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Cyano-, Nitro- and Nitrosomethane Derivatives: Structures and Gas-Phase
Acidities
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The structures and gas-phase acidities of resonance-stabi-
lized methane/methanide  derivatives  (H[CR'R?R3)/
[CR'R?R®]~ with R'23 = H, NO,, NO, and CN) have been
studied through B3LYP/aug-cc-pvTZ computations. The gas-
phase acidities lie in the range 1523-1459 for singly, 1365—
1304 for doubly and 1274-1203 kJmol™ for triply substituted
methane derivatives. In the NO-substituted methanides, pro-
tonation always occurs at the nitroso group, leading to the
corresponding oxime. For the cyano- and nitromethane de-
rivatives the C-H bonded isomer was found to be the more

stable species. For mixed CN/NO,-substituted methanides,
protonation of the nitro group is energetically favourable ex-
cept for the simplest cyanonitromethanide in which proton-
ation occurred at the central carbon. Significant resonance
effects occur in all three classes of methanides (NO,-, NO-
and CN-substituted). However, the magnitude of this effect
differs significantly depending on the degree of substitution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

We recently investigated the structure, bonding and reso-
nance stabilization of methanides of the type [CR'R?R3]
(R'23 = H, NO, NO, and CN).['?I This study revealed
planar methanide anions with shortened C-NO, C-NO,
and C-CN bond lengths, indicative of the presence of delo-
calized © bonds over the entire anion. MO and NBOP! cal-
culations displayed the existence of an nrn-electron, m-centre
bond unit in all of the methanides (with n = 2 + 4x + 2y
+2zand m =1+ 3x + 2y + 2z; x, y and z are equal to the
number of NO,, NO and CN groups, respectively). Such
methanides can be regarded as resonance-stabilized pseu-
dohalides.># The strongest resonance effect was found for
the NO-substituted anions followed by the NO, species. For
NO- and NO,-substituted methanides, intramolecular hy-
drogen bonds stabilize the singly and doubly substituted
methanides in the energetically favoured isomers, whereas
the absence of such hydrogen bonds results in nonplanar
anions of the trinitroso- and trinitromethanides due to elec-
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trostatic repulsion between lone pairs localized on the oxy-
gen atom of the NO and NO, groups, respectively. Cyano-
methanides are always planar. However, delocalization of
the methanide lone pair onto the CN group is much less
pronounced than with the NO and NO, analogues. Gen-
erally,>81 the synthesis of methanides starts from the free
hydrogen acid, which often is only generated in situ.

Strong resonance effects have already been found by Vi-
anello and Maksi¢ to be the key to finding “ultrastrong
Brensted neutral organic superacids” based on the penta-
substituted cyclopentadiene framework [e.g., (CN)sCsH].l!
These authors successfully investigated other frameworks
with accompanying percyanation in their search for en-
hanced acidity, including cyclononatetraene,> indene,%
fluorinet®! and other benzoannelated cyclopentadi-
enes,>®°1 phenalene,*® “azatriquinanes”® and “Rees hy-
drocarbons”.P'l Moreover, it was found that polysubsti-
tuted methanes bearing a variety of strongly electron-with-
drawing groups (F, CI, Br, NC, CN and NO,) exhibit signif-
icantly enhanced acidity. A detailed (“triadic”) analysis re-
veals that the most important term influencing the AH .4
values is Koopmans’ ionization energy of the final ions
formed upon deprotonation. In other words, the negative
charge is strongly stabilized in the conjugate bases.

Owing to the expected strong resonance effects in cyano-
, nitro- and nitrosomethanides we decided to investigate the
structures and gas-phase acidities of the corresponding ac-
ids, which then raises the question as to whether proton-
ation occurs on the central methanide carbon atom or on
one of the functional groups. Herein, we report on the po-
tential energy surfaces of various cyano-, nitro- and ni-
trosomethane derivatives and their gas-phase acidities.
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Results and Discussion

We have used the following general abbreviations: N =
nitroso, Nt = nitro, C = cyano and M = methanide, and
the “numerals” D = di and T = tri. For example, HNtDCM
represents protonated nitrodicyanomethanide.

