHz, CDC})) 32.02. This
compound is knowr

4.25. Dimethyl  2-((diphenylphosphoryl)methyl)pentanedioate

(13’). Colorless oil;5y (400 MHz, CDC}) 7.69~7.64 (4H, m),
7.46~7.36 (6H, m), 3.53 (3H, s), 3.35 (3H, s), 2B¥2 (2H, m),
2.32~2.21 (3H, m), 1.97~1.92 (2H, n®; (100 MHz, CDC})

174.32 (dJ 6.7 Hz), 172.63, 133.51 (d,99.2 Hz), 132.34 (d]

98.1 Hz), 131.77 (d] 3.8 Hz), 131.73 (d] 2.8 Hz), 130.94 (dJ

9.5 Hz), 130.48 (d] 8.6 Hz), 128.63 (dJ 11.5 Hz), 128.48 (d]

12.4 Hz), 51.73, 51.51, 38.16 @2.9 Hz), 32.11 (dJ) 70.5 Hz),
31.18, 29.90 (dJ 9.5 Hz);8p (162 MHz, CDCJ) 30.11. This
compound is know’

4.26. tert-butyl  3-(diphenylphosphoryl)propanoate  (14).
Colorless oil; 3y (400 MHz, CDC)) 7.74~7.69 (4H, m),
7.51~7.42 (6H, m), 2.57~2.47 (4H, m), 1.36 (9H, &);(100
MHz, CDCk) 171.61 (d,J 17.2 Hz), 132.85 (dJ 101.9 Hz),
131.85, 130.79 (d]1 8.6 Hz), 128.73 (dJ 11.4 Hz), 81.02, 27.97,
27.43 (d,J 1.9 Hz), 25.36 (dJ 72.5 Hz);35 (162 MHz, CDC})
32.35. This compound is knowh.

4.27. 5-((diphenyl phosphoryl)methyl)-2,2,10,10-

tetramethylundecane-4,8-dione (14°). Colorless oildy (400 MHz,
CDCly) 7.72~7.64 (4 H, m), 7.45~7.36 (6H, m), 3.55 (3N,
3.43 (3H, d). 2.83~2.76 (1H, m), 2.51~2.41 (2H, h30~2.24
(1H, m), 2.16~2.05 (1H, m), 1.24 (3H, d), 1.02 (IHt,6¢c (100
MHz, CDCk) 169.33 (d,J 6.7 Hz), 167.74, 129.91 (d,101.1
Hz), 128.90 (d J=98.2 H) 127.6% 127.02 (d,J 9.5 Hz),
126.60 (d,J 8.6 Hz), 124.63 (dJ 8.6 Hz), 124.51 (dJ) 8.6 Hz),
77.05, 76.26, 34.90, 28.74, 27.81 Jd70.5 Hz), 25.48 (dJ 8.6

Hz), 23.97, 23.83p, (162 MHz, CDC)) 30.62. HRMS (ESI)
Calcd for [M] C,gH3:05P: 458.2222, Found:458.2246.

4.28.  3-(diphenylphosphoryl)-2-methylpropanenitrile  (15).

Colorless oil; 3 (400 MHz, CDCY) 7.74~7.66 (4H, m),
7.50~7.38 (6H, m), 3.10~3.05 (1H, m), 2.73~2.65 ,(1H,

2.46~2.37 (1H, m), 1.36 (3H, d,7.6 Hz);5c (100 MHz, CDC))

132.86 (dJ 100.0 Hz), 132.23 (dl 2.9 Hz), 132.10 (d] 2.9 Hz),

131.46 (dJ 100.0 Hz), 130.76 (d1 9.5 Hz), 130.34 (d] 9.6 Hz),

128.79 (dJ 11.4 Hz), 121.76 (d] 12.4 Hz), 34.09 (d] 68.6 Hz),
19.63 (d,J 1.9 Hz), 19.51 (dJ 5.7 Hz); 4 (162 MHz, CDC}))

28.79. HRMS (ESI) Calcd for [M] CyHiNOP: 269.0969,
Found: 269.0947.

4.29. 2-((diphenyl phosphoryl)methyl)-2,4-
dimethylpentanedinitrile (15’). Colorless oil;3; (400 MHz,
CDCly) 7.83~7.71 (4H, m), 7.51~7.44 (6H, m), 2.93~2.8H,(
m), 2.31~1.96 (2H, m), 1.57 (3H, 2.4 Hz), 1.35 (3H, 1) 7.2
Hz); 8¢ (100 MHz, CDC})) 133.34 (d,J 101.0 Hz), 133.17,
132.71 (dJ 100.1 Hz), 132.19, 130.77 (8.6 Hz), 130.57)8.6
Hz), 130.52 (d) 3.8 Hz), 130.43 (dJ 2.9 Hz), 128.90 (dJ 11.5
Hz), 128.86 (dJ 11.5 Hz), 122.40 (d) 11.5 Hz), 121.72 (d)
11.5 Hz), 121.61 (d] 8.5 Hz), 43.34 (d) 4.7 Hz), 43.02 (d] 3.8
Hz), 39.05 (dJ 67.6 Hz), 37.04 (dJ 67.6 Hz), 34.79 (d) 3.8
Hz), 34.34 (dJ 3.8 Hz), 26.75 (dJ) 4.8 Hz), 25.86 (dJ) 5.8 Hz),
22.14 (d,J 18.2 Hz), 19.51 (dJ 17.2 Hz);3p (162 MHz, CDC})

Hz), 69.82 (dJ 6.6 Hz), 51.80, 51.68, 51.54, 38.48, 38.44, 32.8626,78, 26.34. HRMS (ESI) Calcd for [/] CyH,iN,OP:

(d, J101.0 Hz), 32.65 (d] 101.1 Hz), 31.16, 28.71 (d,12.4 Hz),
28.51 (d,J 11.4 Hz), 24.46 (dJ 2.9 Hz), 24.38 (d,) 2.8 Hz),

336.1391, Found: 336.1416.



