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Abstract: Hydroxylamine reacts as an oxygen nucleophile, most likely via its ammonia oxide
tautomer, towards both phosphate di- and triesters of 2-hydroxypyridine. But the reactions are
very different. The product of the two-step reaction with the triester TPP 1is trapped by the
NH,OH present in solution to generate diimide, identified from its expected disproportionation
and trapping products. The reaction with HsN'—O  shows general base catalysis, which
calculations show is involved in the breakdown of the phosphorane addition-intermediate of a
two-step reaction. The reactivity of the diester anion DPP™ is controlled by its more basic
pyridyl N. Hydroxylamine reacts preferentially with the substrate zwitterion DPP* to displace
first one then a second 2-pyridone, in concerted Sn2(P) reactions, forming O-phosphorylated
products which are readily hydrolysed to inorganic phosphate. The suggested mechanisms are

tested and supported by extensive theoretical calculations.
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Phosphoryl transfer reactions are involved in countless essential biochemical processes, not least
the storage and transmission of genetic information. Extensive studies focused on detailed
mechanistic descriptions of simple models of nucleophilic substitutions in phosphate esters have
been summarised in recent reviews.'” For four decades the reactivity of phosphate esters has
been evaluated almost exclusively in terms of nucleophile and leaving group capabilities, and a
wide range of data, particularly linear free energy relationships (LFERs), has been reported for
nucleophilic substitution reactions of phosphate mono-, di- and triesters.*® We have investigated
the mechanisms of reactions of nucleophiles (always including water) with a broad range of

9, 10

phosphate esters, typically featuring alkyl and substituted-phenyl substituents: and most

recently for pyridyl esters.'" 2

This latter work was prompted by the intriguing report of Liu and
Wulff that an attempted preparation of di-2-pyridyl phosphate DPP "failed owing to its
instability"."? This was intriguing because diesters are known as the least reactive esters of
phosphoric acid (for example, the half-time for the spontaneous hydrolysis of diphenyl
phosphate at 100°C is an estimated 180 years.’) And has led to a series of studies on the

reactions of phosphate esters with 2-hydroxypyridine (Scheme 1) as leaving group. These are

conveniently summarised in the most recent report, on the hydrolysis of DPP itself."

H
pKa =9.09 | pKa =11.62
AN

Scheme 1. Equilibria and pK, values for 2-hydroxypyridine: which exists in water almost

exclusively as 2-pyridone.'*
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2-Hydroxypyridine, with a pK, of 9.09, exists in water almost exclusively as 2-pyridone
(Scheme 1), and its anion is expected to be a poor leaving group. The DPP" anion is indeed
hydrolysed very slowly, with a half-life of 70 years at 25°C."" Nevertheless, this is many
thousands of times faster than expected for a diester with leaving groups of pK, 9.09, and we
have proposed that this is the result of efficient intramolecular general base catalysis by the
pyridine nitrogen of the non-leaving group (Scheme 2)."' Interestingly, no intramolecular
catalysis was apparent for the hydrolysis of the much more reactive triester, TPP (Scheme 2):

which has considerably less basic pyridines.

Scheme 2. The hydrolysis reactions of neutral TPP and anionic DPP.'"°

This published work involves contrasting reactions of two related phosphate esters, TPP
and DPP, which show very different reactivities towards one of the weakest oxygen
nucleophiles, and we were interested to see how they fared when challenged by one of the
strongest. The strongest nucleophile in water is the anion of NH,OH, but the pK, of 13.42 for
the OH group means that the anion is present only at very high pH. However, hydroxylamine
can itself be a remarkably reactive "a-nucleophile" '® towards phosphate phosphorus, reacting

through oxygen via its ammonia oxide tautomer H;N"—0",'® which makes up almost 20% of a
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solution of hydroxylamine in water.'” We present a full mechanistic investigation involving
View Article Online
DOI: 10.1039/C30B40988K

kinetic, NMR, ESI-MS and theoretical calculations, comparing the reactions of hydroxylamine

with TPP and DPP: which turn out to be very different.

Results and discussion

Reaction of TPP with hydroxylamine

Kinetics. Reactions were followed spectrophotometrically in aqueous media by monitoring the
appearance of the product 2-pyridone at 294 nm, using an excess of hydroxylamine to ensure
that reactions were pseudo-first order with respect to the substrate. The pH-rate profile for the

reaction (upper curve of Figure 1) shows that ks increases with increasing pH between 4 — 8,

consistent with neutral hydroxylamine (NH,OH = H3;N'-O") as the reacting species (the pK, of

acid dissociation of "NH3O0H is 6.06).
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Figure 1. pH-rate profiles for the reactions of TPP with 0.5M NH,OH (m), and DPP with 1M
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NH,OH (e), both at 25°C and /=1.0 (KCI). Data for the spontaneous hydrolyses of TPP (0) and

View Article Online
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DPP (o) at 25°C, studied previously,'" ' are shown for comparison.

The disappearance of TPP in the presence of 0.5M hydroxylamine is some 400 times faster than
its spontaneous hydrolysis at pH 8 (on the plateau regions of the profiles shown in Figure 1),
consistent with the expected rapid nucleophilic reaction with hydroxylamine. However, a plot of
kobs vs hydroxylamine concentration (Figure 2) shows linear behavior only at very low
concentrations of the nucleophile, with the marked curvature at higher [NH,OH] evidence for a

reaction second order in hydroxylamine.

0,030

0,025
0,020 -

“» 0,015 -

obs

0,010

0,005 -

0,000

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
[NH,OH, M]

Figure 2. Dependence of ko on hydroxylamine concentration in the reaction with TPP at 25°C,
pH 8.5 and /=1.0 (KCI). The solid line represents the curve fit to equation (1): ko= ko

+io[NH,OH] + k3[NH,OH]%. Results appear in Table 1.

