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cis:trans = ~20:80 cis-14b (12.9%) trans-14b (57.6%)

®xn

Reactions of nitric oxide with enolates derived from aliphatic methyl ketones containmethylene or
o-methine groups and with enolates derived fram'-dimethylene on,a'-dimethine ketones yield mono-

or bis(diazeniumdiolate) products. Diazeniumdiolation occurs in the following ordemethine >
o-methylene> o-methyl. The amount of the base used alters the extent of diazeniumdiolation and the
course of the reaction. Mono- and bis(diazeniumdiolate)-substituted methyl ketones are cleaved in the
presence of excess base before and after the subsequent diazeniumdiolatierroktigl group. Similar

to the trihalogenated methyl groups in the base-assisted halogenation reactions of methyl ketones, the
bis(diazeniumdiolate)-substitutedmethylene and--methyl groups act as leaving groups in the presence

of excess base. The reaction of nitric oxide with~&20:80, cis/trans) mixture of 2,6-cyclohexananone
yields the cis and trans isomers of 2,6-dimethylcyclohexanone-2,6-bis(diazeniumdiolate) in 12.9% and
57.6% yield. Single-crystal X-ray diffraction data determined for potassigi®,6-dimethylcyclohexanone-
2,6-bis(diazeniumdiolate)cis-14b, reveal that the PD,~ substituent is planar with considerable
delocalization of a double bond over the anionic four-atom group. Except for one of the diazeniumdiolate
products, namely, potassium propanoate 2,2-bis(diazeniumdidatell are stable in neutral and basic
aqueous media. Compoud slowly decomposes in neutral agueous solution releasing nitrous oxide
and nitric oxide gases but is stable in basic aqueous media. Differential scanning calorimetry data measured
for the diazeniumdiolate products indicate that they decompose exothermally with most of them undergoing
explosive decomposition at moderately high temperatures<284 °C).

Introduction The electrophilic dimer is significant in that it has been
structurally-?2 and spectroscopicaficharacterized at low tem-

Although in many of its reactions nitric oxide behaves as peratures, and it is kinetically important in NO’s reactions with

monomeric oxidant or reductant, it undergoes a kinetically
important pressure- and temperature-dependent dimerization. (1) Lipscomb, W. N.. Wang, F. E.. W. R., M. Lippert, E. lacta
Crystallogr. 1961, 14, 1100-1101.

* Corresponding author. Tel: 514-398-7409. Fax 514-398-3797. (2) Dulmage, W. J.; Meyers, E. A.; Lipscomb, W. Acta Crystallogr.
T University of Wyoming. 1953 6, 760-764.
*McGill University. (3) Kukolich, S. G.J. Am. Chem. S0d.982 104, 4715-4716.
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bromine, chlorine, oxygen, and hydrogéMany nucleophiles
add bimolecularly to two NO’s to give new sulfur, oxygen,

JOC Article

Recently, we have shown that C-bound tris(diazeniumdi-
olates) synthesized from acetone, pinacolone, acetophenone or

and nitrogen bonds to one of the nitrogens of the nitric oxide 1,3-biacetylbicyclo[1.1.1]pentane, and that the tris(diazenium-
dimer, with the resulting adduct being a diazeniumdiolate diolate) species are both nitric oxide donors and decompose

(B—N+(O")=N-0") (eq 1)
o

1
B-N{ (M
N; o

B- + [NOJ],

—_—

Invariably, the products adapt th&geometry as shown

above, contrary to theoretical results which predict the products

could also exist in th& geometry® A more recent study has
shown that theZ to E conversion can be accomplished in the
case of theO?2-bromoethyl ester of a primary amine
diazeniumdiolate by trapping tHe-isomer by cyclizatior.

In general, N-bound diazeniumdiolates decompose in aqueou
media releasing nitric oxide and are useful as nitric oxide donors

in biomedical researchUnderscoring their importance, con-

siderable recent attention is directed toward the synthesis of

this class of nitric oxide donors. Modified polymers and

nanoparticles that are capable of releasing nitric oxide at varying .
rates under physiological conditions have also been developed
and some of them have proved valuable building blocks in the

preparation of thromboresistant sensbrs.
On the basis of their thermal decomposition behavior,

C-diazeniumdiolate compounds can be considered as high

energy density materials (HEDM). Similar to the traditional
explosives such as TNT, RDX, and HMX diazeniumdiolate-

substituted compounds also derive energy from the oxidation
of the carbon backbone during their decompositon. We attribute
the exothermal decomposition behavior of the diazeniumdiolate

compounds to the similarity of the diazeniumdiolate group to

S

exothermallyt!-12

Reactions of nitric oxide with carbanions were originally
reported by Traube more than a century gand have been
extended to a series of carbanions derived from ketones by
Yandovskii et al. several decades lat&rt® Traube's charac-
terization of products, performed with techniques available in
the 1890s, need careful scrutiny. Nevertheless, the phenomeno-
logical core of his results remains remarkably accurate. In
contrast, many subsequent researchers have not isolated the
diazeniumdiolate salts as formed but have converted them into
their corresponding O-alkyl esters I (O~)=N—OR) and have
characterized the alkylated products. The reported yields of the
alkyl esters are low, leaving open the question of possible
formation of more than one diazeniumdiolate salt in the
reactions.
To understand the nitric oxide reaction chemistry with
arbanions and to synthesize potentially HEDM compounds,

we set out to study the reactions of nitric oxide with carbanions

derived from ketones containing primary, secondary, and tertiary
o-protons. We observe that the reactions with ketones follow
the pathway of common nucleophilic addition reactions. The
diazeniumdiolate salts formed can be purified under appropriate
conditions as will be described. Here, we report the reactions
of nitric oxide with 2-butanone, 2-pentanone, 3-pentanone,
3-methyl-2-butanone, 3-methyl-2-pentanone, and 2,6-dimeth-
ylcyclohexanone in the presence of alkali methoxides and the
characterization of their products by spectroscopic data, ele-

. . A ; . ) mental analysis, and thermal analysis.
the nitro substituents in the explosives. We also believe suitably y y

modified C-diazeniumdiolates may prove useful propellants as
their thermal properties can be altered by the choice of nitrogen-
rich cations such as hydrazinium, guanidium etc. In addition,  The reactions of nitric oxide with the ketones were carried

the diazeniumdiolate salts can be expected to have lower vaporout in a glass high-pressure reaction vessel with strict exclusion
pressure because of their ionic nature, which is also an importantof oxygen and nitrogen dioxide. The presence of oxygen in the

Results and Discussion

requirement for a propellant.

(4) Gershinowitz, H.; Eyring, HJ. Am. Chem. Sod935 57, 985-
991.

(5) (a) Drago, R. S.; Paulik, F. B. Am. Chem. Sod.96Q 82, 96—98.

(b) Drago, R. SAdv. Chem. Ser1962 36, 143—-149. (b) Hrabie, J. A;;
Keefer, L. K. Chem. Re. 2002 102 1135-1154. (c) Zhao, Y.-L.;
Bartberger, M. D.; Goto, K.; Shimada, K.; Kawashima, T.; Houk, KJN.
Am. Chem. SoQ005 127, 7964-5.

(6) (a) Taylor, D. K.; Bytheway, I.; Barton, D. H.; Bayse, C. A.; Hall,
M. B. J. Org. Chem1995 60, 435-444. (b) Dutton, A. S.; Fukuto, J. M.;
Houk, K. N.Inorg. Chem.2004 43, 1039-1045.

(7) Wang, Y.-N.; Bohle, D. S.; Bonifant, C. L.; Chmurny, G. N.; Collins,
J. R.; Davies, K. M.; Deschamps, J.; Flippen-Anderson, J. L.; Keefer, L.
K.; Klose, J. R.; Saavedra, J. E.; Waterhouse, D. J.; Ivanit,Am. Chem.
Soc.2005 127, 5388-5395.

(8) (a) Saavedra, J. E.; Bohle, D. S.; Smith, K. N.; George, C;
Deschamps, J. R.; Parrish, D.; Ivanic, J.; Wang, Y.-N.; Citro, M. L.; Keefer,
L. K. J. Am. Chem. So2004 126, 128806-12887. (b) Keefer, L. KPharm.
News200Q 7, 27—32. Saavedra, J. E.; Dunams, T. M.; Flippen-Anderson,
J. L.; Keefer, L. K.J. Org. Chem1992 57, 6134-6138. (c) Hanson, S.
R.; Hutsell, T. C.; Keefer, L. K.; Mooradian, D. L.; Smith, D. Bdv.
Pharmacol. (San Diego)995 34, 383—-398.

