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ABSTRACT: Reaction of alkaline hydrogen peroxide with bis(4-nitrophenyl) phosphate ion proceeds with
simultaneous liberation of ca 2 equiv. of 4-nitrophenol per mole of substrate, and no evidence for build-up of an
intermediate. Reaction of HO with the more activated 4-nitrophenyl phosphorochloridate gives 4-nitrophenol in up
to 40% vyield with simple first-order kinetics and no indication of a long-lived intermediate. A fast intramolecular
nucleophilic displacement of 4-nitrophenolate ion by peroxide in the initially formed 4-nitrophenyl peroxophosphate
is proposed to explain this behavior. Copyright2000 John Wiley & Sons, Ltd.
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INTRODUCTION which could readily form 4-GNCgH,OPQ*>~ (NPP),
which then might react rapidly with HO, but HO,™
Hydroperoxide anion is am-nucleophile, with, in certain  does not react with NPP under our conditions. It appears
reactions, higher nucleophilicity than expected from its that the peroxo intermediatd, rapidly forms NP in
basicity, in terms of a Brensted correlatibm particular, addition to the expected NPP. In order to clarify the
HO, ", and other peroxy anions, show enhanced reactiv- reaction mechanism we used another, more labile,
ity towards activated carboxylic and phosphoric acid substrate, 4-nitrophenyl phosphorodichloridate (4-
esters-? Recently a fast reaction of bis(4-nitrophenyl) O,NCgH,OPOCh, NPPDC), which should produce the
phosphate ion [(4-eNCgH,O),PO,, BNPP] with hy- same intermediate as BNPP upon reaction with,HO
drogen peroxide in the presence of lanthanidg(3 after a very fast initial reaction with ¥D generating the
cations was reportetiReaction of BNPP in the absence monoanionic chloridate (NPPC).

of lanthanide was stated to be 12-fold faster in a mixture  This paper reports the results of a kinetic study of

of 0.1mM NaOH and 0.M H,0, than in 0.1 NaOH3"
but no details of the kinetics of the uncatalyzed
phosphodiester cleavage by alkalingQd were given.

In preliminary experiments, we unexpectedly found
that the reaction of HQ with BNPP, in contrast to that
with OH™, simultaneously liberates almost 2 equiv. of 4-
nitrophenolate ion (NP). If the formation of each NP
occurs as expected by nucleophilic attack of H®n

phosphorus, the first step should convert BNPP into a

mono(4-nitrophenyl) peroxophosphate intermedidfe (
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reactions of HQ@~ with both BNPP and NPPDC, and
kinetics of the hydrolysis of NPPDC (NPPC), and also
extends the preliminary examination of the stoichiometry
of the reactions with alkaline $D-.

(4- O,NCGH,01P0, ——>  +ONCgH,0' +  4-0,NCH;0PO5
NPP

/

4-0,NCH,0P(0;7)CI

BNPP NP

4-0,NC4H,0POCh

e

NPPDC NPPC

EXPERIMENTAL

NPPDC was prepared as describédom anhydrous
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sodium 4-nitrophenolate and redistilled P@Q@hd was
purified by recrystallization. Inorganic nucleophiles,
BNPP and salts and organic solvents were analytical-
grade reactants used as supplied.

Absorption spectra were monitored on a Hewlett-
Packard model 8451A diode-array spectrophotometer
with a thermostated cell holder. NMR spectra were
recorded on a Varian INOVA 400 spectrometer, affd
chemical shifts were referred to B by using
CR;CO,H as an external reference.

Reactions were initiated by adding 1048®f a stock
solution of the substrate in water for BNPP and in THF
for NPPDC to a 3.0 ml solution of the other reactants at
25.0°C, with a large excess of 4, or other nucleophile
assuring first-order kinetics. Observed first-order rate
constants K,,9 were calculated by a non-linear least-
squares fitting of the absorbance vs time profiles to the
rate equation with the Origin 5 program. Valueskgfs
for reactions with NPPC with HO followed at 312 and
402 nm were within 5% and all values kf,sare means
of two values within 5%.

