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Preface 

The preaent dissertation is the record of a series of 
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under the direction of Professor Yoahiro Ogata during 1969-

1972. 
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anism of the reaction of trialkyl phosphite& with a-diketones, 

and to throw light upon many other reaction mechanisms of 

trivalent phosphorus compounds with carbonyl compounds, which 

are in general very complicated and as yet there is no con­

sistency in the mechanistic interpretations. 
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INTRODUCTION 

The reaction of phosphorus compounds is often compli­

cated because of their d-orbital and "softness", i.e., they 

sometimes react .with nucleophilic trend, sometimes with 
1 electrophilic trend, and sometimes with radical trend . 

The reaction of trivalent phosphorus compounds with some 

organic compounds whic~ have X=Y bond (X is carbon or ni­

trogen atom and Y is oxygen or sulfur atom) is Yery inter­

eating because of the variety of the mode of reaction of 

triYalent phosphorus compounds, i.e., carbophilicity, oxo­

philicity, thiophilieity, and halophilicity. The reaction 

aechaniam of trivalent phosphorus compounds with carbonyl 

compounds cannot be explained straight forward from their 

products analysis, and it has more variety than that of 
2 nitrogen compounds with carbonyl compounds. 

For example, the reaction of phosphite with a-halo-

ketones (Perkow reaction) produces enol phosphates, it 

baa been considered to have tour possible paths, i.e., 

attack of phosphorus atom on (i) a-carbon atom, (ii) halo­

ceo atom, (iii) carbonyl oxygen atom, and (iv) carbonyl 

carbon atom. 3 Many studies on the mechanism revealed that 

path iv is moat probable one among these possible paths.3 •4 

R' R' I 
(R0)3P + C•O • (R0)3y-o-I 

CRX 
I CRX 
R" ~ .. 
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R' 
+ I 

(R0)3~ 
CR 
I 
R" 

X 

0 R' n 1 
(RO) 

2
p....-o-c=CHR" + RX 

(1) 

The reaction of trialkyl phosphite with phthalic 

anhydride is known to give 3,3'-diphthalyl. This reaction 

may proceed via epoxide intermediate.3 The first step may 

involve a nucleophilic attack of phosphorus atom either on 

a carbonyl carbon atom or an oxygen atom, this is as yet 

obscure. 

(2) . 
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The reaction of nitro or ni·troso compounds with phos­

phites was reported to proceed via a nucleophilic attack ot 

phosphorus atom on oxygen atom, on the baais ot kinetic 

atudy and the product analysis. 

ArN=O + P(0Et)
3 

) 

~ 

- + 
ArNOP(OEt) 3 

.ArN: + O=P(0Et) 3 
(3) 

Kukhtin et al. reported the reaction ot a-diketone 

with phosphite in 1958.6 The studies on the reaction ot 

chloranil with trivalent phosphorus compounds was done by 

Ramirez et al. They proceeded with their studies onto the 

reaction ot a-diketones with trivalent phosphorus com-
7 pound. The unique reaction was extensively researched by 

them and an extensive amount of literature concerning the 

reaction of trialkyl phosphite with a-diketone has been 

reported in the las·t decade. 8 The structure of the product 

· was confirmed by the chemical and physical methods, e.g., 
31 1 hydrolysis, P nmr, H nmr, 1r, and X-ray analysis, to be 

a l=l . adduct having a pentacovalent phosphorus atom. 

+ R'COCOR" ) 

/0'- /R' 

(R0)3P" ! 
0/ 'R" 

9 

(4) 

The reaction has been thought to involve an attack of 

phosphorus atom either on a carbonyl carbon atom or an oxy-
1 10 &en atom, • however, few studies on the reaction mechanism 

has been reported. 11 
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(R0)3P + R'COCOR" ? 
) 

Product . 

R' 
+ I -

(R0)3P-<f~ 
/=0 

R" 

! R' 
+ / 

(R0) 3P--O-<: 
II 

/c 
-0 ~ .. 

(5) 

The author wished to clarify the reaction mechanism, 

and he began to study it kinetically. First, he studied by 

the ordinary kinetic procedure, then gradually he proceeded 

with his studies to get the more direct evidence of the 

mechanism proposed by him. 

Chapter 2 describes the general kinetic studies on the 

reaction of trialkyl phosphites with benzil, where the ef­

fects of temperature, solvents, acid , and base will be 

shown. The ·succe~ve two chapters (Chapters 3 and 4) deal 

with the substituent effects in benzil and phosphite, re­

spectively~ Chapter ~ shows the kinetic results of the 

reaction of trimethyl phosphite with aliphatic a-diketones, 

which are ~orrelated with Taft's equation. The next chap­

ter (Chapter 6) will reveal the strain effect and twist 

angle effect in cyclic a-diketones. Appendixes A ~d B 

deal with the kinetic studies on the autoxidation of tri­

Yalent phosphorus compounds. 
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2 KINETICS OF THE REACTION OF TRIAIKYL PHOSPRITES 

WITH BENZIL1 

2.1 SUDDary 

The reaction of trialkyl phosphite& with benzil to 

form a cyclic adduct (1) bas been studied kinetically in ,..., 
anhydrous dioxane and benzene . The rate is expressed as 

Y = k[(R0) 3P](PbCOCOPh]. An Arrhenius plot gives the val­

ues of 9.90 kcal mol-l and -35.5 eu for the activation 

energy and entropy, respectively. The rate constant in­

creases with increasing dielectric constant of solvent. 

In a benzene solution the rate constant increases with an 

increasing amount of ·added organic acid (e.g., acetic 

acid) and decreases with an increasing amount of added 

triethylamine. The plot of k vs. [acid] or [base] gives 

a straight line at low concentrations. The reactivity 

of trialkyl phosphites is affected by alkyl ~roups in the 

order of Me< sec-Bu < Et < i -Pr. A mechanism involving a 

nucleophilic attack of the phosphorus ato~n on the carbonyl 

carbon is postulated and discussed. 

2.2 Introduction 

The reaction of trialkyl phosphite& with a-diketones 
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such as biacetyl and benzil was first reported by Kukhtin, 

et ~1. 2 Ramirez, et al. , 3 •4 have postulated a cyclic 

atructure (1} for the 1:1 addition product (2,2 , 2-trialkoxy-
~ 

1,3,2-di~xaphoephole) of trialk~ phosphite with an a-

~iketone, which was found to be an effective insecticide. 5 

<RO~P + R'COCOR' - (J) 

However, no report is available on the mechanism of 

this reaction . This chapter deals with a kinetic study 

of the reaction of trialkyl phosphite with benzil {R' = 
phenyl). The rate was measured spectrophotoMetrically to 

clarify the effects ot acid, base, and solvent and also 

atructural effects on the rate. The mechanism for the 

reaction will be discussed on the basis ot these findings. 

2.3 Results 

!!!! f!!· The reaction of trialkyl phosphite with 

benzil (neat) is irreversible and proceeds alaost to com­

pletion within 15 min. The reaction rate in dioxane and 

benzene was measured by means ot ultraviolet spectropho­

tometry of produced 2,2,2-trialkoxy-4,5-diphenyl-1,3,2-

dioxaphosphole (1, R' = Ph). The ultraviolet spectra of -1 is shown in Figure ' !. The structure was confirmed by 
~ 3b d 6 
ir and nmr spectra ' ' as described in the Experimental 

Section. 

The rate ot reaction 1 was measured in dioxane; the 
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~ 
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Figure 1. The ultraviolet spectra of! from (R0) 3P and 

PbCOCOPh inn-hexane: ---, R = Me; ---, R = Et; ···, 

R = i-Pr; ---, R = sec-Bu. 
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kinetic data obtained are listed in T~ble I. The rate law 
-

ia expressed as eq 2. The k value is fairly constant up 

to 70-80% conversion. 

Y ~ k(trialkyl phosphite](benzil] (2) 

Temperature Effect . The rate was measured in dioxane 

at Yarious temperatures. The secon4-order rate constants 

(103 k, M-1sec-1 ) were 2.95 at 15.0°, 3.76 at 20.0°, 4.83 

at 25.0°, and 6.64 at 30.0°. The plot of log k va. 1/T 

afforded a good straight line, which gave the values of 

9.90 kcal mol-l and -35.5 eu at 25.0° by least square 

calculation for the energy and entropy of activation, 

respectively. 

Solvent Effect. The rate was measured at 25.0° in 

Yarious solvents, and is shown in Table II. In acetone 

and e1clohexanone, the rate constant is small in apite of 

relatively high dielectric constant. In the other solvents, 

the rate constant increases with increasing dielectric 

conatant, but in protic solvents, such as methanol, it is 

abnormally large. 

Effect ~ Added Acid. When organic acids are added 

in a benzene solution of the reaction mixture at 25.0°, 

the rate constant increases as shown in Table III. The 

plot of k vs . (acetic acid] afforded a good straight line 

with a slope of +0.306 at low acetic acid concentration 

(0-5.80 X 10-3 M) as expressed in eq 3. Hammett's acidity 

k 2 &.83 X 10-3 + 0.306[AeOR] (3) 

function (R ) cannot be measured because of the low acidity 
0 

ot this system. An increase of the acidity of acetic acid 

by the aubstitution of chlorine atoms reaults in an in­

creaae of ~ate constant (Table III). 

- 12-



Table I. Typical Second-Order Rate Constants tor 

the Reaction of TriMethyl Phosphite with Denzil in 

Dioxane at 25.0° 

PhCOCOPh,(M) (Me0)3P, (M) 10~, -1 -1 (M sec ) 

0.0250 0.0250 4.70 

0.0500 0.0500 4.83 

0.100 0.100 4.85 

Effect of Added Base. The addition of some tertiary 

amines to a benzene solution of the reaction mixture re­

aults in a decrease of the rate constant as shown in Ta­

ble IV. The plot ot k vs. [triethylamine] afforded a 

atraight line with a slope of -1.16 at low concentration 

of triethylamine, and tits eq 4, whereas the addition of 

dimethylaniline has virtually no effect on k. 

k s 8.83 X 10-J - 1.16[Et
3

N] (4) 

Effect of Substituents. The effect of changing alkyl 

«roup of trialkyl phosphite was &tudied for the reaction 

with benzil in dioxane, and is shown in Table V. In gen­

eral, the rate increases in the order of Me < sec-Bu < 
Et ~ 1-Pr, which corresponds to an increase of nucleo­

philicity of phosphites. But ateric effect ia also oper­

atin~ with bulky alkyl phosphite, •·«·• tri-•ee-butyl 
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Table II. Solvent Effect on the Reaction of Tri­

aethyl Phosphite with Benzil at 25 . 0° (Initial 

Concentration [ ·(Meo)3P] = [PhCOCOPh] = 0.0500 M) 

SolYent 

D-Bexane a 

Dioxane 

Benzene 

hiaole 

Chlorobenzene 

Cyclohexanone 

.Acetone 

Methanol b 

.Acetonitrile 

Dielectric 

eonatant 

1.89 

2.21 

2.28 

•• 33 

4.6~ 

18.3 

20.7 

32.6 

37.5 

:.t -1 -1 
10-k, (M sec ) 

4.90 

4.83 

6.83 

~.<IS 

7 .()7 

7.22 

3.27 

158 

13.4 

a Initial concentration [(Me0)3P] (PhCOCOPh] = = 
0.0400 M. 

b Initial concentration [(Me0) 3P] (PhCOCOPh] = = 
0.00250 M. 
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Table III. Ettect ot Organic Acid on the Reaction 

ot Trimethyl Phosphite with Benzil in Benzene at 

25.0° (Initial Concentration [ (f.fe0)3P] = 
(PhCOCOPh) = 0.0300 M) 

Acid (pK ) a 

CB3COOH (4.76) 

Acid concentra-

tion, (10-J M) 

0 

1.~ 

2.90 

4.35 

:5.80 

14.3 

29.0 

S4.0 

0.255 

0.510 

1.02 

0.207 

0.414 

- 15 -

103 k 
' -1 -1 

(M aec ) 

e.sJ 
7.22 

7.39 

8.16 

8.59 

9.57 

9.88 

12.7 

6.94 

7.88 

9.91 

&.84 

7.83 



Table IV. Effect ot Base on the Reaction ot 

Trimethyl Phosphite with Benzil in Benzene at 25.0° 

(Initial Concentration Cnte0)
3
P] = (PhCOCOPh] = 

0.0500 M) 

Base (pK ) 
a 

Base concentra-

tion, ( 10-3 P.l) 

0 

0.597 

1.19 

1.79 

2.39 

11.9 

23.9 

1.32 

2.64 

26.4 

- 16 -

103 k, 
-1 -1 

(M sec ) 

6.83 

5.77 

5.35 
4.89 

4.08 

2.16 

1.52 

&.90 

&.81 

6.84 



Table V. · Substituent Effect on the Reaction ot 

T.rialkyl Phosphite with Benzil in Dioxane at 25.0° 

Me 

Et 

i-Pr 

sec-Bu 

3 -1 -1 
10 k, (M &ec ) 

4.83 

11.3 

lB.tS 

9.19 

phosphite, its rate constant being smaller than expected . 

2.4 Discussion 

A mechanism postulated by Ramirez, et al., involes 

a nucleophilic attack ot phosphorus atom on carbonyl oxy-
7 8 gen ' followed by cyclization of the formed zwitterion 

as shown in mechanism A. 

Mechanism A 
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Another mechanism involves a nucleophilic attack of 
2a 9 phosphorus atom on carbonyl carbon ' followed by rear-

10 rangement and then cyclization as formulated in mechanism 

B. 

Mew;baoism B 

~ 
- (RO),. ~~ 
. I -

R' 

-
In view of rate eq 2, each molecule of trialkyl 

phosphite and benzil ahoUldparticipate in the rate-deter­
-1 

aiDing step. The value ot 9.90 kcal mol tor activation 

energy and the value of -35.5 eu for activation entropy 
11 are usual tor the addition reaction ot carbonyl compounds. 

The low value of activation ener~y shows that in the rate­

determining step no large ener~ is needed and hence it 

i 1 - 12 nvo vee probably no C-P bond fission. The large nega-

tive entropy of activation reflects a high degree of 

erientation and/or a rigid structure in the transition 

atate, and this negative value is consistent with a reaction 

ot neutral molecules via polarized transition states to 
13 7ield ions. Diela-Alder reactiona in general exhibit 

. 14 
entropies of activation not more than -30 eu; hence the 

Diels-Alder-type mechanism ia unlikely for thia reaction. 

Tbe aolvent erfect shows that the rate conatant in­

creases with inereasipg dielectric constant except in 
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some solvents (Table II). As the solvent is changed from 

n-bexane (£ 1.89) to acetonitrile (£ 37.5) the rate in­

creases by a factor of 2.8. The reaction via a charge­

separated complex should be facilitated by an increase of 

the solvent polarity15 (e.g., the quaternization of pyridine 

with ethyl iodide shows a solvent dependence in a factor of 
3 16 ca. 10 ). The poor dependence of this rate on the solvent 

polarity may be explaind as follows: 2p-3d ~ bonding of oxy-
17 gen and phosphorus atoms ~ay lead to some dispersal of 

the positive charge on a phosphorus atom, and the transition 

atate ia most likely in the form of an intimate ion pair 
18 in which there is a minimal separation of charge. The 

amall rate constant observed in the reaction in acetone 

or cyclohexane may be explained by the solvation effect 

involving a polarizable carbonyl group which retards the 

reaction. A marked increase of rate in protic solvents 

auch as aethanol is probably due to its action as an acid 

having pK • 16.7. The catalysis of methanol for the a 
reaction of tt-halo ketones with trivalent phosphorus 

. 19 
coapounda is known. 

No appropriate data are available on the basicity of 
• 20 

trial~l phosphites. Taft's a value predicts that the 

nucleophilicity of phosphite seems to be in the order of 
• • (Me0)3P < (Et0) 3P < (i-Pr0)3P < (aec-Bu0)3P. This p -a 

. 21 
correlation is successful for pK of aliphatic phosphine, 

22 a . 23 
and with aromatic phosphonic and phoaphin1c acids, the 

correlation between pK of acids and Hammett's a parameter 
a 

ia very good. Tbe obaerved reactivity order of the present 

reaction, i.e., (Meo)
3

p < (Eto)
3

P < (i-Pr0)3P, ia in a&ree-

- 10 -



ment with the nucleophilicity of phosphite . Thus it is 

probable that the reaction involves a nucleophilic attack 

of phosphorus atom on carbonyl group in the rate-determin-
18 ing step. The k value for ( s ec-Bu0) 3P is smaller than 

expected. 

Mark, et al. , have explained the reactivity of (t-Bu 
24 0)3P by t he inductive and steric effects of alltyl groups. 

When Taft' s equation i s applied to this reaction, the k 

value for (i-Pr0) 3P is also somewhat smaller than calculated. 

These facts imply that the steric hindrance i s operating 

with (i-Pr0 )3P and (sec-Bu0) 3P. 

Aci~catalyze this reaction. At low concentration of 

added acetic acid, the plot of k vs . (acetic acid] gives 

. a straight line, while at higher concentration of added 

acetic acid (above 0.0145 M) it approaches a limiting value, 

and at the same time the rate law begins to deviate from 

the second-order plot. As reported by Ramirez, 25 the devia­

tion may be due to the acid-catalyzed hydrolysis followed 

by further rea ctions of the 1:1 adduct (see Experimental 

Section). 

Acetic acid at such a low concentration in benzene 

solution cannot change the color of an indicator, 26 but 

ultraviolet spectra afforded evidence for the presence of 

hydrogen bonding to benzil (see Experimental Section). 

Because of the first-order dependence on [AcOR], benzil 

may be hydrogen bonded with one molecule of acetic acid, 

whi.ch activates the carbonyl group for the nucleophilic 
~ 

attack of trialkyl phosphite as follows. 
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" -+ ",.. ,_ c-o+H-A._ C=O··· H···A ($) 
/ / 
,,. r I 

(JlO)aP + C-=0 · ··H ···A ~ (RO),P~-0- + HA (6) 
/ I 
'\..1• ,_ + I 

(RO)aP + C-:-:Q . · · H· · ·A~ (R0)1P---Q---C- + HA (7) 
/ I 

Since the nucleophilic attack of phosphorus atom on 

carbonyl carbon in the reaction ot a-halo ketone with tri-
. 19a 27 alkyl phosphite is catalyzed by acet1c acid, ' eq 7 is 

less probable. Chloroacetic and trichloroacetic acids are 

aore effective catalysts in this reaction, because they are 

more acidic and thus more effective in forming a hydrogen 

bon~ to the carbonyl group. 

