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Ammonia oxide +NH3O-, the zwitterionic tautomer1z of
hydroxylamine, is one of the last very simple molecules to be
characterized, and has been discussed since the 19th century.1 More
recently it has attracted the interest of theoreticians,2,3 and the
absence of direct evidence for its existence is considered “a major
challenge to experimentalists working in the field of elusive
molecules”.2 We report firm evidence for its existence in the
condensed phase, in the shape of a crystal structure containing equal
amounts of1z and 1+ (Scheme 1). This structure provides the
missing experimental benchmark for calculational work and
important new evidence relevant to the exceptional reactivity of
hydroxylamine.

Hydroxylamine itself is a unique, ambidentR-effect nucleophile.
It is alkylated on nitrogen but often acylated4,5 and generally
phosphorylated6 on oxygen, indicating that reaction through oxygen
is favored for harder electrophiles. N-alkylated hydroxylamines
show similar enhanced reactivity, but NH2OMe, which cannot react
through oxygen, is significantly less reactive toward phosphorus
than NH2OH.7-9 The R-effect, the enhancement of reactivity
observed for nucleophiles with lone pair electrons on the atom
adjacent to the nucleophilic center, is also favored for reactions
with harder electrophiles.R-Effect nucleophiles are of special
interest because their high reactivity toward phosphorus makes them
reagents of choice for the destruction of nerve gases and other
organophosphorus poisons.10,11

The mechanism of nucleophilic attack by hydroxylamine oxygen
has been discussed for many years. Jencks in his authoritative text
concluded that “this extraordinary reactivity must almost certainly
mean that it is ... the oxygen anion of the dipolar form ... that is
the reactive nucleophilic species.”12 (Scheme 1).

This mechanism has been discussed a number of times, but
always inconclusively. There is no evidencesor obvious experi-
mental way of obtaining itsfor the presence of the zwitterionic
tautomer1z in aqueous solution, and a small amount would in any
case have to be highly reactive to support the observed enhanced
rates of reaction.

We find that NH2OH exists in crystals of the half-hydrochloride
(NH2OH)2‚HCl exclusively as the zwitterionic tautomer1z. Stable,
well-formed colorless crystals are obtained, simply and reproduc-
ibly, from a solution containing equal quantities of NH2OH and its
hydrochloride (and thus nominally at a pH equal to its pKa).13 The
unit cell contains well-defined molecules of1z and1+ hydrogen-
bonded to each other (Figure 1) and embedded in an extensive
hydrogen-bonding network. The rather strong H-bond between1z
and1+ has an O(1)‚‚‚O(2) distance of 2.583(1) Å and an angle at
H of 172.7(12)°. The proton in the hydrogen bond is located
unambiguously (see Supporting Information (SI)), with interatomic
distances O1-H1‚‚‚O2 of 0.877(12)) and 1.711(13) Å, respectively.
N-O bond lengths are closely similar, at 1.4170(15) and 1.4151-
(17) Å for the+N-O- and+N-OH systems of1z and1+. These
bond lengths match the interatomic distances calculated for the two
species in the gas phase, given a full complement of hydrogen-
bonds to water molecules as a first solvation shell.

Is it possible for1z, notanR-effect nucleophile as usually defined
because the lone pair on nitrogen is protonated, to support the
observed rates of reaction of hydroxylamine as an oxygen nucleo-
phile? We take attack at phosphorus (in water) as a specific
example: NH2OH reacts with bis(2,4-dinitrophenyl) phosphate,
through oxygen, 100 times more slowly than NH2O- and about as
fast as hydroxide ion; but 150 times more rapidly7 than theR-effect
nucleophile NH2OMe (which is 1 pK unit less basic under the
conditions, and reacts, necessarily, through nitrogen). Other things
being equal, oxyanions react more slowly than nitrogen nucleophiles
with phosphodiesters by some 2 orders of magnitude (an effect
ascribed to electrostatic repulsion),14 but1z is not a typical oxyanion
nucleophile. As a zwitterion it is ideally suited to perform
substitutions at the P centers of phosphate esters, because an
enabling proton transfer from the H3N+ group becomes thermo-
dynamically favorable during the course of the reaction (TS(P),
Scheme 2A).

