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Abstract-The behavior of Cnitrophenyl dihydrogen phosphate, ArOP03H2, and of its tetra-n- 
butylammonium and tetramethylammonium salts, ArOPO,H-R,N+, ArOPO:-2(R,,N+), was studied in 
aprotic solvents, in the absence and in the presence of increasing amounts of alcohols or water. The reactions 
were investigated in the absence of amines, and in the presence of hindered and unhindered amines, 
diisopropylethylamine and quinuclidine. The course of the reactions was followed at 35” or at 70” by 31P and 
‘H NMR spectrometry. Values for the approximate half-times of the reactions were estimated ( f 25 ‘A) from 
the times at which reactant signal intensity becomes equal to product signal intensity. The mononitrophenyl 
ester transfers its phosphoryl group to alcohols and water from the diprotonated acid by the 
addition-elimination mechanism via oxyphosphorane intermediates, and from the monoanion and dianion 
by the elimination-addition mechanism via the monomeric metaphosphate intermediate, PO;. Formation 
of PO; is faster from dianion than from monoanion in acetonitrile and in alcohol solutions. Conversely, 
PO; is generated at a faster rate from monoanion than from dianion in aqueous solution. This effect results 
from a decrease in the rate of formation of PO; in the solvent series: acetonitrile > alcohols > water. The 
rate depression as a function of the medium is greater for the dianion than for the monoanion, and is 
attributed to greater solvation of the more polar phosphate ground state than of the less polar transition state 
in the more polar protic solvents. Unhindered amines add to Cnitrophenyl phosphate monoanion, but not to 
the dianion. The oxyphosphorane Intermediate thus formed collapses to aroxide ion and a protonated 
dipolar phosphoramide which is rapidly deprotonated by the relatively basic 4-nitrophenoxide: 
ArOPO,H- + CH(CH,CH,),N(acetonitrile + CH(CH$H,),N’P(O)(OH)O- + ArO- e CH(CH,- 
CH,),N’PO:- + ArOH + CH(CH,CH,),N + PO; The postulated formation of PO; by this 
route explains why the addition of quinuclidine to an acetonitrile solution containing the monoanion salt, 
ArOPOJH-R4Nf, and t-BuOH produces t-butyl phosphate at a faster rate than the addition of 
diisopropylethylamme to the same solution. 2,CDinitrophenyl phosphate, which was previously studied by 
the same techniques, reacts via oxyphosphorane intermediates from the diprotonated and the monoanion 
forms, and via monomeric metaphosphate, from the dianion form. 

The behavior of 2+dinitrophenyl phosphate, and of 
its quatemary ammonium salts, has been studied in 
aprotic solvents in the absence and in the presence of 
alcohols or water.’ The reactions were investigated in 
the absence of amines, and in the presence of variable 
amounts of the sterically hindered and unhindered 
amines, diisopropylethylamine and quinuclidine, 
respectively.3 From these experiments it was 
concluded that, in the absence of free quinuclidine, the 
dinitrophenyl phosphate, in its diprotonated form or 
as its monoanion, undergoes nucleophilic displace- 
ments by an addition-elimination mechanism which 
involves an oxyphosphorane intermediate. On the 
other hand, the dinitrophenyl phosphate dianion 
appears to react by an elimination-addition 
mechanism which involves a monomeric meta- 
phosphate anion intermediate, PO;. One of the 
criteria employed to arrive at these conclusions is the 
rapid formation of t-butyl phosphate from reactions of 

the aryl phosphate in the presence of t-butyl alcohol 
under certain experimental conditions. These studies 
also led to the conclusion that sterically unhindered 
amines are capable of adding to the monoanion, but 
not to the dianion, of the dinitrophenyl phosphate, and 
that the resulting oxyphosphorane decomposes into a 
protonated dipolar phosphoramide intermediate. The 
phosphoramide derived from quinuclidine, 
CH(CH,CH,),N’P(O)(OH)O-, was assumed to be 
responsible for the transient “P NMR signal that 
could be detected in some of the systems investigated. 

The present work is a qualitative study of the 
reactions by which Cnitrophenyl phosphate and its 
salts, e.g. ArOP03H- (n-C4H9)4Nt and 
ArOPO:-2 [(n-C,H9)4N’], transfer their phosphoryl 
group to nucleophiles (eqn 1) in nonaqueous media 
under conditions similar to those previously employed 
for 2+dinitrophenyl phosphate. A more limited study 
of the behavior of phenyl phosphate is also included. 
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The hydrolysis of 2,4dinitrophenyl phosphate4-7 
and of 4-nitrophenyl phosphate6*8-12 has been 
extensively studied in aqueous solution. In the absence 
of nucleophilic amines. the pH-rate profile of the 
dinitro-ester shows maximum rate at the pH which 
corresponds to a maximum concentration of dianion, 
XP(O)O,Z-. This behavior is typical of other aryl 
phosphates derived from phenols, XH, with pKa < 5.5 
(in water). The pH-rate profile of the mononitro-ester 
shows a maximum rate at the pH which corresponds to 
a maximum concentration of monoanion, 
XP(O)(OH)O-. This behavior is also found in other 
aryl phosphates derived from phenols with pKa > 5.5, 
and in alkyl phosphates’ 3-16, where XH is an alcohol. 
It has been suggested- that the dinitro- and 
mononitro-esters undergo hydrolysis via the PO; 
intermediate, which is generated from the monoanion 
by the mechanism5*6 shown in eqn (2), and from the 
dianion by the mechanism5-30 given in eqn (3). In view 
of the observed pH-rate profiles, it must be concluded 
that the monoanion mechanism results in slower 
reaction rates than the dianion mechanism in the 
dinitro-ester, but that the opposite is the case in the 
mononitro-ester. 