(9) (@) Diodata, J. G.; Quyyumi, A. A.; Hussain, N.; Keefer, L. K.
Thrombiosis Haemostasi®993 70, 654-658. (b) Zhang, H.; Annich, G.
M.; Miskulin, J.; Stankiewicz, K.; Osterholzer, K.; Merz, S. |.; Bartlett, R.
H.; Meyerhoff, M. E.J. Am. Chem. So2003 125 5015-5024. (c) Jun,
H.-W.; Taite, L. J.; West, J. LBiomacromolecule2005 6, 838-844. (d)
Rothrock, A. R.; Donkers, R. L.; Schoenfisch, M. Bl. Am. Chem. Soc.
2005 127, 9362-9363. (d) Frost, M. C.; Reynolds, M. M.; Meyerhoff, M.
E. Biomaterials2005 26, 1685-1693.

(10) Nielsen, A. T.Nitrocarbons VCH: New York, 1995.

reaction mixture leads to the formation of several oxidation
products rendering subsequent purification cumbersome or
impossible. We have also observed that the reactions of the
ketones with ca. 2.5 atm of nitric oxide progress more rapidly
at lower temperatures (ca.20 °C) than at room temperature.
The solvent for these reactions is ideally methanol as it reacts
comparatively slowly or not at all with nitric oxide under these
conditions.

In a typical reaction, 1 equiv of the substrate is added to a
freshly prepared solution of-15 equiv of sodium or potassium
metal dissolved in absolute methanol. The solution is cooled in
an ice-salt bath, degassed, and pressurized with nitric oxide to
2—2.5 atm with vigorous stirring at ca-20 °C. The reaction
ensues with a rapid absorption of nitric oxide in the first 6 h
and subsides after 12 h. The reaction mixture is allowed to warm

(11) Arulsamy, N.; Bohle, D. SJ. Am. Chem. So@001, 123 10860~
10869.

(12) Arulsamy, N.; Bohle, D. S.; Korich, A. L.; Mondanaro, K. R.
Tetrahedron Lett2003 44, 4267-4269.

(13) (a) Traube, WBer. 1894 27, 1507-1510. (b) Traube, WBer.
1894 27, 3291-3293. (c) Traube, WAnn. Chem1898 300, 81—128.

(14) Yandovskii, V. N.; Gidaspov, B. V.; Tselinskii, . \Dokl. Chem.
(Engl. Transl.)1986 289, 278-280.

(15) Yandovskii, V. N.; Gidaspov, B. V.; Tselinskii, I. \Dokl. Chem.
(Engl. Transl.)1986 289, 256—259.

(16) Yandovskii, V. N.; Gidaspov, B. V.; Tselinskii, I. V.; Kuznetsov,
V. S.J. Org. Chem. USSR (Engl. Transl987 23, 7—14.
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TABLE 1. Reactions of Nitric Oxide

Arulsamy and Bohle

entry substrate

reaction conditions

products (yield%)

N,O,M N,O,M
2MeOM, MeOH, NO 22 N20,M 22
1 ‘M= Na; b: M=K MOzC
a-M=Na;b: M= N2OM N,O,M N2O,M
1a (2.8%) 2a (41.2%) 3a (~3%)
1b (2.0%) 2b (61.0%) 3b (~2%)
0=f 3a (66.0%)
2 5MeOM, MeOH, NO 38 20200
N,O.K N,OK
3 2MeOK, MeOH, NO 1b (10.3%)
N2O,K No,OK
4b (48.2%) 5b (18.3%)
N,O.K
4 5MeOK, MeOH, NO 5b (71.2%) 1b (10.2%)
NLO,K
6b (~17%)
5 2MeOK, MeOH, NO NoOK other uncharacterized products
; N,O,K
7b (8.3%)
COK COK
6 4MeOK, MeOH, NO  —4—N,0.K 3b (57.4%)
NLOLK N,O.K
8b (24.9%) 9b (8.6%)
7 Cbgf 1MeOK, MeOH, NO
R R NyO.K
10b (70.1%, R = Me)
11b (61.1%, R = Et)
CO,K N2O-K
8 4MeOK, MeOH, NO R 6b (4%) KON~
R N;OK N,O,K
12b (63.5%, R = Me) (30%)
13b (57.2%, R = Et)
o} o o}
9 2MeOK, MeOH, NO N20K
KON N,O,K KO,N

cis:trans = ~20:80 cis-14b (12.9%) trans-14b (57.6%)

to room temperature after the firé h and stirred under  are cloudy suspensions; second, the potassium products may
pressurized nitric oxide 22.5 atm) until no significant gas  have less solubility and so the final recrystallization yields
absorption is observed (about 48 h) to ensure the completionimprove. In the former, the difference in yields may reflect
of the reaction. The precipitated product, if any, is purified by different solution chemistry during the reaction, and in the latter,
recrystallization from water or aqueous alkali hydroxide they may reflect the outcome of the purification. We favor the
methanol/ethanol solvent mixtures. In some reactions, most of latter since these reactions are often allowed to run for long
the products remain in solution and are separated by the rotaryperiods of time and until no additional NO is absorbed. As will
evaporation of the filtrate and recrystallization. Table 1 sum- be discussed below, some of the reactions also form the alkali
marizes the reactions studied and includes structures of thesalts of acetate. Since the potassium salts of the carboxylates
products and their numbering. In general, the isolated yields of are more soluble in methanol than the sodium salts, the
products from the reactions with potassium methoxide are diazeniumdiolated products are more readily freed from potas-
higher. There may be two reasons for this: first, the enolates sium acetate.

prepared from potassium methoxide under these conditions are In all of the reactions, the diazeniumdiolate products are
clear solutions, whereas those derived from sodium methoxideisolated as alkali metal salts and no esterification is observed.
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Although the reactions were carried out under strictly anaerobic
conditions, no such efforts were taken to exclude small amounts
of water from the reaction medium. We attribute the presence
of water in the reaction medium and the weakly acidic nature

of the acid form of the diazeniumdiolate substituents to the

absence of esterification of the products.

The reactions of nitric oxide with 2-butanone and 2-pen-
tanone, entries 1 and 3 of Table 1, in the presence of 2 equiv
of potassium methoxide yield products containing two diazeni-
umdiolate substituents at the-methylene carbon, namely,
potassium 2-butanone-3,3-bis(diazeniumdiola?é) &nd potas-
sium 2-pentanone-3,3-bis(diazeniumdiola@))( respectively,
as the major products. The hydrolytically cleaved byproducts
potassium acetate-2,2-bis(diazeniumdiolai#) énd potassium
ethane-1,1-bis(diazeniumdiolate3b) are isolated from the

2-butanone reaction antlb and potassium propane-1,1-bis- . . . . .
(diazeniumdiolate) §b) are isolated from the 2-pentanone isolation. On the basis of the higher percentage of isolated

reaction in lower yields. The corresponding reactions with we propose that the hydrolyt'ic cleavage along the propyl side
sodium methoxide yield the analogous sodium salts. From the of the carbonyl group (eq 2) is preferred for unknown. reasons.
nature of the products formed and their yields, it is clear that The prefe_rentlal cleavgge of the propyiar_bonyl_ bond is _also
the a-methylene group in the two ketones are more readily reflected in the formation ddb in the reaction with 2 equiv of

substituted in comparison to themethyl groups. Compounds th?rrt])ase (e’_‘”y :?' _ ide with 2-b .

2a, 2b, and4b are quite stable toward hydrolytic decomposition . € react!on of nitric oxide with 2-butanone Is in agreement
in neutral agueous media, and do not undergo hydrolytic with Trane.S original report of the reaction in the presence of
cleavage. ThaH NMR spectra measured f@a, 2b, and4b in an unspecified amount of sodium methoxide. Trdfdeas

D hibi h fth K h l-methv speculated that the hygroscopic_, amorphous, and free-flowing
infj(i)cgi(inglirfg(;c?gi%enc;thri %?ihgsu: ;)cr);t (;anzcety methyl group powder obtained from the reaction could P& even though

. iy . . his attempts to purify the product by recrystallization have led
The reactions of nitric oxide with 2-butanone and 2-pen- ;. iha formation of3a.

tanone, entries 2 and 4 of Table 1, in the presence of 5 €qUIV o he hasis of the products isolated from the reactions of

NO N,O,K

_—

2MeOK, MeOH

NO
2MeOK, MeOH

N,O.K

4b

@

(3)
N,O.K

of potassium methoxides vyield the hydrolytically cleaved
products3b and 5b, respectively’H NMR spectra measured
for the crude product obtained from the reaction of 2-butanone
also reveal the presence of small amount&lo{~1%) and6b

both 2-butanone and 2-pentanone, we conclude that the use of
more than 2 equiv of the bases invariably leads to the
hydrolytically cleaved product®a, 3b, 5a, and5b together with