On the other hand, bases retard the reaction; at lower 

concentrations of added triethylamine (below 0.0119 M), the 

plot of k vs. [Et3N] gives a straight line, whereas at 

higher concentrations (above 0.0119 M) of triethylamine the 

plot approaches a horizontal line. The second-order rate 

law is not applicable at this high concentration of tri­

ethylamine, and in this case, the base-catalyzed hydrolysis 
25 of the product occurs, the hydrolysis products acting as 

· acid. 

The fact that dimethylaniline bas virtually no effect 

on k augge•te that a fairly strong base ia required to 

retard the reaction in this system. Therefore, the retard­

ins effect of base cannot be explained as its neutraliza~ · 

tion of mineral acid which might be present in this system. 

This tact together with the first-order dependence of rate 

on l/(Et3N] suggests that the retardation aay be due to 
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the addition of the base to the carbonyl carbon atom to 

weaken its electrophilicity. 

8: + \:-o~~ · ··~=~ (1) 
/ I 

1• I ,_ + I 
(llO),P + B· · · ·C=O ~ (RO)aP--C-0- + 8 : (f) 

I I 

This behavior is in contrast to the analogous Di~ls­

Alder reaction, where both trimethylamine and trichloro­

acetic acid have the ac~eleratin~ effect; 28 the following 

mechanism may operate in the present reaction, which in­

volves a nucleophilic attack of a phosphorus atom of tri­

alkyl pbosphi te on the .carbonyl carbon a tom of benzil 

(mechanism B). 

The reaction of a-halo ketone with trialkyl phos phite 

may involve the rearrangement of phosphorus atom from 

carbonyl carbon to oxygen via either a concerted or a 

three~embered cyclic mechanism. 27 The present reaction 

may proceed via a concerted three-center rearrangement 

of the phosphorus atom initiated by nucleophilic attack 
10 29 of the negatively charged oxygen atom ' because of the 

hirher energy barrier for the complete fission of the C-P 

bond. 12
t
30 In analogy to the addition of nucleophile to 

31 carbonyl which is generally a reversible process, the 

first step of the phosphorus-carbonyl addition ia probably 
3lb 32 . reveraible. ' The reveraib~lity of the first step 

ia uncertain in view of the rate law alone, but the low 
33 

energy of activation implies the atep to be reveraible. 

Bence, the overall mechanisa is shown as follows. 
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2.5 Experimental Section 

, .. -
r c-o-

1
oR "' ...... Pb-C Y- OR 

""-.o/ \ 
OR 

Materials. Benzil was prepared from benzaldehyde, 
34 

and rec.rystallize<l several times from ee14 • Trialkyl 

phosphite& were synthesized by the reaction of PC13 with 

alcohols in the presence of base, 35 and rectified 'several 

times with metallic sodium under reduced nitrogen pressure. 
36 

Solvents used wer e purified by ordinary methods. 

Reaction Product Criterion. The authentic samples ot 
3 6 37 

2,2,2-tr ialkoxy-4,5-diphenyl-1,3,2-dioxapbosphole (1) ' ' 
~ 
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was prepared by the reaction of benzil with excess phosphite 

in the absence of solvent under nitrogen atmosphere . The 

products were very hygroscopic crystals. The yield were 

almost quantitative. 1 (R = .Me) was recrystallized from 

anhydrous n-hexane, mp 4~-50°. Infrared spectrum (Nujol) 

showed peaks at 3045, 2980, 2940, 2830, 2000-1700, 1665, 

1~95, 1490, 1450, 1315, 1273, 1173, 1135, 1097, 1039, 951, 

847, 750, 690, and 650 cm-1 , which were characteristic of 

the monosubstituted ben~ene ring, C~C, and P-O-C. Nmr 

(CDC13 , internal standerd TMS) showed peaks at 12-3 (multi­

plet, lOH) and 6.31 (doublet, 12H, JRP = 12.6 cps). ~ lR = 

Et) was recrystallized from anhydrous n-hexane, mp 45-46 °. 

The infrared spectrum ( Nujo1) was analogous to that of 1 
¥ 

(R =Me). 1 (R = i-Pr and sec-Bu) was not isolated. The 
~ 

uv spectra of 1 (R = Me, Et, i-Pr, and sec-Bu) in n-hexane 

"' (Figure 1} were as follows [R, A. (nm), f,]: Me, 321, 
max 

11,800; Et, 323, 11,800; i-Pr, 325, 11,200; sec-Bu, 319, 

12,100. 

The products of 0.? M trimethyl phos phite with 0.2 H 

benzil in benzene at 25° containing an equivalent amount 

of acetic acid were examined by tlc (silica gel; eluent, 

ethyl acetate-petroleum ether 1:1), ir, uv (n-hexane), and 

nmr (CDC13 ). Besides the 1:1 adduct, emall amounts of 
25 hydrolysis product of the adduct and unknown product 

(tlc, R1 0.40) having P=O and c=o groups were observed. 

Kinetics. The reaction was started by the rapid addi­

tion of a solution of trialkyl phosphite to an equimolar 
~ 

•olution of benzil, both of which had reached the tempera-

ture equilibrium in a thermostat. The reaction was carried 

out as a homogeneous system with stirring in a glass-stop-
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pered flask. No difference in rate was observed between 

reactions under nitrogen and air. Aliquots were taken out 

at appropriate intervals of ttme. The reaction was stopped 

by diluting it with n-hexane. Products were estimated by 

•eans of ultraviolet spectrophotometry at the wavelength 

atated above. 

In the study of the effect of acid or base catalysis 

addition order of three components afforded no effect on 

the rate constant. Initial rate constants were considered 

at high catalyst concentrations. No reaction of trimethyl 

phosphite with acetic acid or triethylamine occurs under 

these conditions. Interaction between benzil and acid or 

base was studied by uv spectrum as a slight change of molar 

extinction coefficient ( ~) at 259 and 265 nm in n-hexane. 

No appreciable shift of C=O absorption (1670 and 1650 cm-1 ) 

waa observed. 

-~-
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Chapter 3 

KINETICS OF THE REACTION OF TRIMETHYL 

PHOSPHITE WITH SUBSTITUTED BENZILS 
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3 KINETICS OF THE REACTION OF TRIMETHYL PHOSPHITE 

WITH SUBSTITUTED BENZILS1 

3.1 Summary 

The substituent e!!e~t on the rate of the reaction 

of trimethyl phosphite with substituted benzils has been 

studied in dioxane or acetonitrile by means of uv spectro­

photometry. The rates are expressed as v = k[(Me0)3P) X 

(Ar-COCO-Ar']. The Hammett plot in dioxane for Ar = Ar' 
~ives a straight line with a p value of +2.75 (represented 

as pX)' while the plot tor Ar 1 Ar' and Ar = c6H5 gives 

a line : bent at the origin, i.e. , two p values of +1.86 

( o > 0, • Py) and +1. 24 ( o < 0, • Pz). In acetonitrile, 

the Px and Py values are +2.22 ( = p 'x> and +1.63 (E p' y>, 
respectively. Bence (pX - Py>IPy = 0.48, PziPy = 0.67, 

and (p'x- p'y)/p'y = 0.36. The ratio of effects of two 

aubstituents which are separated differently from the 

reaction site changes with the solvent polarity. This 

seems to be caused by the change of configuration of 

benzils by solvents. A mechanism which involves a nucle-

ophilic attack of P atom on the carbonyl C atom of benzil 

ia postulated. 

3.2 Introduction 
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The reaction of trialkyl phosphite with a-diketone 

was first reported in 19582 and it was not decided until 

recentrly whether the initial attack of P atom occurs on 
2-4 

carbonyl C or 0 atom of a-diketone . In the preceding 

chapter, it was postulated, on the basis of substituent 

effect in phosphite and acid catalysis, a mechanism in­

~olTing a nucleophilic attack of the P atom on the carbonyl 

C atom which is analogous to Litt's meehanism.~' 6 

The present chapter deals with the kinetic study on 

the reaction of trimethyl phosphite with substituted 

benzils. The rate was measured uv speetrophotometrically. 

The effect of substituent and solvent on the rate and the 

transmission of polar effect will be discuss ed in connec­

tion with the ' configuration of benzil. 

ArCOCOAr' IMcOI, P 

1\r......_c,.......o\ 
+ tl PIOMt tJ Ill 

2 
M / l''Q/ 

1 - IV 3 -
3.3 Results 

The reaction of trimethyl phosphite (2) with substi-
. -

tuted benzils (1) proceeds quantitatively at room tempera­
N 

ture to yield 2,2,2-trimethoxy-4,5-diaryl-1,3,2-dioxa-

phosphole (3). The rate was measured by uv apectrophoto­-metry of produced 3 or remaining benzil (1). - ,.., 
~ ~· The rate of the reaction was measured in 

dioxane or acetonitrile at various temperatures. The 
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rate law tits eq 2 with all substituted benzils used. 

y ~ ~((Me0)3P][Ar-COCO-Ar'] (2) 

Substituent Etfect ~ Symmetrically Disubstituted 

Benzila ~ Dioxane. The rates ot the reaction of tri­

aethyl phosphite with symmetrically dlsubstituted benzils 

(la) were measured in dioxane at 25.0°. The second-order ,...,.. 
rate constants (k) were listed i .n Table I. 

Table I. Rate Constanta tor the Reaction ot Trimethyl 

Phosphite with ~ymmetrically Disubatituted Benzila in 

Dioxane at 25.0° 

Bcn11l lniual concn. IOl.t Rdamc lo, C.k/.t,, l 
(M ) IM- 1 sec - 1) rate 

(1] (2] lkftco) - -
llnsubstitutcd o-osoo o-osoo 4 83 t-oo (H)OO (H)OO 
p,p'-Dinnro· 0.00100 0.00200 432 89-4 l-9S l 0.77~ 
11'1..111'-Dinitro· o.oosoo 0.00500 297 62.0 1·792 0.710 
p.p'· DichJoro· 0.0200 0.0200 19·0 3-94 0.595 0.221 
p.p'·Dimeth)l· 0-0SOO 0.100 1-68 0.}49 -o-458 -0.170 
p.p'·Dimcthosy- 0.0200 t-oo 0.387 ~I -1~6 -()-268 

• H. H. JaiTC. Chtm. Rtt· 53. 191119531 

The Hammett plot with a gives a P Yalue ot +2.75 

(5 Px) with a correlation coefficient (r) ot 0.996 (Fig-
+ -ure 1), whereas the plot with a and a the correlation 

coefficient ia smaller (r = 0.989• and 0.960, reapec~ · 

tiYel;r). 7 

The rate measureMents at 2o.o•, 25.o•, and 3o.o• 
atford data of energies ot activation (Ea)• entropies of 

actlYatlon (AS*) and trequenq factors (A) as shown in 

Table II. 
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Table II. Temperature Effect and Activa tion Parame ters 

for the Reaction of Trimethy l Phosphite with Symmetrically 

Disubstituted Benzils in Dioxane 

lkozit 

Un~ubstitutcd 

p.p'·Oinitro-

,..,·. oinitro· 

p,p' • Oich !oro· 

, .,·. Dimethyl-

p.p'-Oimcthoxy· 

Temperature 

n 
~(}() 

:?5{) 
»O 
2(}0 
25·0 
3(}0 
2(}0 
25{) 
)(}0 

2(}0 

2S·O 
300 
~0 

25{) 
)(){) 

2(}0 

25{) 
)(}() 

• Calculat~ by the lca~t !~qUare method. 

3·76 } 
Hl3 
6·64 

361 } 
432 
514 
224 
299 
390 

} 
14 1 } 
19-0 
2.0 

1-17} 
1·68 
2·29 

(}272} 
(} 3117 
(}567 

E.: 
lkcal/mol) 

16·0 

1(}3 

1(}1 

11 ·3 

13-6 

0 

r\_c-~~ 
X=J II \d\-

x 0 X 

0 

Oc-g~ 
II \d\-o y 

Sa -., 
X: clc.:tron· 
withdrawioa or 
·relcasinJ group 

1b _., 
Y: electron· 
withdravoing 
a roup 
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Oc-~~ 
II \d\-
o l 

1c -l : electron· 
rclcasioa aroup 



0 
~ 
~ 

.r 

14 

1·2 

tO 

0 8 

CHI 

0 ·4 

0 2 

0 

·0 z 

·0 4 

-0 6 

-oa 
-10 

- I·Z 

-12 -• o-oe.o 6 -o-• -oz o oz 0.4 o-6 oa to O·Z 
a 

Figure 1. Hammett plot for the reaction o! tr1metbyl 

phosphite with aubsti tuted benzils ( la -e ) in dioxan1e at 

25.0°. 
~ ,.., 

It is of interest to note that the value o! l~* 
affects more than E on the rate of benzils with tllectron­

a 
withdrawing groups, whereas E is more important J:or tho.se • 
with eloctron-releasihg groups. 

Substituent Effect of Monosubstituted Benzil'~ !!:!. 
Dioxane. 1be rates of trimetbyl phosphite with ao•no-
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substituted benzils (~ and lc) were measured at 25.0°. ,..,.. 
The rate constants were summarized in Table III. 

The Hammett plot with a gives a line bent at the 

or_igin. At a> O, the p value is +1.86 ( E Py) with r = 
0.996, whereas at a< 0 , the value is +1.24 <= Pz) with 

r = 0 . 991 (Figure 1). The ratio ot (pX - Py) vs. Py is 

0.48, and that of Pz vs. Py is 0.67. The values of Ea' 

os*, and A were also listed in Table IV. 

Here also the value of ts* affects more on the rate 

tor substituted benzils with electron-withdrawing groups, 

whereas E is more important tor those with electron-a 
releasing groups. 

Effect of Solvent. The uv spectra of benzil was 

measured in some solvents. A slight change of the spectra 

was observed as shown in Table V. 

The rate data in acetonitrile at 25.0° are shown in 

Table VI. The Hammett plot with ~ gives a p value of 

+2.22 <= p'x) (r = 0.996). for sytmDetrically disubstituted 

benzils, and a p value of +1.63 (: P~y) (r = 0.993) ~or 

aonosubstituted benzils (Figure 2). The ratio of 

(p'x- P'y? vs. P'y is 0.36. 

3.4 Discussion 

In ,eneral, the mechanism tor the reaction of tri­

Yalent phosphorus compounds with carbonyl compounds was 

obscure in that it was not decided whether the C or 0 
8 

atom of the carbonyl group is .attacked by the P atom • 

. - 37-



Table III. Rate Constants for the Reaction of Trimethyl 

Phosphite with Monosubstituted Benzils (lb,c) in Dioxane 
,.., "" 

Bcn7il lnilial concn. Rclatht 
IM) IM - 'scc- 1) rate 

[1] (2) ll.A ol 
---·- .!:!'-----~----- ·-----·-- --- - ----·- --

l !nsubstitutcd o-osoo (}0500 -l·ll3 
·' 00 

(}00() 0000 
p-Nitro. (}0100 (){)100 13~ 27·7 1·442 (}778 
m·Chloro· (}0100 (}0300 111-1 3-15 Q-575 (}373 
p-Chloro- Q-0100 (}().«)() 11·3 2 3) Q-368 o-:m 
p-Mcthoxy· (){)100 (}250 1·82 (})77 - Q-424 -Q-268 
p-Dimcthylamino- 0·0100 1·00 <>862 (}178 - (}749 - (}600 

• H. H. Jaffe. Cllrm Rtt•. !3, 191 !19S3~ 

Table IV. Tempera ture Effect and Activation Parameters 

for the Reaction of Trimethyl Phosphite with Monosubsti­

tuted Benzils in Dioxane 

Bcoril Temperature IOJk E: .iS'" In ..t• 
(' ) (M-•nc - 1) lkcal/mole) (e.u.) cM - I ~c-1) 

-------------- ----- ---- ·- -·- ·--- - -·----
p-Nitro- 20-0 98·3 

} 25·0 134 13-4 -21-9 16·4 
)()-0 177 

m-chloro· 20-0 12-9 } 2S·O 18·1 lG-8 -32·5 14·1 
)(}() 23-1 

p-Chloro· 20-0 8·23} 25-() 11·3 11-1 -31·7 14·S 
)(}0 IS· I 

p-Mcthoxy- 2(){) 
1·40} 

25·0 1 ·8~ 8·7) -43-11 8-41 
)(}() N5 

p-Oimcthylamino- 20-0 (}630} 
25.0 (}862 1(}4 -44-4 l ·ll 
»0 1-12 

• Calculated by the lust square method. 
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Table V. The Uv Spectra of Be:nzil (K-Band) in Some Sol­

vents 

Solvent 

o-Hcunc 
Dioun 
Methanol 
Acetonitrile 

Dielectric 
CO~ lint 

1·89 
2·21 

JH 
37·S 

2S7 
2S9 
1.59 
260 

1·99 
1·97 
2·13 
2-16 

Table VI. Rate Constants for the Reaction of Trimethyl 

Phosphite with Benzi1 in Acetonitrile at 25.0° 

Bcozil fOlk ltelative rate los lk.tlol a" 
CM - • scc~ 1 ) Ck/k 0 ) 

Unsub5titutcd 1·34 I«< 0000 (H)()() 

"'·''' -Dinitro· #II 34-9 1·541 ()., 10 

p.p'-Dichlorc>- H>S 2-28 0.351 o-n1 
p-Nitro- 2H 11-S 1·243 1>778 
p-Chloro- 2-36 1·76 (}246 0.227 

• H. H. JafTC. Chcm. Rtt·. 53. 1 91119.53~ 



-~ -0·2 0 0 2 0 4 0 ·6 0 ·8 I 0 I 2 
tT 

Figure 2. Hammett plot for the reaction of trimethyl 

phosphite with substituted benzils in acetonitrile at 2s.oo. 

·. 

In the preceding chapter tor the studies on the kinetics 

ot the reaction of benzil with trialkyl phosphite, it was 

suggested that the mechanism involves a rate-determining 
5 nucle9pbilie attack of the P atom on a C atom ot carbonyl. 