The (upper) profile of Figure 1 is thus accounted for by pathways both first and second order in
hydroxylamine, which make the major contributions to k. at low and high [NH,OH],
respectively. (Calculated rate enhancements over ko for 1M hydroxylamine are 106-fold for the

second order (k;) reaction, and 1638-fold for the competitive (k3) path involving two
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hydroxylamine molecules.) Only one molecule can act as the nucleophile, so the second
View Article Online
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hydroxylamine acts, at least kinetically, as a general base. Hydroxylamine itself has no special
properties as a base, so as a simple test to verify general base catalysis of the reaction, we looked
for — and found — comparable buffer catalysis by dipotassium hydrogen phosphate, which has a
similar pK,. The second order rate constant for buffer catalysis by K,HPO, of the reaction with
0.1M NH,OH is 3.82x10° M s™ compared with 3.85 x10> M s for catalysis by the second
molecule of (IM) hydroxylamine. (The data are shown in Table S.2 of the Supporting
Information).

These results are consistent with the general base assisting nucleophilic attack by
hydroxylamine, as in Scheme 3: or alternatively with catalysis of the second step of a reaction
involving a pentacovalent intermediate. There is general agreement that the hydrolysis of
phosphate triesters is a two-step process, and indications that the second step may become rate-

determining for the reactions of triaryl esters. '*

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

B = HONH, , HOPO4=, H,0

Scheme 3. Single-step mechanism (see the text) for the reaction of hydroxylamine with TPP to
form the O-phosphorylated derivative (1). Solvent may be presumed to act as the general base
for the first order reaction. The evidence favouring ammonia oxide as the active nucleophile is

discussed below.
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The full pH-rate profile (Figure 1) for the reaction with TPP with 0.5M hydroxylamine was
DOI: 10.10;;72;8;?0%2;1;

fitted to equation (2) [based on eq. (1), Figure 2: but including also terms for the reactions of the

conjugate acid TPPH" (protonated on pyridyl nitrogen).

kobs = ku.)(repr+ + [ko + ky [NH,OH] YN20n + k3([NH20H]-XNH20H)2

+ k4[NHon]z-XNHzoﬁ-XNmom] Xpp (2)

Here Ynm2on , YNmzon+ Xrep and Yrepu+ are the molar fractions of neutral hydroxylamine,

NH; OH, neutral TPP and TPPH". The parameters obtained from the least squares fit appear in
Table 1. The hydrolysis rate constant ky makes the major contribution to ks at lower pHs: 4,
we take to represent the kinetically equivalent reaction of TPPH", second order in NH,OH:
corresponding to the mechanism of Scheme 3 but with neutral 2-pyridone as the leaving group.

Full details of the analysis and curve-fitting appear in the Supporting Information.

Table 1. Kinetic parameters for reactions of hydroxylamine with TPP in water.’

ki, s 0 36.5+13.3
ko, s ® 2.35x107
ko, MT s 2.50x 10~
ks, M~ s € 3.85x 107
kay M7 57! (1.03+0.07)x10™
pK. (TPPH") ° -0.22
pK. ('NH;0H) ° 6.06

* First, second and third order rate constants were obtained by fitting the pH-rate profile (Figure
1) to eq. 2. ” Data from the literature.'>" ° k, and k; values obtained by fitting the profile of k,,
vs. [NH,OH] (Figure 2) to eq. 1.
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We showed in previous work that almost 20% of hydroxylamine exists in aqueous solution as

View Article Online
DOI: 10.1039/C30B40988K

the zwitterion ammonia oxide ("NH;0")," a highly reactive nucleophile towards the phosphoryl
centre, of triesters in particular.'” We have tested the mechanism by measuring the solvent
kinetic isotope effect (SKIE) for the reaction. In the presence of 0.5M hydroxylamine, at pH(D)
8.5, where the reaction is carried almost entirely (94%) by the third order process, we observe a
SKIE, kyolkpyo, Of 1.7. This is consistent with the involvement of proton transfer in the
transition state, and thus (though not uniquely) consistent with a general base catalysis

mechanism such as that suggested in Scheme 3.

More specific information comes from a proton inventory study, conducted under the same
conditions for the pH-independent reaction of 0.5M hydroxylamine with TPP at 25.0 °C, pH 8.5
(TRIS buffer, 0.01 mol L', 1 mol L™ KCI). The solvent isotope effect in mixtures of HOH (n = 1
-0) and DOD (n =0 - 1) shows a curved dependence of k, /k, on the atom fraction n of deuterium
(Figure S.3a in the Supporting Information). For a reaction between a phosphate triester such as

TPP (without exchangeable hydrogens) and ammonia oxide, we can reasonably expect the
fractionation factors of the reagents (gb,R) to be close to unity. Accordingly, the data give an

acceptable fit (R* = 0.989) to the Gross-Butler equation in its simplified form (Eq. 4):

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

kn = ka(1-n+n.¢)" Eq. 4

with a fractionation factor ¢' = 0.87 and a value of m = 3.6, suggesting that there are some 3 — 4
protons in-flight in the rate determining transition state. Since the isotope effect is not very
large, we decided to test if the proton inventory could be reasonably fitted with two in-flight
protons. The plot of (kn/kH)”2 versus npyo (Figure S.3b) was linear with R = 0.994 and the
expected intercept of unity (0.997 £ 0.007) and slope = -0.227 £ 0.011 are consistent with two

mobile hydrogens with a fractionation factor ¢;' = 0.773. Since the two results are statistically
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equivalent, we apply Occam’s razor, and conclude that the proton inventory study favours a
View Article Online
DOI: 10.1039/C30B40988K

transition state with at least two hydrogens in-flight.