1a, 1b, and6b and the alkali acetates. The preferential cleavage

(~1%) indicating the diazeniumdiolation of tbemethyl group o 25 2, and 4b over complete diazeniumdiolation of the
and subsequent hydrolytic cleavage of the tetrakisdiazenium-yo1nes is consistent with the base-assisted reaction of nitric
diolated 2-butanone. Similarly, a considerable proportion of the yiqe with acetonél
crude product from the 2-pentanone reaction also constitutes Reaactions of 3-pentanone and 4-heptanone, which contain two
1b and 6Db, in 10% and 17%, respectively. The product chemically identicale-methylene groups, are more complex.
distribution in the 2-butanone reaction suggests that in the the reaction of nitric oxide with 3-pentanone in the presence
presence of more than two equiv of the base, the excess basgys > equiv of potassium methoxide, entry 5 in Table 1, yields
accelerates the hydrolytic cleavage of the initially formed bis- potassium 3-pentanone-2,2-bis(diazeniumdiolat®) {n low
(diazeneniumdiqlates), to forBb instead of assisting succ_:essive yield (8.3%). The precipitate formed in large amount, containing
diazeniumdiolation of the-methyl group. In the reaction of  {he pulk of the products, undergoes slow decomposition in both
2-pentanone, however, significant diazeniumdiolation4bf neutral and basic aqueous media and could not be characterized
occurs at thex-methyl group (10.3% vs 2%). Since there is no  gatisfactorily. We speculate that the product is probably potas-
significant difference with respect to electronic and steric effects, gj,m 3-pentanone-2,2,4,4-tetrakis(diazeniumdiolate). It is likely
we s_,peculate that the hig_her solubility_éb in the reaction that the twoa-methylene groups in the symmetric 3-pentanone
medium must be responsible for the discrepancy. Compound yndergo diazeniumdiolation forming the tetrakis(diazeniumdi-
4b, once formed, may not be immediately precipitated unlike gate), which is unstable in aqueous media undergoing hydrolytic
2b, and therefore, would undergo subsequent diazeniumdiolationcjeavage at the carbonyl group. Both neutral and basic solutions
at thea-methyl group. of the precipitate decompose while continuously releasing a gas
The tetrakisdiazeniumdiolated product, potassium 2-pen- on standing at room temperature. IR characterization of the gas
tanone-1,1,3,3-tetrakis(diazeniumdiolate) (eq 2), formed as reveals that the gas released is a mixture of nitrous oxide and
intermediate, however, must have undergone hydrolytic cleavagenitric oxide. We have previously observed a similar decomposi-
at the carbonyl group as shown in eq 2 to fatthand5hb. The tion behavior with two potassium methanetris(diazeniumdiolate)
isolation of6b from the reaction indicates that the hydrolytic salts?
cleavage also occurs on the methyl side of the carbonyl group  Similar to2a, 2b, and4b, compound’b which also contains
(eq 3). But we were unable to isolate the corresponding a carbonyl group is quite stable toward hydrolytic cleavage at
carboxylate, namely, potassium butanoate-2,2-bis(diazenium-the carbonyl group in neutral aqueous media. Howeverlkthe
diolate). We speculate that this product could be unstable in NMR spectrum measured faib in D,O exhibits exchange of
aqueous media similar to the analogous propanoate derivativethe peak due to the-methylene group indicating the acidic
8b (see later) and would have decomposed precluding its nature of these protons as see2&2b, and4b. The observed
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stability of the carbonyl group-containing diazeniumdiolates in smoothly yielding theis- andtrans-a,a'-bisdiazeniumdiolated
neutral media in contrast to their hydrolysis in basic media products also in ratio of 20:80, without the formation of any
suggests that basicity of the medium is the requirement for the byproducts. One of the products, namely, potassais?,6-
hydrolysis. dimethylcyclohexanone-2,3-bis(diazeniumdiolate}-14b, is

The reaction of nitric oxide with 3-pentanone in the presence readily recrystallized from water as colorless crystals, and the
of 4 equiv of potassium methoxide, entry 6 in Table 1, also trans isomer tfans14b) is isolated as a highly hygroscopic
yields a precipitate which undergoes slow decomposition in white powder. The cis isomer is poorly soluble in methanol
aqueous media as evidenced by the release of nitrous oxide andvhereas the trans isomer is freely soluble in methanol. The
nitric oxide. The precipitate is washed with boiling methanol difference in solubility allows for the facile separation of the
and then recrystallized from 0.1 N aqueous potassium hydroxide,two isomers. Both isomers are stable in neutral and basic
as microcrystals of potassium propanoate-2,2-bis(diazeniumdi-aqueous media.
olate), 8b, in 24.9% vyield. From the methanol washings and  We propose that this reaction also involves the formation of
the filtrate of the reaction mixture, potassium propanoate-2- the 2,6-dimethylcyclohexanone anion in the first deprotonation
diazeniumdiolat®b and3b are separated in 8.6% and 57.4%, followed by monodiazeniumdiolation and that subsequently the
respectively, as described in the Experimental Section. The second a-methine group undergoes deprotonation to form
formation of8b and9b indicates that botl-methylene groups  another carbanion which can also exist as the corresponding
undergo diazeniumdiolation with the formation of the tris- and enolate. The enolate intermediate undergoes another diazeni-
tetrakisdiazeniumdiolates, GE(N,O,K),COCH(NO.K)CH3 umdiolate addition to form a mixture eofs- andtrans-14b. Due
and CHC(N0O.K),COC(N:O-K),CHs. The reactivity pattern to the proposed involvement of the enolate intermediate, one
observed is comparable to that with 4-heptanone. As will be may expect a 50:50 ratio of the cis and trans isomers. The
reported elsewhere, the reaction with 4-heptanone forms potas-observed 20:80 ratio of the products reveals stereoselectivity
sium butanoate-2-diazeniumdiolate resulting from the hydrolysis in the second diazeniumdiolation and appears to be inconsistent
of an unstable tetrakisdiazeniumdiolated heptanone intermedi-with the mechanism. However, a precedence similar to the
atel” observed stereoselectivity is known in the literature for the 2,6-

Compound8b undergoes slow decomposition in aqueous dimethylcyclohexenolate anidf°the protonation of the anion
media at neutral pH, but is stable in slightly basic solutions. In is known to form a mixture of a 92:8, cis/trans mixture of 2,6-
contrast, the mono(diazeniumdiola®) and the other mono-  dimethylcyclohexanont. Similarly, the stereoselectivity in this
carboxylate-bis(diazeniumdiolatélp are quite stable in neutral  reaction is most likely due to the face selectivity of the second
and basic aqueous media. The higher stabilityllofcould be addition of [NO} to either the axial or equatorial p®,7]
attributed to the possible existence of two additional tautomeric monodiazeniumdiolate enolafe andB.
structures as shown below.

o__©O K o
'o\ ~c# /o' HO 0\04 3
+N—’—N+ \ —l—N/+ -
-y N -y N
O—N § N—O o— N—O
o N7 - N Addition to the top face oA or to the bottom face dB will
\ N — \ v yield the minor isomecis-14b. Addition to the bottom face of
2R - - N A or to the top face oB will yield the major isomertrans
HO—N N—O O—N N—O

14b. The addition of electrophiles to enolates derived from 2,6-
dimethylcyclohexane are known to exhibit strong solvent and
cation selectivities due to cation interaction with the enolate
oxygen!8 and this effect can be expected to be even larger for
the dianion equilibrium betweeA and B.1® Coordination or
chelation of the potassium cation with an enolate oxygen and a
diazeniumdiolate would stabilizB, and electrophilic addition

to the less sterically encumbered top face could then account
for trans-14b as the major product. While the origin of this
stereoselectivity remains somewhat speculative, the two isomers
are the only examples of,a’-bis(diazeniumdiolate)-substituted
ketones known to-date.

Preliminary reactions performed with cyclopentanone and
cyclohexanone appear to form ring-opened bis(diazeniumdi-
olates), although we have not been able to purify and character-
ize the products.

Mechanism. In the reactions with enolates derived from
ketones, nitric oxide appears to add solely to carbon. The origin
of this regioselectivity, as well as tHe/Z stereochemistry in

The reactions of nitric oxide with 3-methyl-2-butanone and
3-methyl-2-pentanone, entry 7 in Table 1, in the presence of 1
equiv of potassium methoxide yield monodiazeniumdiolated
products potassium 3-methyl-2-butanone-3-diazeniumdiolate
(10b) and potassium 3-methyl-2-pentanone-3-diazeniumdiolate
(11b), respectively. The reactions in the presence-ed 2quiv,
entry 8 in Table 1, of the base yield the diazeniumdiolated
alkanoates, potassium iso-butanoate-2-diazeniumdialata) (
and 2-methylbutanoate-2-diazeniumdiolat8lf), respectively,
together with6b and potassium methanetris(diazeniumdiolate).
These reactions are again similar to those of 2-butanone and
2-pentanone in that diazeniumdiolation occurs preferentially at
the a-tertiary carbon than at the more acidieprimary carbon
and in that hydrolytic cleavage of the monodiazeniumdiolated
products competes with subsequent diazeniumdiolation of the
o-methyl group.