In the study of the present chapter, .a positive p 

Yaloe was observed tor the reaction ot substituted benzils, 

which •upported the mechanism involving the nucleophilic 

attack ot phosphite. The p value tor benzila with elec-
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tron-witbdrawing group (~) (E Py) is +1.86. This value 

eoresponds to the polar effect of substituent located in a 

benzene ring nearer from the reaction site (carbonyl c), 
since an electon-withdrawing group facilitates the nucle­

ophilic attack of a P atom on the position nearer to the 

group. In general, the p value may depend on the dis tance 

between the attacked site and substituent on aromatic ring. 

In most eases, the absolute value of p may be more 

·than unity for the reaction which has the site at a-position 

to the aromati c ring, while the value may be less than unity 

for the reaction in which the substituent and the site are 

separated farther, although the p value cannot be a measure 
g. 

of the a-carbon attack . The p value observed in this reac-

tion is a r a ther large positive value and it would suggest 

that the mechanism involves a rate-determining nucleophilic 

attack of a P atom on carbonyl C atom of benzil. The p 

Talue of the reaction of trimethyl phosphite with ~ (E Px) 

is +2.75, and that of the reaction with ~ (~ Pz) is +1.24. 

The Rammett .plot tor monosubstituted benzils (~and 

. le) gives a line bent at the origin. This phenomenon im-
~ 

plies that the attacked site (CO) is convertible depending 

on the substituent, i.e., the P atom tends to attack on the 

more electrophilic carbonyl C atom among two CO groups .• 

The net sensitivity to the transmitted effect of 

farther substituent X or Z at attacked CO may be eXpressed 

as (pX - Py) or Pz• It these values are divided by Py, 
the division indicates the extent of the sensitivity to the 

substituent X or Z relative to that of near,r substituent Y. 

The observed ratio of (pX - Py) vs. Py is 0.48, and that of 
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Pz vs. Py is 0.67, which represent the decreases of relative 

aensirivity of polar effect by insertion of CO group between 

substituent and attacked CO group. It has been reported 

that the p value should decrease by insertion of any group 
9b,l0 between aryl group and attacked site, e.g., the inser-

tion of CH2 group reduces it by a factor of 0.410 and even 

the insertion of conjugated -CH=CH- decreases it by a factor 

of 0.508 (observed} or 0.683 (calculated}.9b 

The crystal structure of benzil is known to be classi­

fied into two types by means of X-ray diffraction, uv spec-
11-13 tra, and dipole moment . ln one configuration the 

planes of two CO twists ca. goo each other around its co­
CO bond, 11 , 12 and in the other the twist angle is smaller 

· (68°24' or so). 13 If the twist angle is ca. goo, the res­

onance of both benzoyl group is inhibited, so that the 

effect of a substituent located farther from the reaction 

site should be smaller (0.410). The ratio of (px - Py) vs. 

Py obtained in this reaction is close to that observed for 

the group -CH=CR- (0.508) in the dissociation of acids and 

the hydrolysis of esters, and the ratio of Pz vs. Py is 

nearly equal to tha t calculated by the molecular orbital 

method for -CH=CJI- (0.683).gb This fact suggests that the 

co-co group of benzil is probably conjugated each other to 

some extent and the smaller twist angle of ca. 70° is a 

more favourable one than ca. 90° in view of the possibility 

of resonance. 

In the reaction o~ trimethyl phosphite with aymmetri­

cally disubstituted benzils, the correlation coefficient 
+ 

(r) of the Hammett plot is 0.996 with a, but 0.989 with a 

- 42 -



and 0.960 with 
+ 

than a and a 
a • This indicates that a is more adequate 

tor this nucleophilic attack, and that the 

delocalization ot positive charge on P atom or negative 

charge on carbonyl 0 atom due to resonance interaction with 

electron-releasing substituent& or electron-withdrawing 

substituent& contributes little to the stabilization of its 
transition state. 

o o-

N~-t-o 
~ + p(OMd, B 

A 4 --
(McO),p+ 

- '\. 

pC=C~ 
A 8 

(MeO ), p+ 

0 '\. 

pC-c~ 
A 8 

5a - 5b 
"V 

Assuming that the intermediate ia 5, in which B is 
""¥ 

a more powerful electron-withdrawing group than A, some 

canonical structures such as 5a, 5b etc. may be written, - ...., 
then the r value with a- would be larger than that with 

o, but this is not the case. On the other hand, assuming 

the intermediate 4, canonical structures such as 5b is 
,., ;v 

impossible because of the .lnsulation of charges from 

benzene system, so that the r value with a ahould be 
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+ 
larger than that with o or o as is observed. Hence, the 

intermediate is probably 4, but not 5. 
~ ~ 

The small activation energy (E ) and large negative 
% a 5 ~ 

activation entropy (AS ) are to be noted. AST depends on 

the nature of subst i tuent& and it ranges between -27.8 and 

-35.5 eu. For the monosubstituted benzil, 6S' is influenced 

strongly by such a substituent as located at a position 

closer to the reaction site. This fact implies that the 

induced negative charge in the activation complex is local­

ized on one CO group, but little delocalized to the other 

CO. The hybrid orbital of attacked C atom may be converted 
2 3 from sp to sp , hence the delocalization of charge to the 

farther benzoyl group is inhibited, · i.e., the substituent 

- effect of farther benzoyl group on 6S+ is small. The in­

crease of negative value of 6S+ with decreasing electrone­

withdrawing power for symmetrically disubstituted benzils 

may be explained similarly. 

For the reaction of trimethyl phosphite with benzils 

aubstituted by the electron-releasing group, E
4 

is more 

important than 6St which differs little with the change of 

aubstituent, i.e., 6S~ ~ -44 eu for monosubstituted benzils 

and AS* = -31 - -32 eu tor symmetrically disubstituted 

benzils. For mono- or disubstituted benzils, the Ea Yalue 

increases with increasing electron-releasing power ot group. 

In contrast with the little effect of farther substituent 

on AS+, the E value increases with increasing electron-
a 

releasing power of the . aubstituents on both rings. But 

E value tends to vary irregularly with increasing • 
electron-withdrawing power of the substituent. 
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.. 

These results suggest a mechanism as shown in Scheme 
I. 

Scheme I. The ~leehanism of the Reaction of Trimethyl Phos ­
phite with Benzil~ 

1 ,. 

4 ,..., 

+ P{OMc}, 

2 
¥ 

~ 
• Ar' bas an clcctron ·withdr:o~v. i nl,l substituent more powerful than Ar. 

{4) 

(5) 

Here, the first step is a rate-determining nucleo­

philic attack of a P atom on a carbonyl C atom of benzil. 

The reverse step of eq 3 is very slow. The s~eps 4 and ~ 

are too fast to affect the rate constant. 

The uv spectra of benzil vary with solvent polarity 

(Table V). The value of ~ increases with increasing 
.ax 

polarity of solvent. Probably, the configuration of 
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benzil changes with the polarity of solvent, the twist 

angle around CO-CO changes and sometimes it may occur that 

the coplanarity of phenyl and carbonyl groups is recovered, 14 

which means an increase of twist angle around co-co. 11b 

The observed p values in acetonitrile are +2.22 c= p' ) X 
tor symmetrically disubstituted benzils and +1.63 (= P'y) 

tor monosubstituted benzils (o>O). The ratio of (p' - p' ) X y 
vs. P'y is 0.36. This indicates that the twist angle around 

co-co bond increases in acetonitrile, which is supported by 

the uv spectra as mentioned above, but this is inconsistent 

with the r esult of Chaudhuri et al., who reported that the 

molecular structure changes little by changing the phase of 

the molecule from solid to liquid. 13c 

The reaction of trimethyl phosphite with m,m'-dinitro­

benzil in acetonitrile is somewhat different. The amount 

of product 1 (A = B = m-N02 ) reached rapidly to a maximum 

value, and then gradually decreased, although the consump­

tion of starting material, m,m'-dinitrobenzil, was continu-

ing. 

3.5 

The further reaction of 3 is still under .study. 
~ 

Experimenta l Section 

Materials. Benzil15 was prepared from benzaldehyde,
16 

and recrystallized from cc14 to give overall yield of 77%, 

•P 95.5- 96° (lit. 15 mp 95°). (Found: C, 79.75; H, 4.98. 

C H 0 requires: C ?9.98; H, 4.8~,). m,m'-Dinitrobenzil 
14 10 2 ' 

w~s prepared by nitration of benzil with HN03 (d = 1.5) at 

0°. Recrystallization from acetone, separation with liquid 

chromatography, silica gel !rom Mallinckrodt Chemical Works 
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.. .. . 

was used as a paCking, (eluent: benzene) and then recrystal­

lization from CC14 gave overall yield of 35%, rap 128-129° 
17 

(lit. mp 132°). (Found : C, 58.61; H, 2.69; N,9~4. c
14

a
8 

N2o6 requires: C, 56.01; H, 2.69; N, 9.33%). p,p'-Dichloro­

benzil was prepared by the benzoin condensation of p-chloro­

benzaldehyde followed by oxi dation with HN0
3

• The crude ma~ 

terial was recrystallized from cc14 .in a overall yield of 

27~, mp 195-196° (1it. 18 mp 195-196°). (Found: C, 60.87; 

B, 2.69. cl4HSC1202 requires: C,60.24; H, 2.89%). p,p' ­

Dimethylbenzil was prepared by the benzoin condensation of 

p-methy1benzal~ehyde followed by HN03 oxidation. The .. pro­

duct, after being extracted with ether from 10% Na2co3, 

rec~sta1lized from Etoa, giving overall yield of 2~, mp 

103° (1it.
19 

mp 104-105°). (Found: C, 79.76; H, 5.54. 

c16B14o2 requires: C, 80.64; H, 5.92%). p,p'-Dimethoxy­

benzil was prepared from p~ethoxybenzaldehyde si.~ilarly 

as p,p'-dimethylbenail; overall yield 25~, mp 133° (lit.20 

ap 133°). (Found: C, 71.25; B, 5.16. c16a14o4 requires: 

C, 71.10; H, 5.22~). p-Nitrobenzil ~as prepared by nitra­

tion of benzoin· with mixed acid at oo, followe_~ by HN03 
oxidation. Recrystallization from cc14 , purification by 

liquid chromatography (eluent; light petroleum:EtOlc ~ 7:3), 

and then recrystallization from CC14 gave overall yield of 

22~, mp 142° (lit.21 mp 142°). (Found: C, 67~12; H, 3.54; 

N, S.S5. c14BgN04 requires: C, 65.88; R, 3.55; N,· 5.49%). 

•-Chlorobenzil was prepared by the Grignard reaction of lll­

chlorobenzyl magnesium bromide followed by oxidation with 

aelenium dioxide in Ac
2
o. · After b~ing extracted with ether, 

~he product was purified by liquid chromatography (eluent; 
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light petroleum=benzene = 4!1) and recrystallize~ from 

MeOH to give overall yield of 15%, mp 87-88° (1it. 22 mp 86o). 

p-Cblorobenzi1 was prepared similarly as m-chlorobenzil in a 

overall yield of 15%, mp 75° (lit. 22 75.0°). (Found: c, 
69.18; R, 3.45. c14R9cto2 requires: C, 68.72; H, 3.71%). 

p-Methylbenzil was prepared by the mixed benzoin 

condensation of benzaldehyde and p-methylbenzaldehyde fol­

lowed by air oxidation in the presence of pyridine-cupric 

sulphate complex. The purification by liquid chromatography 

and repeated recrystallization from ligroin gave overall 

~ield of 100~, mp 59° (lit. 23 61-62°). (Found: c, 75.91; H, 

4.~7. c15H12o3 requires: C, 74.99; R, 5.03Yo). p-Dimethyl­

aminobenzil was prepared by the reaction of benzoin with p-
24 dimethylaminobenzaldehyde followed by oxidation with 

-Fehling's soln. Recrystallization from .60Yo aqueous EtOH 

gave overall yield of 60%, mp 116-116.5° (lit. 25 116-117°}. 

p,p'-Dinitrobenzil wa s prepared through 4,~-dipheny1-
26 glyoxalone by the ~ethod of Chattaway et al. Recrystal-

lization from AcOR gave overall yield of 8% (based on 

benzalhehyde), mp 213° (lit. 26 213°). Trimethyl phosphite 

was purified by repeated distillation •ith metallic Na 

under N2 , bp ~6°/101 mm (lit.27 111-112°). 2,2,2-Trimethoxy-

4,5-diaryl-1,3,2-dioxaphospholes (3) were prepared by the -reaction of substituted benzils with excess trimethyl 

phosphite under N2 at 25.0° for 3-20 hr. The reaction 

proceeded quantitatively and there was no influence of the 

initial amount of trimethyl phosphite and longer reaction 

time on the yield . The further reaction of ~was not ob­

aerved in this system. The identification and estimation 

of 3 was done by uv spectroscopy without isolating it. 
;v 
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The uv spectra were measured in n-hexane and listed in 

Table VII together with those of substituted benzils. 

Solvents used were purified by ordinary methods. 28 

Kinetic Procedure. The kinetic experiments tor the 

reaction ot trimethyl phosphite with substituted benzils 

were carried out in dioxane or acetonitrile. The rate was 

followed by measuring the produced ~ or remaining !., by 

means ot uv spectrophotometry. The kinetics !or the reac-

. tion with m,m'-dinitrobenzil in acetonitrile was limited 

to the initial stage because of the further reaction of 

product. The other kinetic procedure was the same as the 

preceding chapter. 

Table VII. The Uv Data of Benzils (la-c) and 1,3,2-Dioxa---pbospholes (3) in n-Hexane ,.,. 

Substituent oo la-c _____ » __ ----
Ar Ar' ---- _ _,., _II!'_- ---

l...,hnp) to·•, -· J. _.lmp) . eo·•, ... 

H H 251 1·99 319 H4 

p-N01 p-N01 272 3-19 349 1·33 

lft·N01 m-N01 240 2-12 32S 1-12 

,.a p-Cl 272 2.()6 3:!2 1·44 

,..CH1 p-CHJ 265 us )16 1·36' 

,..CHJO p-CHJO 287 2-44 312 1·52 

H p-N01 269 2·40 Jtt2 H6' 

H m·Cl 2S8 2.0.5 322 1-12 

H p-CI 269 2-()4 322 1·20 

,..<'H10 H 286 1·.54 316 1·20 

,..N(CH 1h H 341 l.QIJ 330 1·63 
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Chapter 4 

KINETICS OF THE REACTION OF SOZ.fE 

TRIALKYL PHOSPHITES WITH BENZIL 
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4 KIN~TICS OF THE REACTION OF SOME TRIAIKYL PHOSPHITES 

WITH BENZIL
1 

4.1 Summary 

The effect of subs~ituents on the reaction rates of 

trialkyl phosphites [(R0)3P] with benzil has been studied. 

The rate constant, k, in the rate equation, v = k[(R0)3P]x 

(PhCOCOPh], increases with the change of R in the order of 

methyl, ethyl, and isopropyl, while a little change of k 

is observed with R of n-propyl, n-buthyl, n-amyl, n-octyl, 

and sec-butyl, and the k value decreases by substitution 

of 2-methoxyethyl for methyl. The relative rates fit the 
• Taft equation, log (k/k ) = -3.28 a + 0.40 E + 0.03. 

0 • 

Both polar and steric effects affect the rate with R of 

C &2 1 (n ~ 3), while polar effect alone is dominant with 
n n+ 31 

R of methyl and ethyl. The correlation between the P 
. (31 

nmr chemical shift relative to (CH~0) 3P, 6o P, and the 

relative reaction rate or Taft's a value is discussed. 

These facts present an additional support tor the mecha­

nism involving a nucleophilic attack of the phosphorus 

atom on the carbonyl carbon. 

4.2 Introduction 
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2-4 In the preceding chapters, kinetics of the reaction 

of trialkyl phosphite with benzil and substituted benzils 

favored a mechan1sm involving a nucleophilic attack of a 

phosphorus atom of phosphite on a carbonyl carbon atom of 

benzil, which is similar to a mechanism proposed by Litt 

tor aliphatic a-diketones.~ 
The present chapter deals with the kinetic study on 

the reaction of a number of trialkyl phosphites (2) with 
~ 

benzil (1) forming substituted 1,3,2-dioxaphospholes (3) 
IV N 

(eq 1) to clarify the effect of substituent& at phosphorus 

atom. The rate •ras measured by means of uv spectropboto-
6-8 

metry. 

Ph 
~-C"" 

Ph 

PbOOOOPb + (RO},J>--. , 
~ 

0 0 (1) 
1 2 '-pfuR>, ,., - 3 

,J 

4.3 Results 

The reaction of a number of trialkyl phospbites (2) . . . ,.., 
with benzil (1) proceeds quantitatively at room tempera­,., 
ture ·to yield 2,2,2-trialkoxy-4,5-diphenyl-1,3,2-dioxa-

phospholes (3). The rate was measured by means of ultra--Yiolet apectrophotometry of the product ~· 

Rate '(..aw. The ~ate was measured in dioxane at 20. O, 

25.0,~0~d 3s.oo. The rate law is expressed as eq 2 

- ~~ -



up to high conversion for all phosphites used as has been 

observed with trimethyl phosphite. 2- 4 

T = k ((R0)3P][PhCOCOPh] (2) 

Effect ~ Substituents at Phosphorus Atom. The rate 

in dioxane at 25.0° is summarized in Table I. The rate 

increases with an increase of the electron-releasing power 

of substituents of alkyl groups of the phosphites. Both 

polar and steric effects in the Taft equation are important, 

since the correla ti on be~ween the logarithm of the relative 
• rate constant and T.att' s o or E alone is not so good. 

a 
The rate measurements at various temperatures afford 

energies of activation (E ), entropies of activation (65~), 
a 

and frequency factors (A) as shown in Table II. As obvious 

from the table, both E and 68+ are low. 
31 a . 31 

P Nmr Chemical Sh1ft . The P nmr chemical shift 
. - --- ------~ 31 

relative to (CH
3

o)
3
P, ~& P, was measured by a JNM-C60-HL 

h~gh-resolution spectrometer at 24 MHz neat at room tempera­

ture. The values of ~631P are listed in Table III. A 

plot of ~b31p vs. o• for R of CH3 , c2H5 , n-C3H7, n-C4Hg, 
and sec-C

4
H

9 
gave a correlation coefficient (r) of - 0.925 

except for R of sec-C4H9 • (sec-c4u9o)3P has a little dif­

ferent value. 