-D w O\ 
o-i,x 

$ 6-P-h +>-a + Xii (2) 

b- 
0 

0 

O\ d-x + )/p-a + x- 

A- 0 
(3) 

The formation of PO; from monoanion has also 
been pictured’ 3*14 as shown in eqn (4); this mechanism 
is kinetically indistinguishable from that shown in eqn 
(2). 

-ii 0 
‘o--e -_OR_ *P-b 
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For the hydrolysis of aryl phosphates in the presence 
of nucleophilic amines, KirbysB6 has suggested a 
bimolecular mechanism, with the amine participating 
in the rate limiting step, in both the dinitro- and 
mononitroesters, and from both the monoanion and 
dianion forms of the phosphate. 

The operation of the oxyphosphorane mechanism in 
reactions of phosphotriesters31-33 and diesters34 is 
now widely accepted. 33-3g A hydroxyphosphorane 
has recently been observed in solutions in equilibrium 
with a phosphotriester.40*41 Certain acyl phos- 
photriesters4* and phosphinate esters43 also display a 
tendency to form hydroxyphosphoranes in solution. 

RESULTS AND DISCUSSION 

Acid-base equilibria in solutions of aryl phosphates. 
Acids become progressively weaker when water is 

Table 1. Acid dissociation constants of brhsted acids in 
water and in acetonitrile (data from Ref. 46) 

% @a 
Acid Water Acetmitrlle APK~ 

Acetic: 4.8 22.3 17.5 

BeIXS&Z 4.2 20.7 16.5 

4-Nitrobenzoic 3.4 la.7 15.3 

3.5-Dinltrobenzoic 2.8 16.9 14.1 

Phenol 10.0 26.6 16.6 

4-Nitrophenol 7.1 20.7 13.5 

2.4-Dinltrophenol 4.1 16.0 11.9 

Piperidine 11.2 la.9 7.7 

Diethylmine 11.0 ia. 7 7.7 

Trlethylamine 10.7 la.5 7.8 

Ethylamine 10.6 la.4 7.7 

Ammmia 9.2 16.5 7.3 

Pyrldine 5.2 12.3 7.1 

replaced by alcohol and by aprotic solvents.44-47 Data 
in acetonitrile pertinent to this work are given in Table 
1. The decrease in acidity of aminium cations, R3NH+, 
is not nearly as large as that of carboxylic acids. 
Among carboxylic acids, the maximum decrease in 
acidity is observed in the weakest acids. A similar trend 
is observed among phenols. 

From the data in Table 1, and on the assumption 
that the effects of aprotic solvents vs water on the 
acidity of phosphoric and carboxylic acids are of 
comparable magnitude, the following inferences can be 
drawn. The weakly acidic function of the aryl 
phosphate should be affected to a greater extent than 
the strongly acidic function when the medium is 
changed from water to acetonitrile. In water, the 
separation between pK,, (5.5) and pK,, (1.2) in 4- 
nitrophenyl phosphates is 4.3 pK units, while in 
acetonitrile this separation should be about 9 pK units, 
using the values ApK, N 17 and 13 for the decrease in 
acidity of the weak and strong acids, respectively. In 
other words, a study of the behavior of the aryl 
phosphate in acetonitrile should facilitate the task of 
ascertaining the type of mechanism which is operative 
in the monoanion and the dianion forms of the 
phosphate. 

An acetonitrile solution containing the phosphate 
dianion salt plus several mol equiv of alcohol or water 
should not contain a significant concentration of 
monoanion salt and alkoxide (or hydroxide) ion: 
A+‘~~~$+-2R4N+ + ROH z$ ArOP03H- + RO- 

, Data on alcohol or water acidity in 
aceto:itrile as solvent is not available. However, from 
the phenol data it is reasonable to expect a decrease in 
acidity of at least 16 pK units for acids of type ROH. 
Hence, the decrease in ArOPO,H- acidity in 
acetonitrile is compensated by a decrease in ROH 
acidity. In other words, in acetonitrile, ROH is too 
weak an acid to protonate even the relatively strong 
base ArOPOi-. 
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An acetonitrile solution of monoanion salt plus one 
mol equiv of diisopropylethylamine or quinuclidine 
should contain a relatively low concentration of 
dianion: ArOPO,H- + R,N $ ArOPOi- + R,- 
NH+ + R,N+. Note that replacing water by aceto- 
nitrile decreases the acidity ofphosphate monoanion to 
a much greater extent than it decreases the acidity of 
aminium ion. Therefore, theamine shouldbe too weak a 
base in acetonitrile to deprotonate the monoanion to a 
significant extent. The amine, however, should 
appreciably deprotonate the neutral acid, ArOPO,H,. 