To confirm that hydroxylamine acts predominantly as an oxygen nucleophile, we
followed the reactions of TPP with its N- and O-methyl hydroxylamine derivatives: and found
different behavior for different potential nucleophiles. The rate-concentration profile for the
reaction with N-methyl hydroxylamine is similar to that of hydroxylamine in showing a second
order component: while those for N, N-dimethyl hydroxylamine and O-methyl hydroxylamine do
not (the three profiles are shown in Figure S.2 of the Supporting Information). Since the reaction
of TPP with Me,NOH is already 12 times slower than with hydroxylamine itself, we presume
that the third order term for general base catalysis by the considerably less basic dimethylamino
compound is simply too slow to be significant at the highest concentration (0.3M) used. Second
and (where applicable) third order rate constants obtained for each nucleophile are presented in

Table 2, together with their pK, values: which are used in the Bronsted plot of Figure 3.

Table 2. Rate constants for reactions of TPP with hydroxylamine and its derivatives, all at

25°C, pH=8.5 and I=1.0 (KCI).*"

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

Nucleophile pK. ks, M!s! k3, Mgt
NH,OH 6.06 2.50x 107 3.85x 107
MeNHOH 6.18 3.25x 107 1.51 x 107
NMe,OH 5.20 9.78 x 10™ -
NH,OMe 4.60 1.17x 10" -

* Rate constants were obtained by fitting the rate-concentration profiles, see Figure S.2 of the
Supporting Information (the plot of kobs vs. [NH,OH] is shown in Figure 2, above). ° pK, values
were obtained from literature."

10
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Figure 3. Bronsted plot for the (first-order) reactions of TPP with hydroxylamine nucleophiles,

at 25°C.

The rate constants in Table 2 show that TPP reacts more slowly with less basic hydroxylamines,
as expected: but the Bronsted plot of Figure 3 shows that NH,OMe does not fit the relationship
accurately defined by the points for hydroxylamine and its mono- and di-N-methyl derivatives,
but reacts 4-5 times more slowly than expected from the correlation. This behavior is

precedented,”® and consistent with hydroxylamines with N-OH groups acting as oxygen

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

nucleophiles in their reactions with TPP.

Identification of products and intermediates. Confirmation that hydroxylamine acts as an
oxygen nucleophile comes from product studies. The initial product (1, Scheme 3) is not stable,
but can be trapped. We showed previously that hydrazine is produced, together with N,, in the
dephosphorylation of a simple triester; *' and explained how this is evidence for oxygen attack
on P. We have used the same technique to show that hydrazine is produced in the reaction of
NH,OH with TPP. (i) On adding the reaction mixture to a solution of 4-

(dimethylamino)benzaldehyde we observe a peak in the visible spectrum (Amax 454 nm, Figure

11
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S.6 in the Supporting Information) consistent with the formation of the hydrazone (for details
DOI: 10.10;;72;8;?0%2;;

see the experimental section). We presume that hydrazine is formed as shown in Scheme 4:
where the O-phosphorylated hydroxylamine intermediate (1), formed by nucleophilic oxygen
attack by hydroxylamine on the phosphorus atom of TPP, reacts with neutral hydroxylamine
(present in excess in the solution) to form diimide: which rapidly disproportionates to form
hydrazine and nitrogen. Note that the initial product 1 from the reaction of the triester has a very

good (diaryl phosphate anion, pK, < 2) leaving group attached to the hydroxylamine N.

HO N~ HO
\ X o | \ ~
HaN= NH Oy ) H,0 NH—NH, + DPP
O—P\«O —
o} -HZOl
1 /N
N 'N2
— NH=NH ——2» NH,-NH,

Scheme 4. Reaction of 1 with hydroxylamine, and formation of diimide and hydrazine.

To test specifically for the powerful reducing potential of diimide, we followed the
reaction by '"H NMR in the presence of added fumaric acid. The sequence of '"H NMR spectra
presented in Figure S.4 (Supporting Information) show that the fumaric acid present is indeed
reduced quantitatively to succinic acid, consistent with it trapping the strongly reducing diimide
HN=NH. And now the reaction solution shows no significant absorbance at 454 nm, confirming
that hydrazine is no longer formed (Supporting Information, Figure S.6). The reaction was also
followed by *'P NMR which shows, consistent with the corresponding 'H NMR sequence
(Figures S.4 and S.5 in the Supporting Information), that the intermediates shown in Scheme 4
are too unstable to be observed directly by conventional spectroscopic methods. Relevant 'H and
*'P NMR chemical shifts are presented in the experimental section (Table 6). The NMR results

are fully consistent with attack by hydroxylamine oxygen on ester P.

12
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Theoretical calculations and mechanism. We have suggested a plausible reaction mechanism
View Article Online
DOI: 10.1039/C30B40988K

(Scheme 3) to explain the observed reaction of TPP with hydroxylamine, involving general base
catalysis of the initial step. This is consistent, but not uniquely consistent, with the experimental
evidence. Apparently simple phosphoryl transfer reactions can be relatively complex: even the
spontaneous hydrolysis reaction involves several water molecules in the formation and/or
stabilization of the transition state.”> So we performed theoretical calculations to investigate the
detailed mechanism of the reaction of neutral TPP with hydroxylamine leading to 2-pyridone
and the phosphorylated hydroxylamine.

We use Density Functional Theory (DFT) with the hybrid functional B3LYP and 6-
31++G(d,p) basis set, evaluating the Potential Energy Surface (PES) in order to locate stationary
points for reactants (R), transition states (TS) and products (P); and frequency calculation to
obtain activation parameters. Since solvent undoubtedly influences structure geometries, the
calculations were performed in the implicit presence of water as solvent, using the polarizable
continuum model (PCM) and solvation model density (SMD). Additional, explicit water
molecules were used in the calculations to allow for specific proton transfer and hydrogen
bonding interactions.

