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There is growing evidence that oxidation of reduced (-3) ni-
trogen species may play an important role in the biological for-
mation of carcinogenic nitrosamines,!? but the chemical literature
offers little insight into the possible mechanisms involved. For
example, immunostimulated macrophages can oxidize the -3
nitrogen in arginine to a nitrosating agent that converts secondary
amines to their N-nitroso derivatives before production of free
nitrite and nitrate can occur,? a reaction that appears to be without
nonenzymatic precedent.

We now report that oxidation of coordinated ammonia at bi-
ologically reasonable potentials in the presence of secondary amines
produces isolable complexes in which the nitrosamine ligand is
bound to the metal center via the central (nitroso) nitrogen atom,
a previously undescribed coordination mode for the nitrosamino
function. The results suggest the hypothesis that the active site(s)
of the enzyme(s) responsible for macrophage-induced and other
biological nitrosamine formation may involve analogous metal
centers capable of catalyzing both oxidation of reduced nitrogen
species and subsequent nitrosamine-forming attack on ambient
amines during a single turnover.

Electrochemical oxidation of the polypyridyl complex,
[(tpy)(bpy)Os(NH;)]** (1),? dissolved in 0.5 M phosphate buffer
in the presence of a 200-fold excess of diethylamine or morpholine
at a measured pH of 6.8 and an applied potential of +0.65 V versus
the sodium saturated calomel electrode (SSCE) proceeded as in
eq 1. The electrochemical stoichiometry was established by

e, +H,0
-6H*
1 2 NR, = NEt,

. I
[(tPY)(bpy)Os'(NH,)I2* & R,NH — [(tpy)bpy)Os(N-NR,)I12* (1)

bpy = 2.2"-bipyndine VAR
3 NRy= N o

tpy = 2,2":6"2"-terpyridine
coulometry (n = 5.7 % 0.5 electrons). The products* were isolated
by extracting the aqueous solution with dichloromethane, con-
centrating the extracts, and precipitating the PF™ salts by addition
to hexane.’> The nitrosamine complexes have reversible Os(I111/11)
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Scheme I, Proposed Mechanism for the Oxidative Conversion of 1
into 2 and 3
o
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waves at E,;, = 0.56 V (2) and 0.62 V (3) versus SSCE in
acetonitrile containing 0.1 M tetraethylammonium perchlorate.

Infrared (IR) and nuclear magnetic resonance (NMR) studies
of the products support the structural assignment suggested in
eq 1. Compounds 2 and 3 have vyq stretching frequencies at 1260
and 1220 cm™, respectively, compared to 1907 cm™ for the nitrosyl
complex, [(tpy)(bpy)Os'(NO)](PFy); (4) (KBr pellet). For the
5N-labeled analogues of 2 and 3, prepared from [(tpy)(bpy)-
Os!l(**NH,;)]*, vno shifts from 1260 to 1248 cm™ for 2 and from
1220 to 1206 cm™ for 3. The bands at 1260 and 1220 cm™ are
in the same energy region as the symmetric and asymmetric
stretching modes of coordinated nitrite, M—NO,,% and as »yq for
other M—N(O)R complexes.”® The IR comparisons suggest that
the nitrosamine ligands are bound through the nitroso nitrogen.

'H NMR spectra at 200 MHz of the nitrosamine complexes
in acetonitrile-d; solution with tetramethylsilane as internal
reference include sharp multiplets between & 6.5 and 10 for the
polypyridyl protons but broadened signals for the aliphatic protons.
In the spectrum of the N-nitrosodiethylamine complex, 2, a single
broad methylene resonance is centered at 6 3.1 and a similarly
broadened methyl peak appears at 6 0.8 at 20 °C. At -35 °C
a pair of sharp methylene quartets (5 2.70 and 3.75, J = 7.4 Hz)
and two methyl triplets (6 0.50 and 1.15) appear in the spectrum.
The N-nitrosomorpholine complex, 3, has four distinct but
somewhat broadened CH, resonances at é 3.85, 3.63, 3.10, and
2.60 at 20 °C. They sharpen to reveal fine structure at —35 °C.
The spectra at the lower temperature indicate restricted rotation
about the N—-N bond as has been found for the free nitrosamines.’
Rotational barriers for 2 and 3 were estimated to be 13.6 kcal/mol
(2) and 15-16 kcal/mol (3) from their coalescence temperatures
of 22 °C (2) and 58 °C (3).1° The value for uncomplexed
nitrosamines is approximately 23 kcal/mol!! showing that this
type of complexation reduces the barrier to rotation.!2
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The fact that this novel coordination mode lowers the N-N
rotational barrier is understandable based on dw(Os) — =* back
donation to the N-bound nitrosamine ligand. Previously reported
reactions between electrophiles (E*), including metal ions, and
nitrosamines have yielded predominantly O-bound products.'®
They have increased N-N rotational barriers relative to the un-
complexed nitrosamines.!* Nitrosamines can also be protonated
at the amino nitrogen.!* The complexes reported here appear to
be the first examples of nitrosamine complexes having the
[R;N-N(E)==01]"* structure. We have been unable to obtain
crystals suitable for X-ray diffraction.