These inferences concerning acid-base equilibria of 
4-nitrophenyl phosphate in acetonitrile, based on data 
for carboxylic acids, phenols and aminium acids 
(Table l), are in line with the results of phosphoryl 
transfer from the mononitro-ester to alcohols and 
water in the same solvent, as described in the next 
Sections. 

Reactions of 4-nitrophenyl dihydrogen phosphate. 
The anhydrous diprotonated acid was prepared as 
described4* and was studied in anhydrous dioxane. 
The results are summarized in Table 2. The acid is 
quite stable even at 70” (Expt 1). At these temperatures, 
anhydrous acetonitrile, which is the solvent of choice 
in our investigations, ‘s3 is unsatisfactory as reaction 
medium for the acid, although this solvent can be used 
with the phosphate salts (see below). The technique 
utilized to obtain half-times of reaction is described in 
the Experimental. The values of t l/2 are taken as 
accurate to within 25 % of the times indicated, and only 
differences by factors of three or more are regarded as 
significant.49 

Phosphorylation of limited amounts of methanol 
occurs in dioxane at a relatively slow rate (Expt 2); eqn 
(5). 

The solvolysis of the acid is only slightly faster in 
pure methanol (Expt 3); eqn (6). The reaction is 
sensitive to the size of the alcohol, and is no longer 
observed with 2-propanol (Expt 4). 

ROH 
ArOP03H2 + ROH -+ ROPOsHr + ArOH (6) 

R = CH, or H 

The reactions of the acid with water (Expts $6) are 
comparable to the reactions with methanol under 
analogous conditions. There is little doubt that all of 
these phosphoryl transfers occur via an oxy- 
phosphorane intermediate; Scheme 1. 

OAr 
I HO-., ’ 

HO_iP\oH + ROH = HO,i’-OH 

0 OR 
Scheme 1 

Reactions of tetra-n-butylammonium 4-nitrophenyl 
phosphate. The results are summarized in Table 3. A 
solution of the monoanion salt in anhydrous 
acetonitrile decomposes into cyclic trimetaphosphate 
at a much faster rate than a solution of the neutral acid 
(Expt 1); eqn (7). Cyclic trimetaphosphate was 
characterized as described.” 

ArOPO,H-R;N+CH$N 1/3(P309)3- + ArOH. (7) 

ArOPO,H, + 1 ROH D’oxane ’ ROPO,H, + ArOH 

R = CH, or H 

(5) 

Table 2. Reactions of 4nitrophenyl dihydrogen phosphate in 1.0 M solutions at 70” 

Expt. 
NO. Solvent Reagent @lo1 Equiv) t l/2 Rem&s 

1 Di0ZMne NOW N.R.' N.R. 

2 Dlorane ca3oaW 6 days ROP03H2 

3 ca30R cA30B(25) 
2 days R0w3N2 

4 wR3)2cRoN m3)2caw(13) N.B.' N.R. 

5 M-e R20(1) 
3.5 daye R3rn4 

6 a20 a20(55) 
6 hr R3W4 

7 1 n acl(R20) ~~0 3 hr 
N3PO4 

TETVd.36.No.22-c 

a No reaction after 7 days. 
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Table 3. Reactions of tetra-n-butylammonium 4-nitrophenyl phosphate in 1.0 M solutions at 70”, P,O$- 
= cyclic trimetaphosphate 

ExpC. 
no. Solvant Reagent (no1 P#qUi")' t l/2 Rerultab 

1 
TcN Norm 5 hr p309 

3- 

2 
cD3cN Ct130H(l) 6 hr ROP03H + RP20,R 2- 

+ P309 *; 6:3:1 

3 rnJm (cI13)2cnOA(1) 8 hr ROP03E + RP207E 2- 
+ p3°9 *; 6:3:1 

4 rn3Qs m3)3conw 7 hr ROP03H + RP207E 2- 
+ p3°9 

*; 4:1.5:1 

5 rn3Qs A20(1) 7 hr E12p04- + R2P20, 2-; a:3 

6 
43rn CH30tl(25) 30 hr ROP03S 

7 wN3)2cRm m3)2cHow3) 36 hr RoPo3H- 

8 cI13cN:(cH3)3mi. 10:90 d m3)3como) 30 hr ROP03N- 

9 1120= H20(55) 6 hr "2P04 

10 cDc13 NOW 30 hr P309 
3-c 

11 cDc13 m3)3cIIOm 35 hr ROPo,Fl- 

’ Per ml of phoophatc. 
b 
The product8 indicated arc those observed up00 completion of the reaction. 

= Aryl pyrophoophote, observed os intermodiote. d The mlt is iasufficimtly soluble in pure t-butanol. 

Nl mlxod l olvooto are V/P. ' (CN,),N+ salt wed to attain v&or volubility. 