As found previously for the hydrolysis reaction of TPP,'® all calculational attempts to find

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

concerted displacement mechanisms led to the formation of pentacoordinate intermediates. We
therefore consider mechanisms involving initial attack of the zwitterion "NH;—O on the
phosphorus centre of TPP to form a pentacoordinate addition intermediate (Imt), which is
converted to the final product by the departure of the 2-pyridyl leaving group (Scheme 5). A few
added water molecules play specific roles, as catalytic general bases or for hydrogen bonding
stabilisation. Table 4 compares calculated and experimentally observed activation free energies

for the reaction first order in hydroxylamine (Mechanism 1, Figure 4).

13
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Scheme 5. Mechanism 1: The basic addition-elimination mechanism (no discrete waters added)
for the attack of ammonia oxide.

The results (Table 3) show good agreement between theoretical results and experiment for
Mechanism 1, best when two or three additional water molecules assist the reaction by
supporting two undemanding proton transfers, via a concerted cyclic activated complex which
delivers an element of intramolecular general base catalysis. A major decrease, from 2.386 A to
1.688 A, in the interatomic distance Hy-O, is observed on going from INT to TS2. The length of
the P,-O¢bond to the leaving group increases significantly from intermediate to transition state,
from 1.754 A to 2.281 A, respectively. The dihedral angles (Table S.7 in the supporting
information) indicate (in all cases) a non-planar six-membered cyclic activated complex P,-O,-

H,-0,-H;-Oq, with imaginary frequencies of 193.1. These correspond to the rocking vibration

14
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leading to product formation. The displacement vectors (DV) associated with the imaginary

View Article Online
DOI: 10.1039/C30B40988K

frequency are indicated in Figure 5.

Adding more than three water molecules changes the calculated free energy of activation
hardly at all, so that three discrete water molecules appear sufficient to describe the process in
detail. The positioning of the solvent molecules and their specific roles are similar to those
reported in the literature for the hydrolysis reactions of phosphate triesters.'® Figure 5 shows
optimized transition state structures for the formation (TS1) and cleavage (TS2) of the
pentacoordinate intermediate formed in Mechanism 1; with three water molecules playing well-
defined roles in its formation and cleavage. (Cartesian coordinates for all structures appear in the

Supporting Information.)

Table 3. Activation free energies, AG*(kcal/mol), for the addition-elimination reaction between
TPP and hydroxylamine at 25 °C, calculated at the B3LYP/6-31++g(d,p) level of theory using

the PCM solvation model.

Mechanism 1: first order in | Mechanism 2: Second order in
hydroxylamine hydroxylamine

0 H,O 253 0 H,0O 215 (21.1)¢
1 H,0 22.6 1 H,0 240

2 H,0 212 Obs. (expt) |19.1°

3 H,0 20.2

4 H,0 20.5

Obs. (expt.) 20.7°

“ Value obtained for TS5. ” Corrected (by —1.0 kcal/mol)
for the 18% of reactive 'NH5;—O~ present.

15
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Figure 4. Free energy profiles for Mechanisms 1 and 2 respectively). The lifetimes of the

intermediates are predicted to be minimal.
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Figure 5. Optimized structures for TS1 and TS2 for Mechanism 1, the reaction first order in

hydroxylamine: in the presence of 3 discrete water molecules (see the text).

As shown by the energy-profile diagrams of Figure 4, the significant conclusion from the

calculations is that the second step, the cleavage of the pentacoordinate addition intermediate, is

rate-determining. Thus the observed general base catalysis of the reaction with hydroxylamine

must be of the second step of the reaction. We therefore carried out similar calculations for

16
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Mechanism 2 (Scheme 6), to include a second molecule of hydroxylamine. The results suggest

View Article Online
DOI: 10.1039/C30B40988K

that the driving force for the cleavage of the neutral intermediate develops from the removal of
the proton from the P—O(2)H bond by the general base: which initiates a loosely concerted
cyclic process leading eventually to the transfer of a proton to the leaving group with cleavage
of P—O(6) (Schemes 4 and 6). The general base is water in TS2, the OH group of NH,OH in
TS4, and — most effective — the NH, group in TSS. The OH groups of water and NH,OH
support closely similar pathways: the NH, group has the advantage of being more basic, so that

the initial proton transfer is already complete in TS5, generating HONH," as a general acid with

one of its N"H protons in position to assist the departure of the leaving group. We note that the
addition of discrete water molecules to the calculation does not improve the agreement with
experiment when two hydroxylamines are present (Table 3). The second, catalytic,
hydroxylamine takes the place of discrete waters, in a PCM environment specifically

parameterised for water.
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Scheme 6. Mechanism 2. The addition-elimination mechanism involving two (zwitterionic)
hydroxylamines. The formation of the intermediate, via TS3, involves general base catalysis,
much as suggested in Scheme 3, but this step is rapidly reversible before the rate determining

breakdown of the intermediate. The pathway via TSS is (modestly) preferred (Table 4).
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TS5

Figure 6. Optimized structures for TS3, 4 and 5 of Mechanism 2, the reaction second order in
hydroxylamine (Scheme 6). The second molecule of NH,OH acts more or less directly as a

general acid in the second, breakdown step (TSS5).

