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Abotract - Whereas trtethyl phosphite readily reacts with benzoyl chloride to 

yield the Michaelis-Arbusov product, diethyl benzoyl phosphonate, I-methyl-4- 

phoapha-3,5,8-trioxabicyclo[2.2.2locta”e. l_, is essentially unreactive, eve” at 

a higher temperature. The bicyclic phosphite Lalso reacts slover than the tri- 

ethyl phoaphite 1 in a” oxidation with t-butyl hydroperoxide. These results are 

tnterpreted in terms of the stereoelectronic effect. 

INTRMHJCTION 

Stereoelectronic effects have been sug- 

gested to signiftcantly influence the rates, 

products, and stereochemistry of reacttons of 

organophosphorus compounds. l-10 I” contrast 

to the large body of experimental and theore- 

tical work supporting the role of orbital 

ortentatio” (the stereoelectronic effect) in 

carbon chemistry,4b~1’-‘4 no direct experi- 

mental evidence yet exists to support this 

hypothesis in the reactions of organophospho- 

rus compounds. 

Our ab initio molecular orbftal calcula- 

t ions2-7 have suggested that the orientation 

of lone pairs on directly bonded oxygen or 

nitrogen atoms can slgntficantly affect the 

reactivity of .organophosphorus compounds. In 

phosphate esters this stereoelectronic effect 

involves activation OF a P-O ester bond by 

antiperiplanar (app) fnteractfon with oxygen 

or nitrogen electron lone pairs. Calcula- 

tions have suggested that orientation of a 

lone pair antiperiplanar (app) to a scissile 

bond can lower the energy of a transttion 

state by as mch as 11 kcal/mol relative to a 

corresponding transitlon state wtthout this 

app lone pair. 4,7 Unfortunately, attempts to 

_,.&z;L.JS.;:a::r confirm this effect have been 

frustrated by conformational flexibility in 

the relatively unconstrained phosphate ester 

systems earlier studied. 9 

The stereoelectronic effect in the hy- 

drolysis of phosphate esters is attributed 

to “0 <--> o *P-O orbital mixing (n,, oxygen 

lone pair; &p_O, P-O antibonding orbital) 

which will fadlttate P-O ester bond cleavage 

(or its formstion).2-10~13 Similar stereo- 

electronic interactions should facilitate P-X 

bond formation in nucleophtltc displacement 

reactions by phosphite esters: 

(R0)3P: + X-Y ---> (RO)3P+-X t Y- 

In this -Se no <--> o* orbital mixing is 

possible when a lone pair on the oxygen of 

the phosphite ester is app to the newly form- 

ed P-X bond (X - 0 or C): 
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The poor nucleophll~city for the hicyclfc 

phosphite 1 is consistent ‘** with the inabll- 

ity of oxygen lone pairs on the ring con- 

stmfqed system to he oriented app to 

the o* orbital. Here, we vane to provide ex- 

perfrasntal support for this stereoelectronic 

effect. Additional reactions of phosphftes 1 

and 1 with vartous electrophiles are co”_ 

sidered. 

Ezsm,Ts AND DIsCossIoN 

Bicyclic phosphfte 1. has been shown to not 

react with the electrophiles ethyl benzene- 

sulfenate and diethyl peroxide, in contrast 

to triethyl phosphite which readily formed 

pentaethoxyphosphorane.1 

A slnilar nucleophilicity difference be- 

tween 1 and criethyl phosphite was observed 

In the Michaelis-Arbusav reaction. Thus, a 

solution of 1.94 !4 in both trtethyl phosphite 

and benzoyl chloride in dry dioxane at 31’C 

readily produced the Hi&sells-Arbusov pro- 

duct wfth a half life for the reaction of Q. 