For reasons discussed below, the reaction of eqn (7) 
is assumed to proceed via the monomeric 
metaphosphate anion, as suggested for the hydrolysis 
of the same species in aqueous solution.6*8-‘2 The 
formation of PO; is assumed to occur as follows:6 

0 
II + Y 

ArO-_P-OH+ArO_-T-O- + ArOH + PO;. 

0- H O- 

The next step is a relatively fast reaction of the strongly 
electrophilic5’ PO; with the original aryl phosphate 
monoanion to give Cnitrophenyl pyrophosphate. The 
pyrophosphate is detected by its characteristic 
“P NMR spectrum: PO; + ArOPO,H- -+ ArP,- 
0,H2-. Further reaction of PO; with the aryl pyro- 
phosphate yields the aryl tripolyphosphate. A 
reasonable alternative to this step is the addition of the 
aryl phosphate monoanion to the highly reactive Pr- 
atom of the aryl pyrophosphate to form first an 
oxyphosphorane, and then the aryl tripolyphos- 
phate:2.3 PO; + ArP,O H2- + ArP,O, H3- or 
ArOPO,H- + ArP,O,H’- + ArP30,,HQ- + Ar- 
OH. The intramolecular reaction of the aryl tripoly- 
phosphate to cyclic trimetaphosphate has already 
been discussed.2.3 

*Note Added in Proof. In this pathway to cyclic 
trimetaphosphate, the formation of monomeric 
metaphosphate anion is required only in the first step 
which leads to 4-nitrophenyl pyrophosphate. This aryl 
pyrophosphate, and the linear aryl tripolyphosphate 
formed at a later stage, have highly electrophilic P. 
atoms capable of being transformed into oxyphos- 
phorane intermediates in route ton cyclic trimeta- 
phosphate (cf: Ref. 2 and 3). For a discussion of cyclic 
polymetaphosphate formation from activated phos- 

phoric acid and inorganic pyrophosphate and linear 
polyphosphates see: T. Glonek, J. R. Van Wazer, M. 
Mudgett and T. C. Myers, Inorg. Chem. 11,567 (1972); 
T. Glonek, J. R. Van Wazer, R. Kleps and T. C. Myers, 
Ibid 13,2337 (1974); T. Glonek, J. R. Van Wazer and T. 
C. Myers, Ibid 14,1597 (1975);T. Glonek, R. A. Kleps, J. 
R. Van Wazer and T. C. Myers, Bioinorganic Chemistry 
5, 283 (1976). 

It should be noted that the decomposition of 2,4- 
dinitrophenyl phosphate monoanion in acetonitrile 
does not proceed via monomeric metaphosphte but 
occurs via an oxyphosphorane intermediate.2*3 
Presumably, the more basic ester-oxygen of the 
mononitro-monoanion, but not the less basic 
ester-oxygen of the dinitro-monoanion,52 can accept 
the proton, and thus can form the intermediate, 

0 
II 

Arq-P-O- 

H O- 

which seems to be required for decomposition to PO;. 
The structural features in the phosphate which lead to 
a decrease in basic&y of the ester-oxygen also lead to 
an increase in electrophilicity of the phosphorus, which 
favors oxyphosphorane formation. 

The Cnitrophenyl phosphate monoanion transfers 
its phosphoryl group to one mol equiv of alcohols in 
aprotic solvents (Expts 2-4); eqn (8). Note that 
reaction rates and product composition do not change 
much as the steric hindrance in the alcohol is 
increased. The main product of the reaction is the alkyl 
phosphate, even when the nucleophile is t-butyl 
alcohol. Significant amounts of alkyl pyrophosphate 
are also produced. Only traces of cyclic trimetaphos- 
phate are detected among the products. 
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: ROPOaH- + RPz0,H2- + 1/3(Ps0,)3- + ArOH I~,~,,,,,., or H (8) 

These observations are reasonable if the phosphate. This preferential solvation of ground state 
mononitro-monoanion decomposes into PO; in a vs transition state, which results in rate depression,53 
rate-limiting step, as was the case in the absence of overcomes the effect of the increase in alcohol/phos- 
alcohol (c$ Expt. 1); m fact, rates of reaction are very phate ratio. The preferential solvation effect is also 
similar in the presence and in the absence of alcohols. noted in reactions with water, since the rate in Expts 5 
<However, now the alcohol intercepts the monomeric and 9 remain about the same although the mol equiv of 
metaphosphate: PO; + ROH -t ROP03H-. The water vs phosphate has been increased from 1 to 55. 
resulting alkyl phosphate also captures meta- The reactions of the acid given in Table 2 (Expts 2 vs 
phosphate and generates alkyl pyrophosphate: PO; 
+ ROP03H- -+ RPsO,H’-. 