Energetics and Structure

It is common knowledge that methane is tetrahedral and its
deprotonated species trigonal pyramidal (AsesGpianar nonplanar
= 10.0 kJmol™").[71 However, the question arises as to what
is the structure of a methane derivative in which hydrogen
atoms are substituted by functional groups such as CN,
NO, and NO. Of special interest is the effect of delocaliza-
tion in the structure and the energetics of the different pos-
sible tautomers. In principle, at least two different tauto-
mers should be observed in cyano-, nitro- and nitrosometh-
anes because protonation of the corresponding resonance-
stabilized methanides might occur at the central carbon
atom, at the terminal nitrogen atom of the cyano group or
at the oxygen atom of the nitro and nitroso groups (Fig-
ure 1). When protonation occurs on the functional group,
the acid is customarily called the aci tautomer, in contrast
to the C-H bound methane derivative.
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Figure 1. C-H bound versus aci tautomers of protonated cyano-,
nitro- and nitrosomethane derivatives.

Cyanomethanes

Polycyanogen compounds [Hy ,C(CN),, with n = 1-3]
are a class of molecules that exhibit both unusual chemical
reactivity as well as peculiar physical properties and, there-
fore, have repeatedly attracted attention.®!

Two isomers have been found for all three cyanometh-
anes: a C-H bound cyanomethane and an aci species (Fig-
ures 1 and 2), the latter always being the higher-lying iso-
mer. (Other isomers such as isonitriles and azirines were
ignored in the current study.)

Cyanomethane (HCM; acetonitrile) is energetically pre-
ferred over the aci compound (ketenimine, vinylideneamine)
by AsG = 92.4 kJmol™'. The energy difference between the
two isomers decreases significantly with increasing cyano
substitution (Figure 2). Although the difference is still fairly
large at 48.5 kJmol! for the dicyanomethane (HDCM, ma-
4666
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Figure 2. Isomers of cyanomethanes [bond lengths in A, angles
(italics) in degrees with the relative Gibbs energies and symmetries
given in bold].%

lononitrile) compared with the corresponding aci com-
pound (cyanoketenimine, 3-iminoacrylonitrile), a difference
of only 2.9 kJmol! is computed in favour of tricyanome-
thane (HTCM, cyanoform, 2-cyanomalononitrile) com-
pared with the aci acid (dicyanoketenimine, 2-iminomethyl-
enemalononitrile). Delocalization of the methanide lone
pair improves with increasing substitution!?! so that the ba-
sicity of the central carbon atom decreases (CM~ > DCM~
> TCM") and protonation at the terminal N atom of the
cyano group relative to the central C atom is less expensive.

Structures

Bond lengths and angles have only a small dependence
on substitution. The C-C-N moiety remains essentially
linear, whereas the C-C-C angle slightly decreases from
113.1 to 111.4° and the C-C distance increases slowly in
the order HCM < HDCM < HTCM (1.455, 1.463 and
1.473 A, respectively), which is in accord with experimental
data.[8-9]

Nitromethanes

Nitromethanes, which are easily prepared by a range of
reactions [e.g., CH3NO, by nitration of ether or alcohol or
the reaction of NaNO, with CH;I!"!1 and H,C(NO,), by
protonation of KHC(NO,), with HF]'?l and have been
structurally characterized in the gas phase by means of mi-
crowave studies in the early 1970s.['3! Tetranitromethane
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Cyano-, Nitro- and Nitrosomethane Derivatives

Eur

and its “denitration” to nitroform [HC(NO,);] were re-
ported in 1899 by Hantzsch and Rinckenberger.!'4]

Nitromethane (HNtM)

Three isomers of HNtM have been studied (Figure 3).
The most stable isomer is the C—H bound nitromethane fol-
lowed by aci-nitromethane, which is 59.8 kJmol™!' less
stable. In the highest-energy isomer both oxygen atoms of
the nitro group are protonated and it is 221.5 kJmol ™' less
stable. The latter species can be formally regarded as a sing-
let carbene, that is, it is recognized as (N,N-dihydroxy-
amino)methylene.
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Figure 3. Isomers of the nitromethanes [bond lengths in A, angles
(italics) in ° with the relative energies and symmetries given in bold;
DA = dihedral angle]. For simplification, we have not shown any
double or partial bonds between the constituent atoms of the nitro
groups.!¥]

Dinitromethane (HDNtM )

For the Ci-symmetric HDNtM again the methane spe-
cies was found to be the most stable isomer, energetically
favoured by 19.6 kJmol™! over the planar C,-symmetric ni-
tro-aci-nitromethane (aci-HDNtM), which is stabilized by
an intramolecular hydrogen bond (Figure 3). As displayed
by the second aci-nitromethane isomer, in the absence of
such a hydrogen bond, the energy rises to 48.9 kJmol™'.
Moreover, one further high-energy isomer was found at
200.6 kJmol ! in which both nitro groups are protonated.
One other isomer in which one of the nitro groups is doubly
protonated, that is, O,N-C-N(OH),, was ignored here,
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as it was assumed that it would be exceptionally high in
energy, as shown for nitromethane and its corresponding
isomer.