The base deprotonation constant ofQd [Eqn. (1)]
was determined spectrophotometrically.

H,O, + OH™ = HO,™ + H»0O (1)

Aliquots of 0.2m NaOH were added to 0.04 H,0, to

a final concentration of 0.02 NaOH. AbsorbancesA]
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Figure 1. Plots of k, for the cleavage of BNPP by HO,™ vs
[OH™] at constant [HO,7]=0.07 M and [HO,™] at [OH™]
<0.01 M (open and closed points, respectively) at 25.0°C

Reactions were first-order in BNPP and,s was
independent of [HO,] and proportional to [H@ ] with a
small positive deviation from linearity. There was a small
increase inky,s at constant [H@] with increased
[NaOH]. Figure 1 shows dependences of the second-
order rate constank,=ky,J[HO, ] on [OHT] (at
constant [HQ ]=0.07m with excess of NaOH over

in the range 280-320 nm were measured after eachH,0,) and [HO, ] (at low [OH] <0.01M with excess of

addition and fitted the equation

A= Ag+ 0.5Ae(K™t + [H202); + [NaOH
—{(K™* 4 [H20]; + [NaOH,)?
— 4[H202];[NaOH}*?) (2)
by a non-linear least-squares routine with the Origin 5
program, whereA, is the initial absorbancele is the
difference in molar absorptivities of HO and HO, at a
given wavelength, concentrations are total analytical
concentrations of kD, and NaOH after each addition
andK =[HO, J/([H,05][OH ).

RESULTS AND DISCUSSION
Kinetics of BNPP cleavage

Kinetics of BNPP cleavage were followed by appearance
of 4-nitrophenolate ion at 400 nm in mixtures ob®}
(0.07-0.7v) and NaOH (0.08-0.8). Equilibrium con-
centrations of OH and HGQ~ were calculated from total
concentrations and the equilibrium constant of reaction
(1), K =200+ 20 | mol~* (Experimental), corresponding
to pKy=11.7 for HO, in agreement with published
values but higher than the value obtained with®} in
large excess over NaO#.

Copyright0 2000 John Wiley & Sons, Ltd.

H,0, over NaOH). These effects of increased [Qldnd
[HO, ] are similar to those observed on addition of NaCl
or NaHPQ, at similar ionic strengthslIY and the
direction and magnitude of these salt effects are those
expected for a reaction between co-ions, and fit a Debye—
Hickel equation of the form

logk, = logk,® + (0.78+ 0.06)1Y2/(1+1Y2)  (3)
The second-order rate constant of the cleavage of
BNPP by HQ™, extrapolated to zero ionic strength,
k’=(7.94+0.1)x 10 % Imol~* st at 25°C is 23-fold
higher than that of the alkaline hydrolysis, of BNPP
(3.5+0.3)x 10> Imol™* s7* (lit. 5.8 x 10°° Imol™*
s in 20% EtOH? and 2.4x 10°° Imol™* st in
watef?). Values ofky/k, in the range 10-30 are typical
for other reactions with activated carboxylic and
phosphate esters’
The vyield of 4-nitrophenolate ion (NP) determined
spectrophotometrically was 18010 mol% with respect
to initial [BNPP], i.e. almost 2 equiv. of NP are liberated,
but even at the highest [HO] employed, ca 0.41, the
yield of NP did not reach the theoretical limit of 200
mol%. Cleavage of the first NP converts BNPP into the
peroxophosphate, 1, (4-O.NCgH4O)P(=0O)(OOH)C .
We expected this intermediate to have a reactivity similar
to that of 4-nitrophenyl phosphate anion (NPP), or to
generate it rapidly however, under a range of conditions,
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Figure 2. Plots of ks for the cleavage of NPPC vs [OH™] and
[HO, ] at 25.0°C

NPP reacts very slowly with HO. Also, cleavage of
BNPP follows clean first-order kinetics with no indica-
tion of any intermediate in significant concentration.
Therefore, the peroxo analofj of NPP reacts much
faster in these conditions than the starting BNPP while

NPP is essentially unreactive. This observation was

unexpected in view of the similar structures of NPP and
the peroxo intermediatel,. We therefore examined the
products and kinetics of reaction of the highly activated
phosphorodichloridate, NPPDC, with alkaline hydrogen
peroxide; initial P—CI cleavage should be fast and
reaction of the monochloridate anion, NPPC, will be rate
limiting and generate the peroxophosphdteyhich then
might be detectable.