(> 
0 

0 La 

/O 
:p, 

\o 
0 3- 

1 

phosphfte reacttons. In the normal Michael- 

is-Arbusov reaction the ftrst step has been 

shown to be the rate-determlnfng step by a 

quantitative study of the following rest 

tion 16,17a 

0 
n 

(EtOj3P: + Et1 > (Etoj2PEt + Et1 

The rate of product formation was followed by 

tnfrared spectroscopy and the study showed: 

(a) ethyl iodide was not consumed during the 

reactfon; (b) the rate was proportional to 

[EtI]; (c) the rate was not enhanced by in- 

creasing (1-l; and (d) the reaction was LU.IC!J 

faster in acetonltrfle (dielectrtc constant 

4 dn. Rowever, the hicyclic phosphlte I_, 

under identical concentrations in a sealed 

NNR tube, was recovered unreacted after 3 

months at 31°C (Eq. 1). This represents at 

least a lo’-fold lower reactivity for the bi- 

cyclic phosphite I. In order to Elake this 

comparison, however, we must estahlfsh if the 

rate-deteraining step is the same for both 

:P(OCH*CH,), 

2 - 

N.R. 

(Pq. 1) 

\i5”C), D = 36.2) than in benzene (D - 

2.27). Although these results are uniquely 

consistent with a rate-limiting first step, 

t’lis conclusion should not be used for hulki- 

ar phosphltes. In some cases, In fact, the 

Yichaelis-Arbusov intermediate has been iso- 

lated as a crystalline product 18.19 (Es. 

2). %lso when elactrophlles are highly 

(Eq. 2) 

0 et- 
* Br2 

MeCN \* 
0 ‘C 2 

/P-m p 4 /O O\P’ 
fast 

WMR measured 
slower 
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C x 
(EtO) ,P: + X-:-Ph _ 

1 
.J 

k_: :: c k-2 Et; 
x-3 

I (Eq. 3) 
k 

3 

(X:Cl,‘) 

reactive, tFlts generalization does not seen 

to hold. For example, when trlethyl phos- 

phtte was treated with benzoyl halide, the 

first step did not seem to be the rate-deter- 

mining step (Eq. 3). Only when the first 

steb is the rate-determining step, is the re- 

action taster utth X - F, stnce chloride is 

the better leaviag group (k2 atev) and the 

better nucleophile (k3 step) than fluoride. 

Although trtethyl phosphite (1.96 ?I) reacted 

completely vith benzoyl chloride (1.94 !4) at 

rt in dioxane within one hour, 90% of tri- 

ethyl phosphite was found unchanged when ben- 

zoyl fluortde (1.94 !+) was used as the elec 

trophtle under the identical conditions oith- 

fn 90 h. Therefore, tn equation (l), the 

nucleophtlfc attack (first step) is not the 

rate-determining step for the triethyl phos- 

phite. The first step must be even faster 

than the overall reaction rate. ln wntl-aYt, 

the slow reaction rate of the hicyclic phos- 

phite seems to be due to rate-determinfng nu- 

cleophtlic attack. 41though trineopentyl 

phosphite reacted with methyl iodide at ronm 

temperature (Eq. 2),18 the bicydic phosphite 

did not react with boiling methyl iodide.20 

The failure OF the reaction must again be due 

to the poor nucleophilicity of the hicycl:c 

phosphite. If a Hichaelis-4rbusov phosphoni- 

urn ton intermediate of the bfcyclfc phosphite 

and methyl iodide had been formed, it would 

have decomposed as quickly as the intermedi- 

ate of trineopentyl phosphite and wthyl 

iodide, because the methylene carbons of the 

bicyclic intermediate should not be sterical- 

ly more crowded than that of the neopentyl 

groups. The followtng relative teactivlty 

for several phosphi:es In the Yichaelis- 

K? 
:EtO) 2?-C-?h 

-\rbusov reaction can best be explatned by the 

stereoelectronic effect since the btcycllc 

phosphite 1 does not have any oxygen lone 

pairs app to the P-electrophile bond. 

(EtOj3P: > (Neopentyl-013P: >> Y3CC(H2COj3P: 

It should be noted that the lack of rear 

tivtty of the btcyclic phosphite 1 with ben- 

zoyl chloride could alternatively be attrl- 

buted to an unfavorable thermodynamics of re- 

action. The inability to observe any product 

:n the rea ct 1 on could suggest that the 

4rbusov prod” ct. 