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.
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Reaction of DPP with hydroxylamine
View Article Online
DOI: 10.1039/C30B40988K

Kinetics. Reactions were performed as for TPP, in aqueous media and under pseudo-first order
conditions with respect to the substrate, by monitoring the appearance of product 2-pyridone at
294 nm. Figure 1 (above) compares the pH-rate profile for the reaction of DPP with 1M
hydroxylamine with that for its spontaneous hydrolysis, and shows that ks for the reaction with
hydroxylamine falls as the pH increases from pH 5 to 9, behavior different from that observed in
our previous studies of reactions of phosphate esters with hydroxylamine.'® ** The fractional
composition profiles for substrate and nucleophile, shown in Figure S.7 of the Supporting
Information, show that over this pH range the substrate is present almost exclusively as the
DPP anion. 'NH3;0H (pK, = 6.06) is not a nucleophile, so the pH-dependence indicates that the
observed reaction must involve the kinetically equivalent reaction of hydroxylamine with the
DPP" zwitterion. This is confirmed by the solvent kinetic isotope effect, measured as 0.64 in
D,0 at pD 5.0 and 25°C. The inverse isotope effect is consistent with a (formal) preliminary
proton-transfer equilibrium between the weakly reactive DPP~ and the non-reactive 'NH;OH

(Scheme 7).

+NH3OH + / + NH,OH
N (@]
| |
Z s
DPP DPP*
M& }V

Scheme 7. Reactions of DPP* and DPP” with hydroxylamine.
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The pH-rate profile was fitted to equation 3, which describes the reaction of
hydroxylamine with DPP* (k) (Scheme 7). Eq. 3 also includes a term for the hydrolysis of
DPP* (k.), which makes a small contribution to ko, at lower pHs (the initial hydrolysis products

are 2-pyridone and 2-pyridyl phosphate).

kobs = (k2-XNH20H-XDPPi) + /&.XDPPi 3)
YDPP 5 XDPP » XNH20H and Ynma+on are the molar fractions of DPP~, DPP*, NH,OH and "NH;OH,

respectively.

The kinetic parameters obtained from the fit to eq. 3 (Table 4) show that the dephosphorylation
of DPP* by 1M neutral hydroxylamine (k) is enhanced about 1200-fold), compared to the
spontaneous hydrolysis reaction. Any contribution to kos of the reaction of NH,OH with DPP™
i1s minimal, consistent with the poor leaving group. In contrast to the behavior observed for the
reaction of hydroxylamine with TPP, ky,s for the reaction with DPP shows a simple linear
dependence on nucleophile concentration (the data are shown in Table S.5 of the Supporting

Information).

Table 4. Kinetic parameters for the reaction of DPP with hydroxylamine, at 25°C.*"

ke s € 3.56x10™

k,M's! 2.26x10™

ko, Mg 4.22x10"
pK, (NH;0H) ° 6.06
pK, (DPP”) ¢ 2.73

* Obtained by fitting the pH-rate profile (Figure 1) to egs. 3. ® Rate constant for DPP~
hydrolysis: 3.12x10"° s™."" ¢ Literature values.'"**
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Identification of products and intermediates. We followed the reaction of DPP with
DOI: 10.10;;72;8;?0%2;;

hydroxylamine by 'H and *'P NMR, and performed mass spectroscopic analysis (ESI-MS and
the tandem version, ESI-MS/MS) to confirm the identities of products and intermediates.

NMR experiments were performed at pD 5, in the plateau region of the pH-rate profile
(Figure 1), where the predominant reaction is that of the DPP* zwitterion with neutral
hydroxylamine. Chemical shifts for all the species detected are presented in Table 6 (below).
Sequential "H NMR spectra (Figure S.8 in the Supporting Information) show the disappearance
of the substrate DPP together with the formation of 2-pyridone as the sole final product,
consistent with exclusive attack of hydroxylamine oxygen on the phosphorus atom of DPP. The
"H NMR spectra also reveal the formation and disappearance of a phosphorylated intermediate,
stable enough to be observed directly by conventional NMR techniques and consistent with

structure Int-1 in Scheme 8.

+
~ "N ﬂ =z N’H (|)|
\ | O/P“ \ | /P\ -
/7 + *NH,OH 0"/ = + NH,OH
N._O o

O. _ONH, O, _ONH,
0" Yy 0" Y%
H~+
NN+ *NHzOoH N+ NHOH
= =
Int-1 2)
- 2-pyridone
Q _ONH, H,0 PO
HNO™ Y- 4
P
Int-2

Scheme 8. Equilibria involved in the consecutive reactions of DPP with hydroxylamine, in
buffered aqueous solution.
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Successive *'P NMR spectra (Figure S.9, Supporting Information) also show the appearance of a
peak at -1.46 ppm consistent with Int-1 formation in addition to the disappearance of DPP. The
subsequent disappearance of the -1.46 ppm peak is accompanied by the appearance of a new
peak at 8.16 ppm, suggesting that Int-1 is not hydrolyzed but itself reacts (much faster, as would
be expected) with hydroxylamine. The pyridine N of Int-1 (Scheme 8) will be at least as basic
as that of DPP", and attack by hydroxylamine on the zwitterion (reaction 2) to form Int-2 is
expected to be its dominant reaction.

We observed similar behaviour in previous studies of the nucleophilic reaction of imidazole
with a phosphate diester with two 2,4-dinitrophenyl groups.’ In that case also both good (2,4-
dinitrophenolate) leaving groups were displaced in successive steps by nucleophilic attack of
imidazole on phosphorus, to produce a bis-phosphorylimidazole intermediate. Which finally
decomposed to inorganic phosphate in two steps with regeneration of imidazole. It appears that
Int-2 is similarly, though more slowly, hydrolyzed, to regenerate hydroxylamine and form
inorganic phosphate, P; (0.85 ppm). The small amounts of P; observed before the decomposition
of the intermediates, are presumably a small contribution from the spontaneous hydrolysis of

DPP*. The mechanism summarized in Scheme 8 explains why we observe

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

(spectrophotometrically) the release of both 2-pyridone groups of DPP, but observe no
monoester MPP in either 'H or *'P NMR experiments.