Trinitromethane (HTNtM)

In contrast to the series of cyanomethanes, the gap be-
tween the C-H bound and aci-nitromethanes increases
from HDNtM to HTNtM (HDNtM: 19.6, HTNtM:
33.0 kJmol ). aci-HDNtM is a planar molecule with three
intramolecular hydrogen bonds (O--H-+-O and two C-
H--O contacts), whereas only one (O--H-+O) can be
formed in HTNtM, which results in a nonplanar structure
(Figure 3). Such intramolecular stabilization by hydrogen
bonds is not possible in cyanomethanes, as the © bonds of
the cyano groups are much poorer electron-pair donors
than the oxygen atoms of the nitro groups.

Indeed, when taking into account the aci-dinitromethane
that does not form an intramolecular hydrogen bond be-
tween the two NO, groups, a similar series is found with
the energy gap decreasing along the series: 59.8 (HNtM) >
48.9 (HDNtM) > 33.0 kJmol ! (HTNtM).

Structures

All three nitromethanes (HNtM, HDNtM and HTNtM)
are nonplanar. In Ci-symmetric HDNtM both nitro groups
are twisted by 90.1°, which still allows resonance stabiliza-
tion along the two O,NCN moieties. HTNtM is C3 sym-
metric with a propeller-like structure (dihedral angle along
ONCN 19.6°). With an increasing degree of substitution,
the C-N bond lengths increase (HNtM: 1.498, HDNtM:
1.516, HTNtM: 1.521 A), the N-O bond lengths decrease
(HNtM: 1.219, HDNtM: 1.215/1.209, HTNtM: 1.212/
1.207 A), whereas the O-N-O angles are almost unaffected
by a higher degree of substitution [cf. HNtM: dex,(C-N) =
1.489(5), dexp(N-O) = 1.224(5) A;[13a HTNtM: dexp(C-N)
= 1.505(5), dexp(N-O) = 1.219(2) A].L13]

Nitrosomethanes

Nitrosomethane (HNM, CH3;-NO) was first isolated by
Coe and Doumanil'! by photolysis of gaseous terz-butyl
nitrite in 1948 [Equation (1)], whereas in 1936 Staveley and
Hinshelwood!' had found that addition of small quantities
of nitric oxide to the reaction vessel during the pyrolytic
decomposition of diethyl ether brought about a consider-
able reduction of the decomposition reaction rate (by the
trapping of radicals with NO).

h
(CH3);CONO — (CH3),CO + CH3NO 1)

HNM is known to be less stable than its isomer formal-
doxime (aci-HNM) and early attempts to isolate this species
failed owing to its facile isomerization to the oxime (aci-
HNM). Bamberger and Seligman had already considered
in 1903 that it would be difficult to isolate nitrosomethane
after oxidation of methylamine due to its rapid isomeriza-
tion to aci-HNM.['7] Hence, aci-HNM is always present in
the synthesis of the nitrosomethane.
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Batt et al. carried out a detailed study of the pyrolysis
and photolysis of tert-butyl nitrite and established that di-
meric nitrosomethane exists in two isomeric forms, cis and
trans. Monomeric nitrosomethane could be generated by
heating the dimer in the gas phase (the activation energy
for dissociation of the dimer to form the monomer was
found to be ca. 90 kImol !).[8]

Multiple isomers of HNM with different connectivities
are known: the tautomers formaldehyde oxime (aci-HNM)
with one hydrogen atom attached to the oxygen atom and
formaldonitrone with one hydrogen atom attached to the
nitrogen atom (Figure 4). Investigations of the potential en-
ergy surface showed two further high-energy isomers, CH,—
O-NH and the cyclic oxaziridine, which were calculated to
be substantially less stable, and hence, they are not dis-
cussed here. The formamide isomer and its formamidic acid
counterpart are much more stable but were not calculated
as part of this work, as they are not relevant to our current
study or the relative energy of the tautomers.
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Figure 4. Selected isomers of nitrosomethanes [bond lengths in A,
angles (italics) in © with the relative energies and symmetries given
in bold; DA = dihedral angle].[']

Based on a series of ab initio and DFT calculations and
in accord with our B3LYP/aug-cc-pvIZ results,['*2% gci-
HNM (formaldoxime) represents the lowest-lying isomer
(A20sGrnmaciinm = 52.3 kJmol™!) in an anti conforma-
tion followed by the syn structure (AsosGeyn ani =
19.2 kJmol™). This finding clearly demonstrates a high de-
localization of the methanide lone pair onto the NO group,
which results in the oxygen atom of the nitroso group being
highly negatively charged and therefore most favourably
4668

WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

protonated. Hence, protonation of the nitrosomethanides
occurs at the O atom of the NO group, in contrast to the
situation found for the cyano- and nitromethanides.