X 

4 
4 A 
0-P’ 

opL c) 

0 

Is thermodynamically unstable relative to 
startfng materials. 4lthough we cannot de- 

finittvely elfminate this possibility, this 

result would be without precedence. The for- 

-aation of the very strong P-O double bond 

provfdes a major driving force for reaction 

of many organophosphorus compounds, and 

should push the Arbusov reaction of 1 to corn- 

pletion (assuming it could overcome the kine- 

fit barrier for the reaction). In fact, ?li- 

chaelts-Ayhusov reaction of H2C-CRCH2X with 1 

proceeds in the presence of Ni catalysts. 21 - 

Similar results were observed in the Per- 

kw reaction in the work of Denney and Wag- 

ne r2* Trialkyl phosphites react with x-halo- 

carbonyl compounds to give either an a-keto- 

Thosphonate or a vfnyl phosphate or a mixture 

of both (the Perkow Reaction, C-q. 4). 17b The 

wchanism of this reactfon has lntrfgued 

?.%) ?: 
I II X-C-C-R4 1 II I II 4 

: 
+ - (R 0: 

2 
?-C-C-R + 

‘3 
k3 

,RIC) ,:-0-;=,n 

R ‘R3 

+ R’X (Eq. 4) 
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tnvestigators for over 20 years and is still The concept of rate-determining nucleophi- 

not completely resolved, mainly because of lit addition to carbonyl carbon is also sup- 

four possible sites for nucleophilic attack ported by the work of Denney et al. who 

(attadc at the a-carbon, on halogen, carbony studied the reaction of a series of acyclic 

carbon, or carbonyl oxygen). It seems highly and cyclic phoaphites with ch:oral, CC13CHO. 

likely that formation of the keto-phosphonate and o,a,o-trichloroacetophenone, C13CCOPh.22 

product OCCUrS via “ucleophiltc attack on Rates For tile Perkow reaction were 1” the 

the o-carbon which is strictly analogous to following order 

the mechanistic pathway of the Michaeli.s- order observed 

4rbusov reaction. phosphites wtth 

which is identical to the 

for reactions of the same 

dibenzoyl peroxide and alkyl 

(RO) 3P: + X-CH2CR - (RO) 2P=CI12CR - (RO) 2P-CH2-C-R 

- RX 

Attack on halogen as a route to vinyl phos- 

phate is untenable, and the consensus of cur- 

rent opinion favors attack on the carbonyl 

group as the operative mechanism for the Per- 

kcw reactio”.17b 

“alides. (The ttme to consume 50% of the 

carbonyl group differs from less than 2 ain 

(fastest) to no detectable reaction within a 

month (slowest).)*’ 

0 

t 

+ RX 

Unlike the reaction between triethyl phos- 

phite and benzoyl halide (Eq. 3), the rate- 

deterniaing step of the Perkow reaction is 
LI. . 1r.n. 

likely to be the first “ucleophilic attadc 

step because the halogen reactivity order is 

the reverse for the reactton of Eq. 3 (Cl > 

Rr > I for the Perkow reaction) ,and the Co-X 

bond does not seem to be broken. Additional- The reaction with chloral was stereospectftc 

ly, kinettc studies by Borowitz et al. 
23 sug- and ocarred with retention of configuration 

gest X- does not attack Q in the rate-deter- at phosphorus which is 

minfng step. attadc by phosphorus. 22 

CC1 3CHO 

+ 

expected for carbony 

H 
;c=cc1 

0 
2 

I I 

3< * =0 

3’ 
Cl- + MeCl 
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Tatle ! 

Oxidation of Phosphitcs with t-Bury1 Hydroperoxide 

3219 

Scanning Time’ % Starting Phosphite and Product Phosphates 

t (min) (EtO) 3P:b (EtO) 3P-0 

2-a 9 9: 75 25 38 62 

lo-18 54 46 10 90 

20-28 26 74 I 99 

60-68 6 94 

aTime after initiation of the reaction for 3’P NHR spectral 
scanning of the reaction products. 
‘in pure dioxane 
‘in 50% aqueous solution (PH 7 and 9) 