The reaction of nitric oxide with a cis and trans isomeric
mixture (~20:80) of 2,6-dimethylcyclohexanone in the presence
of 2 equiv of potassium methoxide, entry 9 in Table 1, proceeds

(18) Johnson, FChem. Re. 1968 68, 375-413.
(19) Malhotra, S. K.; Johnson, B. Am. Chem. Sod.965 87, 5513~
(17) Arulsamy, N.; Bohle, D. SChem. Commununpublished results. 5514.
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the resulting diazeniumdiolate, most likely has to do with the
nature of the electrophile. Two common mechanisms for the S
addition are shown below in egs 4 and 5. A recent theoretical
analysis suggests that the dimer pathway is more lidbrago

et al. have favored the dimeric addition pathway to explain the
formation ofN-diazeniumdiolates in the reactions of secondary
amines, since these reactions produced higher yields of diazeni-
umdiolates at-78 °C 52bClearly, our results are consistent with
exclusive addition to the carbon of the diazeniumdiolate. We
note that addition to the oxygen is expected to giveiamster

of Angeli's salt, R-O—N(O)=NO-, a very unusual but not
unprecedented species. Our preliminary observation that the
current reactions progress more rapidly-&0 °C than at room
temperature is also in favor of the dimeric addition of nitric
oxide.

N=0 N=0 N-O
B — B-N-O0 —> B-N-O- “4)
+ FIGURE 1. View of the anion and cations in the crystal structure of
N=O o 14b. Hydrogen atoms are omitted for clarity.
\ :
B N=O_ B-N-O (5) TABLE 2. Bond Distances (A), Bond Angles (deg), and Torsion
* Angles (deg) Associated with the Diazeniumdiolate Substituents
On the basis of the products isolated from the reactions of in 14b
nitric oxide with thea-primary, a-secondary, and.-tertiary C(2)-N(1) 1.487(2) N(1y-N(2) 1.295(2)
methyl ketones studied, we propose that diazeniumdiolation is ggg:ﬁ(%)) %iéig)) ﬁfﬁiﬁ% iggg(%)
favored ﬁn the orderu—CH > a-CH, > a-CHs. The obseryation N(3)-0(3) 1.308(2) N(4}-0(4) 1.299(2)
is consistent with the well-known ease of formation and C(2)-N(1)-N(2) 117.79(13) C(2XN(1)—0(1) 117.06(13)
nucleophilicity of the enolates generated from the respective O(1)—-N(1)-N(2) 125.13(13) N(1yN(2)-0(2) 113.47(13)
a-groups in that ordet? We propose the following mechanism ~ G(6)~N(3)=N() 117.89(13) C(6yN(3)-0O(3) 116.83(13)
tor th i itho-methv ket O(3)-N(3)—N(4) 125.27(13) N(3}N(4)—0(4) 113.37(13)
or the reactions witi-metnyl ketones. O(1)-N(1)-N(2-0(2) 1.3(2) ~O(3)-N(3)-N(4)-0(4) —1.3(2)

The cleavage of the polydiazeniumdiolated intermediate
formed in the above reactions is reminiscent of the haloform
reactior?®in which methyl ketones undergo hydroxide-assisted planes passing through them being 18.13(The leaning of

decarbonylation after the halogenation of tieenethyl group. the two planes toward each other is perhaps due to their
Similarly, the bis- and trisdiazeniumiumdiolated-methyl interaction with the cations. The potassium ions are surrounded
groups and bisdiazeniumdiolatedmethylene groups also act by eight oxygen atoms of three neighboring diazeniumdiolate
as leaving groups in the present reactions. groups with the associated+O distances being in the range

Structure and Characterization. The new products are  2.739(1)-3.079(1) A (Table S3, Supporting Information) result-
characterized by IR, NMR and UWis spectral data and ing in a three-dimensional network.
elemental analysis. Compoun@sr2H0, 3b-2H;0, andcis- Spectroscopic DataThe IR spectra of the diazeniumdiolate
14b have also been characterized by single-crystal X-ray products are characterized by intense absorptions in the-1400
diffraction data. The crystal structuresbfbis described here 1100 cnrt region2%12:25.26.2&imilar to Kg{CH(N2O,)3] and [H-
and the rest are reportgd e_Is_ewh%er. _ NEt][Eto2NN2O;], the present spectra exhibit one or two strong

The cyclohexanone ring iois-14b adopts the chair confor-  gbsorption bands in the 1463350 cnt? region attributable
mation with the two diazeniumdiolate substituents occupying tg thev(ONNO)s,m mode vibration of the D, group!128The

the axial sites of the 2,6-tertiary carbons as shown in Figure 1. spectra of the diazeniumdiolate substituted ketd?@&H,O,
The two diazeniumdiolate substituted carbon atoms are asym-2h.-MeOH, 4b-1/,H,0, 7b, 10b, 11b and 14b exhibit strong

metric. From the relative orientation of the four substituents 1(CQ,)as,mm absorptions in the 17121735 cn1! region.
around each of the carbon atoms, the compound is identified Similarly, characteristic absorptions due to the carboxylate
as the cis isomer. groups are present in the spectra of carboxylatge&H,0, 1b-

The NO,™ groups are nearly planar and the-N and N-O H,0, 8b-H,0, 9b-1/,EtOH, 12b-Y/,H,0 and13b-1¥,H,0. The
bond distances are in the narrow range 1.293(2311(2) A »(COy)sym Vibrations are observed in the 1649670 cnr?
(Table 2), indicating extensive charge and double bond delo- region for then,a-bis(diazeniumdiolate)-substituted carboxylates

calization similar to those in other structurally characterized 1a.2H,0, 1b-H,0, and8b-H,0, and those of the rest of the
C-diazeniumdiolate¥'17-2-27 The two substituents are roughly

parallel to each other with the dihedral angle between the mean

(23) Klebe, G.; Hdicke, E.; Boehm, E. H.; Reuther, W.; Hickman, E.
Z. Kristallogr. 1996 211, 798—-803.
(20) March, J.Advanced Organic Chemistry: Reactions and Mecha- (24) Bryden, J. HActa Crystallogr.1959 12, 581-585.

nisms 4th ed.; John Wiley and Sons: New York, 1992; pp 6833. (25) Bohle, D. S.; Imonigie, J. Al. Org. Chem200Q 65, 5685-5692.

(21) (a) Arulsamy, N.; Bohle, D. Rcta Crystallogr. E2005 61, m764— (26) Arulsamy, N.; Bohle, D. SAngew. Chem2002 41, 2089-2091.
m766. (b) Arulsamy, N.; Bohle, D. $cta Crystallogr. E2005 61, m838— (27) Cherepinskii-Malov, V. D.; Mukhametzyanov, A. S.; Andrianov,
m840. (c) Arulsamy, N.; Bohle, D. $cta Crystallogr. E2005 61, m930- V. G.; Marchenko, G. AJ. Struct. Chem1983 24, 157-158.
m932. (28) Keefer, L. K.; Flippen-Anderson, J.; George, C.; Shanklin, A. P;

(22) Arulsamy, N.; Bohle, D. SActa Crystallogr. E2005 61, m961— Dunams, T. M.; Christodoulou, D.; Saavedra, J. E.; Sagan, E. S.; Bohle,
m963. D. S. Nitric Oxide 2001, 5, 377—394.

J. Org. ChemVol. 71, No. 2, 2006 577



]OCAT’tiCle Arulsamy and Bohle

TABLE 3. DSC Data for the Diazeniumdiolate Products T T .
vacuum ——» «— nitrogen
total AH,

Compd Tonset °C Tmax, °C AH, caI/g kcal/mol
la2H,07 207 218 L
2a-2H,08 194 198 nitric oxide ——» ——» bubbler
2b-CHzOH? 181 189
3a-1/,CH;OH 225 236 —189 —36.67
3b-H,0? 202 204
4b+1/,H,0 181 190 —237 —66.91
5a-H,0 220 238 —220 —49.74
5b 245 249 —341 —82.01
7b 212 216 —1104 —74.50
8b-H,0P 101,198 104,205 —157,—301 —149.49
9b-1/,EtOH® 274 292 —643 —150.01
10k¢ 199 204 —310 -57.11 - .
11b 206 214 _354 ~70.18 FIGURE 2. Nitric oxide reactor.
12b-1/,H,0 266 270 —155 —34.79 -
130-11/,H,0° 264 276 175 —44.84 that there are specific substrate preferences for the observed
Cis-14kF 245,280 283,288 —214 —69.09 diazeniumdiolations which follow the trendCH > o-CH, >
trans-14b° 211,273 223,283 —248 —55.62 o-CHjs for the ketones. In general, the products described in

a Explodes AH undetermined? Exhibits two exotherms: Also exhibits the paper are stable white crystalline salts whose chemistry will
an endotherm:9b-1/,EtOH at 72°C, 10b at 155°C, 13b at 104°C and be the subject of future studies.

cis-14b at 72°C.