A plausible mechanism for nitrosamine formation by eq 1 is
shown in Scheme 1. It is based upon results of earlier studies
on the six-electron oxidation of 1 and its Ru analogue to the
metal-nitro complexes.>'>1¢ The first step involves oxidation to
Os(I11), followed by loss of a second electron and two protons to
give an osmium(IV)-imido intermediate. Before it can undergo
further oxidation, the imido complex must be trapped by nu-
cleophilic attack by the secondary amine to form an osmium-
(II)-hydrazine complex. A related reaction has been reported
for the ruthenium analogue, which in aqueous solution undergoes
nucleophilic attack by water to give the corresponding hydrox-
ylamine complex (reaction 2).!* At the potential of the elec-

[(tpy)(bpy)Ru"Y=NHI** + H,0 [(tpy)bpy)RU'(NH,OH)IZ*  (2)
trolysis, the hydrazine complex, once formed, must be further
oxidized, first to the diazenido complex and then by two more
electrons coupled with water addition to form the nitrosamine
product,

Both 2 and 3 form as products of an independent route which
utilizes the electrophilic properties of the osmium nitrosyl complex,
4, as a starting point (reaction 3).!” When excess amine was

Q

I
[(tpy)(bpy)Os"NOI** + 2R,NH ——= [(tpy)(bpy)Os(N-NR,)I>* + R,NH,*
4 (3

added to a suspension of 4 as its PF¢" salt in dichloromethane,
the solid dissolved, and the color of the solution changed from
pale yellow to deep orange/brown. After a water wash and
concentration of the dichloromethane solution, the product was
precipitated by adding the dichloromethane solution to hexane.
'H NMR analysis of the product dissolved in acetonitrile-d; re-
vealed that it consisted of a small amount of bound nitrosamine
complex (<10%}) mixed with the corresponding nitro complex and
other unidentified products. We have not yet found a satisfactory
way to purify the nitrosamine products obtained by this route.
Similar products were obtained when [(tpy)(bpy)Rul'(NO)]**+
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was allowed to react with the secondary amines.

Warning! Most N-nitroso compounds are potent carcinogens'®
which must be handled, stored, and discarded with due respect
for the possible hazards involved.
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We have been working for some time on identification of as
many proton and nitrogen resonances as reasonably possible in
T4 lysozyme, with emphasis on the use of N labeled samples
and a variety of isotope-edited NMR techniques.! The X-ray
structure of this 18.7 KD protein is already well known,? and our
objective is to use these identifications for physical studies. Here
we present one method which has allowed us to assign or help
assign several resonances in the protein. The method is identical
with one-dimensional nuclear Overhauser effect (NOE), except
that a sensitive two-dimensional isotope-edited detection scheme
is used which provides the extra resolution of a 2D experiment
and the capability to edit spectra by selective isotope labeling.

One-dimensional NOE spectra are obtained as the difference
between a control spectrum with off-resonance preirradiation that
leaves all spins unperturbed and a spectrum for which the pre-
irradiation frequency is coincident with a spin resonance. We
extended this scheme to two-dimensional detection by replacing
the 1D observe pulse with a version of proton-detected multiple
quantum coherence detection®® which we call two dimensional
forbidden echo or 2DFE.!* The NOE version is called saturation
transfer 2DFE or ST2DFE.

The 2DFE map of uniformly **N enriched T4 lysozyme gives
distinct peaks for many **NH amide and other groups (Figure
la). Over 140 peaks have previously been classified by amino
acid species by using selectively labeled samples,! and over 30 had
been specifically identified by mutational substitution and by
various edited NOE and double-label experiments.!** The
ST2DFE experiment as applied here connects Ca proton fre-
quencies with one or more of these amide peaks and is sometimes
sufficient for identification of pairs of 2DFE amide peaks provided
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