Kinetics of NPPDC cleavage

Addition of a THF solution of NPPDC to water to give a
final concentration of 0.11 mn immediately releases 2
equiv. of H", monitored by pH, and then 1 equiv. of'H

in a slower reaction, which is complete after ca 10 min,
confirming fast cleavage of the first P—CI bond:

(4-0,NCsH40)POCh + H,0

— (4-O,NCGH,0)PO(O™)Cl + CI™ + 2H"  (4)

and subsequent slower hydrolysis of 4-nitrophenyl
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phosphorochloridate anion (NPPC):

(4-O,NCsH,0)PO(O™)CI + H,O

— (4-02NC6H4O)PCXO_)OH +CIm +H" (5)
When this reaction is followed spectrophotometrically,
the initial spectrum, with\,ax=282 nm, changed after
approximately 10 min into one witR,ax=292 nm and a
clean isosbestic point at 286 nm. Subsequent addition of
0.01m NaOH shifts the maximum of the final spectrum to
312 nm. The wavelength maxima of last two spectra
correspond to the absorption spectra of anionic and
dianionic NPP, respectively.

When a THF solution of NPPDC was added to an
aqueous mixture of 0, and NaOH, both NPP and NP
were formed. The first-order rate constantk,pd
calculated from the kinetics of formation of NPP or
NP, followed at 312 and 402 nm, respectively, agree
within the limits of experimental error, indicating that
these products are formed in parallel reactions. Figure 2
shows dependences ky,son the concentrations of OH
and HG ™, giving second-order rate constakisandko,
and that of the spontaneous hydrolysis of NRg{rom
the intercept) (Table 1).

Although, as expected, HO reacts much faster with
NPPC than with BNPP, formation of NP again follows
simple first-order kinetics, with no indication of any long-
lived intermediate. The half-life of a putative intermedi-
ate (4-QNCgH,;0O)P(=0)(O0OH)O, 1, must be therefore
less than 1 min. The yieldYf of NP increases with an
increase in [H@ ] [Fig. 3 (curve A)], but is consistently
lower than that calculated from kinetic data as

Ykinet = 100Ko[HO, ™|/ (k2[HO2 ™| + ki [OH™] + ko)
= 100(2[H02_]/k0b5 (6)
on the assumption that NP and NPP are formed through
simple parallel reactions with HO, OH™ or H,O [Fig. 3
(curve B)]; Ywine/Y is approximately constant, at
1.75+ 0.25 in up to 0.0321 HO,. Such behavior can
be rationalized by assuming that the peroxo intermediate
decomposes in fast parallel reactions, one forming NP
and probably inorganic peroxophosph&egnd the other
unreactive NPP and oxygen (Scheme 1).

Table 1. Rate constants of the spontaneous (kp), and alkaline hydrolyses (kq) and hydroperoxidolysis (k,) of NPPC in different

media at 25.0°C

Medium ko(s ™) ki Imol~ts™h ko (Imol~t s N2
Water 0.013+0.001 0.065t 0.007 0.914+0.08 1.000
D-O 0.0098+ 0.0005 0.046t 0.004 0.75+ 0.07

50 vol.% MeCN 0.0012- 0.0001 0.0093t 0.0009 0.206t 0.04 0.816
50 vol.% dioxane 0.0014 0.0001 0.019t 0.002 0.82+0.07 0.703
50 vol.% THF 0.00073t 0.00005 0.038t 0.004 0.28+ 0.03 0.655