Experimental Section

carboxylat_es with just one-diazeniumdiolate subgtltuent are General Methods. The reagents and solvents used were reagent

observed in the 16051625 cm* lower energy region. grade and used as supplied. Nitric oxide gas was obtained from
The UV-vis spectra measured for the compounds are Scott Specialty Gases and was purified by passing through a column

indicative of the number of diazeniumdiolate substituents on a packed with sodium hydroxide pellets.

single carbon atom. The spectra were measured for aqueous Reactions with Nitric Oxide. Reactions of the ketones and

solutions of the compounds except &-H,0, which undergoes a!cohols with nitric o_xide were performed_ using a slightl_y modified

slow decomposition at neutral aqueous solutions. The spectrumfigh-pressure reaction apparatus described in a previous féport.

for 8b-H,0 was measured in 0.1 N ag. KOH. The spectra reveal An Andrews Glass Co. Lab Crest high-pressure glass reaction bottle
an absozrption due to th&—ﬂ;‘ transition éxpected for the Vas fitted to the needle valve adapter of a gas manifold using a

~ . . . . coupling assembly as shown in Figure 2. Throughout the reactor
—N2O,~ group, and those of diazeniumdiolate substituted stainless steel couplings, adapters, and fittings were used, and seals

ketones also exhibit a shoulder-a235 nm due to ther—7* \ere maintained with Viton O-rings. Pressure lines were established
transitions associated with the keto groups. Monodiazeniumdi- with Y/, in. Teflon tubing.
olates exhibit an absorption in the 24851 nm region, and General Procedure for the Nitric Oxide ReactionslIn a typical

bis(diazeniumdiolates) excluding the cis and trans isomers of reaction, a solution of the appropriate alkali methoxide is prepared
14b exhibit an absorption in the 25259 nm region; the by slowly dissolving pieces of the alkali metal in absolute methanol
intensities of the bands are approximately twice those of the (150 mL) under the blanket of nitrogen gas in a high-pressure
bands of the monodiazeniumdiolates. reaction bottle. The substrate ketone is added to the solution, and
1 1 . . _the reaction bottle is attached to the gas manifold. The mixture is
The_ H_agd 3C N'\]f:R Spect;aharg_lllust_ratl\:je_z ?f the %Ie(_:tro cooled in an ice-salt bath for 30 min and applied reduced pressure
negative inductive influence of the diazeniumdiolate SUDSHUENtS |, i the solution begins to boil. At this point, the reaction bottle is

as has been observed previouSifConsistent with the trend,  fijed with nitrogen gas. The procedure is repeated three times, after

the *H and*C signals due to the methine groups of the- which time the bottle is applied reduced pressure once again, and
bis(diazeniumdiolates) are shifted downfield in comparison to finally nitric oxide is admitted until the pressure reaches 2.5 atm.
those of the mono(diazeniumdiolates). The gas inlet is closed and the reaction mixture is allowed to stand

Thermal Properties. Differential scanning calorimetry data ~ at the ice-salt bath temperaturef@ h with stirring. In the first 6
obtained for the new compounds reveal the explosive nature ofh, a rapid absorption of nitric oxide is observed and the nitric oxide
the compounds (Table 3). Most of them undergo rapid exo- gas inlet is frequently open_ed to maintain the pressure at 2.5 atm.
thermic decomposition in the 18290°C region. In comparison After 6 h the reaction mixture is allowed to warm to room

to the bis(di iumdiolat bstituted ds. th temperature and to continue to react with nitric oxide for 2 d. The
0 the bis(diazeniumdiolate) substituted compounds, the MONO- gy cess nitric oxide is removed by opening the outlet to the bubbler

(diazeniumdiolate) compounds decompose less violently. The 5nq the reaction mixture is flushed with nitrogen gas for several
thermal decomposition behavior of the present series of minutes to remove any residual nitric oxide. In some of the
compounds is consistent with that observed for other diazeni- reactions, the precipitate formed is filtered and dried under reduced
umdiolate substituted compountg22526The DSC data further ~ pressure. In the rest, the cloudy reaction mixtures are rotary
demonstrates the thermal instability and high energy content evaporated to a viscous solid. The products are purified by fractional
of the —N,O,~ substituents. crystallization of the precipitates from water/methanol/ethanol

Conclusion.With the complicated reactivity pattern described SClVent mixtures. The crystallized products are dried at reduced
in this paper, it is not surprising that nitric oxide’s reactions pressure at room temperature overnight and stored in a desiccator

ith ket h b | | lored. The additi f nitri since some of them absorb moisture over a period of several weeks.
with ketones have been largely unexplored. The aadition ornitne ¢4 tiont The products described in this paper are expi®si

oxide to the enolates generated from the ketones contained intherefore, the crude product mixtures and recrystallized products
Table 1 suggests Lewis acid/base chemistry. Although specific must be handled in small amounts behind efficient shields.
rules to delineate which products will form under a specific set  Infrared spectra were obtained as KBr disks with an FTIR

of conditions is difficult to formulate at this point, it is clear spectrophotometer. Proton af NMR spectra were measured
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Synthesis of Diazeniumdiolates
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in D,O solvent containing DSS (0.1% wi/v) as the internal standard Yield: 18.3 g (61.0%). Anal. Calcd for ££lgN4OsK*CH3OH: C,

on a 400 MHz NMR instrument] values are given in Hz. U¥

vis spectra were measured in water or in 0.1 N aq KOH solutions.
Thermograms were obtained using a differential scanning calorim-
eter equipped with a cooling can for cooling measurements.

20.00; H, 3.36; N, 18.67. Found: C, 19.73; H, 3.26; N, 18.50. IR
(cm™1): 3540-3400 b, 3015 w, 2953 w, 1735 s, 1635 m, 1456 m,
1370 s, 1300 s, 1266 s, 1221 s, 1199 s, 1125 s, 1096 s, 1048 w,
1028 w, 1007 m, 970 m, 944 s, 929 s, 833 s, 778 s, 623 5, 616 M,

Approximately 2 mg of the sample was placed in aluminum sample 608 m, 570 s, 522 s, 450 WH NMR: 3.34 (s, 3H, G;0H), 2.34
cups and crimped with a cover. The DSC runs were performed (s, 3H), 2.11 (s, 3H)!3C NMR: 202.6, 98.6, 51.6 (qCHsOH),

under a steady flow of argon gas and at a heating rate 6€1er
min in the temperature range 2500 °C.

Reaction of Nitric Oxide with 2-Butanone and 2 equiv of
Sodium Methoxide (Entry 1, Table 1) Forming 2a2H,0. The
reaction of 2-butanone (7.21 g, 0.1 mol) with nitric oxide in the
presence of sodium methoxide (0.2 mol) in methanol (150 mL)

was carried out by the general procedure. The precipitate (14.2 g)

28.3 (q,J = 130.1), 21.4 (9 = 133.2).Amax (€) in H,0: 258 nm
(13490 Mt cm™Y).

The filtrate was rotary evaporated to dryness. THeNMR
spectrum of the white residue-0.8 g) revealed the presence of
2b and potassium ethane-1,1-bis(diazeniumdiol&b) ih an~1:3
ratio.