The relative order of reactivity for the 

phosphites in the Perkow and Arbusov reac 

tions is thus consistent with the stereoelec 

tronfc effect. 2 Those phosphites such 8s 1 

and related bicyclic phosphites in the Perkow 

series study do not possess any oxygen lone 

pairs app to the phosphite-electrophlle bond 

and are the least reactive. As shown in Den- 

ny’s Perkow reaction study. it appears that 

bond angle and hybridizatton changes (such as 

in five-membered vs. six-membered ring phos- 

phites) also affect the phosphite reactivi- 

ty. 
22 

Interestingly, this order of reactivity 

also holds for oxygen transfer reactions (ox- 

idation of phosphites).22B24 As shown in 

Table 1, the bicyclic phosphite 1 is oxidized 

slower than the acyclic trfethyl phosphite 

when t-butyl hydroperoxide is used as the ox- 

idizing agent, and there 1s no oxygen trans- 

fer to hicyclic phosphite 1 when pyridine N- 

.xCile ts used (see also Dewey et 

31 22+. . There is some evidence that OXY- 

gen trsnsfer from N-oxides proceeds via a 

free radical mechanism.2h In fact, triethyl 

phosphite reacted M)re slowly with I-nitroPY- 

ridinr oxide than pyrtdine U-oxide. 

i stereoelactronic effect provides the 

mOst satisfying explanation for this poor nu- 

cleophilidty of the bicyclic phosphite.l’* 

Thus, in the case of triethyl phosphite, aS- 

sumtng free rotation about the P-O bonds. s 

msxinntm of three lone-pair orbital6 on oxy- 

gens are available (antipertplansr) to the 

newly forming phosphorus-electrophile (P-E) 

bond (n-@p_g stabilization). Bowever, no 

comparable stsbllization from the oxygen lone 

pairs is possible for the bicyclic phosphite 

r because of ring constraints (all lone pairs 

are lodced gauche to the incipient P-E 

bond). Because II-&~+ stabilization in the 

acyclic phosphite is much greater than 

the ~o_C-@p_E stahilizstion Ln the bicyclic 

phosphite,2 the energy of the acyclic transi- 

tion state can be stereoelectronically sig- 

niftcantly stabilized compared wfth that of 

the bicycllc transition state. Ue regard 

this as the origin of the superior 

philtcfty for the acyclic phosphite 

with that of the blcyclic phosphite. 

nucleo- 

compared 

The phosphonlum ion intermedIate, or the 

transition state leading to it will hsve a 

higher energy fn the case of the bicyclic 

phosphite because of the unfavorable stereo- 



3220 K. TAIRA and D. G. GORENUEIN 

electronic effect previously described.1v2 

The reduced nuclophili.dty of the hicyclic 

phosphite is eve” more remarkable considering 

that steric effects would suggest that 1 - 

ought to be more reactive then the acyclic 

phoaphite. For example, the btcyclic amine 

quinuclidine is more reactive (k,/k,=60) than 

the acyclic species, triethylamine, towards 

methyl iodide in nitromethane. 25 By steric 

analogy the”, the bicydic phosphite should 

4 
0 Ie 

: + CHlI - _6 N-m3 

0 I* 

(E&N: l CHsI 2!L ( Eo3 N-CH, 

4 ,, 4 

be a better nucleophile than an acyclic phos- 

phite. 

1” summary. the clearest explanation for 

the kinetic barrier for formation of the Xi- 

chaelis-Arbuaov product from 1 and the slower 

reactivity of L toward t-butyl hydroperoxide 

ts provided by the stereoelectronic effect. 

More generally (as disolssed in reference 2) 

the stereoelectronic effect provides a likely 

explanation for a significant portfon of the 

enhanced reactivity of nucleophiles with un- 

shared electrons o to the nucleophilic atom 

(the o-effect).25-29 As also pointed out by 

Verkade and Hudso”30-33 and in ref 1 the un- 

usually poor nucleophllicity of 1 compared to 

acyclic phosphites suggests that orbital in- 

teractions such as the stereoelectronic ef- 

fect* (or lone-pair-lone-pair intera c 

tions30-33) are responsible for the great 

differences in o-effect nucleophilidty be- 

tween acyclic and bicyclic phosphites. 