3 and 5 vs 6) also disclose the rate depression which we 
attribute to preferential solvation of ground state vs 

As shown in Expt 5, the reactions of the monoanion traction state. In that case, the traction state 
salt with water and with alcohols have the same corresponds to the formation of oxyphosphorane from 
characteristics in the aprotic medium. All of these the acid, ArOPOsH2, in the production of alkyl 
reactions undoubtedly represent the behavior of the phosphate or phosphoric acid. 
monoanion, since the rates of reactions and the Reactions of bis(tetra-n-butylammoonium) Cnitro- 
composition of the products are substantially different phenyl phosphate. This dianion salt could not be 
from those observed when the starting material is the isolated in the pure anhydrous state. However, the 
mononi~~ster d~a~io~ salt (Table 4). monohydrate of the salt was prepared by the 

The rates of phosphorylation by the mononitro- procedure given in the Experimental. Expts l-4 in 
monoanion decrease when the reactions are carried Table 4 summarize the reactions of acetonitrile 
out in pure, or nearly pure, alcohols, in spite of the fact solutions of the dianion salt monohydrate with limited 
that the ratio of alcohol to phosphate increases amounts of alcohols and water. These reactions are 
significantly (Expts. 6-8); eqn (9). extremely rapid and had to be studied at 35” instead of 

ArOPO,H-R;N+ + ROH + ROPOsH- + ArOH 

R= ,.,,,“1 

A possible explanation of this effect is that the protic at 70”, which is a convenient temperature to study 
solvents solvate the more polar phosphate monoa~ion comparable reactions of the monoanion salt. The 
ground state to a greater extent than the less polar dianion transfers its phosphoryl group to both 
transition state which generates monomeric meta- alcohols and water at comparable rates; eqn (10). The 

Table 4. Reactions of his-tetra-n-butylammonium 4-nitrophenyl phosphate in 1.0 M solutions 

Expt. 
No. Solvent T'C Reagent (MO1 E&v) t 112 Results 

1 CD3CN 35a 

2 CD3CN 35 

3 CD3CN 35 

6 CD3CN 35 

5 m3°H 35 

6 CH30H 70 

7 (cH3)*cHOH 35 

8 mi3)pHOH 70 

9 (CR,t,cOH 35 

10 (cli3)3cOH 70 

11 H20C 35 

12 A20 70 

CH30H(2) + H20(1) 

(CH3)2CHOR(2) + H20(1) 

m3>3cOH(2) + H20W 

H20(3) 

cH3OHW) 

qnN25) 

(cH3)2cHoH(13) 

cH3)2cHOH(13) 

~cH3)3~~(lo) 

m3)3coH(lo) 

H20(55) 

H20(55) 

5 min ROP03H + H2P06-; 1:l 

6 mln ROP03H + H2P06-; 2:l 

6 tin ROP03H + H2P06 , -* 1:l 

sata 
“2”b 

tLR,b 8.R. 

6 hr ROPO3tr 

26 hr ROP03H- 

Jmin ROP031i 

5 hr ROPO3EI- 

lain ROPO3H- 

N.ILb N.B. 

3.5 day8 H2P06 

a At 70%. the reaction is too fast for m-to by the preaant trchmiquc. 
b 
No reaction after 12 days. = m3)6N+ salt und to rtt&ia wat*r solub2rfty. 
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reaction rates are very similar with alcohols of different 
steric hindrance, including t-butyl alcohol. Only alkyl 
phosphate and inorganic phosphate are observed as 
products. 

ArQPO$-2RkNf $ ROHCH_l*CN ROPQ:- + ArOH 

R = l”, 2”, 3” AIkyl or H 

(IO) 

I 

The reactions of the dianion are reasonably 
explained by a very fast decomposition of dianion into 
monomeric metaphosphate in the aprotic solvent: 
AtOPT):- -t ArO- + PO;. 

The reactions of the dianion salt in pure or nearly 
pure alcohols or water show an interesting e&ct 
(Expts 5-10); eqn (11). To detect these trends 
measurements were carried out at both 35” and 70”. As 
the aprotic solvent is replaced by alcohols or water, 
rates of reaction decrease in the sequence: 
acetonitrile > r-butyl alcohol > 2- 
propanol > methanol > water. 

A comparison among Expts in Tables 3 and 4 
discloses that while the formation of PO; is faster 
from &anion than from monoanion in acetonitrile and 

alcohol so&ions, the PO; is generated at a faster rate 
from monoanion than from dianion in aqueous 
solution. Apparently, there is an inherently greater 
tendency for the dianion to decompose to PO;, 
relative to the monoanion. However, the dianion 
seems to be more susceptible to rate depression due to 
preferential solvation of ground state vs transition 
state, in comparison to the monoanion. Consequently 
a reversal of reactivity in phosphoryl transfer from 
dianion vs monoanion by the monomeric meta- 
phosphate mechanism is noted when the aprotic 
solvent or the alcohols are replaced by water. 

Reactions of tetra-n-butylaminonium 4-nitrophenyl 

phosphate and one mol equiv qf’hindered or unhindered 

amines. As shown in Expt 1 of Table 5 and Expt 1 of 
Table 3, an acetonitrile solution of ~nitrophenyl 
phosphate monoanion salt plus one mol equiv of 
diisopropylethylamine behaves just like the solution of 
the salt without amine. Apparently, in the aprotic 
solvent, most of the monoanion remains protonated 
under these conditions, as discussed in the Section on 
acid-base equilibria. Quinuclidine and diisopropyl- 
ethyl~ine have about the same basicity and, 
therefore, it is significant that the acetonitrile solution 
of the phosphate monoanion salt plus quinuclidine 
generates cyclic trimetaphosphate at a faster rate than 
the same solution without amine or with the sterically 
hindered amine. 