Exploration of the potential energy surface also showed
that the formaldonitrone CH,=N(H)-O is close in energy
to HNM (Figure 4). However, experimental access to
CH,=N(H)-O is rather difficult, preventing an experimen-
tal structural analysis.?”) Some reports predicted the nitrone
to be less stable than nitrosomethane, whereas recent papers
have indicated that HNM and nitrone are comparable in
energy with the nitrone slightly more stable, which is in
accord with our findings
12.7 kJmol 1).[19:201

Although highly reactive formaldonitrone has been de-
tected only recently,”! both HNM and aci-HNM are also
reactive compounds in the condensed phase; aci-HNM un-
dergoes facile oligomerization,?'-231 whereas HNM forms a
dimer!" and isomerizes to aci-HNM.?!

The “oldest” experimentally known isomer of HNM is
formaldoxime (H,C=NOH, aci-HNM, “formoxime”), the
simplest member of the oxime family, which was first syn-
thesized in 1891 by Scholl.”*! He succeeded in isolating aci-
HNM in the condensation reaction of formaldehyde and
hydroxylamine, leading to a white, amorphous polymeric
solid (H,C=NOH),,. By gentle heating (100-134°C) of poly-
meric aci-HNM, Scholl obtained monomeric aci-HNM as
a vapour and also in solution, whereas at high temperatures
spontaneous dehydration, H,C=NOH — H,O + HCN,
took place.

The existence of monomeric aci-HNM has been proven
unequivocally by microwave studies and vibrational spec-
troscopy.?”!

(A298 GHNM—nitrone =

Dinitrosomethanes (HDNM )

Protonation of dinitrosomethanide {{HC(NO),] } might
lead to three different tautomers: (i) dinitrosomethane
[H,C(NO),] when the protonation occurs at the carbon
(HDNM),?% (ii) methylnitrosolic acid (aci-HDNM, also
formonitrosolic acid) when one of the oxygen atoms of the
nitroso groups forms an oxime (enolic conformer) and (iii)
the dioxime (HO-N=C=N-OH) of CO, (Figure 4).

Stationary points were found for all possible tautomers
on the potential energy surface, which were characterized
as minima by frequency analyses. Seven conformers of aci-
HDNM and three for the dioxime were calculated (see Fig-
ure S2, of the Supporting Information). aci-HDNM turned
out to be favoured over dinitrosomethane by 81.1 kJmol™!
at the B3LYP/aug-cc-pvTZ level of theory. Hence, it can be
concluded that protonation occurs exclusively on the oxy-
gen atoms of the nitroso groups in dinitrosomethanide.
Interestingly, the dioxime is only 2.9 kJmol! less stable
than aci-HDNM. However, the formation of the dioxime
(in addition to aci-HDNM) in solution is rather unrealistic
due to a very large activation barrier of around 200 kJ mol !
for the obligatory hydrogen shift. Thus, preparation of the
dioxime species needs a different synthetic approach.

Eur. J. Org. Chem. 2008, 4665-4675
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Wieland first studied nitrosolic acids a century ago.l?’!
Nitrosolates can be obtained from unstable N,N'-dihydroxy-
amidines by disproportionation in ammonia or by oxi-
dation (KIQ,) in basic solution.?®2°1 A recently published
new synthesis of dinitrosomethanide salts and the nitrosolic
acid starts from formamidinium nitrate.l3”] The monomeric
aci-HDNM can be formed and extracted with diethyl ether,
but evaporation of the nonpolar solvent results in a yellow-
ish dimer.

Trinitrosomethanes (HTNM )

Similar to the synthesis of aci-HDNM, aci-HTNM
should be formed upon protonation of trinitrosomethan-
ides, C(NO);. However, trinitrosomethanides are not
known.