QpBBmNTAL sEtxIoil 

‘H and ” P NMR spectra were recorded on a 

Brukar Up-80 spectrometer at 80 and 32.4 !iHz, 

respectively, or ‘H NQ!R on a 60-MHz Varian T- 

60 spectrometer. Chemical shifts in parts 

per million for ‘H NMR spectra are referenced 

to fnternal He4Si and for 31 P NMR spectra are 

referenced to external 85% H3P04. Melting 

points were taken on a Thomas-Hoover apparat- 

us and are uncorrected. 

Chemicals were generally of highest puri- 

ty. Solvents were distilled before use and 

stored over 4 A molecular sieves (Cra ce 

Chemical Co.). 

Trierhyl 1 (Aldrich) was dis- 

tilled under argon atmosphere. bp 155.0- 

156.O’C. and stored in a freezer with mole- 

alar sieves under argon atmosphere. 

Ricyclic phoaphite , 1 (l-methyl-(c-phospha- 

3.5.8-trioxabicyclo[2.2.2]octsne) was prepar- 

ed as previously descrihed.l 

Michaelis-Arbusov Reactions. The reac- 

tions were followed by 31 P NMR on a Bruker 

‘JP-80 spectrometer at 32.4 MHz. In all owes 

0.680 mm01 of benzoyl halide (1.94 H) was 

mixed with an equimolar amount of the phos- 

phite in 0.35 mL of carefully dried dtoxane 

(dried over metallic sodium and kept in a re- 

frigerator under argon atmosphere with mole- 

cular sieves). Benzoyl halides were also 

purified by distillation and kept under a” 

argon atmosphere. 

Benzoyl Chloride Arbusov Reaction with 

Triethyl Phosphite. The formation of diethyl 

benzoylphosphonate was followed by NMR 

at 6 3’P - 1.8 ppm at 3l’C. The reaction was 

very fast: the half life was about 4 minutes 

and within I h all the triethyl phosphite was 

completely converted to diethyl benzoylphos- 

phonate. 

Benzoyl Chloride Arbusov Reaction with Bi- 

cyclic Phosphite, r. Identical concentra- 

tions of benzoyl chloride and bicyclic phos- 

phite 1 were kept in a sealed NXft tube under 

argon atmosphere in a 3l’C bath. Within 

three months there was no detectable amount 

(S/N limit L2.T) of any reaction product other 

the” the starting material. bicyclic phos- 

phite 1. 

Benzoyl Fluoride Arbusov Rea ctio” with 

Triethyl Phoephite. The identical concentra- 

tion of triethyl phosphite reacted with ben- 

zoyl fluoride mrch more slowly than with ben- 

zoyl chloride. Within 90 h. over 90% of the 

triethyl phosphite remained ““reacted. The 

only detectable products were 2% dtethyl 

phosphfte (S31P 6.4 ppm) and 7% triethyl 

phosphate (a3’P - 1 1 ppm) . . 

Oxidatlo” of Phosphites with t-Butyl 

Hydroperoxide. The reactions were followed 

by 31 P NMR on a Eruker UP-80 spectrometer at 
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32.4 MHz. To a solutton of 11.6 uL (0.068 

mmol) of trlethylphosphfte in 0.4 mL of di- 

oxane (0.17 M) was added 12.0 uL (0.084 rmnol) 

of 70% t-butyl hydroperoxide and then the 

formation of trtethyl phosphate was monitored 

by 3’P NMR at 31°C. Results are shown in 

Table 1. 

To a solutton of 0.0100 g (0.068 rmnol) of 

bicyclic phosphite 1 fn 0.4 ml, of dioxane was 

added 12.0 uL of 70X t-butyl hydroperoxide 

and the reaction was followed as described 

above. 

A solutton of 0.0100 g (0.068 ~mnol) of bi- 

cyclic phosphite in 0.2 mL of dfoxane was 

mixed vith 0.2 mL of 0.5 ti $ 9 trfs-buffer 

in D20. To this was then added 12.0 PL 

(0.084 mmol) of 70% t-butyl hydroperoxide and 

the reaction was followed as above. When 0.5 

M pH 7 tris-buffer was used in place of pH 9 

buffer, identical results were obtained. 
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