A plot of A~31p vs. log (k/k
0

) tor all phosphites, 

except R of ~ec-c4H9 and CH3ocH2cH2 , seems to show a good 

correlation coefficient (r = 0.969). The substituents of 

aec-c
4

R
9 

and CH
3

ocH
2

cR
2 

seem to give a somewhat different 

effect on A~31P. 
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Table III. 31 
P Nmr Chemical Shifts from (cH

3
o)

3
p 

{R0)3P, R = & 31 a 11 P, ppm 

CH3 o.oo 
C2R5 +1.21 
i-C3R7 +1.16 
aec-C4H9 +0.16 

~-C3H7 +1.01 

n-C4H9 +0.98 

n-C5Hl1 +1.08 

n-C8Hl7 +1.06 

C~OCH2CH2 +0.75b 

a The + sign indicates the higher field shift. 

b In ca. 50% CC14 solution. 

4.4 Discussion 

The mechanism of the reaction of trialkyl phosphites 

with benzil may involve a nucleophilic attack of a phos­

phorus a 'tom of phosphite either on a carbonyl carbon atom 
2-4 9 

or an oxygen atom of benzil; ' thus, the corresponding 

intermediate may be 4 or 5, respectively. A probable mech-...., ..., 
anism involving path A or B may be written as Scheme I. 

2 
In view of the data of acid catalysis, it seems that 

acid accelerates the reaction, while base retards it. The 

substituent effect in benzil gave a ~ood Hammett's correla-

-59 -



+ tion with a but not with a 
J positive p value. 

or a , and it afforded a large 

!-tore over, the substituent eft ect in 

aliphatic a-diketones revealed that the steric substituent 
4 constant , E , controls the rate. s 

tha t a more probable intermediate 
These r esults suggest 

may be 4 and that the 
;.;, 

reaction involves a nucleophilic attack of the phosphorus 

atom of phos phite on a carbonyl carbon atom of the a-di­

ketone in t he rate-determining s tep . 

r. -o -y-.P(OR)1 

Ph,t,o 
4 ,.., 

With the change of an alkyl group R of the phosphite 

from CH3 to a more electron-releasing group, e.g., c2R
5 

and i-C3R7 , a modest increase of the rate was observed, 

while with the change to an electron-withdrawing group 

euch as CH3oca2cn2 the rate decreased (Table I). 

As will be discussed later, the substituent effect in 

phosphites implies that a nucleophilic attack of phosphorus 

atom is involved in the rate-determining step, since an 

electron-releasing group on phosphite accelerates the reac­

tion. Both rearrangement of 4 to 5 and the cyclization of 
;.;, -

5 to 3 involve an electrophilic attack of a phosphorus atom, -since the phosphorus atom has a positive charge. Renee, 

the observed subst~tuent effect in phosphite suggests that 

these steps cannot be rate-determining. 
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.0 

Scheme I. Mechanism for the Reaction of Trialkyl 
Phosphites wi~h Benzil 

Ph ,o 
'c 
~ + P(OR4 

0~ 'Ph 2 

""' -
Ph ~o 

'c ... 
-o-{-Pwa~ 

Ph .. 
IV 

Therefore, path A in Scheme I may be more probab1e 

than path B. The concerted one-step cycloaddition of a­

diketone with phosphite (Scheme II) may be excluded, since, 

the first step must involve an attac~ of phosphite on an 

oxygen atom of carbonyl, which is inadequate as stated 

above. 

The observed small value of E and the large negative 
+ 0 a 2-4 

Yalu~ of AS are characteristic of this sort of reaction, 
0 

IO e.g., the condensation of carbonyl compounds with amines. 

In general, a large negative value of AS+ ia observed in 

the reaction in which the total number of species decreases 

or a strongly polarized and/or crowded transition states 

are involved.ll Bence, it is supported that the first step 
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is rate determining. The values of E and AS* for (n-c 
a n 

R2n.,. 1o)3P (n ~ ;:5) are nearly constant, but the alkyl 

substituents such as c 2R5 , i-c3H7 , and see-C
4

H
9 

decrease 

the E
4 

value . 

Scheme II. Concerted Mechanism Involving a One-Step 

Cyeloaddition Rea ction of Trialkyl Phosphites with Benzil 

A plot of log (k/k ) vs. 
0 

• 
e1 (Figure, 1) gives a very 

poor correlation coefficient (r) of -0.806; this implies 

that not only a polar effect but also a steric ef~eet of 

phosphite is a controlling factor in the rate-determining 

atep. The negative value of r also supports the rate-de­

termining nucleophilic attack of phosphite. 

A plot of log (k/k ) vs. E (Figure 2) may be classi-
o 8 

fied into three groups with the change of substituents, 

i.e., (1) CH
3 

and c2H
5

, (2) !-C3R7 , n-C3H7, n-C4H9 , n­

c5ull! ~d n:-: c8.H17, and (3) see- c4u9 • For group 2 the 

plot gives a negative correlation coet~ieient, which indi­

cates . the accelation of reaction by releasing the aterie 
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hindrance of phosphites by going to the transition state.12 

This may not be the case, since the negative Taft's p• val­

ue and the large negative 6St value were observed in this 

reaction and posi tive Hammett's p value was observed in the 

substituent effect of benzi1. 3 

0 "-l-C 8 
3 1 

-o.a 

o~ .. -c,w, 

o---~~·c,w7 

•o. • ~· 
~ 

•0. 3 ! 

•o.1 

• 
cw,..._~ 

-o.l . -
• Figure 1. Plot of log (k/k ) vs. Taft's a for the reac­

o 
tion ot (RO)jp with PhCOCOPh in dioxane at 25.0°. 

Figure 1 shows that the steric effect operates little 

upon c2R5 but much upon sec-C4H9 • A line passing through 

the. points tor CH3 and c2H5 (• 1
0

, with slope of -3.69) 

was drawn and the deviation from the line [ 8 A iog (k/k
0

)] 

was calculated with various alkyl groups. The plot ot 

A log (k/k ) va. E gave a straight line whose slope was 
0 • 

+0.46 (r = 0.97?). When the slope ot 1 was changed little, 
0 

the correlation between A log (k/k ) and E becomes worse 
0 • 
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o~!-s"? f -•o.t. 

c2u$-..o ~ 
a-c5wll ... 8:''k.. r 

A·C,_111J,l •o. l 
o~ .. c ... C M' ,.-c.~~g ..-. ... o---.. -c.~ 

•0. 2 

•O.l 

Clll .... I' 

'--- 1 .00 -o.s •.- l 
.- Figure 2. Plot of l og (k/k ) vs. Taft's E f or thE! r eac-

o 8 
tion of (R0) 3P with PhCOCOPh in dioxane at 25.0°. 

+0.1 

+0 .1 

.0, 1 .0,2 -o.~ ~.4 fll . S 

~-21 •• • 0 .40 ' -

• Figure :s. Plot o! log (k/k
0

) vs. (-3.28<7 + 0.40E
18

) for 

the reaction of (R0)
3

P with PbCOCOPh io dioxane at 25.0°. 
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(r < 0.977). A plot of log {k/k ) vs. (-3.69 a• + 0.46 E ) 
0 . . s 

gave a stra igh line with a slope of +0.888 (r = 0.981). 

In other words, the Taft equation may be applied, which is 

expressed in a form of eq 3 for this reaction (Figure 3) • 
• log (k/k ) = -3.28 a + 0.40 E + 0.03 (3) 

0 . 8 

As apparent from the coefficients of the equation the polar 

effect is more important. In view of the reported value of 

E
8 

for n-c5n11 (-0.10) and n-c
8
n17 (-0.33), 13 a probable a• 

value for n-C
5

R11 and n-c
8
n17 may be -0.140. 

Assuming the activated complex 4 (path A), in which a ,., 
carbonyl carbon atom of benzil was attacked by a nucleo -

philic phosphorus atom of phosphite, the reaction site of 

benzil {carbonyl carbon) is shielded by two benzene rings, 

a carbonyl group, and an oxygen atom. Then a phos phorus 

atom carrying bulky alkyl groups is prevented from an at­

tack of the carbonyl carbon atom. Figures 1-3 imply that 

tor (CnB2n + 1o)3P, the steric factor of (CnB2n + 1o)3P is 

less important when n is 1 and 2, but it is more important 
> when n = 3. 

On the contrary, if the intermediate were 5 {path B) 
It/ 

the steric factor would be less important, since the at-

tacked carbonyl oxygen is out of the plane of the benzil 

molecule. 

·These data also show that the phosphorus atom attacks 

on the carbonyl carbon atom in the rate-determining step 

(path A). 

The lower side of the carbonyl carbon atom on the s2 
plane is hindered by the benzene ring on s1 plane, and 

Yice versa.14 The phosphorus atom may chiefly attack on 

•he carbonyl carbon atom from one side, probably trom an 
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upper side of t he s2 plane. 

r---------, r-- - --------7 
I s Q / s / 
I 1 • ,' :p(QRh J / 

! rLr-~·~ ,/ 
I ~/1~ I 
I , •(j' / .. ______ ~_-:..J--- _______ ,~ 

The 
31

P nmr chemical shifts r elative to (CH3o)
3

P 
( :_ r31 ) Ao P, ppm were measured at room temperature . The 

shift may reflect the shielding efficiency of substituent& 

on the phosphorus atom. Tbe studies on & 31P have been 
15-19 reported for many phosphorus compounds. The linear 

correlation betwe en &31P and the additive group contribu­

tion ( l': ap) has be en known with secondary and tertiary 

phosphines , phos phorus halides, phosphonium salts , etc.lS,l? 

The Taft equation is applicable to the &31P values of some 

alkyl or aryl phosphorus difluorides18 but not to those for 
16a e 19 phosphine and some of other phosphorus compounds , ' ' 

aince many factors, besides the inductive effect, may influ­
l'31P 15b,20 ence o • 

The plot of log (k/k ) vs. 6 s31P gives a correlation 
0 

coefficient of 0.969 except for sec-C4H9 and CH3ocH2cH2 • 

The good correlation with A &31P seems to mean the control 

of rate by the electronic state of the phosphorus atom, 

while the poor correlation with E (r = -0.254) seems to 
8 31 mean that the steric effect on A & P is unimportant. 

Assuming the virtuany constant bond angle of ca. 100° 
20a 21 · tor O-P-0 of the phosphite, ' the aubstituent effect 

• 
l 
may be parallel to the polar effect. The observed poor 

• correlation in a with sec-c4u9 a~d c~3ocu2c92 may reflect 

the deviation of the O-P-0 angle and the other factors in-
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31 
fluencing 6 S P, e.~., the effect of oxygen atom. 

4.5 Experimental Section 

Materials. Trialkyl phosphites were prepared by the 

reaction of phosphorus trichloride with corresponding 

alcohols in the presence of base below 15° 22 and purified 

by repeated distillations with metallic sodium under reduced 

pressure with nitrogen. atomosphere. The characteristics of 

prepared trialkyl phosphites were listed in Table IV. 

Benzil was prepared as mentioned in the preceding chapters. 

2,2,2-Trialkoxy-4,5-diphenyl-1,3,2-dioxaphospholes (3) . ,., 
were prepared by the reaction of benzil with excess trialkyl 

phosphite without solvent qr in anhy~ous dioxane under ni­

trogen atmosphere at 25.0° for 3-12 hr. The str.ucture of 
2 

~ (R .= Me) was confirmed by ir, nmr, and uv spectra. The 

uv spectra of 3 were measured in anhydrous n-hexane and 
;v 

listed in Table V. 

The hydrolysis product of~ (R = Me). ahowed new peaks 
-1 in ir and uv spectra: ir 3350 (OH, broad) and 1230 em 

(P=O, broad); uv A. 285 nm but not 313 nm (in dioxane). 
I\ ax 

Solvents were purified and dried before use. 

Kinetic Procedure. The kinetic experiments for the 

reaction of trialkyl phosphite with benzil were ~arried out 

in anhydrous dioxane. The rate measurements were done by 

means of the procedure as mentioned ~n the preceding chap­

ters. An isosbestic poin~ w~$ obserYed during the reaction 

of 1 (R • Me) at 287 nm in dioxane • 

Tbe 31p DDLr chemical shift.s were measured by a JNM-
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''' . '. 
·. ' 

C60-HL model of Japan Electrollt Optics Laboratory Co., Ltd., 

at 24 MHz with proton decoupU.ng at room pemperature. The 

data were shown in Table III. ~:Oa, 23• 25 

Table V. Uv Spectra of Dioxa.t•hospholes 

Ph Ph 
'c= c,....... 

o.,..,.. 'o 
"p(oR)3 

R = 

CH3 
~2H5 
i-C3H7 
aec-c4u9 
~-~JH7 
n-c4~~g 
n-C~B11 _ 

n-C8H17 
CH30CR2C~ 

AmsLX' nm 

31.9 

3~:3 

32:2 

31.9 

3~!1 

3~!1 

3:1!1 

3~:2 

31.6 

(3) in n-Hexane 
IV 

1.14 

1.18 
1.12 

1.23 

1.28 

'1.21 

1.19 

1.19 

l.lS 
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Chapter 5 

KINETICS OF THE REACTION OF TRIMETHYL 

PHOSPHITE WITH ALIPHATIC a-DIKETONES 
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S KINETICS OF THE REACTION OF TRIMETHYL PHOSPHITE 

WITH ALIPHATIC a~DIKETONES1 

S.l Summary 

The substituent effect on the rate of reaction of tri­

methyl phosphite with aliphatic a-diketones has been studied 

in anhydrous dioxane by uv spectrophotometry. The rate con­

stant (k) in the rate equation, v = k[(Me0)3P](RCOCOR], de­

creases with change of R and R' in the order me thyl, ethyl, 

n-propyl, n-butyl, iso-propyl, iso-butyl,and sec-but•yl. 

Practically no reaction was observed with t-BuCOCOBu-t at 

room temperature. The reaction of (Me0) 3P with RCOCOR fits 

the Taft equation, log (k/k ) = +1.08 E + 0.012, which 
0 8 

shows the predominance of steric effect, while the reaction 

ot (Me0) 3P with MeCOCOR' tits the equation, log (k/k ) = 
• 0 

+1.17 o + 0.001, which shows the superiority of polar ef-

fect. These results are discussed in terms of the previous 

mechanis m involving a nucleophilic attack of phosphorus on 

a carbonyl carbon of an a-diketone, and may exclude an one­

electron transfer mechanism. 

S.2 Introduction 

• 
The reaction of trialkyl phosphites with a-diketones 

baa been known, 2- 5 but few studies on the mechanism have 
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& 7 been reported. ' In the preceding chapters, it was postu-

lated for the reaction of trialkyl phosphite with benzil 

that a mechanism involving a nucleophilic attack of phos­

phorus atom on a carbonyl carbon atom in view of the acid-
Sa 8b base catalysis, and substituent effects of benzils and 

phosphites. 8c 

Another mechanism which involves radical ions via one­

electron transfer is considered in view of the reactions of 

aromatic amines and chloranil9 and the easiness of reduction 

of quinones. 

The present chapter deals with the kinetic study on the 

reaction of phosphite (2) with aliphatic a-diketones (1) - ~ (eq 1) to obtain further support to the Mechanism of the nu-

cleophilic attack of the phosphorus atom on carbonyl carbon. 

RCOCOR' + (MeOhP--+ :t=~;; 

"-/ 
P(OMeh 

1 2 ,., ""' 

(1) 

The rate was measured by uv spectrophotometry. The 

substituent effec~ will be discussed in connection with the 
• Taft'a E and a constants and the attacked site • • 

5.3 Results 

The reaction of trimethyl phosphite (2) with aliphatic - . 
a-diketones (1) (except for R = R' = t-Bu) proceeds quanti-

"' tatively at room temperature to yield 2,2,2-trimethoxy-4,5-

dialky1-1,J,2-dioxaphospholes (J). -
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Rate~!· . The re~ction was conducted in· anhydrous 

dioxane at Jo.oo, 35.0° , and 40.0° 9 and the rate was meas-
. . 

ured by mean.s of uv spectrophotometry of the n]t. transition 

of the carbo1nyl group of the disappearing <l-diketones 

(Table VII). The rate law is expressed as eq 2 up to high 

conversion (over 80" ) • 

v ~ k((Me0)3P](RCOCOR'] (2) 

Subs ti t ·uent Effect of Symmetrical Alipha tic <l-Diketones. 

The rate for the reaction . of excess trimethyl phosphite with 

ayrmnetr~cal .aliphatic a-diketones were measured in dry dioxane 

at 35.0° . The second-order rate constants (k) are listed in 

Table I, 

. Table I • Se•cond -Order Rate Constants, k, for tbe Reaction 

ot Trimethyl .Phosphite wit)) Symmetrical Aliphatic o:-ni-

ketones in Dtioxane at 35.0° 

RCOCOR lnitial concn. 10" k Relative E, 
(M) rate loa (t/kcJ iDTaft 

R (JL] (2] (M - 1 sec·•) (lt./lcol oq. ..,, ~ 

Me ()·J OS 1·52 loOOO oro> ()00 

Et O·J 06 6-86 ()-80S -(}()94 -007 
n-Pr ()-·3 OS 4-27 OoSOl - ()-)()() -036 

iso-Pr ()-J OS 1·88 Oolll - o-656 - ().47 
n-Bu ()) 08 .--o7 O.lS3 -0452 -0.39 

iso-Bu ()) 1>9 ()990 0 116 - G-936 - 0-93 
scc-Bu ()J H 0449 00527 - 1·29 - 1-13 

t-Bu o-s 1·3 too slow to be measured 

o-os OJ 82-5 

The plot of log (k/k
0

) vs. Taft's eteric substituent 

constants, E:
8

, gives a straight line, whose reaction con-
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stant, ', 1•!1 +1.08 (correlatioh coefficient, r, is 0.985) 

( . . 
as shown in eq 3 Figure 1). Tatt•s polar term, p ~ , has 

substantially no effect on .the rate. 

log (k/k ) = +1.08 E + 0.012 
0 • 

(3) 

E, --
- t ·O - 0 ·5 

_ 0 ·5 I 

- 1·0 

F'igure 2. T•ltt plot tor the reaction or trimethyl phos­

phite with &Jnametrical aliphatic tt-diketones in dioxane 

at 35.0° . 