@ parameters from Ref. 7
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70 B paraoxon with HO, giving (EtOLPO, .2 We note that
5 ethoxy is a poor leaving group and would not be
% displaced in decomposition of a peroxophosphate. The
50 A apparent approximate constancy Yaf.e/Y and, conse-
w0 ° quently,kq/ks, in conditions of variable kD, concentra-
R ° tion [Fig. 3 and Eqgn. (8)] is over-simplified and the yield
> of NP decreases at higher HOreflecting differences in
201 the dependences of stepsandk, on concentration of
104 HO, ™. In particular, the step indicated kyshould not be
N independent of [HO,],% and with 0.065v HO,  kgps
increases to 0.069°$ (cf. Fig. 2) andYyinet iNncreases

0000 0005 0010 0015 0020 0025 003 003 modestly to 82% buY decreases to 23% (cf. Fig. 3).
[HO-1. M The mechanism of the step leading to NP from the
Figure 3. Yield (Y, mol%) of NP as a function of [HO, ] in peroxophosphatd, has to be considered. It is too fast to
the reaction of NPPC. Curve A, experimental values; curve B, be a simple nucleophilic displacement of NP by the
calculated from rate constants as Yiinet = 100k5[HO5 "V Kops second H@ anion, bearing in mind the very slow

reaction of HQ™ with the structurally similar NPP, and
evidence of a spontaneous reaction. Expulsion of NP may
The steady-state approximation to the peroxo inter- occur simultaneously with decomposition of (4-

mediate (Scheme 1) gives for the yield of NP O.NCgH40)PEO)(OOH)O to oxygen and NPP via a
common intermediate, possessing an enhanced electronic
Y = 100k [HO, ™| /{kobs(1 + ka/k3)} (7) density on the phosphoryl group after an electron transfer
from HO,, but this reaction is intermolecular. More
wherekgps= ko[HO, ]+k[OH ]+ko. Therefore, probable is an intramolecular nucleophilic attack of the
anionic peroxo moiety on phosphorus, as shown in
Yiinet/Y = 1+ Kq/K3 (8) Scheme 2. Indeed, intramolecular nucleophilic substitu-

tions are typically much faster than the corresponding
and ky/ks = 0.75. If reactions of BNPP and NPPC with intermolecular reactioh;in particular, the high hydro-
HO, ™ proceed through the same intermediate, this resultlytic reactivity of phosphodiesters bearingsenydroxyl
indicates that the yield of NP in the reaction with BNPP group is attributed to intramolecular attack of @n
should be ca 175 mol%, in good agreement with phosphorus. A fast intramolecular substitution by a

experiment (see above). peroxide ion was postulated in the peroxydolysis of
However, two observations indicate that this treatment bisaryl oxalates, e.g. bis(2,4-dinitrophenyl)oxalate, lead-

is oversimplified. First, when 110 *m H,0, was ing to formation of a cyclic peroxyoxalate: although the

reacted with a large excess of NPPC (0M)1in 0.05Mm detailed reaction mechanism is uncertHin.

NaOH, 1 equiv. of NP per equivalent of.8, was

formed, showing that the first-formed peroxophosphate, o o o o

1, can decompose spontaneously to NP without inter- bt R o (N AO"

vention of a second hydroperoxy species, e.g,HON A0 00 6-0

addition, the decomposition reaction represented in

Scheme 1 by stefs is an intermolecular interaction of In the dephosphorylation mechanism (Scheme 2), a
the intermediate with excess of HO (H,0,), as strained three-membered ring is formed in the transition
proposed for decomposition of the structurally related state. However, fast intramolecular substitutions by
intermediate (EtQP(=0)O0OH in the reaction of oxygen nucleophiles through three-membered rings are