Building on our experience of studying mechanisms using mass spectrometric
techniques, we performed ESI-MS analysis to monitor the reaction of DPP with hydroxylamine:
the results add further support for the formation of Int-1 (Scheme 8). As described above, in the
ESI-MS process used here, solvated ions are “fished and transferred” directly from solution to
the gas phase, so that the experiments provide "snapshots" of the ions present in solution. These

. C. .. 2
have been shown in numerous cases to reflect accurately the actual ionic composition.” > °

23


http://dx.doi.org/10.1039/c3ob40988k

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

Organic & Biomolecular Chemistry

Page 24 of 34

Samples of reaction solution at pH 5.0 and 25 °C, containing all reactants, intermediates, and

View Article Online
DOI: 10.1039/C30B40988K

products, were transferred directly to the gas phase and detected by ESI(+)-MS. Initially, ESI-

MS(+) showed a series of major species in solution (Figure 7), indicating the presence of 2-

hydroxypyridine (the protonated species at m/z 96) as the major product, and a species of m/z

191, consistent with (the protonated form) of Int-1 of Scheme 11,

Intensity, cps

2.0x10’

1.5x10"

1.0x10"

5.0x10°

0.0

O\\P _ONH,
7N\
0" oH
HNTX
4 x |
T 4 x =
T 191
102

Nehoark

Aathenthl

LMJ\.L-:AAANM

100

120 140 160 180 200 220

m/z Da

T
240 260

Figure 7. ESI(+)-MS of the reaction of DPP (Li" salt) with 1M hydroxylamine, after 180

minutes of reaction, at pH 5 and 25°C. Suggested assignments for minor peaks (intensities

magnified 4x) are: 102 = pyridone + Li; 129 = Int-2; 135= Int-2 + Li.

Theoretical calculations. To further clarify the mechanism of the reaction of DPP with

hydroxylamine, leading to Int-1 and 2-pyridone, we performed theoretical calculations, similar

to those discussed above for the corresponding reaction of the triester TPP. We use Density

Functional Theory (DFT) at the B3LYP/6-31++G(d,p) level, evaluate Potential Energy Surfaces
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(PES) in order to locate stationary points for reactants (R), transition state (TS) and products (P),
DOI: 10.10;;72;8;?0%2;;

and use frequency calculation to obtain the activation parameters. All calculations were
performed using the polarizable continuum model (PCM) and the solvation model density
(SMD); and discrete water molecules were included to investigate particular proton transfers or
hydrogen bonds.

The calculations refer to the initial P—O cleavage step, reaction (1) of Scheme 8. We
derived Gibbs free energies of activation (AG*) for three different combinations of reagents and
solvent: (i) substrate and nucleophile only; (i1) substrate and nucleophile, plus one water and (iii)
substrate and nucleophile plus two water molecules. Values of AG* were calculated with respect
to the global minimum (R1 in Scheme 9), defined by DPP" and H;N OH. Consistent with the
consensus that the hydrolysis reactions of phosphate diesters with good leaving groups do not
involve pentacovalent phosphorane dianion intermediates, we found previously that all attempts
to optimize the structure of a pentacoordinate intermediate in the hydrolysis of DPP led to
cleavage of the P—O.g bond and reversion to the bimolecular, Sy2(P) transition state.'' We
therefore consider only concerted mechanisms for the reaction with hydroxylamine.

The results (Table 5) show a calculated AG* in good agreement with the experimental

data when one water molecule is taken into account in the TS structure. This water molecule

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

provides a TS stabilization of about 2 kcal/mol, compared with the reaction in the absence of a
discrete water: including a second water molecule provides no additional stabilization. The
calculation therefore focused on the Sx2(P) mechanism B of Scheme 9, involving oxygen attack
on phosphorus, with the single water molecule hydrogen-bonded to both nucleophile and
phosphoryl group as shown. We present a full characterization of the transition state for this
mechanism, and a detailed description of the changes in geometrical parameters, charges and

Wiberg indexes. Note that the immediate nucleophile considered in the calculations is the
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zwitterionic ammonia oxide, which we have shown makes up some 20% of hydroxylamine in

. 1
aqueous solution.'’

View Article Online
DOI: 10.1039/C30B40988K

Table 5. Free energies of activation and second order rate constants for the reaction of
hydroxylamine with di-2-pyridyl phosphate at 25 °C, calculated at the B3LYP/6-31++G(d,p)

level of theory.
Number of water molecules kM s™ AG* (kcal/mol)
0 0.006 20.5
1 0.22 18.3
2 0.23 18.3
Experimental “ 0.42 18.0

“ Experimental AG* obtained from second order rate constant (Table 4).
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Scheme 9. Two possible mechanisms for the reaction of DPP with hydroxylamine. Mechanism
View Article Online
DOI: 10.1039/C30B40988K

B considers one added water molecule. The (initial) products are the phosphorylated

hydroxylamine (Int-1 in Scheme 8) and 2-pyridone.

Figure 8 presents the optimized TS structure for Mechanism B, and the atom numbering
used: and shows the formation of the new P,-O3; bond (involving the attack of the ammonia
oxide oxygen on phosphorus) and the cleavage of the P,-O; bond. Cartesian coordinates for the
reactants, transition state and products are given in the Supporting Information, and structural
parameters of reactants, transition state, and product of the rate-determining step are given in
Table S.9. The interatomic distances show an important elongation of the P,—O;-bond to the
leaving group, from 1.693 A in the reactants to 1.840 A in the TS, indicating significant bond
breaking. This accompanies the formation of O3;-P,, the non-bonded 5.917 A shortening to
2.234 A. The bond distances N4-Hs and O¢-H,( do not change significantly from reactant to TS,
indicating that the stabilization promoted by the water molecule only involves hydrogen

bonding.