We have no way of estimating accurately the magnitudes of this
and other effects on the reactivity of1z, but estimate that there
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Scheme 1. Suggested Mechanism of Attack by Hydroxylamine
Oxygen on a Phosphate Diester

Figure 1. Molecular structure of hydroxylamine half-hydrochloride (1z +
1+ Cl-) at 120 K, showing ellipsoids at the 40% probability level.
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must be at least 1% at equilibrium with NH2OH in aqueous solution
to support the mechanism of Scheme 2 for attack on phosphate
ester anions. The geometry of the H-bonding interaction ofTS(P)
is clearly not available for an SN2 reaction at saturated carbon, which
could explain why O-alkylation is not observed.

The stereoelectronic requirements for O-acylation are different
again. H-bonding stabilization is unavailable during the initial stages
of attack on CdO from the Bürgi-Dunitz angle (3, Scheme 2B).
However, the (late)TS(C), suggested for the O-acylation of
hydroxylamine by 4-nitrophenyl acetate (3) on the basis of a careful
examination of kinetic isotope effects,15 offers similar features to
TS(P), and looks to be considerably more readily accessible from
1z. Isotope effects are consistent with either transition state (TS)
of Scheme 2.

The key parameter for significant reaction through ammonia
oxide is the equilibrium constantKe for 1 h 1z (Scheme 1) in
aqueous solution; insofar as this is unfavorable,1z must react,
through oxygen, faster than1 by a factor large enough to
compensate.Ke is simply the ratio,Ka

OH/Ka
NH of the ionization

constants for the OH and+NH3 groups of1+. The measured pKa

of 1+, which reflects the ionizations of both groups, is close to 6
at 25 °C, while that of Me3N+OH, the closest analogue of1+, is
4.65.16 Me3N+ is more strongly electron-withdrawing than H3N+,17

no doubt because of H-bonding solvation, but these figures clearly
suggest that1z could be present in significant amounts.

Since the equilibrium1h1z has so far proved impossible to
quantify experimentally, we turned to theoretical calculations in
an attempt to evaluate the energetics associated with this process.
Our results are summarized in Tables S1-S4 of the SI. Consistent
with previous calculations,1z is higher in energy than neutral1 by
some 25 kcal‚mol-1 in the gas phase. Including solvent effects
without specific interactions does not change the picture, and the
calculated process remains unfavorable in solution. However, the
inclusion of specific interactions, using small hydrogen-bonded
clusters, and long-range interactions by means of the polarizable
continuum model (PCM),18 makes1z about 4 kcal‚mol-1 more
stable than1. The bond lengths calculated for1z (Tables S2 and
S3) are consistent with the experimental values. We also evaluated

the equilibrium by including solvent effects implicitly, through
Monte Carlo statistical mechanical simulations,19 in NpT ensemble
at T ) 298 K and 1 atm, using the free energy perturbation
method.20 Again the equilibrium1h1z was initially calculated to
be strongly unfavorable, but inclusion of solvent polarization effects
on the gas phase charges using PCM reversed this result (Table
S4). These conflicting results seem to be occasioned mainly by
solvent polarization effects, which affect drastically and unevenly
the charge distribution of the tautomers. Work is in progress to
describe the solvent polarization effects in a self-consistent way.

It remains to be proven whether the mechanism of Scheme 1
can deliver the rate enhancement needed to account for the observed
rates of the reactions of hydroxylamine as an oxygen nucleophile.
However, the evidence that1z can be thepreferred form of
hydroxylamine in the condensed phase shows that ammonia oxide
is a seriousswe would say likelyscandidate for the active
nucleophile in these reactions.
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Supporting Information Available: Full details of the crystal-
lography, plus calculational methods and results. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Scheme 2. Suggested Rate Determining Transition States for (A)
the Attack of Ammonia Oxide on a Phosphodiester and (B) of the
OH Group of NH2OH on 4-Nitrophenyl Acetate15 a

a The dashed arrow in Scheme2B illustrates the stereoelectronic problem
involved in direct deprotonation of the OH group by the adjacent general
base. No such problem arises for direct attack on CdO by1z (see the text).
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