(o]
I _fast_ (I? kp[HO, ] o
ON 0-P—Cl —- 0P
&

p
cl o
Kyt [OH]/ /
OzN O,N O h
o
Scheme 1
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well known, e.g. in epoxide formation from chlorohy- of EtOPO(O)CI was accelerated by an increase in the
drins in alkali® In addition, the peroxo group in the first- water content of aqueous acetone. Such kinetic behavior
formed intermediate (Scheme 2) is well placed to is atypical of hydrolyses of phosphate di- and triesters
displace the 4-nitrophenolate ion in a transition state which usually proceed with bimolecular mechanisths.
akin to a trigonal bypyramid with apical entering and The spontaneous hydrolysis of NPPC has some common
leaving groups® The cyclic peroxophosphate ion will features with those of PGl,~ and EtOPO(O)CI.
probably rapidly generate inorganic phosphate by attack There is a positive salt effect (Fig. 4) and addition of
of water on phosphorus followed by decompositiorRof  organic solvents inhibits the reaction while lgg
by reaction with HO.. correlates with theE™ parameter for the solvent
mixtures (Table 1) with a dependence consistent with
a spontaneous hydrolysi3 At the same time, reactions
Hydrolysis of NPPC with OH™ and especially HQ™ are much less sensitive
to solvent composition (Table 1). The second-order rate
An interesting feature of the NPPC hydrolysis is the large constants for reaction of HO are approximate because
contribution of a water reaction relative to that of OH  the solvent effect on deprotonation 0f®} is neglected.
For BNPPkpsfor the water reaction was estimated as ca. The solvent isotope effectky(H,0)/Kko(DoO) =1.33
1.1x10 ** s713Pje. 10-fold lower than for hydrolysis  (Table 1) is small, indicating little if any proton transfer
of NPPC, but the rate constants of OHeactions for in the transition state. Reactions with Okhnd HG ™
these substrates differ by only>tfbld. At the same time,  also show small, probably secondary, isotope effects of
the relative rate constants of the liGand OH' reactions 1.4 and 1.2 respectively (Table 1). (There will be a
are similar for both substrates, i.e. 23 for BNPP and 14 for contribution due to the isotope effect on the deprotona-
NPPC. It seems, therefore, that spontaneous watertion of H,O,, but it should not be large). Addition of a
reactions follow different mechanisms with BNPP and strong acid inhibits the spontaneous hydrolysis (Fig. 4)
NPPC. after a correction for a positive salt effect. These results
In an earlier kinetic study of the hydrolyses of strongly favor an g1-like mechanism, because proto-
PO,Cl, 1?2 and EtOPO(O)CI, %P an Syl1-like mechan-  nation should assist water attack but inhibit expulsion of
ism with a polar transition state and positive charge on CI™.
the entering HO and negative charge on the leaving Cl In anSy1-like mechanism the phosphoryl group should
was proposed. Reaction kinetics were not studied in generate 4-nitrophenyl metaphosphate, which could be
detail, but the P@Cl,~ hydrolysis showed a positive salt trapped by F.}* Reaction of NPPC with NaF indeed
effect and negligible reaction with OKH and hydrolysis  affords the expected (4-DCsH,O)P(E=O)OF as
shown by the'®F NMR spectrum of a reaction mixture
of 0.01m NPPDC and 0.m NaF in HO [doublet at
—76.092 ppm withlp = 949 Hz, typical of'P splitting;

0% her cf. 6r=-73.48ppm and Jpr=932Hz for
00 ] PhOP(O)OF.**¢ However, F appears to react nucleo-
vors ] philically with NPPC. Figure 4 shows the dependence of
o NaCl kobs ON [NaF], giving ke=0.017 Imol* s after
G oot correction for the salt effect. Therefore the formation of
< 0.014-] (4-O,NCgH,40O)P(=0)OF does not necessarily involve
' metaphosphate trapping by FPNe note that although the
0.0124 spontaneous hydrolysis of NPPCSgl-like both OH
o Fel and F react bimolecularly, and the second-order rate
] constants for reactions of OHand F differ by a factor
00 02 04 06 08 10 12 14 16 18 20 22 24 of 3, which is typical of reactions at phosphorus(V)
(MX], M centerst® Relative reactivities of HQ™ and OH™ are also
Figure 4. Rate constants of the spontaneous hydrolysis of similar to those observed in other reactions at these
NPPC as functions of NaCl, HCl and NaF concentrations centers®
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510 Y. MEJA-RADILLO ET AL.
CONCLUSIONS REFERENCES