Reaction of Nitric Oxide with 2-Butanone and 5 equiv of

formed was dissolved in water (100 mL), and the solution was Potassium Methoxide (Entry 2, Table 1) Forming 3bH,0. To

filtered and treated with methanol (10 mL). The solution was
allowed to stand at 8C for 3 d. The large colorless crystals of
sodium acetate 1,1-bis(diazeniumdiolate) dihydrdta2H,0,*
formed were filtered and dried at room temperature. Yield: 0.8 g
(2.8%) assuming 1 equiv dfais formed from 1 equiv of the ketone.
The filtrate was treated with methanol (50 mL), and the cloudy
solution was allowed to stand at & overnight. The colorless
crystals of 2a-2H,0O formed were filtered and dried at room
temperature. Yield: 11.2 g (41.2%). Anal. Calcd faiHzoN,O7-
Na: C, 17.64; H, 3.70; N, 20.59. Found: C, 17.63; H, 3.76; N,
20.79. IR (cmY): 3506 s, 3336-3270 b, 1729 s, 1670 w, 1457 m,

a freshly prepared solution of K (5 g, 0.128 mol) in methanol (100
mL) was added 2-butanone (1.80 g, 0.025 mol). The clear solution
was allowed to react with nitric oxide. The precipitate formed (5.6
g) was dissolved in hot ethanol (100 mL) and quickly filtered. On
cooling the filtrate, potassium ethane-1,1-bis(diazeniumdiolate)
hydrate,3b-H,0, crystallized out, and the crystals were filtered
and dried. Yield: 4.3 g (70.5%). Anal. Calcd fopldsN4OsK5: C,
9.84; H, 2.48; N, 22.96. Found: C, 9.80; H, 2.53; N, 22.84. IR
(cm™1): 3386 b, 2999 w,1402 w, 1368 m, 1315 s, 1221 s, 1105 s,
1063 m, 1014 s, 938 s, 738 s, 708 s, 602 w, 523-WMNMR: 6.20

(9, 1H,J =6.7), 1.89 (d, 3H,J = 6.7).13C NMR: 87.4 (d,J =

1420 w, 1360 s, 1341 s, 1293 s, 1220 s, 1199 s, 1121 s, 1101 m,162.6), 17.9 (tJ = 131.5).Amax (€) in H,O: 255 nm (15430 M!

1006 w, 978 w, 944 s, 844 w, 771 s, 706 m, 630 m, 609 m, 680 m,

564 m, 531 wH NMR: 2.34 (s, 3H); 2.11 (s, 3H)3C NMR:
202.6, 98.6, 28.3 (¢ = 130.1 Hz), 21.4 (g = 133.2).Amax (€)
in H,O: 258 nm (13270 M! cm™1).

The filtrate was rotary evaporated to dryness. THeNMR
spectrum of the white residue-{.5 g) revealed the presence of
2aand sodium ethane-1,1-bis(diazeniumdiolad@),in a 1:2 ratio.

Reaction of Nitric Oxide with 2-Butanone and 5 equiv of
Sodium Methoxide (Entry 2, Table 1) Forming 3a.To a freshly

cm1). The filtrate was rotary evaporated to near dryness to obtain
a white solid. A'H NMR spectrum measured for the white solid
(~0.6 g) in D,O revealed the presenceif, 1b, and6b in ~2:1:1
ratio.

Reaction of Nitric Oxide with 2-Pentanone and 2 equiv of
Potassium Methoxide (Entry 3, Table 1) Forming 4b'/,H,0 and
5b. To a solution of potassium methoxide (0.1 mol) in absolute
methanol (150 mL) was added 2-pentanone (4.30 g, 0.05 mol). The
clear solution was allowed to react with nitric oxide. The precipitate

prepared solution of Na metal (5.75 g, 0.25 atom) in absolute (2.5 g) was dissolved in ag KOH (0.1 N, 20 mL) and treated with
methanol was added 2-butanone (3.6 g. 0.05 mol). The solution ethanol (20 mL). A gas evolved from the solution, and the solution

was allowed to react with nitric oxide. The reaction mixture was

turned brown. On standing the solution for several days &€,5

rotary evaporated to remove the solvent, and the white solid was colorless crystals dtb-H,O formed. The crystals were filtered and

dissolved in water (50 mL). The solution was filtered and allowed

dried. Yield: 1.6 g (10.2%) assuming one equivalentlof is

to evaporate slowly in a partially closed container for several days formed from 1 equiv of the ketone.

until the volume of the solution was20 mL. The crystals of
sodium ethane-1,1-bis(diazeniumdiolat&g, formed were filtered
and dried. Yield: 6.4 g (66.0%). Anal. Calcd fortyN4,OsNap:

C, 12.37; H, 2.08; N, 28.87. Found: C, 12.19; H, 2.11; N, 28.56.
IR (cm™1): 3002 w, 2924 w, 2854 w, 1444 w, 1411 s, 1400 m,

The filtrate from the reaction mixture was rotary evaporated to
a small volume (ca. 20 mL). The viscous solution was dissolved
in hot ethanol (100 mL) and quickly filtered to remove any insoluble
material. The yellow solution was cooled to room temperature and
allowed to stand at 5C overnight. The colorless crystals of

1369 s, 1312 m, 1258 s, 1237 m, 1215 s, 1176 m, 1101 m, 1064 potassium 2-pentanone-3,3-bis(diazeniumdiolate) hemihyditate,

m, 1035 m, 1009 m, 1003 m, 944 s, 745 m, 715 s, 618 w, 565 w,

517 m.*H NMR: 6.20 (q, 1HJ = 6.7), 1.89 (d, 3H]) = 6.6).1C

NMR: 87.41 (d,J = 159.5 Hz), 17.92 (qJ = 131.1 Hz).Amax (€)

in HO: 255 nm (15720 M! cm™1). Additional crops of the product

were obtained on further evaporation of the filtrate, but were

contaminated with small amounts of sodium acetateand 6a.
Reaction of Nitric Oxide with 2-Butanone and 2 equiv of

Potassium Methoxide (Entry 1, Table 1) Forming 2bCH3;OH.

A solution of potassium methoxide was prepared by dissolving

1/,H,0, formed were separated by filtration. Yield: 7.0 g (48.2%).
Anal. Calcd for GHgN4OssK,: C, 20.62; H, 3.12; N, 19.25.
Found: C, 20.72; H, 3.17; N, 19.06. IR (c#): 3410 b, 2974 w,
2926 m, 2854 w, 1721s, 1713 s, 1357 s, 1334 m, 1321 m, 1278 s,
1267 s, 1255 s, 12355, 1200 s, 1181 s, 1125 m, 1115 m, 1078 w,
958 m, 943 m, 876 w, 846 s, 821 s, 755 w, 745 w, 640 w, 610 w,
575 w, 425 w!H NMR: 2.56 (q, 2HJ = 7.3), 2.32 (s, 3H), 1.07

(t, 3H, 7.3).13C NMR: 202.8, 101.0, 29.2 (¢} = 130.3), 28.9 {(t,
J=131.1), 11.0 (g = 130.3),Amax (€) in H,0: 259 nm (11210

potassium metal (7.8 g, 0.2 mol) in absolute methanol (150 mL). M~1cm™1); 235 (sh). The filtrate was rotary evaporated to near
2-Butanone (7.21 g, 0.1 mol) was added to the methoxide solution, dryness and dissolved in hot water (5 mL), and treated with
and the mixture was allowed to react with nitric oxide. The methanol until the solution became cloudy. The solution was cooled
precipitate (25.4 g) formed was dissolved in water (100 mL) and at 5 °C overnight. The colorless crystals of potassium propane-
filtered. The solution was treated with methanol (10 mL) and 1,1-bis(diazeniumdiolate)sb, formed were filtered and dried.
allowed to stand at 8C for 3 d. The colorless crystals of hydrated Yield: 2.2 g (18.3%) assuming 1 equiv &b is formed from 1
potassium acetate-1,1-bis(diazeniumdiofatieymed were filtered. equiv of the ketone. Anal. Calcd forsBsN4O4K,: C, 15.00; H,
After drying, the crystals were analyzed fbo-H,O. Yield: 0.635 2.52; N, 23.34. Found: C, 14.99; H, 2.54; N, 23.17. IR (ém

g (2.0%) assuming 1 equiv dfb is formed from 1 equiv of the 2975 m, 2934 w, 2879 w, 1462 w, 1392 m, 1376 m, 1340 m, 1324
ketone. To the filtrate was added methanol (50 mL), and the cloudy m, 1283 s, 1263 m, 1219 s, 1199 s, 1119 m, 1082 m, 1037 w, 966

solution was allowed to stand at& overnight. The shiny crystals
of 2b-CH;0H formed were separated by filtration and dried.