The rates at 30.0° 1 35.0°, and 40.0° attord energies 
ot activation (E ), entropies of activation (~St) and fre-

a 
quency factors (A) as shown in Table II. It seems that 

alkyl groups on «-4iketonea diminish both Ea and AS* val­

uea. 
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Table II. Temperature Effect and the Activation Parame ­

tere for the Reaction of Trimethyl Phosphi t e with. Symmet­

rical Aliphatic a-Diketones in Dioxane 

RCOCOR 
R 

Me 

Et 

n-Pr 

iso-Pr 

ft·Bu 

iao-Bu 

~-Bu 

Temp. 

{~ 

6·19} 
8·52 

I H ) 

4·74} 
6·86 
~51 

H>t} 
4-27 
5·96 

1•41} 
1·8S 
2'45 

3·01} 
4-()7 

5·) 3 
(}718 } 
(}990 

1·36 

1}334} 
0.449 
()-628 

66·4 } 
82·5 

113 

£, 
(kaltmol) 

IH 

IJ-4 

13·2 

IG-S 

II-() 

12·1 

12·1 

J()-1 

• 'cate~la ted by the last square method. The values ar 35·0 wete used 

t.S' ' 
te.u I 

-28·6 

-29·4 

- 30-6 

- 4G-4 

-37·7 

-36·5 

-38·4 

-34-8 

14·7 

14·8 

13·7 

8·72 

10.1 

10·7 

9·76 

11-6 

The rate ot benzil (1, R = R' = Ph) is ca. t4:m times ,., 
as fas t as tha t ot butane-2,3-dione (1, R = R' = llle). 

. -Virtually no reaction of trimethyl phosphite with 2,2,5,5-

tetramethylhexane-3, 4-dione ( 1, R = R' = t-Bu) wal!i observed 
~ ,., 

at room temperature within two weeks. 

Substituent Effect !!, Unsynvnetrleal Aliphati ·~ ~--. 

ketones. The observed second-order rate eonstant111 for the 
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reaction of trimethyl phosphite with unsymmetrical aliphatic 

a-diketones in dioxane at 30.0° are listed in Table III • 
• 1be plot of log (k/k ) vs. Taft's a affords a straight 

• 0 
line, which gives p of +1.17 (r = 0.925). The Taft equation 

can be written as eq 4 (Figure 2) • 
• log (k/k ) = +1.17 a + 0.001 (4) 

0 

The values of E , as• and A are listed in Table IV. The 
a 

correlation coefficient for log (k/k ) vs. a• seems to de­
o 

·crease with rising tempetature. Also an alkyl group tends to 

decrease both E and as* values. a 
Effect 2! Hydrogen Chloride. Addition of a small amount 

of dry HCI to the reaction results in a sharp increase of 

rate constant as shown in Table V. Acid catalysis has been 

observed in the reaction of trimethyl phosphite with benzii.88 

S.4 Discussion 

In the reaction of trialkyl phosphites with benzil, 

addition of acids accelerated the reaction, while bases 

retarded it,8a which may be due to the change of electro­

philicyty of carbonyl by the interaction with acids or bases. 

The. substituent effect in benzil gave Hammett's p value of 

+1.86. The correlation with a was better than that with a 

or a+.sb This suggests that the resonance of negative or 

positive charge with substituent is forbidden in the transi­

tion state. The substituent effect in phosphite fits the 

Taft equation, log (k/k ) = -3.28 a• + 0.40 E + 0.03.8c 
0 8 

these facta ~~~est a mechanism involves a rate-determining 

nucleophilic attack of phosphorus atom on a carbonyl carbon 
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Table III. Second-Order Rate !Constants for the Reaction 

· of Trimethyl Phosphite with Un:symmetrieal Aliphatic a:­

Diketonea in Dioxane at 30.0° 

McCOCOR' Initial concn. 

R' (l] -
(M) 

[2] 

Me ~3 ~~ 
£1 ()-3 ()-7 

iso-Pr 0.3 M 
iJO·Bu ()-3 o-s 

PhCOCOPb 0. 1 

- 0·2 

lo-'k Relative 
rate lo& (lc/k.J 

(M -1 sec- I) (11/kol 

6-19 
5·18 
3·70 
Hl 

66·4 

-0·1 

1«10 ()-(XX) 

C>-837 -<H>n6 
CH98 -0.224 
o-632 -(>-199 

)(}7 + 1·03 

I I 
oPhCOCOP~' 

I ~'' +0·9-A J-' . , . , 
I ' +0·45... ,' 
I I , _..., __ ... __ 

+ 0 ·45 + 0 ·9 

-0·1 

-0 ... -~ 
-0·2 ~ 

~ 

in Tart 
cq. 

0000 
-(}}()() 

- C>-200 
-!>12~ 

+()60() 

~igure 2. Taft plot •tor the rE!action of trimethyl phoa­

phi te with unsynrnetrical aliphsttie u-diketonea in dioxane 

at :so.oo. 
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Table IV. Temperature Effect and Activation Parameters 
for the Reaction of Trimethyl Phosphite with Unsymmetrical 
Aliphatic a-Diketones in Dioxane 

MeCOCOR' 10" k E. AS'• In A• 
R' Temp. 

(M- 1 sec" 1) (kcal/m<'ll (e.u.) fM - 1 sec - •, 

·-·--- -----

{~ S·l8} 
Et 7~2 13~ -»0 14~ 

10.2 

{ 30·0 3-70} i.so-Pr 35~ 5·28 13-1 - 30-2 13-9 
40-0 7·36 

{!E HI} iao-Bu s-26 11~ -36·7 10·6 
7~1 

• Calc:ularcd by the lu~t square method. The values at Js-o• were used. 

Table V. Effect of a Small Amount of HCl on the Second­

Order Rate Constants in Dioxane 

McCOCOR' Initial conco. (M) 
Temp. l~k 

R' [1) (2] (M - • sec - 1) 

~--~ - -

{~ 
1·22 

Et ().) ()() 1·77 
40·0 2·44 

{ill 
0.711 

iso-Pr ()-) o-965 
1·31 

{~ 
~412 

. iso-Bu ()-) Cl-SS!I 
Cl-713 

- 81 -



atom of benzil. 

The substituent effect in trialkyl phosphite implies 

that the steric factor will be dominant in the substituent 

effect in aliphatic a-diketones, since even the substituent 

being situated in p-position of the phosphorus partially 

participated in the reaction rate. Table I and Figure 1 

show that the rate is decreased with increasing bulkiness 

of alkyl groups, i.e., theE value controls the rate for 
8 

symmetrical aliphatic a-diketones. The positive S value 

implies that the steric hindrance is operating in the rate­

determining step. Two bulky t-Bu groups in t-BuCOCOBu-t 

inhibit the reaction. 

TheE 
8 

value is known to control the rate of the acid-
10 carboxylate and ethyla-catalyzed alcoholysis of P-naphtyl 

11 . 
tion of 2-alkyl pyridine, whose mechanism are known to 

involve an attack on the next site of an alkyl group. 

On the other hand, Table III and Figure 2 show that 

the ~ate decreases with an increase ot electron-releasing 
• power of alkyl group, i.e., the ~ value contrals the rate 

for unsymmetrical aliphatic a-diketones. Since the alkyl 

~oup nearer to the primarily attacked carbonyl group re­

tards the reaction by steric hindrance, the attack. may oc­

cur on the farther carbonyl group from R' of MeCOCOR', i.e., 

carbonyl of acetyl group. Thus the steric effect does not 
• influence the farther carbonyl group. The positive p value 

indicates a nucleophilic attack on carbonyl. With an in­

crease of reaction temperature th~ correlation coefficient 

r decreases (temperature, r; 30.0°, 0.925; 33.0°, 0.898; 

40.0°, 0.850). This means that the selectivity of carbonyl 

~oup attacked by phosphorus atom decreases with an increase 



of temperature, since an alkyl group which lies nearer to 

the carbonyl initially attacked exerts a steric effect, 

whereas a farther· one influences a polar effect alone. 

The temperature dependent stereoselectivity was also re­

ported for the asymmetric synthesis. 12 

The reaction of benzil is ca. ten times as fast as 

that of biacetyl. The neighbouring phenyl and carbonyl 

groups in benzil are known to be almost coplanar, while 

two carbonyl groups twist ca. 70° from each other.Sb,lJ 

In contrast, two ca.rbonyls in aliphatic a-diketones such 

as glyoxal, biacetyl and dipivaloyl have a coplanar and 

trans configuration. 14 
It a benzoyl group of benzil is 

c:oplanar and a p~osphorus atom attacks vertically into the 

plane, there is no steric effect of phenyl group. Since 

the transmitted polar effect of phenyl group via a 
8b, 15 group is reduced by a factor of ca. 0.5, the 

carbonyl 
• total a 

• • Talue in benzil may be ~0.9, i.e., a Ph+ 0.5 a Ph= +0.6 + 
• 0.3 = +0.9. The p value in Figure 2 is +1.17, then the 

expected logarithm of relative rate for benzil to biacetyl, 
• • • log (k/k

0
) = p (c Ph + 0.5 o Ph), may be 1.05, i.e., 0.9 )C 

1.17 = 1.05, which is close to the observed value of log 

(k/k ) = +1.03. The increase of rate for benzil may be 
0 • 

explained by Taft's o value (Figure 2). 

Tables II and III show the small energies and entropies 

of activation. These values are characteristic for this * . reaction. The variation of E and ~ is somewhat irregular. a 
The more powerful electron-releasing group decreases the 

values of E and ~*. Since they stabilize the intermediate 
a 

(4 in Scheme I) by slightly neutralising the formed positive 
#V 

c:barge on phosphorus, and bring about a highly oriented and 
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charge-separated intermediate. 

HCl accelerates the reaction. This may be explained 

by increased electrophilicity of carbonyl carbon by inter­
Sa action of acid. 

If one-electron transfer from phosphorus to carbonyl 

is involved in the rate-determining step, the polar effect 

would be a dominant factor and the steric effect would be 

unimportant. The close approach of reactants is unnecess a­

ry for the one-electron transfer and hence there is little 

sterie effect. It was reported that an electron trans fer 

oecurred at 7 X, and that no ortho effect ~as observed for 
17 reduction potential of phenanthrenequinones. Therefore, 

the one-electron transfer mechanism may be excluded. 

If a carbonyl oxygen atom of a-diketone i s attacked by 

a phosphorus atom, the steric effect would be negligible. 

Eq 3 rules out this mechanism . 

The control of r a te by E
8 

value indicates the attack 

of phosphorus atom on the carbonyl carbon in the rate-deter­

mining step. It is reported by other workers tha t the E
8 

value controls the rate tor the reaction ot tervalent phos­

phorus compounds with Ac2o, and that the mechanism ·involves 

a nucleophilic attach: of phosphorus on the carbonyl carbon 

t 18,19 
• om. 

For unsymmetrica l aliphatic a-diketones, MeCOCOR', the 
• a· value of R' controls the rate. The phosphorus atom 

should attack selective~the less crowded carbonyl carbon, 

i . e., ace tyl carbon. The bulky alkyl group, R', seems to 

have steric influence ~n the farther carbonyl group, hence 

the polar effect transmitted by one carbonyl group controls 

the reaction rate. 
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The reaction of substituted benzils with trimethyl 

phosphite has lar~e p values (i.e., +2.75 for symmetrically 

disubstituted benzils and_+l.86 for monosubstituted 

benzils) and the control of rate by E for aymmetrical • aliphatic a-diketones suggest that the reverse of the first 

addition step is less important. 

In conclusion, the mechanism of the reaction of tri­

alkyl phosphite with a-diketones may be written as Scheme I. 

Sch~e I. The Mechanism of the Reaction of Trimethyl 

Phosphite with Aliphatic a-Diketones 

ll ll 

I - I • 
()oooaC ()..-C~P(OMth 

I + :P(OMeh ~ I (S) 

c-o c-o 
I I 
a· a· 
I 2 4 
~ ~ IV 

R 0 

..!!!!-
'-c/ '\. 

(6} •• II P(OMe), ,., /c"-
R' o-

5 -R 0 

~ 
'-c/" 

5 R P(OMeh (7) ,., /c,/ 
a· 0 

3 -
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Here, eq 5 is a rate-determining nucleophilic attack 

of phosphite, and eqs 6 and 7 are fast. R is a less .bulky 

all.Q'l group than R'. 

5.5 Experimental Section 

8a Materials. Benzil was prepared as mentioned before. 

Hexane-3,4-dione was"prepared by H2so
4
-catalyzed ethyl 

esterification of propionic acid (71%), followed by acyloin 

reductive condensation of ethyl propionate to give hexane-

4-ol-3-one (49~),20 and then oxidation of the acyloin with 
21 Cu(OAc) 2 •H2o in AcOH aq. The crude material was washed 

·with 5~ NaHC03 aq, dried and distilled repeatedly to yield 

pure hexane-3,4-dione, bp 58°/51 ~, overall yield 16~. 

2,2,5,5,-Tetramethylhexane-3,4-dione was prepared by 

Cr03 oxid~tion of 2,2,5,5-tetramethyl-4-ol-3-one prepared 
14a by the similar procedure, bp 65-66°/20 mm, overall yield 

7~. 

Butane-2,3-dione (commercial G. R. grade) was purified 

by distillation, bp 87-88°. The other symmetrical a·liphatic 

a-diketones were prepared by the procedure similar to hexane-

3,4-dione and listed in Table VI. 
Pentane-2,3-dione was prepared by oximation of pentane-

22 2-one with MeONO and HCl to give pentane-3-oxime-2-one, 
23 followed by steam distillation with 1~ H2so4 • The crude 

material was purified b~ the procedure similar to hexane-

3,4-dione, bp 65-65.5°/137 mm, overall yield 4~. The other 

unsymmetrical aliphatic a-diketones were prepared similar~y. 

The puri~y of aliphatic d-diketones was cheeked by «lc using 
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•piezon grease L 3" on celi te 545. 

Trimetbyl phosphite was purified by repeated distilla­

tion with metallic Na under N2 , bp 52°/86 mm (lit. 24 bp 
111~112°). 

2,2,2-Trimethoxy-4,5-dialkyl-1,3,2-dioxaphospholes (3} 
. ,.., 

were prepared by the reaction or aliphatic u-diketones with 

excess trimethyl phosphite under N
2 

at room temperature. 

These reactions wereeomplete within 3-24 hr. Virtually no 

reaction of 2,2,5,5-~etramethylhexane-3,4-dione with tri-

.Methyl phosphite was observed at room temperature within 2 

weeks (the decrease of uv absorption at 373 nm was ca. 2~ 

after 2 weeks' reaction). 

Solve~ts used were dried and purified before use. 

£! Spectra. The uv spectra ot aliphatic u-diketones 

and 3 were measured in anhydrous n-hexane. Aliphatic a­,.., 
diketones had absorption in visible region (.).. , 37o­max 
440 nm), while 3 did not in the above region (Table VII). -Kinetic Procedure. The kinetic experiments tor the 

reaction of trimethyl phosphite with aliphatic a-diketones 

were carried out in dioxane~ The rate was followed by meas­

uring the remaining u-diketone by means of uv spectrophoto­

metry (Table VII) at appropriate time intervals. The effect 

of BCl-addition was measured by introducing a small amount 

of dry BCl into the dioxane solution or aliphatic u-diketone. 

The other kinetic procedure was the same as the proceding 
8 chapters. 
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Table VI. Overall Yields and Boiling Points of Aliphatic 
. a 

a-Diketones Produced !rom Carboxylic Acids or Aliphatic 
Ketonesb 

It COCO It' 
Overall yield b.p. 

It It' (y.) [•trnml] 

--- - - - -
Me Me 87-81 
Et Et 16* S8 (SI) 

n-Pr n-Pr 47" 72- 73 125} 
iso-Pr iso-Pr · 39* 6)-6.4 ( ).4) 

n· Bu n-Bu 41* 100-101 (21) 
iso-Bu iso-Bu S1" 85-86 (21) 
sec-Bu sec-Bu 69* 81- 82 (21) 

t· Bu t· Bu 7{1" 65-66 (20) 
Me Et 41:1 6~5-5(137) 
Me iso-Pt 26' 62- 63 (I Ill 
Me iso-Bu ·~ 79-81 (110) 

• Table VII. Uv Spectra ot Aliphatic a-Diketones (n~ Tran-

sition ot Carbonyl Groups) in n-Hexane 

ltCOCOR' A.uUscd ror ,_,used ror 

R R' kinetic study (nm) kinetic study 

Me Me 421 22-2 
Et Et 435 IJ-7 

D·Pt n-Pr 43S 19-4 
iso-Pr iso-Pr 436 22--6 

o-Bu n·Bu 4]S 19·2 
iso-Bu iso-Bu 439 22-1 
t«-Bu sec-Bu 442 »7 

t· Bu t·Bu 373 13-1 
Me Et 419 IH 
Me iso-~ 429 21·2 
Me bo-Bu 432 17-1 

• Tbe numbu of peaks in visible rqion waumaU for s1mme1ricalalipbatic «~ketones.. 
whereas it was many ror uosymmc:uical 4-dikctones. Tbe hiahest peak was · used ror 
tinetlcs 

-- ·88 ~ 
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KINETICS OF THE REACTION OF TRIMETHYL 
PHOSPHITE WITH CYCLIC a-DIKETONES 
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6 ICINETICS OF THE REACTION OF TRD1ETHYL PHOSPHITE 

WITH CYCLIC a-DIKETONES1 

6.1 Summary 

The kinetics of the reaction of trimethyl phosphite (1) 
;v 

with ali~yclic a-diketones, 9,10-phenanthrenequinones (5a-e), 
,.., #ttl 

and acenaphthenequinone (6) to ,.., form cyclic adduct has been 

studied in anhydrous dioxane, The rates are expressed as 

v = k[(Me0) 3P][a-diketone). The rate constant (k) decreases 

with an increase in size of ring of alicyclic a-diketones in 

the order: 5 (2)•6 (3) >10 (4), while 6 >5a with the con-
,.., ,.., IV "' ,.., 

densed ring system. This suggests that the reaction proceeds 

with releasing strain by changing a carbonyl C atom of 2 from 
2 3 N 

sp to sp , and that a P-ketophosphonium intermediate, i.e., 

an attack of carbonyl C atom by P atom, is involved. The 

Hammett equation tor 5a-e gives p value of +1.5 tor the reac-
,., -

tion. 