A possible explanation for the effect of quinuclidine 
on the reaction of 4-nitrophenyl phosphate 
monoanion is given in Scheme 2. It is assumed that the 

increase in the rate of formation of cyclic 
trimetaphosphate is due to nucleophilic catalysis by 
the unhindered amine. The first step is the formation of 
an oxyphosphorane which decomposes to a 
protonated dipolar phosphor~ide, or “phosphory- 
la&d-catalyst”. This mechanism is anaiogous to that 
suggested for a similar effect of quinuclidine on 2,4- 
dinitrophenyl phosphate.3*54 However, the 4- 
nitrophenoxide ion eliminated in the reaction of the 
mononitro-ester with the amine is a stronger base than 
the 2,4-dinitrophenoxide ion eliminated in the reaction 
of the dinitro-ester with the amine. Therefore, it is 

ROH 

ArOPOi-2R;Nt + ROH -+ ROPO:- + ArOH 

R = l”, 2”, 3” Alkyl or H 

(II) 

reasonable to expect significant deprotonation of the 
phosphoramide by Cnitrophenoxide. The depro- 
tonated phosphoramide should decompose rapidly 
into quinuclidine and monomeric metaphosphate. 
Scheme 2. 

ArOP03H- + CHV.X2CH2)3N zs 

OAr 
HO%, 1 YH 
_o)~-O- e O=P-G + ArCi ;=t 

N+ 

0 

L+ 

0 

Q 
ArOH + O=P-O- * P03- + 

N 

it+ 
0 

0 

Scheme 2 

In reactions of the dinitro-ester monoanion with 
quinuclidine we were able to detect a transient 
3’P NMR signal at + 10.2 ppm which was attributed 
to the protonated phosphor-amide intermediate.3 This 
signal was not detected in the comparable reactions of 
the mononitro~ster mono~ion with quinuclidine, in 
line with the picture suggested in Scheme 2. 
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Table 5. Reactions of tetra-n-butylammoniu Cnitrophenyl phosphate and lmol equiv of 
diisbpropylethylamine or quinuclidine in 1.0 M solutiotis at 70”. (RdN)+ = [(n-CIH9),,N]’ 

expt. 
NO. Solvent Reagent (Ho1 Rqulv) t l/2 Results 

ArOPO3H-R4N+ + (l-C3E7)2C2E5N = ArOPO3 2-R4N+(i-c3R7)2C2N5NE+ 

1 %a None 5 hr p3°9 3-a 

2 CD3CN ~3OR(l) 7 hr ROP03H + RP207R 2- + p309 *; 15:4:1 

3 Q)3CN wH3)2cHOR(l) 7 hr ROP03H- + RP207H 2- + p3°9 *; 13:6:1 

4 CD3CN (CH3)3COH(1) 6 hr ROP03H + RP207H 2- 
+ p3°9 *; 6:3:1 

5 CD3rn H20(1) - 5 hr H2P04 + R2P207 2- ; 3:2 

6 CR30H 'X308(25) 36 hr ROP03H_ 

7 H,Ob R20(55) 3 days '2"4 

ArOP03H-R4N+ + CHH(CH2CR2)3N $ArOP03 2-R4N+CR(CR2CH2)3Rll+ 

a CD,CN NOlIe 30 mln p3°9 3- 

9 CD,CN CH30R(1) 45 min ROPO,H + P309 3-; 3:l 

10 CD;CN m3)2CROn(l) 45 mill ROPO,E + P309 *; 2:l 

11 CD3CN m3)2COR(1) 45 ml*= ROP03H + P309 *; 1:l 

12 CD3CN R*O(lI 30 mill H2P04_ + H P 0 2-; 
227 

3:2 

13 H,Ob H20W) 3 days H2P04 

a Aryl pyrophomphate observed aa intermediate. b (CH314N+ salt employed to achieve 

solubility in water. 4-Nitrophenol precipitates as the reaction proceeds. 

' In the presence of two a01 equiv of qulnuclidine: t l/2 = 30 min; ROP03Em + P309*, 

1:4 upon completion of reaction. 

The route to PO; by way of an oxyphosphorane containing the monoanion salt and limited amounts of 
and a phosphorylated-catalyst shown in Scheme 2 alcohol or water, does not alter the results of the same 
would explain the results when quinuclidine is added reaction in the absence of the hindered amine; cfExpts 
to an acetonitrile solution of the mononitro-ester 2-5 in Table 5 and Expts 2-5 in Table 3. This 
monoanion salt containing limited amounts of alcohol observation is consistent with the conclusion that the 
or water; Expts 9-12 in Table 5. These reactions amine does not deprotonate the monoanion in 
generate mixtures of alkyl phosphate and cyclic acetonitrile to a signiJicant extent. Note that, in 
trimetaphosphate (or of inorganic phosphate and aqueous solution, the mixtures of mononitro-ester and 
pyrophosphate, in the case of water); eqn (12). the hindered or unhindered amines behave very much 

CH,CN 

ArOPO,H-RkN+ + 1 ROH + CH(CH2CH2)3N -+ ROPO:- + 1/3(PsO,)‘- + ArOH (12) 

R = l”, 2”, 3” Alkyl or H 

In these reactions, alkyl phosphate is formed even from 
the t-butyl alcohol, which is consistent with the 
formation of PO;. Reaction rates are similar for all 
alcohols and water, again in support of PO; 
formation. In the hypothesis of Scheme 2, the rate of 
reaction increases as a result of catalysis by 
quinuclidine. The composition of the product is 
determined by the fast generation of PO; and its rapid 
reaction with alcohol or water to give alkyl phosphate 
or inorganic phosphate, or with aryl phosphate to give 
cyclic trimetaphosphate as discussed above. 