s,945 s, 921 s, 835 m, 789 s, 694 s, 584 w, 556 w, 514Hmn.
NMR: 5.95 (t,J = 7.5), 2.36 (qJ = 7.4), 0.93 (tJ = 7.4).13C
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NMR: 92.5 (d,J = 157.5), 24.9 (t) = 132.5), 11.4 (q) = 126.4). and assuming 1 equiv @b is formed from 1 equiv of 3-pentanone
Amax in H20 (¢): 255 (15860 M! cm™1). and 4 equiv of the base. Anal. Calcd fostGN,04 K,: C, 20.60;
Reaction of 2-Pentanone with 5 equiv of Potassium Methoxide H, 3.03; N, 12.02. Found: C, 20.63; H, 3.08; N, 11.96. IR {&m
(Entry 4, Table 1). To a freshly prepared solution of K metal (5 3397 b, 2970 w, 2952 w, 1614 s, 1456 w, 1408 m, 1376 m, 1252
g, 0.128 mol) in absolute methanol (100 mL) was added 2-pen- s, 1186 m, 1098 m, 1079 m, 1052 w, 1018 m, 939 s, 876 m, 714
tanone (2.15 g, 0.025 mol). The clear solution was allowed to react m, 587 w, 490 w, 385 w'H NMR: 4.82 (q,J = 7.2), 3.65 (q,
with nitric oxide. The precipitate was filtered, dried (2.5 g), and J = 7.1, CHCH,OH), 1.57 (d,J = 7.2), 1.18 (tJ = 7.1, (Hs-
recrystallized from water (10 mL). The crystalsidf-H,O formed CH,0OH).13C NMR: 184.3, 72.0 (dJ = 140.7), 60.2 (q) = 143.3,
were filtered and dried. Yield: 0.8 g (10.3%). On complete CH;CH,0OH), 19.6 (q,J = 126.2,CH;CH,0OH), 18.0 (q,J = 130.5).
evaporation of the filtrate, an off-white solid (0.9 g) was obtained. Amax (€) in H2O: 250 nm (8290 M*! cm™1).
An H NMR spectrum measured for the solid in® indicated Reaction of Nitric Oxide 3-Methyl-2-butanone and 1 equiv
that the solid is predominantly potassium methane-1,1-bis(diazeni- of Potassium Methoxide (Entry 7, Table 1) Forming 10bTo a
umdiolate),6b,** which corresponds to a yield of 17% assuming 1 freshly prepared solution of K (3.9 g, 0.1 mol) in absolute methanol
equiv of the salt is formed from 1 equiv of the ketone. (100 mL) was added 3-methyl-2-butanone (8.61 g, 0.1 mol). The
The filtrate of the reaction mixture was rotary evaporatee 1@ solution was allowed to react with nitric oxide. There was no
mL and the oily residue dissolved in hot ethanol (100 mL). On precipitate formed in this reaction. The reaction mixture was rotary
cooling the solution to room temperature, crystals of potassium evaporated te~5 mL, the glassy solid was dissolved in absolute
propane-1,1-bis(diazeniumdiolat&)y, formed. The crystals were  ethanol (10 mL), and the clear solution was treated with acetonitrile

filtered and dried. Yield: 4.2 g (71.2%). (100 mL). The cloudy solution was allowed to stand for several
Reaction of Nitric Oxide with 3-Pentanone and 2 equiv of days in a closed container. The large plates crystallized out were
Potassium Methoxide (Entry 5, Table 1) Forming 7b.To a separated by filtration and washed with acetonitrile. The filtrate

freshly prepared solution of K metal (5.0 g, 0.128 mol) in absolute was rotary evaporated t&5 mL and the glassy solid treated as
methanol (100 mL) was added 3-pentanone (5.52 g, 0.064 mol). above, and a second crop of crystals of potassium 3-methyl-2-
The clear solution was allowed to react with nitric oxide. The butanone-3-diazeniumdiolat&(b) was obtained and then combined
precipitate formed was filtered and dried. Attempts to recrystallize and dried. Yield: 12.9 g (70.1%). Anal. Calcd fosHsN,OsK:

the precipitate from aq KOH were not successful as the solution C, 32.60; H, 4.93; N, 15.22. Found: C, 32.52; H, 4.97; N, 15.16.
continued to form bubbles for several days indicating slow IR (cm™): 3003 w, 2981 w, 2928 w, 1724 s, 1712 s, 1474 w,
decomposition of the product. The filtrate was rotary evaporated 1448 w, 1426 w, 1379 w, 1367 m, 1356 m, 1341 s, 1253 s, 1233
to ~50 mL and allowed to stand at room temperature overnight. s, 1169 s, 1143 m, 1124 s, 1033 w, 1002 w, 980 w, 961 w, 938 s,
The large colorless crystals of potassium 3-pentanone-2,2-bis-906 s, 893 m, 758 m, 645 w, 632 w, 612 w, 593 w, 550 m, 504 w,
(diazeniumdiolate)7b, formed were filtered and dried. Yield: 1.5 480 w, 383 w, 367 m!H NMR: 1.62 (s, 3H), 2.20 (s, 6H)}C

g (8.3%). Anal. Calcd for €HgN4OsK,: C, 21.28; H, 2.86; N, NMR: 212.4, 80.3, 26.7 (g] = 129.2), 24.7 (qJ = 130.3).Amax
19.86. Found: C, 21.34; H, 2.91; N, 19.69. IR (ch 2923 w, in H,O (¢): 251 nm (8950 M?! cm™Y).

2853 w, 1727 s, 1444 w, 1409 m, 1349 m, 1330 s, 1287 s, 1261 Reaction of Nitric Oxide with 3-Methyl-2-pentanone and 1

m, 1210 s, 1171 m, 1113 m, 1083 m, 1048 w, 1017 m, 970 m, 939 equiv of Potassium Methoxide (Entry 7, Table 1) Forming 11b.
s,921s,818 m, 797 w, 752 m, 723 m, 696 w, 599 m, 576 m, 553 To a freshly prepared solution of K (3.9 g, 0.1 mol) in absolute
w, 502 m, 470 wlH NMR: 2.68 (q, 2H,J = 7.2), 2.12 (s, 1H), methanol (100 mL) was added 3-methyl-2-pentanone (10.0 g, 0.1
1.10 (t, 3H,J = 7.1).13C NMR: 206.3, 98.7, 34.5 (] = 128.1), mol), and the clear solution was pressurized with nitric oxide.
21.4 (9,d = 133.2), 10.9 (9J) = 128.7).Amax (€) in HO: 258 nm Though absorption of the gas was observed, the reaction did not

(13040 Mt cmY); 235 nm (sh). form any precipitate. The reaction mixture was rotary evaporated,
Reaction of Nitric Oxide with 3-Pentanone and 4 equiv of and the glassy residue was dissolved in hot absolute ethanol and
Potassium Methoxide (Entry 6, Table 1) Forming 8bH,0 and quickly filtered. The filtrate was allowed to stand-ai0 °C for 1

9b-Y/,EtOH. To a freshly prepared solution of K metal (5.0 g, 0.128 week to form fluffy crystals of potassium 3-methyl-2-pentanone-
mol) in absolute methanol (100 mL) was added 3-pentanone (2.76 3-diazeniumdiolatel(1b). Yield: 12.1 g (61.1%). Anal. Calcd for

g, 0.032 mol). The clear solution was allowed to react with nitric  CgH11N,O3K: C, 36.36; H, 5.60; N, 14.14. Found: C, 36.28; H,
oxide. The off-white precipitate formed was filtered, dried (3.5 g), 5.67; N, 14.08. IR (cm%): 2979 w, 2853 w, 1718 s, 1576 w, 1454
and treated with boiling methanol (100 mL) for 0.5 h. The w, 1380 m, 1357 m, 1331m, 1237 s, 1167 m, 1140 m, 1111 m,
undissolved solid was filtered and dried (2.8 g). The solid was 1054 w, 1026 w, 1010 w, 973 m, 926 w, 868 m, 814 m, 807 w,
recrystallized from aq potassium hydroxide (0.1 N, 10 mL) by slow 768 w, 648 w, 591 m, 528 w, 478 W\ NMR: 2.18 (s, 3H); 2.17
evaporation. The microcrystalline potassium propanoate-2,2-bis- (m, 1H); 1.94 (m, 1H), 1.58 (s, 3H); 0.80 (t, 3d,= 7.5). 13C
(diazeniumdiolate) hydrate8b-H,0, formed were washed with  NMR: 212.4, 83.7, 29.2 () = 131.1); 27.1 (gJ = 129.0 Hz),
methanol and dried. Yield: 2.6 g (24.9%) based on the amount of 21.5 (q,J = 130.1); 9.8 (gJ = 126.8).Amaxin H20 (¢): 251 nm
base used and assuming 1 equiBbfand3b are formed from 1 (8862 Mt cm™).

equiv of 3-pentanone and 5 equiv of the base. Anal. Calcd for  Reaction of Nitric Oxide with 3-Methyl-2-butanone and 4
CsHsN4O/Ks: C, 11.05; H, 1.55; N, 17.19. Found: C, 10.97; H, equiv of Potassium Methoxide (Entry 8, Table 1) Forming 12k
1.61; N, 17.10. IR (cm?'): 3426 b, 2968 w, 2950 w 1649 s, 1471  /,H,0. To a freshly prepared solution of K (7.8 g, 0.2 mol) in
w, 1374 m, 1357 m, 1341 m, 1270 s, 1209 s, 1146 m, 1119 m, absolute methanol (150 mL) was added 3-methyl-2-butanone (4.3
1086 m, 1010 w, 943 s, 926 m, 890 m, 825 s, 763 s, 709 s, 603 m, g, 0.05 mol). The clear solution was allowed to react with nitric
546 w, 397 wlH NMR: 2.08 (s);°C NMR: 173.1, 98.0, 23.9 (q, oxide. The white precipitate formed was filtered and dried (5.2 g).