H
10
AH
H \H’ .6
VS
4 *HN
3 1
| \O/‘J@OO
8 /= _
O 07
N\
S |

Figure 8. Transition state (TS) for mechanism B of Scheme 9. The transition DV is associated

with a rocking vibration leading to product formation.
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Figure 9 shows the calculated free energy profile for this reaction. The optimized TS of the rate-

View Article Online
DOI: 10.1039/C30B40988K

determining step connects reactants and products in a single step, concerted Sx2(P) mechanism.
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| DPP + NH20H TS

4

Reaction Coordinate

Figure 9. Free energy profile for the nucleophilic attack of hydroxylamine on DPP".

Conclusions

The 400-fold enhancement of reactivity of the a-nucleophile hydroxylamine towards the triester

TPP is far greater than towards the DPP™ anion: consistent with previous results with simple

phosphate esters, which showed rate enhancements for the reactions with triesters > diester

anions > monoester dianions.'® The second (rate-determining) step of the addition-elimination

reaction with the triester TPP produces an O-phosphorylated hydroxylamine with a very good

leaving group attached to N: this intermediate rapidly decomposes with N—O cleavage, forming

dimide. By contrast, the ArOP(O,)-ONH, product of the (concerted) Sx2(P) reaction with the

DPP™ anion reacts a second time with NH,OH to form (NH,0),PO,", which is subsequently

hydrolysed with P—ONH, cleavage to inorganic phosphate.

28


http://dx.doi.org/10.1039/c3ob40988k

Page 29 of 34 Organic & Biomolecular Chemistry

The PCM solvation model has a generally poor reputation for describing interactions
View Article Online
DOI: 10.1039/C30B40988K

between water molecules and reactants, especially in hydrolysis reactions, where proton
transfers and hydrogen bond formation and cleavage take place. Our results from this and recent
work show that the explicit inclusion of water molecules playing specific roles is a key to
calculating convincing model transition states for this type of reaction. The specific roles imply
specific geometrical arrangements, which are based on our experience of organic reaction

mechanisms.

Experimental section

Materials. The phosphate esters TPP and DPP were prepared as described previously.'"'>?
Inorganic salts were of the best analytical grade available from commercial sources (Merck,
Aldrich, Fluka and Across Organics) and were used as received. Liquid reagents were purified
by distillation.

Kinetics. Reactions of TPP and DPP with hydroxylamine were followed

spectrophotometrically by monitoring the appearance of 2-pyridone at 294nm. Reactions were

started by adding 30 pL of 5SmM stock solutions of the substrate to 3 mL of buffered aqueous

Published on 17 July 2013. Downloaded by Princeton University on 22/07/2013 20:14:55.

solutions to give final substrate concentrations of 50uM. Hydroxylamine concentrations were in
great excess to guarantee pseudo-first order kinetics with respect to the substrate. The
temperatures of the reaction solutions in quartz cuvettes were controlled with a thermostatted
water-jacketed cell holder, and ionic strengths were maintained (/=1.0) with KCl. The pH was
maintained with 0.01M buffers of CH;COOH, NaH,PO,, BISTRIS and TRIS. Absorbance
versus time data were stored directly on a microcomputer, and observed first-order rate
constants, kons, were calculated using absorbance changes obtained for at least 90% of the
reaction , using an iterative least-squares program; correlation coefficients were > 0.999 for all

kinetic runs. For the solvent deuterium isotope effect measurement, the comparison was made at
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0.5M hydroxylamine, at pD(pH) 8.5 (conditions as for the second order plot of Figure 2). Under
DOI: 10.10;;72;8;?0%2;;

these conditions the hydroxylamine is present exclusively as the free base, and the third order
process represents 94% of the total reaction. The pD was obtained from the meter reading using
the relation pD = pH + 0.4 at 25°C.**

Hydrazine trapping. The procedure adopted, taken from Watt and Chrisp,” is briefly described
as follows: 50uL of a 0.01M solution of substrate TPP in acetonitrile were added to 1mL of a
0.05M hydroxylamine solution buffered at pH 8.50 with 0.01M TRIS. After stirring for 1h at
25°C, an aliquot of 100uL of the reaction mixture was added to 2mL of a freshly prepared color
reagent. The product, p-dimethylaminobenzaldehyde hydrazone, was identified by UV-Vis
spectroscopy (Amax 454m, € 59000)™ recorded using a HP8453 spectrophotometer. A control
experiment, using a solution prepared by the above procedure but without the triester, gave no
significant absorbance at 454nm.

Diimide trapping. For diimide trapping, it was prepared a mixture in D,O by adding 50uL of a
0.01M solution of TPP in acetonitrile to ImL of a 0.05M hydroxylamine solution buffered at pD
7.20 with 0.01M TRIS containing also 0.2M of fumaric acid. The reaction was followed by 'H
NMR, which showed consumption of fumaric acid and formation of succinic acid, indicating
reduction by diimide. After, hydrazine trapping was tested (see experimental details and
conditions above), but the UV-Vis spectrum showed no significant absorbance at 454nm,
confirming effective diimide trapping.

Following reactions by NMR. We followed the reactions of TPP and DPP with hydroxylamine
in D,0 at 25°C, using both 'H and *'P NMR. Reactions of TPP with NH,OH were perfomed at
pD 7.2, and reactions of DPP with the nucleophile, at pD 5.0. Hydroxylamine concentration was
in large excess in respect to that of the substrate. '"H NMR spectra were monitored on 400 or
200MHz spectrometers and chemical shifts are referred to internal sodium 3-(trimethylsilyl)

propionate (TMSP) as standard. *'P NMR experiments were performed on a 200MHz
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spectrometer using phosphoric acid (85%) as external reference, using 50 mM DPP and 20 mM
DOI: 10.10;;72;8;?0%2;;

TPP. 'H and *'P NMR chemical shift assignments are presented in Table 6.