It should be noted that the introduction of 
diisopropylethylamine into the acetonitrile solution 

alike; cj Expts 7 and 13 in Table 5. This is reasonable, 
since in water one expects a nearly complete shift of the 
equilibrium from monoanion to dianion. Hence there 
is now little or no monoanion and free amine and no 
quinuclidine catalysis is observed. 

A final point worth noting is that amines do not have 
a significant effect on the rates of hydrolysis of the 
mononitro-ester &anion salt in aqueous solution, at 
least in our qualitative measurements. Thus, when 
Expts 11 and 12 in Table 4 are carried out in the 
presence of one mol equiv of either triethylamine, 
quinuclidine or pyridine, reaction rates are virtually 
unchanged. s5 We have encountered an analogous 
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situation with the dinitroester-dianion,3 and conclude 
that the dianion of aryl phosphates is’not electrophilic 
enough to accept an amine at the phosphorus atom as 
in the mechanism of nucleophilic catalysis. Any slight 
rate enhancement by amines in reactions of dianions 
could be a medium effect of unknown origin. 

Reactions of’ phenyl phosphate, C6HSOP03H2. 
This acid is, as expected, even less reactive than 4- 
nitrophenyl phosphate. The reactions of the 
monoanion salt CsHSOP03H-R.,N+ and the 
dianion salt, CsH50PO:-2R.+N+, seem to occur by 
the elimination-addition mechanism, and show the 
lower reaction rates expected from the weaker 
nucleofugic groups, phenol and phenoxide; cf Table 6. 

(2) The diprotonated acid is capable only of reaction 
by the addition-elimination mechanism. The 
monoanion can react either by the addition-elimina- 
tion or the elimination-addition mechanisms. The 
dianion can react only by the elimination-addition 
mechanism. Nucleophilic catalysis is operative only on 
the monoanion. 

(3) The nature of the medium controls: (a) the 
degree of dissociation of the phosphomonoester; (b) 
the relative solvation of the more polar phosphate 
ground state vs the less polar transition states in both 
mechanisms, i.e. the transition states that lead to 
oxyphosphorane or to monomeric metaphosphate 
anion. 

CONCLUSIONS EXPERIMENTAL 

From the results described in this and previouszV3 
papers we conclude that the type of mechanism 
operative in phosphoryl transfer from aryl phosphates 
depends on: (1) thestructure of the phosphomono- 
ester; (2) the state of ionization of the ester in a 
particular medium; and (3) the nature of the medium. 

(1) The structure of the aryl group will determine: 
(a) the nucleofugicity of the leaving group, ArO- from 
dianion, and ArOH from monoanion; (b) the strength 
of the acid, ArOP03H,; (c) the basicity of the ester- 
oxygen, and hence the tendency for the formation of 
the metaphosphate precursor from monoanion: 

The “PNMR spectra were measured in a Varian T 60 A 
NMR spectrometer. The signals are given in ppm us 85% 
HsPO, = 0 (positive values are downfield from the 
reference). Acetonitrile was dried and stored over 4A 
molecular sieves. Quinuclidine was prepared from 
quinuclidine hydrochloride (Aldrich) and was purified by 
sublimation under reduced pressure. 

4-Nitrophenyl dihydrogen phosphate (ArOPOsH,) was 
prepared as described;s4 6”P = - 7.6ppm (CD&N). 

Terra-n-butylammonium 4-nitrophenyl hydrogen phosphate. 
An aliquot of 1.0 M methanolic tetra-n-butylammonium 
hydroxide containing 20.0 mmol of base was added to a soln 
of ArOPOsH, (4.38 g, 20.0mmol) in diethyl ether (50mL). 
The soht was immediately evaporated at 20” (first at 30mm, 
finally at 0.2 mm) to give the yellow crystalline monohydrate of 
the salt. A dichloromethane soln (30mL) containing the 
monohydrate (3.Og) and 4A molecular sieves (log) was kept 
4 days at 5”. Evaporation of the solution gave the anhydrous 
salt, which solidified after being kept at 30” (0.2mm); m.p. 
88-91”; 63’P = -4.5ppm (CD&N). Calc. for H O- 

Table 6. Reactions of phenyl phosphate mono- and dianions, in 1.0 M solutions at 70 

Expt. 