6.2 Introduction 

The reaction of phospbites or phospbines with cyclic 
2 a-diketones, e.g., cyclobexane-1,2-dione (3) and 9,lo-

3 ,., 
phenanthrenequinone (5a) is known. ,.., 

The preceding chapters reported that the reaction of 

phospbites with u-diketones may involve a rate-determining 
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nucleophilic attack of phosphorus atom on the carbonyl carbon 
4 atom in view of the acid catalysis and substituent effect of 

a-diketones5•6 and phosphites. 7 

In the reaction of cyclic compounds, the reaction is 

accelerated with an increase of ring strain in reactants, if 
8 the strain is released by the progress of reaction. In the 

Arbuzov reaction, the cyclic five-membered ring shows reduced 
9 reactivity. The reaction of phosphite ot a rigid structure, 

10 e.g., 2,8,9-trioxa-1-phospha-adamantane with biacetyl is slow. 

These ring size effect suggests that the formation of a phos­

phonium intermediate is rate-determining in these reactions. 

f'y=o 
l,c=o 

+ (R"O) P 
3 

1 (R11 = Me) 
N 

2 Cyclopentane-1,2-dione 
N 

3 Cyclohexane-1,2-dione 
"' 4 Cyclodecane-1,2-dione 
"' 5a 9,10-Phenanthrenequinone 
'V 

· 6 Acenaphthenequinone 
"' 

The present chapter deals with the kinetic study' on the 

reaction of trimethyl phosphite with cyclic a-diketones to 

aee the effect of ring strain on the nucleoph~lic attack of 

phosphorus atom on the carbonyl carbon atom. The substituent 

ttfect of ~a will be discussed in connection with the mecha-
~ 

niem. 

6.3 Results 
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The reaction ot trimethyl phosphite (1) with cyclic 
~ 

a-diketones to ~ie1d 1:1 adducts proceeded at room temper-

at~e. The reaction in anhydrous dioxane was followed by 

uv spectrophotometry or disappearing a-diketones or resulting 

products. The obtained rate law is expressed as equation 2 

~p to high conversion. 

v = k((Me0)3P](a-diketone] (2) 

The Reac~ !!!h Alicyclic Diketones. The reaction ot 

trimethyl phosphite (1) with alicyclic a-diketones was fol-,., 
lowed by measuring the disappearing absorption or a-diketones 

in a visible :region (see Experimental Section). The observed 

second-order ,dependence of rate and rate constants (k) at var­

ious temperature are listed in Tables I and II, respectively. 

The value ot lk for 2 was much higher than that for 3 or 4 • 
. ,., - f'l 

A slow keto-enol equilibrium with~ and ~is known. 

The approximate enol content (%) for these two ket.ones in 

dioxane were 1measured by bromination and nmr spectra (see 

Experimental Section) and is shown in Table III together with 

the second-order rate constants (k') corrected by taking the 

content of ket~ tautomer into account (see Discussion). 

The Reaction wl th Aromatic Dilcetones. The reaction or ----
1 with 9,10-p'henanthren~quinones (5a-e) and acenaphthene-
-o~ ~..., 

quinone (6) were followed spectropho~ometrically by measur-..., 
ins the appearing absorption of 1:1 adduets and disappear-

ing absorptio.n or a-diketone (see Experimental Section). 

The second-order dependence o~ rate and rate constants (k) 

~or ~ and~ ,are listed in Tables IV and v, respectively. 

The consumpti,on rate of starting 111a.terial agrees with the 

formation rat,e of product for Sa, indicating that the eon-..._, 
aumption o~ 5,a ia rate-detenaininc, but not tor 6 at lower ,.., ,., 

• OS -
. · .. ~. 
·.·' '1._, . . ~ ,_ 
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temperature (ea. 20°), But at higher temperature (ea. 30°) 

both rates agreed within experimental error and showed the 

second-order rate dependence {Table IV) 

The substituent effect of~ on k was measured at 21.5° 

and is shown in Table VI. The Hammett plot with ordinary 

a gives a straight line, which is in contrast to that for 

aonosubstituted benzil. 5 The p value was calculated by 

the leas t square method to be +1.5 (a) with a correlation 

coefficient (r) of 0.99. 12 This indicates a nucleophilic 

attack of phosphorus atom on carbonyl group of a-diketone. 

The reduction potentials of these diketones13 correlate with 

the logarithm of relative rates. (Figure 1 shows the plot). 

6.4 Discussion 

The probable reaction mechanism of trialkyl phosphite 

with a-diketone may involve a rate-determining attack of a 

phosphorus atom of phosphite either on a carbonyl carbon 

atom or an oxygen atom of a-d,iketone. As reported previously, 

addition of acids acce lerated the reaction of trimethyl phos ­

phite with benzil. 4 1~e substituent effect in benzil gave a 

Hammett's correlation with a. better than with a or with c/, 
and it afforded a large positive p value for symmetrically 

disubstituted benzils, while that for monosubstituted benzils 

!ave two different positive values (one is for electron­

attractive groups and the other is for electron-releasing 

sroups). 5 The substituent eff&et in phosphites fits Taft's 
• 7 equation: log (k/k ) = -3.28a + 0.40 E • Furthermore, 

0 8 
taft's steric substituent constant (E ) alone controlls the • 

- 101 ~ 
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P = l.S (r = 0.90) 

2-NH z 

3-Br 

o.:s 1.0 

Figure 1. The Hammett's plot for the reaction ot tri­

methyl phosphite (1) with substituted 9,10-phenanthrene-

"" quinones (5a-e) in dioxane at 21.5°. 
,.., 'V 
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rate of the reaction of trime~hyl phosphite with aliphatic 

a-diketones.
6 

These evidences suggest that the reaction 

aay involve a rate-determining nucleophilic attack of phos­

phorus atom on the carbonyl carbon atom (path a), but not 

on carbonyl oxygen atom (path b). 

0 

RCO•COR' + (R"O) P 
3 

r.d.s. 
a 

I + 
R-<:-P(OR") 

I J 
c 

/ ~0 
R' 

/ 
(J) 

Here, R and R' may be either alkyl or aryl group, and R" 

is alkyl group. The hybridization of carbonyl carbon atom 
2 J changes from sp to sp at the rate-determining step, thus 

the effect of ring strain of ali~yclie a-diketones is ex­

pected. 

The kinetic study on the reaction of biacetyl with 
10 cyclic phosphites shows that the phosphorus atom has the 

J 
ap hybridization in the transition state, because cyclic 

phosphite with rigid . structure retards the rate, but this 

result cannot distinguish whether the attack of phosphorus 
• 

atom occurs on a carbonyl carbon or oxygen atom. 
11 The keto-enol equilibulia tor~ and ~ are slow, 

h•nce it may be aasuned that the concentration ot enol 
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tautomer is constant during the kinetic study. 

7 -
{~1-oa C=O 

/ 

(4) 

Therefore, the rate is expressed as: 

y = k'·(l)[7] (5) --The observed k' value are shown in Table III. Cyclopentane-

1,2-dione (2) reacts 20-90 times as fast as cyclohexane--1,2-dione (~). The observed rate enhancement for! is at-

tributable to the ring strain effect, but not to the acid 

catalysis of the enol tautomer, because the concentration of 

2 and 3 differs by a factor of 14 (Table III). The diimide 
IV ..., 

reduction of cyclopentene is 16 time as fast as that of 
14 cyclohexene. The analogue effect of ring size suggests 

that both the reaction have an analogous transition state, 
3 2 i.e., a ap hybridized carbon atom. The change from sp to 

3 •P releases the .strain for 2 but not so much for 3, because 
3 ""' 'V 

the angle of 109°28' (sp ) is more desirable tor a pentagon 

than a hexagon. This higher reactivity of cyclopentanedione 

is also observed with Sa and 6, i.e., the order of the reac-,..., ~ 

tivity for 1 is 6 ') 5a. These facts suggest a nucleophilic 
- "" ¥ attack ot the phosphorus atom on the carbonyl carbon atom 

(path a), but not on the carbonyl oxygen atom (paths b and 

c), since there is no change of hybridization on the carbon 

atom in paths b and c (Scheme I). The one-electron transfer 

aechanism (path d) is also eliminated.6 

On the basis of the concept of "hard" and "soft" acids 
15 and bases, (R0)3P and }CO are a soft base and hard acid, 
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very slow, (6) 

(8) 

Scheme I. The probable reaction mechanism or cyclic «­

diketones with t:rimethyl phosphite (1}. (9,10-Phenanthrene­
;, 

quinone (5a) and acenaphthenequinone (6) do not require - ,.,. 
keto- ecole equilibrium. ) 
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16 respectively. Since the bonding between soft base and 

hard acid is weak, the rearrangement of phosphorus atom 

from carbon to oxygen atom shou~easily occur (eq 8). 

The Hammett equation is applicable with phenanthrene­

quinone (Sa-e). The obtained positive p value ' coincides ""' ,., 
with the proposed mechanism above. The order of reactivity 

of 5a-e agrees with the easiness of reduction, which is 
.,.., ,.., 13 

estimated by the reduction potential as a .measure of the 

electrophilicity of carbonyl group. 

The Hammett plot gave a line bent at the origin with 

benzils, 5 but not with Sa-e. The configuration of two ear­
N N 

bonyls of 9,10-phenanthrenequinone is reported to be com-

plete cis, but that of benzil is skew on the basis of the 
17 dipole moment. Therefore, the substituent effect trans-

mitted through the carbonyl group may be more effective with 

5 than benzil by more effective conjugation, and hence give -rises to the difference · between two plots, i.e., monos ubsti-

tuted benzil gave a bent line in the Hammett plot, while 5 
.y 

gives a straight line . 

The twist angle (9) of two carbonyl groups in alicyclic 

a-diketone increases with increasing size of ring (0~9 ~ 

180°),18 i.e., the values of O. is reported to be 0-10°,-0-60°, 

90- 110°, 100-140°, and 100-180? for five7, six-, seven-, 

eight-, and eighte~n-membered cyclic a-diketones, respec­

tively, and 90-180° for open chain aliphatic a-diketonea. 

In view of the kinetic data for cyclic and acyclic aliphatic 

a-diketones with O·te0)3P, the relative rate for ~~ ~ and 

n-BuCOCOBu-n is alroost the same. Therefore, the ateric 

tffect6 seems to have much more influence than the twist 

angle effect. This may also eliminate the synchronous at-

- 10?-
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tack ot phosphite on carbonyl oxygen atoms. 

Provided that no ring strain is concerned during the 

reaction, aromatic a-diketones such as benzil, ~and ~are 

auch reactive towerd 1 than aliphatic a-diketones. This may - . be explicable by Taft's a value, i.e., the polar substitu-

ent constant for aromatic groups, has a positive value (elec­

tron-attracting), while that for alkyl groups has a negative 

value (electron-releasing), thus the electrophilicity of aro­

matic a-diketones becomes to be larger than that of aliphatic 

ones. 

The reaction with 6 is curious, i.e., at lower temper--ature (below 20°) the consumption of diketone is much faster 

than the appearance of 1:1 adduct on the basis ot spectral 

change at least. This strage phenomenon at lower temperature 
~ 

is still under study. 

6.5 Experimental 

Materials. Cyclopentane-1,2-dione (2) was prepared 
19 .,...., 

by decarboxylation of adipic acid followed by br.omination 
20 20 

and treatment with Fec1
3

, bp 60-62°/4 mm (lit. bp 

?8-86°/8 mm~ mp 54-55° (lit.20 mp 55-56°), overall yield 

4~. Cyclobexane-1,2-dione (3) was prepared by oxidation of 
.re 21 - 21 cyclohex~.e with Se0~ 1 bp 81-82°/19 mm (lit. bp 75-79°/ 

16 mm) 1 mp 38° (lit. 1 mp 38°), yield 45% (based on Se02 ). 

Cyclodecane-1,2-dione (~ was prepared by intramolecular 
22 

aeyloin reductive condensation ot diethyl· aebacate fol-
- 23 

lowed by oxidation of aebacoin with Cro
3

• bp 81-84°/4 mm 

(lit. 23 bp 104-105°/10 mm), overall yield 9~. 9,10-Phenan-
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tbrenequinone (~) was prepared by Cr03 oxidation of 
24 24 phenanthrene, mp 210° (lit. mp 208.~-210°), yiel~ 51~. 

2-Hitro-9,10-phenanthrenequinone (5b) was prepared by nitra-
. - 25 

tion of~ with excess 63% nitric acid, mp 261-262° (lit.25 

•P 264.8-265.3°) 1 yield 23~ (recrystallization from chloro­

beozene). 3-Bromo-9,10-phenanthrenequinone (Sc) was prepared ,.., 
b7 photobromination of Sa in the presence of BPO (sa:nr2 = 

u - -1:1.2), mp 254-255° (recrystallization from acetic acid) 

(lit.
26 

mp 264-266°), yield 86%. 2-Amino-9,10-phenanthrene­

quioone (5d) was prepared by reduction of 5b with Sn-UC1, 27 

- 27 ~ mp 190-195° (decompd.) [lit. mp 213° (decompd.)], yield 

6~. 3-Methoxy-9,10-phenanthrenequinone (5e) was prepared 
"" by the reaction of sodium methoxide with 5c in methanol, mp 

28 -2oo-2os• (lit. mp 209-209.5°), yield 3~fo• Acenaphthene-

quinone (!) was prepared by Na2cr
2
o7 oxidation of acenaph­

thene,29 and purified by sublimation and then by recrystal­

lization from ~-dichlorobenzene, mp 261° (lit.29 mp 259-

2600), yield 52%. Trimethyl phosphi~e (1) was purified by 
,.., 30 

Matillation with metallic Na under N2 , bp 58°/116 mm (lit. 

111-112°). Trimethyl phosphite (1l-5a (1:1) adduct was N',..,., . 
prepared by the reaction of 5a with excess 1 at room temper-,., -
twre under N2 without solvent or in dioxane for ca~ 10 hr. 

~e other !-cyclic a-diketone (1:1) adduets were prepared - . by the aame method. Solvents were dried and purified by the 

ordinary methods betore use. 

U1tarvio1et Spectra. Ultraviolet spectra of a-diketones 

~d 1-cyclic a-diketone (1:1) adducts were measured in di-
N 

~e or in n-hexane by Hitachi double beam 124 type uv spec-

trophotometer. and/or Hitachi EPU-2A type photo-electric spec­

trophotometer. The data used for kinetic studies were aa 
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follows: compound, " , . max 
dioxane; 2, 400 nm, 1.48, 

A.# 

3,64, dioxane; 3, 400 nm, ..., 

log.€ . , solvent; !• 247nm, 3.55, 

dioxane (shoulder); 3, 264 nm, ,.., 
-0.46, dloxane(shoulder); 4, 392 ,.., 

um, 1.00, dioxane; Sa, 245 nm, 4,41, n-hexane; 5a, 250 nm, - ,.., 
4,45, n-hexane; 5~ 313 nm, 3.42, n-hexane; 5a, 393 nm, 2,98, - ....., 
dioxane; 5b, 378 nm, 3,52, dioxane; 5c, 381 nm, 3.04, dioxane; ,.., -
5d, 390 nm, 3.11, dioxane; Se, 380 nm, 3.09, dioxane; 6, 298 ,.., - ,.., 
nm, 3,83, n-hexane; 6, 311 nm, 3,86, n-hexane; 6,336 nm, 3,77, 

..., -
n-hexane; 6, 473 nm, 1,24," dioxane; 1-Sa 1:1 adduct, 306 nm, - ~-4.04, n-hexane; 1-Sa 1:1 adduct, 319 nm, 4.09, n-hexane; --1-6 1:1 adduct, 317 nm, 3.77, n-hexane; 1-6 1:1 adduct, 337 ...,_ -,..., 
Dmt 3. 73, n-hexane, All adducts had no I\ in a visible 

max 
region. 

Products. The structure o! the products was confirmed 

by means of uv and ir spectra. 

Kinetic Procedure. The kinetic experiments for the 

reaction of 1 with 2-6 were carried out in a glass-stoppered 
,., --flask or in a uv cell. The rate in dioxane was followed by 

estimating the remaining a-diketone or appearing product by 

aeans of uv spectrophotometry at appropriate intervals of 

time. A solution which had reached the keto-enole equilib­

rium was used with 2 and 3 alone. The other kinetic proce-
,.., ~ 4 

dure was the same as reported in the preceding chapters. 

Kinetic Analysis. Assuming the constancy of enol con­

tent during the kinetic experiments, a~d assuming the com­

pletion of reaction at the time when the change of ultra­

Tiolet or visible absorp~ion becomes unappreciable, the 

•econd-order rate constant (k) was obtained as shown in 

~les I and IV. The k value for 2 and 3 were corrected by 
. - """ 

the keto content to give rate constant with keto alone ~k') 
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in Table III. For the other a-diketones the k value were 

used for discussion. 

Enol Content of 2 and 3. The enol content (%) ot 2 - ---#V ,.., 
and~ in dioxane was measured by.means of Br2 titration of 

llb enol and/or nmr spectra at 25° and 35° after attainment 

of the equilibrium (after more than one day). The nmr spec­

tra was as follows: compound, & ppm from dioxane; 2, 3.06 -(singlet, enol OH), 2.84 (triplet, vinyl proton adjacent to 

· OB~and near -1.2 (multiplet, the other protons); ~ 3.54 

(singlet, enol OH), 2.43 (triplet, vinyl proton adjacent to 

OH), and -0.75 - -2.35 (multiplet, the other protons). 
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7 CONCLUSION 

7.1 The Reaction Mechanism 

The reaction of trialkyl phosphites with a - diketones 

may proceed via path a in Scheme I, on the basis of the 

kinetic data described in Chapters ~-6. 