Reaction of BNPP with HQ involves the formation of a 1. Je”rlcks WPCl?tagggs iCnhChegﬂstry and EnzymologyicGraw-
; ; ; it : Hill: New York, 1 ; Chapt. 2.
\l<|eF[y rﬁ.acr?\ée mtermedlatetr?flt.gr Sl'tlbsnu’]itlon;(;;he f;rS]E 2. (a) Yang Y-C, Berg FJ, Szafraniec LL, Beaudry WT, Bunton CA,
» WhICh decomposes with fiberation of ca 0 Mol o Kumar A.J. Chem. Soc., Perkin Trans.1897; 607; (b) Bunton
the remaining NP. Nucleophilic attack on NPPC by CA, Mhala MM, Moffatt JR.J. Phys. Org. Chen990;3:390.
HO,™ procceds ca 1000-fold faster than on BNPP, in 3. (a) Takasaki BK, Chin I. Am. Chem. S0d.993;1159337; (b)
accordance with the higher lability of the P—ClI Takasaki BK, Chin JJ. Am. Chem. Socl995; 117.8582; (c)

. . Breslow R, Zhang BJ. Am. Chem. S0d.994;1167893.
compared with the P—OfI,NO, bond, but NP is 4. (a) Fieser LF, Fieser MReagents for Organic Synthesi/iley:
released simultaneously with overall substitution without ~ New York, 1967; 744; (b) Turner AF, Khorana H&.Am. Chem.
formation of a long-lived intermediate, as with the much . ?C;C-El959:8'\ﬁ4é658-_ T Faraday Soc1049: 45224: (b)

H H H H H H . (a vans , Url N.lrans. Faraday S0C ) X )
less reactive BNPP. This observation, indicating very =y oo 7'sd pao 7. Chem. Sod957; 1077,
h'gh |lability Of_the peroxo |ntermed|at&3 1S rat'on_a“?ed 6. (a) Ketelaar JAA, Gersmann HRRecl. Trav. Chim. Pays-Bas
in terms of an intramolecular nucleophilic substitution by 1958;77: 973; (b) Koike T, Kimura EJ. Am. Chem. Sod991;
the peroxo group at phosphorus. The enhanced reactivity _ 113 8935.

of HO, relative to OH or F towards NPPC is 7. Krygowski TM, Wrona PK, Zielkowska Uletrahedronl985;41:

. . ) : 4519.
observed even when reaction with® is Sy1-like, and 8. Epstein J, Demek MM, Rosenblatt DBL Org. Chem1956; 21:
should be rather insensitive to nucleophilicity. 796.

9. Kirby AJ. Adv. Phys. Org. Cheni980;17: 183.

10. Jennings RN, Capomacchia A@nal. Chim. Actal989;227. 37.

11. (a) Westheimer FHcc. Chem. Re4.968;1: 70; (b) Thatcher GR,
Kluger R. Adv. Phys. Org. Cheni.989;25: 99; (c) Williams A.
Adv. Phys. Org. Chem1992;27: 1.

12. (a) Hudson RF, Moss @. Chem. Sod 962; 3599; (b) Hudson RF,
Moss G.J. Chem. Socl964; 1040.

13. Reichardt CSolvents and Solvent Effects in Organic Chemistry
1988; (2nd edn.) VCH: Weinheim.

The work was supported by CONACYT Grant 25183-E 14. (a) DiSabato S, Jencks WP Am. Chem. Socl961;83: 4400; (b)

and the US Army Office of Research. This support is  Kirby AJ, Varvoglis AG.J. Chem. Soc. B965; 135; (c) Bunton
gratefully acknowledged. H. J. F. thanks the Materials gg’g'zgoud'a” HJ, Gillitt ND, Whiddon CRCan. J. Chem1998;
Research Laboratory (N.S.F. DMR 9632716) for 15 Bunton CA, Robinson LJ. Org. Chem1969;34; 773.
support. 16. Edwards JO, Pearson RG.Am. Chem. S0d.962;84: 16.

Acknowledgements

Copyrightd 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 505-510