No. Solvent Reagent (MO1 Equiv) t 112 Results 

- + 
C6H50P03H (B4N) 

1 
CD3CN 

NOlIe 
a 

C6”5P207” 
2- 

2 
CD3CN 

CR30"m 4 days ROPo3"- 

3 CD3CN KH3)2C"oHm 4 days ROP03"_ 

4 CD3CN wH3)3coH(1) 4 days rcOP036 

5 CD3CN H20W 3 days 
"2P04 

- + H2P207 2-; 3:2 

6 "20 H20(55) 2 days "zPO4 

C6t150P03 2-2(R4N)+ 

7 
CD3CN 

cx30”(2) + "2o(1) 6 hr ROPO3" + "2P04 , -. 2:l 

8 
CD3CN 

m3)2cno"(2) + H20W 8 hr ROP03" + H2P04 * -* 2:l 

9 
CD3C" 

m3)3cO"(2) + H2W1) 6 hr ROP03H + H2P04 , -. 1:1 

10 CD,CN C"30"(1) + H20(2) 10 hr ROP03H + H2P04 , -* 1:2 

11 lip0 H20(55) N.kb N.R. 

' No ,vrluc could be estimated. Signiflcsnt amounts of phenyl pyrophosphste 

had foraed after 23 hrs. 
b 
NO reaction after 12 days. 
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CZZHQIOBNsP: C, 57.3; H, 8.9; N, 6.1; P, 6.7 %). (Found: C, 
57.2; H, 8.7; N, 6.0; P, 6.5. 

An analogous procedure gave tetra-n-butyIammonium 
phenyl hydrogen phosphate; d”P = -3.6ppm. Calc. for 
C2rH450eNP: C, 63.6; H, 10.2; P, 7.5 %). (Found: C, 63.4; H, 
10.3; P, 7.3. 

Bis quaternary ammonium salts of 4-nitrophenyl phosphate 
(Table 3) 

(a) A l.OM aqueous soln of ArOPO$-2[(CH&N+ ] was 
prepared by adding appropriate amounts of 
(CH,),N+OH-SHrO to an aqueous soln of ArGPG3H2. 
Aqueous solns of the correspondmg salt of phenyl phosphate 
was made by the same procedure. 

(b) 1.0 M alcoholic sobas of dianion salt were prepared as 
follows. An aliquot of 1.0 M methanolic tetra-n- 
butylammonium hydroxidecontaining one mol equiv of base 
was added to ArOP03H- (n-C4H9).,N+ (one mol equiv) in 
an equal volume of MeOH. This gives a relatively stable05 M 
methanofic soln of ArOPO~-2[(n-C*H~)~N’].H~O. The 
soln was diluted withm equal volume of the desired alcohol, 
ROH, and evaporated in vacuum at 0’ to attain an 
approximate concentration of 1 M. This procedure was 
repeated three more times, and the final volume was adjusted 
to give a 1.0 M alcoholic solution of the salt. 

(c) 1.0 M acetonitrile solns of the dianion salt were prepared 
as follows. (1) To obtain solns of ArDPG$-2[(n- 
C,H,),N+] (H~O)(CH~OH)*. an ahquot of the OSM 
methanolic soln of the salt prepared in (b) was mixed with an 
equal volume of anhyd acetonitrile, and evaporated in 
vacuum at 0” to an approximate concentration of 1 M. 
This procedure was repeated three more times. and the 
final volume was adjusted to give a 1.0 M acetonitrile soln of 
the salt. (2) To obtain acetonitrile solns of ArOPO:- 2[(n- 
C4HV)dN j+.(H~O)(ROH)~,an aliquotofthe 1.0 M alcoholic 
sofn ofthesalt prepared in (b)wassubmitt~ totheacetonitrile 
evaporationdescribed in (c-l). (3) toobtain acetonitrile solns 
ofArOPO$-2[(n-C,H,)4N+].(H20)3r 10molequivofwater 
were added to an aliquot of the 0.5 M methanolic soln of the 
salt prepared in (b). The soln was submitted to theacetonitrile 
evaporation described in (c-l I. 

Analogous procedures were employed to obtain the 
corresponding aqueous and acetonitrize solns of the phenyl 
dianion salts. 

Determinarion of reaction ha/f-times (t l/2). The solns were 
prepared in a small volumetric flask and transferred to an 
NMR tube. The reactions were maintained at 70 f 0.1” or 35 
rt 0.5”, and the 3LPNMR spectra obtained at appropriate 
intervals. The values for the approximate half-times of the 
reactions were taken as the time at which the signaI intensity 
of the reactants was equal to that of the products: t l/2 
= [phosphate reactant] = [phosphate products]. The 
values are accurate to within 25 “A of the stated time. Phenol 
analyses are by ‘H NMR spectrometry. 

“P NMR spectra. 4-Nitrophenyl phosphate monoanion 
salt, a3rP =--4.5 ppm; 4:nitrophenyi pyrophosphate 
dianion salt. S”‘P = - 10.4 and - 16.8 (J = 16Hz.t nom: 
alkyl p~op~osphate dianion salt, 6”P = ‘- 10.0 and’ L i2.5 
(F 1.5) ppm; cyclic t~metaphosphate trianion salt, 631P 
= - 22.4 ppm; all in acetonitrile solution. 
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