In our computations six stationary points [five isomers
of the aci-HTNM (oxime) species and HTNM] were found
on the potential energy surface of HTNM (see Figure S2B31]
and Figure 4). Protonation might occur at the central car-
bon atom, leading to the trinitrosomethane, or at one of
the oxygen atoms of the NO groups, leading to oximes (Fig-
ure 4). The C;-symmetric trinitrosomethane was calculated
to be the less stable isomer, lying 55.2 kJmol™! above the
most stable Cj-symmetric aci-HTNM, in accord with sim-
ple charge consideration (negative charge sits on the oxygen
atoms). All the other minima represent planar C,-symmet-
ric oximes, which differ in the arrangement of the two ni-
troso groups and the position of the hydrogen atom at-
tached to one oxygen atom (see Figure S2). The hydrogen
atom can be directed towards a neighbouring O atom
(endo-w), which stabilizes the conformation through the for-
mation of an intramolecular hydrogen bond (formal forma-
tion of a six-membered ring), or towards a neighbouring N
atom (endo-s). All five oxime isomers of HTNM lie within a
range of 12.5 kJmol™', which indicates a very flat potential
energy surface.

Structures

Only two of the three aci-nitrosomethanes, HNM and
HDNM, are planar with C; symmetry (Figure 4) and stabi-
lized by an intramolecular hydrogen bond. HTNM is non-
planar due to unfavourable electrostatic repulsion between
lone pairs on the NO groups. Formaldoxime (aci-HNM)
has been shown to have a planar structure with C, sym-
metry (Figures 1 and 4). Experimental and theoretical stud-
ies found the anti conformer (anti-aci-HNM) to have the
lower energy (with A,,,, 48 = 19-25 kJ mol!), which may
reflect lone-pair-lone-pair repulsion between oxygen and
nitrogen atoms. The anti—syn internal rotational barrier is
about 38-42 kJmol ! depending on the level of theory ap-
plied.[?

As formaldoxime (aci-HNM) is stable in the gas phase it
is more easily studied experimentally than nitrosomethane.
Experimental structural data are only available for form-
aldoxime aci-HDNM™ and monomeric and dimeric ni-
trosomethane HDNM. 33!

Eur. J. Org. Chem. 2008, 4665-4675
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The gas-phase structure was determined by Levinel®>)! by
using microwave spectroscopy. In agreement with a double
bond localized along the CN moiety, a short CN distance
of 1.276 A was determined, whereas the N-O distance of
1.408 A is rather long, which shows a single bond with a
small amount of m-bonding [cf. Zreo(N-O) = 1.45 A vs.
Treoo(N=0) = 1.17 A1.B% In good agreement with these
structural data, our computation gives 1.401 for the N-O
and 1.276 A for the C-N distance.

Experimental structural data for aci-HDNM or aci-
HTNM or any other isomer of aci-HDNM and aci-
HTNM, respectively, are not yet known. Computed struc-
tural data for aci-HDNM and the dioxime are given in Fig-
ure 4. The planar Ci-symmetric aci-HDNM displays two
significantly different NO and CN bond lengths with alter-
nating bonds with respect to the bond lengths [d(N=0) =
1.213, d(C-NOH) = 1.423, d(C=NOH) = 1.275, d(N-OH)
= 1.369 A]. For comparison, the calculated structural data
obtained for the dioxime display a nonplanar C,-symmetric
species for the lowest-lying isomer (dihedral angles: HONC
180.0°, ONCN 135.1°) with two short CN bonds (1.231 A)
and two long NO bonds (1.413 A), which is in contrast to
the situation of aci-HDNM (Figure 4) with one longer NO
and CN and one shorter NO and CN bond, respectively.
Although there is a strong 7m-type bond along the NCN
unit, the NCN angle at 167.3° is far away from the ideal
angle of 180°.

In C;-symmetric aci-HTNM, one nitroso group is
twisted out of the molecular plane by 52.1°. Similar to the
situation found in HDNM, two significantly different NO
and CN distances are found [d(N-OH) = 1.360 vs. d(N-O)
= 1.194/1.209 A; d(C=NOH) = 1.280 A vs. d(C-NO) =
1.469/1.432 A], which indicates double bond character of
the C=NOH bond and single bond character of the N-OH
and C-NO bonds.

Mixed Substituted Methanes

In addition to multiple substitution with only one func-
tional group (CN, NO, or NO), double and triple substitu-
tion are possible utilizing two and three different functional
groups, respectively.

Nitrocyanomethane (HNtCM)

A convenient synthesis of nitroacetonitrile starts from ni-
tromethane in basic solution and involves the extraction of
the formed nitroacetaldoxime and subsequent dehydration,
as described first by Steinkopf and Bohrmann a century
ago.3!