The first addition step ot phosphorus ~tom on carbonyl 

carbon atom is rate-determining. The steps 4 to 5 and 5 to 
¥ ..., -

3 may be fast. The reverse reaction 1 or 4 to 1 + 2,will vir-,., - - , 
tually unimportant if at all, since the successive step is 

faster than the reverse one. 

The rearrangement of phosphorus atom from carbon to 

oxygen atom (4 to 5) is reasonably proposed in Perkow reac-
~ - 1 

tion under similar reaction condition to this one. 

The reasonable energy profile may be drawn as Figure 

1. The reaction of phosphite with a-diketone is exother­

mic. The transition state will be close to the structure 

of 4, since the energy profile may be written as up-hill ,., 
pattern. 4 is rather unstable because of the bonding be­,., 
tween ."soft" base of phosphorus atom and "hard" acid of 

2 carbonyl carbon atom, therefore the next energy barrier 

to be passed will be low. 
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E • 

RCOCOR' 
+ (R"O) P 

3 

R~:P(OR") 
R1C=O 3 

R-C-0-P(OR") 
R.&.C-o- 3 

Reaction eo-ordinate 

Figure 1. The probable energy profile tor the re.action ot 

trialkyl phosphites with a-dlketones. 

7.2 The Reaction Controlling Factors 

The reaction ot phosphite with a-diketone is · •entirely 

controlled by the bulky substituent& in diketone (Chapter 

S). The ring strain in the S'lnall :ring a-diketone ~acceler­

ates the reaction (Chapter 6). The bulky substitu•~nts in 

phosphite attords a little steric hindrance (Chapt•~r 4). 

Essentially no effect of twist angle of co-co plai111 wae 
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observed (Chapter 6). 

The more powerful the nucleophilicity of phosphite and 

the electrophilicity of carbonyl group of a-diketone became, 

the faster the reaction rate was -observed. The more power­

ful the polarity and the acidity of solvent became, the 

faster the reaction became. These factors are listed in 

Table I. 

Table I. The Rate Controlling Factors 

Steric factor: 

Bulkiness of substituents in a-diketone and 

phosphite 

Ring strain of a-diketone 

(Twist angle of co-co is minor factor) 

Electronic fa~r: 

Solvent: 

Nucleophilicity of phosphite 

Electrophilicity of carbonyl group 

Polarity of solvent 

Acidity of solvent (general acid catalysis) 

7.3 Direct Detection qf the Intermediate ~ 

All atempts to detect the intermediate ~were in 

Yain. 3 But there re~ains aome possibility of detection of 
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4, when the first addition step could be much faster and the 
~ 

next step could be much slower than the reactions mentioned 

in Chapters 2-6 by changing these substrates used. 

Finally, the author regrets that the more extensive 

studies on the reaction mechanism of trivalent phosphorus 

e~pounds with carbonyl compounds could not be performed 

during this period. He wishes that these reactions will be 

researched comprehens ively. 
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Appendix 

KINETICS OF THE AUTOXIDATION OF DIAIKYL PHENYL­

PHOSPHONITES1 

A.l Swnmary 

The kinetics of aut·oxidation o~ dialkyl phenylphos­

phonites was studied in o-dichlorobenzene using 2,2'­

azobisisobutyronitrile (AIBN) as a radical initiator. The 

reaction has a long chain length, its rate law being ex­

pressed as -d[02]/dt = k[AIBN][PhP(OR)2). A mechanism is 

· postulated which involves R'O·, R'o2 ·, and R'· as chain 

carriers and the unimolecular deactivation of R'02 • as the 

termination. The substituent in the alkyl groups of ester 

· affects little on the rate. 

A.2 Introduction 

It has been known that trivalent phosphorus compounds 

are autoxidized to pentavalent ones, which have a stable 

P=O bond. 2 The autoxidation of trialkylphosphine gives 

mainly corresponding phosphine oxide and phosphinate, while 

a small amount of phosphonate and phosphate.3 A dadical 

mechanism involving R'•, R'O•, and R'o2 • has been postulated 

on the basis ot the observed necessity of a radical initi­

ator, the inhibition by a radical inhibitor, and the pres­

ence of inductive period. 3• 4 The autoxidation of tria!k7l 
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5 phosphite is known to give corresponding phosphate. The 

rate law tor phosphine and phosphite were reported as eqs 
6 1 ~d 2, respectively. 

-d(02 )/dt ; k[AIBN][R
3

P]/p02 (1) 

-d[02 )/dt = k[AIBN]((R0)
3
P] (2) 

Here, p02 is the partial pressure of oxygen. 

The autoxidation of phosphonite and phosphinite is 

little known. 7 The present appendix deals with the kinetic 

study on the autoxidation of dialkyl phenylphosphonites in 

~-dichlorobenzene using a radical initiator. The probable 

reaction mechanism will be discussed. 

A.3 Results 

Auto~idation of Dimethyl Phenylphosphonite <t>· TQe 

autoxidation of dimethyl phenylphosphonite (1) at 60-80° 
'V 

with AIBN gave quantitatively dimethyl phenylphosphonate. 

The observed stoichiometry is shown in Table I, and ex-

. pressed as eq 3 ~ No reaction of 1 with AIBN or o-dichloro­
'V 

benzene was observed. 

PhP(OR)
2 

(1) R :: Me 
~ 

C!) R = Et .· 

<v a = i-Pr 

+ , AIBN) PhP( 0 )(OR} 
2 

(3) 

Effect of Initial Concentration of 1. The autoxidation 
-..;;..--....;;;.....;.. - - ~ 

of dimethyl phenylphosphonite (~ in ~-dichlorobenzene with 

AI~ was followed by measuring the consumption ot o2 in the 

apparatus previously reported.8 . The effect of concentration 

of ~ at a constant partial pressure of 02 (p~ ~ and at a 

123 



constant concentration of AIBN is shown in Table II. The 

pseudo-first-order rate constant holds constancy up to 70-

85" conversion. 

Effect !f Concentration ~ ~· The effect of the 

concentration of AIBN at a constant partial pressure of 02 
and a constant concentration of 1 was shown in Table III. ,., 
No reaction was observed without the radical initiator. 

Effect of Partial Pressure of ~2 • The effect 

on ~he rate was measured ·at constant concentration 

of p
02 

of 1 and 
A; 

AIBN. The zero-order dependance on p
02 

was observed as 

shown in Table IV. 

E!!! ~- Tables II -IV show that the rate law of au­

toxidation of dimethyl phenylphosphonite (1) in o-dichloro­
"""' - benzene is expressed as 

Y = -d[0
2
]/dt = k[PhP( 0?-fe )

2
](AIBN) { 4) 

and the value of k was calculated to be 0.105 (M-l sec-1 ). 

Effect of Substituent ~ Dialkyl Phenylphosphonites. 

The effect of substituent R of PhP(OR)
2 

on the autoxidation 

rate was estimated in ~-dichlorobenzene at 60.0°. The rate 

law for PbP(OR)
2 

(R = Et (2) and R = 1-Pr {3)) was the same 
N ~ 

as that of PhP(~te)2 • The second-order rate constants '(k) 

tor R at 60.0° were Me, 0.105; Et, 0.110; and i-Pr, 0.112 

{M-l sec - 1 ). 
• The Taft plot for PhP(OR)2 gives a p value of -0.058 

(correlation coefficient, r, -0.95). 
J 

.&..4 Discussion 

The autoxidation of trialkylphosphine and trialkyl 
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Table I. The Stoichiometry in Autoxidation ot Di methyl 

Phenylphosphonite in ~-Dichlorobenzene at 60.0° • 

PhP(OMe)
2 02 absorption Molar ratio of 

-4 -4 
O/PhP (OMe}

2 
(10 mol) (10 mol) 

5.55 2.68 0.97 

6.61 3.24 0.98 

a 5 )t 10-6 Mol of AIBN was used. 

Table II. Effect of Concentration of DimethYl Phenyl­

phosphonite on the Autoxidation Rate in a - Dichlorobenzene 

at 60.0° 

Partial pressure [PhP(OMe)2 )
0 
• (AIBN] a 104 k 

0 -t ot· 02 , (mmBg) (10-~) (lo-3 M) (aec ) 

200 1.31 ~.39 5.00 

200 3.92 5.39 4.02 

200 6.~4 5.39 4.84: 

~--~--------------------- ------------------------------

a [ ) means initial concentration. 
0 
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Table III, Effect ot Concentration ot AIBN on the Rate of 
Autoxidation of PhP(OMe)

2 
in ~-Dichlorobenzene at 60.0° 

Partial pressure [PhP(OMe)
2

]
0 

a (AIBN) . a 104 k 
0 -1a 

of 02 , (mmHg) (10-2 M) (10-3 M) (sec ) 

200 5.94 9.25 10.4 

200 5.94 4.62 4.50 
200 5.94 2.:Sl 3.22 

200 5.94 0 0 

a [ ) means 
0 

initial concentration. 

Table IV. Effect ot Pattial Pressure of o2 on the Rate of 

Autoxidation of PbP( Ol>le )
2 

in 2-Dichlorobenzene at 60.0° 

Partial pressure [PhP(OMe)
2

]
0 

a [AIBN] a 10
4 

lt 
0 -18. 

ot o2 , (mmHg) (lo-2 M) (10-3 M) (sec . ) 

420 5,55 4.42 6.17 

200 5.55 4,42 6.1'1 

100 5.55 4,42 6.15 

Av. 6.16 

a [ ] means initial concentration. 
_o . ' 
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..... 

phosphite waa reported to involve a radical mechantsm. 3 ' 4 

The autoxidation of dialkyl phenylphosphonite was sllso found 

to i~volve a radical mechanism, since no . autoxidati.on occurs · 

without AIBN, which was eonfirm@d by meanB of gle emalysis 

of the reaction product. 

The 2ero-order dependance on p
02 

was observed over a 

range of 25-420 mm Hg of p
0 

• The same phenomenon has been 

observed in the autoxid.atio~ of tributyl phosphite. 6 This 

suggests A mechanistic similarity of the autoxidatio1n ot 
phosphonite to that of phosphite. 

The first-order dependance on AIBN concentration sug­

gests that the autoxidation may involve a unimolecutlar ter-
9 

mination. The autoxidation product of dialkyl phemylphos-

phonites was the corresponding phosphonates. 

suggest the followins mechanism. 

These! results 

AIBN 

R' • 

R'O • 
2 

R'O• 

R'O • 
2 

R'O• 

+ 

ki 

k' 
t ) 

2R' • + 

PhP( O)( OR)
2 

(5) 

(6) 

+R'O• (7) 

PhP( 0 )(OR) 2 

inactive product 
. ; 

inactive product 

R' • (8) 

(9a) 

(9b) 

Here; ·R is Me, Et, and i-Pr, and R' is Me2CCN. Eve,n if o 2 
•ay be producd from steps 9a and 9b the amount of f'ormed 02 
is negligible when the radical chain length is lons: enough. 

Thus the rate of absorption of 02 is expressed as 

v = -d(02]/dt = kl(R'~J(o2J (10) 

It the tel"''Dination occurs via atep 9a alon~, t ;he ap-
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plication of steady state method assuming approximate con­

stant concentrations of R'02 ·, R'o·, and R'• as probable 

carriers leads to eqs 11, 12, and 13, respectively, since 

k' t(R'O·]~ O. 

k1(R'• .](02] = k2[R'02 •][PhP(OR) 2J + kt[R'0
2
·] (11) 

k2(R'02 •J(PhP(OR)2 J = k
3

[R'O•)(PhP(OR)
2

] (12) 

2ki[AIBN] + k 3(R'O•](PhP(OR)2J = k1(R' · )[02] (13) 

Combination of eqs 11 and 13 gives 

2k1(AIBN] + k3(R'O•] [ PhP(OR)
2

] 

= k2[R'02 •](PhP(OR) 2J + (R'o2 •J 

On the other hand, eq 12 leads to 

k 2 [R'02 •J = k3(R'O•] 

Eqs 14 ~nd 15 give 
2kik2 

[R'O•] = [AIBN] 
k3kt 

Eqs 13 and 16 give 
2ki[AIBN] + (2kik2/kt)[AlBN)[PhP(OR)2J 

[R'•J = --~------~~~--~-------------­kl [02] 
Introduction of eq 1? into eq 10 gives 

2kik2 
v = 2ki[AIBN] + kt [AIBN][PhP(OR)2J 

Since kt << k 2 , 

v = k[AIBN][PhP(OR)
2

J 

Here, k = 2kik2/kt 

(14) 

(15) 

(16) 

(1?) 

(18) 

(19) -

If the termination is effected by step 9b alone, the 

application of steady state approximation with R'02 •, R'O·, 

and R'• aa carriers gives eqs 20, 21, and 22, respectively. 
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(20) 

k2[R'02 •][PhP(OR}2] = k3[R'O•](PhP(OR)2J + k't(R'O•] (21) 

2ki. [AIBN] + k 3[R'O•][PhP(OR) ] = k (R'•](O] (22) 
2 1 2 

The analogous derivation above gives 
2kik3 

v = 2k1[AIBN] ~ k' [AIBN)[PhP(OR)2) (23) 
t 

Since k' t<< k 3 , 

v = k 1 [AIBN](PhP(OR)
2

J (24) 

2kik3 
Here, k' = ---:--

k' t 
The other termination mechanisms (e.g., R'• ~ in-

active product or simultaneous reactions of 9a and 9b) lead 

rate equations conflicted with the observed rate law. In 

general, R'O• seems to be more reactive than R'0
2

• with di­

alkyl phenylphosphonites. Therefore, the unimolecular ter­

aination of R'02 • is more probable than that of R'O•. 

The substituents in dialkyl phenylphosphonites affect 
• little on the rate, i.e., p value of -0.058. This fact 

10 . 
suggests that the stability of P=O bond affects the au-

toxidation rate much more than that of the radical interme­

diate • 

. The radical chain length (c. L. ) was calculated to be 

200-2000 by means of eq 25, using values of a = 0.6 and ki = 
-6 -1 6 

3.2 x 10 sec • 

C. L. = (k2(R'o2•] + k3[R'O•])[PhP(OR)2]
0
/2aki[AIBN]

0 

= ka[PhP(OR)2]
0

/2aki[AIBN] (25) 

Here, a is the efficiency of initiation and ki is the de­

.eomposition rate of radical initiator (AIBN), and k is a 
apparent first-order rate constant.6 
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!.5 Experimental Section 

Materials. Phenylphosphonous dichloride was prepared 

by the friedel-Crafts reaction of benzene with PC13 , 11 bp 

101-104°/17 mm (lit. 11 bp 68-70°/l mm), yield 68%. Dimethyl 

phonylphosphonite was prepared by the esterification of 

pbenylphosphonous dichloride, 12 bp 101-102°/23 mm (1it. 12 

bp 98°/ 17 nun), yield 3{)%.· Diethy1 and diisopropyl pheny1-

phosphonite were also prepared by the similar procedure, bp 

and yield were 78-79°/8 mm (lit. 13 bp 110-111°/10-13 mm), 

27~ and 82-85°/8 mm (lit. 14 bp 121-122°/10 mm}, 11%, respec­

tively . Dimethyl phenylphosphonate was prepared by the 

Ullmann reaction of trimethyl phosphite with iodobenzene,15 

bp 122-125°/7 mm (lit. 15 bp 115°/0.9 mm), yield 35%. Di­

isopropyl phenylphosphonate was prepared by the esterification 

of phenylphoaphonic dichloride, bp 116-117°/3 mm (lit. 15 bp 

94°/0.1 mm), yield 33%. All phosphonates were identified by 

ir (a Perkin-Elmer Model 337 spectrophotometer) and nmr (a 

JNM-C-60HL spectrometer). Commercial solvents, AIBN, 02 and 

N2 were purified by ordinary methods and used. 

Product Analysis. The autoxidation product of dialkyl 

phenylphosphonite was confirmed to be the corresponding phos­

phonate alone by means of glc (a Yanagimoto GCG 550F gas 

chromatograph with a flame ion detector) with 3% Apiezone 

Grease L on Celli te 545 using programlidilg attachment. 

Kinetic Procedure • . The autoxidation apparatus has 

been reported previously. 8 A typical kinetic run was as 

follows: o2 gas at 200 mm Hg and N2 gaa at 350 mm Hg were 

•txed in the apparatus and introduced into the reaction ves-
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ael at 60.0° containing 6. 54 x 10-2 M dimethyl phenylphos-
-3 phonite in ~-dichlorobenzene ( 10 ml), then 5.39 X 10 M 

JlBN in ~-dichlorobenzene (1 ml) was run into it from buret. 

The reaction was started with vigorous stirring. The par­

tial pressure difference between the reaction mixture and 

the reference solution was measured at appropriate intervals 

of time. The observed pseudo-first-order rate constant (ka) 

was calculated by 

2 
log (a-2x) = - 2 •303 k

8 
t + log a (26) 

Here, a and (a-2x) are the concentration of substrate at the 

atart and at time t, respectively. 
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! KINETICS OF THE AUTOXIDATION OF TRIMETHYL PHOSPHITEt 

METHYL DIPHENYLPHOSPHINITE, AND TRIPHENYLPHOSPJIINE1 

B.l Summary 

Autoxidation ot trimethyl phosphite (1), methyl di-
. N 

phenylphosphinite (2), and triphenylphosphine (3) has been 
"' 'V studied kinetically in ~-dichlorobenzene at 60.06 using 2, 

2'-azobisisobutyronitrile (AIBN) as a radical initiator. 

The autoxidation proceede_d after a short induction period 

~o give predominantly the corresponding pentacovalent phos­

phorus compounds. The rates are always independent of oxy­

gen pressure and the rate law -for 1 and 2 is v = -d[02]/dt = 
N ,.., 

k' 2[AIBN][substrate], which was analogous to that for dimethyl 

phenylphosphonite. On the other hand, the rate law for~ 

was -d(02]/dt = k' 1 [AIBN](l + k' 2[substrate)} . The autoxida­

tion may have a radical mechanism involving chain' carriers 

R·, RO•, and R02•• The different kinetic behaviour of~ 

is atributable to the stability of a radical c~rier, 

Ph3Po2R, and resulting lower reactivity of R02 • with Ph3P. 