J=132.4).Amax (€) in 0.1 N aq KOH: 255 nm (17110 M cm™1). A 1H NMR spectrum measured for the precipitate inCD
The filtrate from the reaction mixture and the methanol washings immediately after dissolution indicated that it contained the
of the precipitate were mixed and rotary evaporated-i® mL, previously reported potassium methanetris(diazeniumdiétatejl

treated with boiling ethanol (50 mL), and allowed to stand &5 potassium methanebis(diazeniumdiol&té) a ca. 8:1 ratio. The
overnight. The crystals @b-H,O formed were filtered and dried. filtrate was rotary evaporated to a syrupy solid, and the solid was
Yield: 2.8 g (57.4%). The filtrate was rotary evaporated~t20 dissolved in water (2 mL). The solution was treated with ethanol
mL and the solution was allowed to stand-a20 °C for several (50 mL) and cooled at 3C for several days. The large platelets of
days when potassium acetate-1-diazeniumdiolate crystallized outhydrated potassium isobutanoate-2-diazeniumdidb;Y/,H,0,
solvated with ethanol &8b-Y/,EtOH. The crystals were filtered and  formed were filtered and dried at room temperature. Yield: 7.4
dried. Yield: 0.64 g (8.6%) based on the amount of the base used(63.5%). Anal. Calcd for ¢H/N,O,:K,: C, 20.60; H, 3.03; N,
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12.02. Found: C, 20.62; H, 3.08; N, 11.92. IR (cfh 3445 b, 1206 m, 1185 s, 1127 m, 1063 m, 1022 w, 994 m, 976 w, 934 s,

3356 b, 2995 m, 2941 m, 1605 s, 1596 s, 1474 m, 1440 w, 1399 908 s, 872 m, 844 m, 763 m, 710 w, 675 w, 617 w, 513 m, 479 m,

s, 1368 m, 1359 s, 1341 s, 1248 s, 1200 m, 1171 s, 1131 s, 1009453 w.'H NMR: 2.84 (m, 2H), 2.06 (m, 4H), 1.76 (s, 6H¥C

w, 956 m, 919 s, 848 m, 793 w, 697 s, 629 w, 557 m, 507 w, 453 NMR: 208.0, 81.1, 37.2 (f) = 130.0), 26.0 (qJ = 132.1), 19.7

w. *H NMR: 1.62 (s).13C NMR: 181.3, 78.2, 27.0 (ql = 129.7). (t, 3 = 129.2).Amax (€) in H,O: 249 nm (13725 M! cm™3).

Amax in H20 (€): 246 nm (7750 M1 cm™1). The filtrate was rotary evaporated to a colorless glassy solid and
Reaction of Nitric Oxide 3-Methyl-2-pentanone with 4 equiv the solid was dried in a vacuum oven at 80 overnight. The

of Potassium Methoxide (Entry 8, Table 1).To a freshly prepared resultant highly hygroscopic colorless solid was characterized as

solution of K (5 g, 0.128 mol) in methanol (100 mL) was added trans-14b. Yield of trans14b: 6.5 g (57.6%). Anal. Calcd for

3-methyl-2-pentanone (2.57 g, 0.026 mol). The clear solution was CgH1gN4OgK,: C, 25.53; H, 4.82; N, 14.89. Found: C, 25.71; H,

allowed to react with nitric oxide. The white precipitate formed 4.27; N, 14.62. IR (cm?): 3420-3280 b, 2941 m, 2879 w, 1720

was filtered and dried (3.2 g). As in the previous reaction, the s, 1663 m, 1610m, 1583 m, 1449 m, 1379 m, 1339 s, 1334 s, 1231

precipitate contained CH@®,K)3; and CH(N,O;K), in ca. 8:1 ratio. m, 1190 s, 1147 m, 1121 m, 1056 w, 991 w, 974 w, 937 s, 907 s,

The filtrate was treated as in the above reaction, and the crystals859 m, 743 w, 694 w, 667 w, 520 m, 476 W NMR: 2.62 (td,

of hydrated potassium 2-methylbutanoate-2-diazeniumdiol&e ( 2H,J = 14.9, 5.4), 1.93 (m, 4H) = 14.8, 7.8), 1.76:1.68 (2H,

1%,H,0) formed after several days were filtered and dried. Yield: m), 1.56 (s, 6H)33C NMR: 206.0, 79.3, 34.4 ( = 131.3), 25.0

3.94 g (57.2%). Anal. Calcd for4gBi11N,Os Ko C, 22.64; H, 4.18; (q,J=130.6), 18.2 (tJ = 127.3).Amax (€) in H,O: 241 nm (12020

10.57. Found: C, 22.56; H, 4.14; N, 10.60. IR (¢ 3533 s, M~1cm™b).

3368 s, 3229 b, 2986 m, 2968 m, 2944 m, 2883 w, 1607 s, 1459 Crystallographic Data. X-ray diffraction data forl4b were

w, 1395 s, 1363 m, 1344 m, 1284 m, 1225 s, 1173 w, 1159 m, collected on a Bruker P4 diffractometer equipped with a molyb-

1131 m, 1053 w, 1003 w, 942 s, 906 m, 860 m, 788 w, 732 m, 628 denum tube and a graphite monochromato+&60 °C. Unit cell

w, 593 w, 502 w, 458 wiH NMR: 2.18 (m, 1H), 1.93 (m, 1H), dimensions were determined from several accurately centered

1.57 (s, 3H), 0.79 (t, 3H] = 7.2).13C NMR: 181.0,81.9,31.8(d, reflections in high 2 angles using XSCANS prograth.Three

J = 130.2), 23.5 (gJ = 129.6) 10.5 (qJ = 126.6 Hz).Anax iN standard reflections measured after every 97 reflections exhibited

H.0 (€): 246 nm (7670 M cmY). no significant loss of intensity. The structure was solved by direct
Reaction of Nitric Oxide with 2,6-Dimethylcyclohexanone and methods and refined by least-squares techniqued-“omising

2 equiv of Potassium Methoxide (Entry 9, Table 1) Forming SHELXTL program?® CompoundL4b crystallizes in the monoclinic

14b. To a freshly prepared solution of K (2.44 g, 0.06 mol) in space groufP2,/c with four molecular formula units. The ions are

methanol (100 mL) was added 2,6-dimethylcyclohexanone (3.78 well ordered, and are located on general positions. All non-hydrogen

g, 0.03 mol, mixture of cis and trans isomers20:80). The clear atoms were located in the difference maps during successive cycles

solution was allowed to react with nitric oxide. The precipitate of least-squares, and were refined anisotropically. All H atoms were

formed was filtered and recrystallized from water (10 mL) as located and refined isotropically.

colorless crystals (0.75 g). The crystals were characterized as

potassiuntis-2,6-dimethylcyclohexanone-2,6-bis(diazeniumdiolate) Acknqwledgment. We gratefully acknowledge_ NSERC fo_r

from single-crystal X-ray diffraction data. The filtrate was rotary supportin the form of a dlsc_overy g_raf“ and the Air For_ce Off_lce

evaporated to a glassy solid. The gummy solid was dissolved in of Research for support during preliminary stages of this project.

hot ethanol (20 mL), filtered to remove any insoluble solid, and  sypporting Information Available: Crystallographic data (CIF

treated with acetonitrile (30 mL). The solution was cooled 85 fijles, Tables S+S5) for 14b. This material is available free of
for 2 days and a small amount of crystals of t#h (characterized charge via the Internet at http://pubs.acs.org.

by a comparison of itdH NMR spectrum with that of the above

crystals) formed were filtered and dried (0.5 g). Combined yield JO051998P

of cis-14b: 1.25 g (12.9%). Anal. Calcd for ¢81;,N4OsK,: C, - ) )
29.81; H, 3.75; N, 17.39. Found: C, 29.74; H, 3.84; N, 17.42, IR (32 XSGANS ¥ 2:31, Bruker Analytical X-ray. Instruments, Inc:
(cm™): 3020 w, 2988 w, 2954 m, 2934 m, 2904 m, 1732's, 1710  (30) SHELXTL Crystallographic System 5.10 ed.; Bruker Analytical
m, 1459 m, 1372 m, 1355 m, 1334 s, 1302 w, 1280 m, 1246 s, X-ray Instruments, Inc.: Madison, WI, 1997.
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