4.30. Methyl 3-(diphenylphosphoryl)-2-methylpropanoate (16). 3.
Colorless oil; 8y (400 MHz, CDCY) 7.75~7.71 (4H, m),
7.50~7.42 (6H, m), 3.47 (3H, s), 3.01~2.82 (2H, t;B3~2.25
(1H, m), 1.27 (3H, dJ 6.8 Hz);3c (100 MHz, CDC}) 175.85 (d,

J 10.5 Hz), 134.00 (dJ 99.1Hz), 132.73 (dJ 98.2 Hz), 131.75,
131.00 (d,J 9.6 Hz), 130.61 (d) 9.6 Hz), 128.70 (d] 12.4 Hz),
128.62 (dJ 11.4), 51.91, 33.69 (d,92.5 Hz), 33.67 (dJ 20.0 ,
Hz), 19.24 (d,J 7.7 Hz); 6 (162 MHz, CDC}) 30.66. This
compound is knowA.

4.31. Dimethyl (3-oxobutyl)phosphonate (17). Colorless oil;dy
(400 MHz, CDC}) 3.69 (6H, d,J 11.2 Hz), 2.72~2.65 (2H, m), 4
2.13 (3H, s), 2.01~1.92 (2H, n¥ (100 MHz, CDC}) 205.65 (d,
J 14.3 Hz), 52.43 (d} 6.7 Hz), 36.11 (dJ 3.8 Hz), 29.60, 18.93
(d, J 14.4 Hz).4p (162 MHz, CDC}) 34.98. This compound is
known!®

4.32. Dimethyl  (2-acetyl-5-oxohexyl)phosphonate  (17’). 8.
Colorless oil; 3y (400 MHz, CDC}) 3.66~3.62 (6H, m),
2.93~2.83 (1H, m), 2.45~2.29 (2H, m), 2.25~2.14 (A1), 2.08
(3H, d), 1.94~1.85 (1H, m), 1.78~1.60 (2H, r&y. (100 MHz,
CDCly) 209.43 (d,J 5.8 Hz), 207.20, 52.51 (d,7.6 Hz), 52.43 9.
(d,J6.7 Hz), 45.20 (dJ 2.9 Hz), 39.69, 30.05, 29.32, 26.05 {d,

3.8 Hz), 25.92 (dJ 132.5 Hz).8p (162 MHz, CDC}) 32.95.
HRMS (ESI) Calcd for [M+H] CyH»OsP: 251.1048, Found:
251.1030.

4.33. 4-(diphenylphosphoryl)butan-2-one (18). White solid; dy
(400 MHz, CDC}) 7.69~7.64 (4H, m), 7.48~7.38 (6H, m),
2.73~2.67 (2H, m), 2.51~2.44 (2H, m), 2.05 (3H, &);(100
MHz, CDCk) 206.20 (dJ 13.4 Hz), 132.88, 131.93 (d2.0 Hz),
130.75 (d,J 9.6 Hz), 128.80 (dJ 11.5 Hz), 35.24 (dJ 1.9 Hz),

=

29.75, 23.68 (dJ 73.4 Hz);8p (162 MHz, CDC)) 33.11. This 11
compound is know’ 12.

4.34.  3-((diphenylphosphoryl)methyl)heptane-2,6-dione  (18).
Colorless oil;34 (400 MHz, CDC}) 7.69~7.58 (4H, m), 7.45,

7.33 (6H, m), 2.97~2.79 (2H, m), 2.43~2.24 (2H, M)}2~2.04 13

(1H, m), 1.99 (3H, s), 1.93~1.84 (4H, m), 1.73~1(6H, m); 3¢

(100 MHz, CDC}) 209.41 (d,J 4.8 Hz), 207.20, 133.56 (d, 14.
. Aoki, H.; Mukaiyama, TChem. Lett. 2006 35, 456.

87.7 Hz), 132.36 (d] 86.7 Hz), 131.79 (] 2.0 Hz), 130.81 (] ;¢
9.5 Hz), 130.44 (d] 8.6 Hz), 128.65 (d] 11.5 Hz), 128.54 (d)

12.3 Hz), 44.22 (d] 1.9 Hz), 39.58, 30.25 (d,71.4 Hz), 29.81, 16

28.99, 26.33 (dJ 8.6 Hz);ds (162 MHz, CDC}) 31.51. HRMS

(ESI) Calcd for [M+H] CyoH,405P: 343.1463, Found: 343.1440. 17.
4.35. 2-methylenepentanedinitrile (19). Colorless oil; 5, (400 18

MHz, CDCE) 6.02 (1H, s), 5.91 (1H, s), 2.64~2.56 (4H, &Y);

(100 MHz, CDC}) 133.38, 119.00, 117.46, 117.09, 30.35, 16.03.19.

This compound is knowt.
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