The rate constants decrease in the order: 2 > 1 > 3. The ap-,., ""' ..., 
• • • plication of Taft equation, log (k./k ) = P I:a , to these 
0 • 

compounds, 1, 2, and PhP(OMe}2, gives a p value of -0.380, - ,..., which implies a mechanism involving a nucleophilic _attaCk 

of phosphorus atom. 
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B.2 Introduction 

It is known that trivalent phosphorus compounds such 

as trialkylphosphine and trialkyl phosphite are autoxidized 

photochemically or in the presence o! a radical initiator. 2 • 3 

The main products were pentacovalent phosphorus compounds. 

p·(oEt)
3 

02 
peroxide 

02 
radical aource) 

(1) 

P(O)B~3 + P(O~(OBu)Bu2 --
+ 

IWljor products 

P( 0) ( 08~)2~(0)( 0Bu)
3 

(2) 

minor products 

A tew workers have r@ported the kinetic studies on their 

autoxidation, where the rate laws were v = k(AIBN)(B~P]/p0 4 . . 2 
and v = k[AIBN]((R0)3P]. The autoxidation of phosphinites 

. 56 
and phosphonites has been scarcely known. ' The previous 

kinetic atudy on the autoxidation of dialkyl phenrlphoe­

phonites revealed the rate law of v = k(AIBN][P~(OR)2], and 

relatively long chain process involving alkyl, alkoxy, and 
? allcylperoxy radicals as mentioned in the appendix A. The 

rate of autoxidation was reported to be in the order of 

(Bu0)3P < Bu3P, but little systematic study has been known, 

_and no convincinr explanation or the order was presented. 

This appendix reports the re,sul ta of the kinetic study 

on the AIBN-ini tiated autoxidatio:n ot trimethyl phosphite, 

•ethyl _ diphenylplloaphini te, and t :riphenylpbosphine in ,g_-di­

chlorobenzene, and the discussion about the ettect ot their 

~tructure including dimethyl phe~ylphosphonite. 



8.3 Results 

The autoxidation of trimethyl phosphite (1), methyl ,.., 
diphenylphosphinite (2), and triphenylphosphine (3) initi-"' . ,., 
ated by AIBN was conducted in ~-dichlorobenzene at 60.0° at 

oxygen pres s ure of 50-550 mm ag. The reaction products were 

analyzed by means of glc, tlc, and ir, and it was confirmed 

that~ gave dominantly trim~thyl phosphate, ! gave methyl 

diphenylphosphinate, and 3 gave triphenylphosphine oxide. 
- 67 The rate of autoxidation were measured by manometric method, ' 

at the total pressure of 550 mm Hg. 

Stoichiometry. The observed stoichiometry is shown in 

Table I. As the table shows, the autoxidation of trivalent 

phosphor~s compounds needs one gram atom equivalent of oxy-

gen. 

RlR~3p + 1 
2 °2 

AIBN ~ 
60° 

R1R2R3PO (3) 

1; Rl = R2 = R3 = HeO ..., 
2· Rl = R2 = Ph, R

3 = HeO -· .... 

3· ,..,. Rl = R2 = R3 = Ph 

Therefore, the observed pseudo-first-order rate con­

stants (k ) were calculated by means of equ.ation 4. 
la 

log (a-2x) = - 2 
k t + log a 2.303 1 a 

(4) 

Here, a and a-2x are the concentrations of substrate at the 

start and at time t, respectively • 
• 

Autoxidation ~ (MeO)~. Autoxidation of (Me0) 3P. (j) 
was carried out in o-dichlorobenzene at the initial con- _ 

·-2- -1 -3 
centrationa 1~ 10 - 1 ~ 10 M of 1 and 0 - 4 )(.10 M ot :·:,: 

~ 
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AIBN at 60.0°. The obs~rved pseudo-first-order rate con­

atants are listed in Table II. As Table II shows, the rate 

law for 1 is expressed as equation ~. The rate is inde-
. N 

pendent of oxygen pressure. 

v = -d[02 ]/dt : kl (1] = k' (l](AIBN] (5) a,.., 2-
The second-order rate constant (k' ) was calculated to be 

-2 -1 -1 2 
8.34 XlO M sec (Table II). 

Autoxidation of Ph2P(~te). Autoxidation of Ph
2

P(OMe) 

(2) was carried out stmilary at the initial concentrations 
"" of 5~ 10-

3 
- 4~10-2 M of 2 and 0- 5 )(l0-3 Mot AIBN, the -observed kinetic data being summerized in Table III. The 

~ero-order dependence on oxygen pressure was also observed. 

The rate law is expressed as eq 6. 

v = k
1 

[2] : k'
2

(2][AIBN] 
a- -

The second-order rat e constant (k'
2

) 

(6) 

is 3. 76 X 10-l M-1sec -I. 

The autoxidation of Ph2P(OMe) is faster than tha~ of PhP{OMe)2 , 
-1 -1 -1 7 since k' 

2 
for PhP(OMe)

2 
is 1.05 XlO M see • 

Autoxidation ~ Ph3~. Aut.oxidation . of P~P <~) was 

carried out in a-dichlorobenzene at 60.0° at the initial 
. - -2 -2 -3 

concentrations of 1 X 10 - 8 X.lO M of ~and 0 - 1 x.lo 
M of AIBN. The independence of rate on the partial pressure 

of oxygen and first-order dependence on AIBN concentration, 

i.e., v = k"
1

[AIBN], was observed as shown in Table IV. The 

effect of the initial concentration of 3 is shown in Table V. 
IV 

The plot ot zero-order rate constant (k
0

) vs. initial con-

centration of 3 gave an intercept, which gave a value of 
2 ~ -1 

2.8BX10- M sec (Figure 1), the rate being expressed as 

eq 7. 

Y ~: k' 
1 

(AIBN](l + k' 2[~) (7) 

From the intercept and alope in Figure 1, the first-order 
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Table II. Autoxidation of 1 in ~-Dichlorobenzene at 60.0° ,.., 

Partial Initial eoneentra- . io4 k 102 k' .. 
la 2 

pressure tion; (M) 
of 0

2
, 

Xl0
2 -1 (mnBg) [1) [AIBN] Xlo3 ( JM-1 -1 (se·c ) see ) ,.,o 0 

50 10.8 2 .. 78 2.18 

) 100 10.8 2.78 2.02 7.99 
200 10.8 2.78 2.37 

400 10.8 2.78 2.29 

200 8.33 3.77 3.05 

200 4.17 3.77 3.48 8.18 
200 2.08 3.77 2.94 

200 1.04 3.77 2.88 
200 8~33 1.89 1.73 8.81 

200 8.33 0.943 0.821 8.72 
200 8.33 0.471 0.451 9.58 

200 ·8.33 0 0 

Mean second-order rate constant 8.34 
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Table III. Autoxidation of 2 in o-Diehlorobenzen•~ at 60.0° 
1\1 

Partial 

pressure 
of o

2
, 

(mmHg) 

100 

200 

400 

550 

200 

200 

200 

200 

200 

200 

200 

Initial concentra-

tion, (M) 

[2] X 10
2 

[AIBN] )( 103 
~ 0 0 

4.12 

4.12 

4.12 

4.12 

2.06 

1.03 

0.515 

4.12 

4.12 

4.12 

0.515 

1.98 

1.98 

1.98 

1.98 

2.13 

2.13 

2.13 

4.51 

2.26 

1.07 

0 

Mean s ec ond-order rate consatnt 
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-1 
( sec ) 

7.48 

7.91 

7.99 

7.77 

8.25} 
8.25 

8.4? 

16.9 

8.1? 

3.00 

0 

-1 -1 
(M sec ) 

3,94 

3.90 

3.75 

3.61 

2.81 
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Table v. Rate Dependence on Initial Concentration of 
Substrate in Autoxidation of 3 at 60.0° 

"' 
Partial Initial concentra- 105 k a 

la 
1o'i' k · b 

0 
pressure tion, (M) 

of o
2

, 

[3] ~102 [AIBN) x103 -1 -1 (tnmHg) (see ) (M sec J 
~0 0 

200 7.61 2.30 6.00 4 •. 57 

200 3.81 2.30 10.0 3.81 

200 1.90 2.30 17.4 3 •. 30 

200 0.95 2.30 31,5 3 •. 00 

- a 
Initial pseudo-first-order rate constant. 

b The value of k was calculated by k
1 

(3] = k • 
o a,vo c• 

Table VI. Substituent Effect in Trivalent Phospho·rus 

Compound.s on the Autoxidation Rate in o-Diehlorobenzene at 

60.0° 

Trivalent phos­

phorus compounds 

P(OMe)
3 a PhP(a-le)

2 
Ph

2
P(a.te) 

• Reference 7. 

8.34 

10.3 

37.6 
• 

log (k' /k' ) 
2 2o 

o.ooo 
0.100 

0.654 

~ • b 
£_,fJ 

41.38 

~h~2 

2 :.66 

' . . 
b The agn of cs (c,. values tor Ph and me p-oupa are . 

+0.600 and +1.46 1 respectively). 
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I 

u • • 
X -.. 

0 .., 
~ 

0 ... 

4.8 

4.0 

3.8 

3.0 
2.8 '----L----IL-----L--.....t..-1 

0 a • a e 
[Ph

3
PJ

0 
X 10

2
, (M) 

Plot of zero-order rate constant (k ) 
0 

The inter-va. initial concentration of Ph3P. 
-4 -1 cept ie 2.88 X 10 M sec and the slope is 

-e -1 
2.22 X 10 aec • 
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rate consta:nt (k 1 

1 ) and the second-order rate constant (k 1
2

) 
-4 -1 -2 -1 were caleul;ated to be 1. 25 )( 10 sec and 1. 78 X 10 M )( 

-1 aee 1 resp,ectively, 

B.4 Diseus1sion 

As aho1wn · in Tables II-IV, the autoxidation of 1-3 needs 
"""" a radical i Jnitiator, which suggests the reaction may involve 

a radical mtechanism, as known with trialkylphospbine and 

trialkyl ph1C)Bphi te. 2 

Auto:xitiJation of 1 and 2. The observed independence ot --4-v 
rate on OJCYf!!l'en pressure, and first-order dependence on AIBN, 

~s well as ·the formed products, the autoxidation ot 1 and 2 ""' ..., 
•ay have a rnechanism involving a untmolecular termination of 

9 -
R02 • or les1!J probably RO• 1 which is similar as that of au-

toxidation •t»t dialkyl phenylphosphoni te. 

AIBN 

R• + 

RO • 
2 

RO• + 

RO • 2 

RO• 

ki 
) 2R• 

kl 
•o2 ) 

+ R1R2R3P 

RO • 
k 2 

2 ) 

k3 
) 

k' 
t ) 

inactive product 

inactive product 

8 

+ RO• 

+ 

(8) 

(9) 

(10) 

(11) 

(12a) 

(l2b) 

1 . :! 3 
Here, R , R 1 and R represent phenyl or methoxy «roup, and 

R• ie a . radi~:::al species s.ucb as Me2ccN. 
Even iJr o2 may be produced from ate~s 12a and ~12b, the 

amoUDt of turmed . o2 ie negli~ible, if the chai~ le~~h ie 

lo~ enough.... . Thus the rate of . absorption of Q2 _'!a •Xpreased · 
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as eq 13. 

v = -d(02]/dt = k1 [R•][0
2

] {13) 

The application of the steady state method assuming 

the approximate constant concentrations of R•, RO·, and R0
2

• 

leads to eq 14 as mentioned in the appendix A. 7 

2kik2 1 2 3 
v = 2k1[AIBN] + (AIBN](R R R P) 

kt 
(14) 

When the chain is long 

eq 15. 
enough, i.e., kt<<. k 2 , eq 14 leads to 

v • k[AIBN](R1a2a3P] 
2ki~ 

'there, k = -~ ...... -
kt 

(15) 

Therefore, the autoxidation mechanism of 1 and 2 may be ex-

pressed by 

than R0
2 
•, 

atep. 

eqs 8-12. Since RO• 

then eq 12a may be a 

,.., ,.., . 
is a reactive apecies more 

predominant termination 

Autoxidation of 3. Because of the observed rate law 
-~ 

for 3 (eq 7), the first term in the right aember of eq 14 . , 
cannot be neglected in this case. Then, eq 14 coincides 

with the observed· rate law. This ahowa that eqs 8-12 are 

pperating in the aechanism for 3 and that . k2/k~ for 3 is 
. ,., 3 ~ 

-ller than that for !, or~ and (k2/kt )[R1R~ P] is com-

parable to unity. This may be attributable to the atabil-
. 1 2 3• 1 2 3 

it~ of carrier radical, R R R P02R (R = R = R • Ph) by-

resonance with phenyl «roupa. 

SiDce the reactivity- of RO• radical 1a known to be 

. Jllsh, the rate constant k3 may be larger than k2 • 

Subatituent Effect ~ Trivalent Phosphorus Compounda. 

'l'he autoxidation rate which have a aaae rate law inereaae 

in the order: P(OMe)3 < PhP(CMe)2 <~P{Oofe). Application 

of Taft equation to their reaction rates slvea eq 16 (Table 
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YI). 
• log (k/k ) = -0.380 le1 (16) 

- · 0 • Here, ~C1 represents a sum of a values tor substituent& in 

trivalent phosphorus c.ompounds. The correlation coefficient 
• (r) is -0.928. The negative p value implies that a ra4ical 

attaek o~ phosphorus atom in eqs 10 and 11 is of nucleo­

philic trend, i.e., R02• and RO• are electrophilic radicals 

toward the trivalent phosphorus compounds, although the 

trend is poor. 

Taft equation was also applicable to the substituent 

effect in dialkyl phenylphosph~nites, PhP(OR) 2 (R = Me, Et, 

and 1-Pr).7 The correlation was expressed as eq 17 • 
• log (k/k ) = -0.058 a (17) 

0 • 
The r value was -0.95. The observed smaller negative p 

value than that obtained in the present study may be at­

tributable to the ~-position of aubstituents for the reac­

tion site. 

It has been reported that the autoxidation rate of 

B~P was taster than that o~ (Bu0)3P by a factor of about 
4 1.8. This may be explained by the above substituent effect 

in trivalent phosphorus compounds qualitatively. 

Radical Chain Length. The radical chain length (C. L.) 

aay be calculated by means ot eq 18, ~ usi.ng values of the 

efficiency of initiation (a) of 0.6 and the decomposition 
. . . -6 -1 4 

rate of radical initiato~ (k1 ) of 3.2 ~10 aec • 

C. L. = k (R1R2R3P] /2ak1(AIBN] (18) 
• 0 0 

Here, k is an observed first-order rate constant. The 
• • 

calculated C. L. values were S00-5000, 1000-10000, and ca. 

860 tor 1, 2, and 3, respectively; these •«ree with the ,., ,.. .., 

- 14&-



proposed mechanism which baa a long chain length. 

B.5 Experimental Section 

Materials • . Trimethyl phosphite (1) was purified be­

tore use, bp 51°/83 anm (11t.10 bp 111-712°). Methyl di­

phenylphosphinite (2) was prepared by disproportionation of 
11 ,.., 

PhPC12 followed by esterification, overall yield of ~. 

bp 123-124°/3 mm (11t.12 bp 151-152°/10 mm). Tr~ethyl 
13 phoaphate was .aynthesized from POC13 and MeONa, in a yield 

ot 6~, bp 92°/21 mm (lit. 13 bp 73°/10 mm). Methyl di• 

phe~lphospbinate was prepared by the reaction of 2 with 
N 

benzoyl peroxide (BPO), the crude product being used for 

tle analysis and ir spectra as an authentic sample. tri­

phenylphosphine oxide was synthesized from triphenylphos­

phine (3) and BPo.14 Recrystallization from ligrotn gave -a ~ield of ~1", ap 156° (lit • .l4 mp 153.5°). Connercial 

G.R. srade ot! aJ;ld AIBN were . used. !.-Dichlorobenzene was 

purified before use, bp 86-88°/41-43 mm. 

Autoxidation ot Trivalent Phosphorus Compounds. Au­

toxidation of 1, 2, and 3 was carried out with addition of 
"'¥ ,.., IV 

ca. 0.1 mole equivalent of AIBN and at 200 mm of oxygen. 

preaaure in o-diehloroberusene and/or in neat at 60.0° tor - . . 

1-3 days. They consumed 0.5 mole equivalent of oxygen and 

dominantly <ave corresponding pe»taeovalent phoaphorua 

ccapounds, i.e., trimetbyl phosphate, methyl diphenylphos­

phiDate, and triphenylphosphine oxide, reape~tively. Trl­

aetbyl phosphate waa .identitied by glc (Cromoaorb W, acid 

waahed• coated with 8" silicone SE 30; column temperature 

. 
- lf? 



at 90°) using the authentic sample. Methyl diphenylphos­

phinate was identified by glc (Chromosorb W, acid washed, 

coated with 8% silicone SE 30; column tempe~ature at 160°), 

tlc (silica gel; eluent, EtOAc!petroleum ether = 3:8), and 

ir spectra (1442 and 1017 em -l (P-Ph) ;15•16 1228 cm-l 
17 18 (P=O) ' in !-dichlorobenzene) comparing with the authen-

tic sample. Triphenylphosphine oxide was identified by tlc 

(ailica gel; eluent, EtOAc!petroleum ether = 3:7) compared 

with the authentic sample •. 

Kinetic Procedure. The apparatus tor autoxidation has 

been reported previously.8 A typical kinetic run was as 

follows: 4.12 X 10-2 M methyl diphenylphospbinite in o-di-
•3 chlorobenzene ( 5 ml) and 1. 98 X 10 M AIBN in £_-dichloro-

~enzene (1 ml) were mixed in a reaction vessel of 96 ml, 

then gaseous 02 at 200 ma and gaseous N2 at 350 mm were 

mixed and introduced into . the apparatus. The apparatus was 

aoon thermostated at 60.0° and the autoxidation was started 

with vigorous magnetic atiring. The partial pressure dif­

ference between the reaction mixture and the reference solu­

tion was mea~ured at appropriate intervals of time. The 

partial pressure of oxygen was corrected by at the temper­

ature, and used tor calculation. The observed pseudo­

first-order rate constants (k1 a ) were calculated by eq 4. 
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