Four stationary points were computed for HNtCM (Fig-
ure 5), with the C—H bound isomer (nitroacetonitrile) the
most stable isomer. Significantly less stable is aci-nitroace-
tonitrile (aci-HNtCM), 16.9 kImol! above HNtCM, fol-
lowed by nitrovinylideneamine with a protonated cyano
group (A5G = 50.4 kJmol™'). The highest-lying isomer
studied is  aci-nitrovinylideneamine  (A,o3Grel. =
4669
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Figure 5. Isomers of nitrocyanomethanes [bond lengths in A, angles (italics) in

bold].l10l

163.4 kJmol!) with H atoms attached to both the nitro and
cyano groups. The related carbene with two hydrogen atoms
on the nitro group was ignored in our study.

Nitrodicyanomethane (HNtDCM, also Nitromalononitrile)

Although the anions (NtDCM and HDNtCM) have
been intensively studied,?®3”] the free acids have not been
structurally characterized yet.

In contrast to HNtCM, for HNtDCM the most stable
isomer is 2-aci-nitromalononitrile (aci-HNtDCM). Intro-
duction of a second cyano group improves the delocaliza-
tion of the central carbon lone pair in the anion, decreasing
the basicity of this carbon atom. Hence, protonation occurs
at one of the O atoms of the nitro group. Slightly less stable
at 8.9 kJmol! is HNtDCM (2-nitromalononitrile) followed
by 3-imino-2-nitroacrylonitrile at 24.6 kJmol' above the
aci-nitromalononitrile.

Dinitromonocyanomethane (HDNtCM )

Similarly to HNtDCM, better delocalization of the cen-
tral carbon lone pair (in the anion, see above) by introduc-
tion of a second nitro group leads to nitro-aci-nitroacetoni-
trile (aci-HDNtCM) as the most stable isomer, lying
12.3 kJmol ! below dinitroacetonitrile, the C—H bound iso-
mer. In addition, nitro-aci-nitroacetonitrile is stabilized by
4670
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° with the relative energies and symmetries given in

an intramolecular hydrogen bond. Dinitrovinylideneamine
is a high-lying isomer at 44.5 kJmol™! above the nitro-aci-
nitroacetonitrile.

Structures

Experimentally, the covalent (unionized) aci form
NCC(NO,)NO,H is found in aqueous solution at low tem-
peratures.*8] Ci-symmetric HNtCM is nonplanar in con-
trast to the planar Cg-symmetric aci-HDNtCM and aci-
HNtCM (Figure 5). Significant C-NO,H double bond
character is found in the aci compounds (aci-HNtDCM:
1.335, aci-HDNtDCM: 1.364 vs. HNtCM: 1.531 A), which
shows a favourable resonance stabilization of the m system.

Nitrosocyanomethane (HNCM)

aci-HNCM, cyanoformaldoxime, was first described by
Grundmann and Fulton in the decarboxylation reaction of
isonitrosocyanoacetic acid.?”! According to Grundmann,
synthesis of cyanoformaldoxime results in the formation of
a mixture of a syn and anti isomer (Ayo3Gsyn ant
1.7 kJmol™!, see Figure S3 of the Supporting Infor-
mation).['%3!1 Another synthetic route to cyanoformaldox-
ime involves the decarboxylation of furazandicarboxylic
acid;*% in situ synthesized furazan can be treated with base
to form* cyanonitrosomethanides. Formally, three tauto-
meric forms can be regarded as the corresponding acids of

Eur. J. Org. Chem. 2008, 4665-4675
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NCM upon protonation: (i) the cyanoformaldoxime when
protonation occurs at the oxygen (aci-HNCM), (ii) nitroso-
cyanomethane (nitrosoacetonitrile, HNCM) if a proton is
added to the central carbon and (iii) nitrosovinylideneamine
upon addition of a proton to the nitrogen atom of the cy-
ano group (Figure 6). Furthermore, if a 1,3-hydrogen shift
follows protonation of the NO group an iminoethenone ox-
ime could be formed. Three additional structural isomers
of aci-HNCM have been found, all of which lie within
24 kJmol! (see Figure S3).