Table 6. 'H and *'P NMR chemical shifts of the species observed in the reactions of TPP and

DPP with hydroxylamine, in D,0, at 25°C.**

Species "H NMR, 6 (ppm) *IP NMR, 6 (ppm)

TPP 7.14 ppm (dd, 1H, J= 7.4, 5.4 Hz); 7.29 ppm (dd, 1H, -19.63
J=18.2,0.8 Hz); 7.88 ppm (ddd, 1H, J=8.2,7.4,2.0
Hz); 8.13 ppm (ddd, 1H, J=5.4, 2.0, 0.8 Hz)

DPP 7.13 ppm (ddd, 1H, J=8.2, 2.0, 0.8 Hz); 7.19 ppm -11.58
(ddd, 1H, J=7.4, 5.1, 0.8 Hz); 7.80 ppm (ddd, 1H, J=
8.2,8.2,2.0 Hz); 8.12 ppm (dd, 1H, J=5.01, 2.0 Hz)

Int-1 (reaction of DPP with NH,OH) -1.46
Int-2 (reaction of DPP with NH,OH) 8.16
P; 0.85

2- pyridone 6.51 ppm (ddd, 1H, J=7.2, 6.6, 1.2 Hz); 6.66 ppm —
(ddd, 1H, J=9.2, 1.1, 1.1 Hz); 7.44 ppm (ddd, 1H, J=
6.6, 2.0, 0.8 Hz); 7.62 ppm (ddd, 1H, J=9.4,7.4,2.3
Hz)

Succinic acid 2.40 (s, 4H) —

Fumaric acid 6.53 (s, 2H) —

*Chemical shifts for the phosphate esters, 2-pyridone, succinic and fumaric acid and P, are
consistent with values obtained from spectra of the pure compounds and/or from the literature."
' * Structures for Int-1 and Int-2 are presented in Scheme 8. Assignments of *'P NMR are
consistent with chemical structure, but assignment of '"H NMR are less secure since some peaks
overlap with those of DPP.  In the reaction of DPP with hydroxylamine, we identified three
minor peaks in the >'P NMR, but could not make positive structural assignments. Nevertheless
their observed low intensities are consistent with Scheme 8 as a major path for the
dephosphorylation of DPP.

We do not have direct evidence from the *'P NMR data for hydroxylamine regeneration in
the reaction with DPP, because the pH of the reaction medium changes considerably with the
continuing generation of P;. This makes difficult secure assignment of the peaks from the

spectrum after 350 min, and specifically the identification of the species formed from the
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decomposition of Int-2. The results are consistent with the considerable stability of the
iew Article Online
DOI: 10.10;/9/C§8B40098I8K

intermediates Int-1 and Int-2.

Mass Spectrometry. In order to identify intermediates and reaction products, direct
infusion electrospray ionization mass spectrometry analyses were performed with a hybrid triple
quadrupole linear ion-trap mass spectrometer. For typical electrospray ionization (ESI-MS)
conditions, DPP was reacted with NH,OH (1M) in an aqueous medium at pH 5. A microsyringe
pump delivered the reagent solution into the ESI source at a flow rate of 10 pL min™'. ESI and
the QqQ (linear trap) mass spectrometer was operated in the positive-ion mode. Main
conditions: curtain gas nitrogen flow of 20 mL min"; ion spray voltage of -4500 eV;
declustering potential of -21 eV; entrance potential of -10 eV; and collision cell exit potential of
-12 eV.

Theoretical calculations. Quantum theoretical calculations for reactions of the phosphate
esters with hydroxylamine were performed at the B3LYP level of theory, with basis set 6-
31G++(d,p) and 6-31G+(d,p) for reactions of TPP and DPP, respectively, using the
GAUSSIAN 09 package implemented in Linux operative systems.’’ The default parameters for
convergence were used, i.e, the Berny analytical gradient optimization routine, convergence on
the density matrix was 10” atomic units, threshold value for maximum displacement 0.0018 A,
and maximum force 0.00045 Hartree/Bohr. The structures corresponding to the energy minima
and the transition state were characterized by frequency calculations at 1 atm and 298.15 K.
The transition state (TS) was obtained by the Quadratic Synchronous Transit (QST) protocol.

Solvent effects are important, not least for hydrolysis processes, and can affect structure
geometries significantly. We performed substrate optimizations using SCRF keyword and the
Polarizable Continuum Model (PCM) and the SMD solvation model.** ** The applicability of

the implicit solvation model has been questioned, in the context of a mechanistic study of
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phosphate diester hydrolysis.” The appropriate model for a particular reaction must of course

View Article Online
DOI: 10.1039/C30B40988K

always be chosen with due care. But for calculations involving water as a reactant the
combination of implicit and explicit solvation methodologies is both practical and appropriate:
since proton transfers are an integral part of the chemistry (and an isolated water molecule is

statistically insignificant).

Supporting Information. Tables, equations and figures of kinetic, 'H and *'P NMR and MS
data. Cartesian coordinates for reactant, transition state and product calculated at B3LYP/6-

31G++(d,p) or B3LYP/6-31G+(d,p) level of theory. This material is available from ..........
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ToC Graphic

Hydroxylamine reacts with the diester anion DPP~ by the expected
concerted Sy2(P) mechanism, but the reaction with the triester TPP
involves an addition-elimination process, with the breakdown of
the phosphorane intermediate rate-determining.
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