Nitrosodicyanomethane (HNDCM ) and
Dinitrosocyanomethane (HDNCM )

Although dinitrosocyanomethanides (DNCM) have not
yet been synthesized, nitrosodicyanomethanides (NDCM)
have been studied extensively.[*!-431

Comparison of all the isomers of HNCM, HDNCM and
HNDCM illustrates that the oxime form is always the most
stable tautomer (Figure 6).44 Protonation at the central
carbon of the methanide dramatically increases the total
energy relative to the oxime species (NCM: 67.3, NDCM:
80.3, DNCM: 81.1 kJmol ™), and protonation at the cyano
group is even less favoured (NCM: 107.0, NDCM: 91.5,
DNCM: 92.0 kJmol!). Hence, it can be concluded that
protonation of NCM, DNCM and NDCM salts always oc-
curs exclusively at the oxygen of the nitroso group, thereby
generating an oxime.[*’]

Eur. J. Org. Chem. 2008, 4665-4675
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Structures

All three oximes (HNCM, HDNCM and HNDCM) are
planar (C, symmetry) and several isomers (e.g., the syn and
anti isomers) have been localized at the potential energy
surface (Figures S3, S4 and S5). Planar structures are fav-
oured due to the presence of a highly delocalized n system.
Selected structural data are given for all three oximes (aci
species) in Figure 6. As expected, the NO distance (HNCM:
1.378, HNDCM: 1.358, HDNCM: 1.352 A) decrease upon
protonation, whereas the CN bond length remains almost
unchanged (HNCM: 1.152, HNDCM: 1.150, HDNCM:
1.151 A). The C—-C=N moiety reveals a slight deviation
from linearity (HNCM: 176.6°, HNDCM: 178.1°,
HDNCM: 178.4°).

Nitrosonitromethane (HNNtM)

Only the sodium and potassium salts of methylnitrolic
acid [aci-HNNtM, HC(NO,)=NOH] are known experimen-
tally. These nitrosonitromethanides, however, were only
generated in situ in aqueous solutions.*®! The class of ni-
trolic acids (nitro-oximes) was introduced by Meyer in 1873
with the simplest representative methylnitrolic acid.*”)
Methylnitrolic acid and its salts can be prepared by the re-
action of nitromethane and aqueous NO, followed by suit-
able extraction and separation.[#8-Y]

For the acids of nitrosonitromethanides, a similar situa-
tion is found with respect to the energetic energy order
4671

WWW.eurjoc.org



FULL PAPER

H. Brand, J. F. Liebman, A. Schulz

A 220G ]
[kJ mol"] |
N
o /C/ o
H e W |
157.2 H
0
H (0] /
4
] | H——O \\ (o] =—0J\] O——H
o) C N \
NP N \N—C/ C—N
(l) O/ \N—O O—=N \o
CS\H Cs c
61.0 723 79.0
H
ke o) H 0
C..‘ Nt C——N N||||“""'C—N:
7\, =0 /7 | N\ [\
N N o N\ 0 [0} N (e}
|| C. l C, \O Cy \O
S
O 508 © 43.9 54.8
0. 127.4.0 0._128.0_O
H 121N 1212 121 N1 213
| |1.482 |1.488
O 1.457_C._1.276 1.408 ¢ 1.200 O._ 1459,C_1.265
01—
T2 NT126. N Nﬁi;\N 120721 OIN
121.5 - 126.0
124 7(L1.242 O1.339 1.2290 113,gl1_325 1.238(|) c|)1.334
Cs o - S
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compared with the acids of nitroso- and nitrosocyanometh-
anides. For nitrosonitromethanide, protonation at the ni-
troso group leading to the oxime species is always energeti-
cally preferred (Figure 7). Less favourable by 59.8 and
61.0 kJmol™! is the formation of the Cy-symmetric nitroso-
nitromethane (protonation at the central carbon atom) and
a species with a protonated nitro group (aci-nitronitroso-
methane), respectively (Figure 7).

For DNNtM and NDNtM acids similar energy differ-
ences are found: 43.9 and 72.3, and 54.8 and 79.0 kJmol !,
respectively. Experimentally, neither the free acids di-
nitrosonitromethane ~ (HDNNtM)/nitrosodinitromethane
(HNDNtM) nor their anions are known.

Structures

Four different isomers of aci-nitrosonitromethane (aci-
HNNtM) have been found and all lie within an energy
range of 25 kJmol™! and all are planar (see Figure S6 of the
Supporting Information). Interestingly, for the energetically
preferred aci-HNNtM, a stabilizing intramolecular hydro-
gen bond between the nitroso and nitro groups is formed,
closing a six-membered ring. For the protonated nitro spe-
cies, this kind of hydrogen-bonded species always results in
proton transfer, leading to the most stable oxime species:
—N=0:"H-O-NO — —N=0-H-:-O-NO. Stabilization of the
4672
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oxime species by formation of an intramolecular hydrogen
bond is also found for aci-HDNNtM and aci-HNDNtM
for the energetically preferred isomer, as shown in Figure 7.

Selected computed structural data for the three tauto-
meric forms of protonated NNtM, DNNtM and NDNtM
are depicted in Figure 7. Only the most stable oxime iso-
mers are presented. As long as only two functional groups
are attached to the central methanide carbon, the entire
molecule remains planar due to resonance stabilization,
whereas introduction of a third group, either NO or prefer-
ably NO,, results in rotation of at least one group. However,
the CN3; moiety in the nonplanar species remains planar as
only the oxygen atom leaves the molecular plane (dihedral
angles close to 90°). As already discussed above, the C-N
distances display bond orders of between 1 and 2 for both
the C-NO and C-NO, bonds. However, the C-NO bonds
are always significantly shorter (HNNtM: 1.276 vs. 1.457,
HDNNtM: 1.290/1.406 vs. 1.482, HNDNtM: 1.265 vs.
1.459/1.488 A; Figure 7).

Nitrosonitrocyanomethane (HNNtCM )

Metastable aci-HNNtCM (also cyanomethylnitrolic
acid) can easily be synthesized by nitrosation of nitroaceto-
nitrile in water followed by a low-temperature extraction
with ether.®'=>3 The anion of aci-HNNtCM, nitrosoni-
trocyanomethanide, represents a methane derivative with
three different functional groups all being capable of delo-
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calizing the lone pair of the central carbon. The presence
of a m system delocalized over the entire anion accounts
for the remarkable stability of nitrosonitrocyanomethanide
salts in contrast to the metastable free acid. In addition to
protonation at the central methanide carbon atom, proton-
ation of nitrosonitrocyanomethanide might also occur at all
three functional groups. Indeed, as shown above, formation
of the oxime species (aci-HNNtCM) is always energetically
preferred, in this case separated by ca. 53.8 kJmol™!' from
aci-nitronitrosoacetonitrile, 69.0 kJmol™! from HNNtM
and 92.9 kJmol™' from nitronitrosovinylideneamine (Fig-
ure 8).
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Figure 8. Isomers of nitrosonitrocyanomethanes [bond lengths in
A, angles (italics) in degrees with the relative energies and symmet-
ries given in bold].l'"]

Structure

Structural data for aci-HNNtCM are shown in Figure 8.
As already discussed on several occasions before in this re-
port, the presence of a delocalized m system results in a
short C-NOH bond and a longer N-OH bond, a situation
typically found in oximes.

Gas-Phase Acidities

Gas-phase acidities [AG (a5 205K)] describe the energetics
of the deprotonation reaction of an acid in the gas phase at
298 K, and small gas-phase acidities in comparison with
that of unsubstituted methane, CH; — CH;  + H*, can
be regarded as a measure of the resonance stabilization in

Eur. J. Org. Chem. 2008, 4665-4675
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substituted methanides. Furthermore, with the help of gas-
phase acidities it is possible to calculate absolute pK, values
if solvation can be estimated as illustrated in Figure 9 (pK,
= AG,g/2.303RT).5* 36 On the basis of DFT calculations
at the B3LYP/aug-cc-pvTZ level of theory, gas-phase acidi-
ties are easily calculated with sufficient accuracy, whereas
theoretical estimation of solvation effects with an accept-
able accuracy (*6 kJmol™! corresponding to ApK, = *1)
remains an unsolved problem. Hence, only gas-phase acidi-
ties have been calculated due to the lack of experimental
data for most of the species considered. The gas-phase acid-
ities listed in Table 1 refer to the most stable isomer of the
considered methane derivative H{CR'R?R3] (R!>3 = H,
CN, NO, and NO). Stronger acids have smaller numerical
values AGigas 203x). Which imply easier release of the proton.

AG(gas) ~ .
AH(S'ASJ A (gas) + H (gas)
_AG(solv)(AH) AG(SO]V}(A_)\ \ AG(holv)(H““)
AG(yq) - .
AH(aq) A (aq) + H (aq)

Figure 9. Thermodynamic cycle for the estimation of pK, values.

Table 1. Gas-phase acidities for methane derivatives of the type
H[CR!'R?R?] (R"?3 = H, CN, NO, and NO) at the B3LYP/aug-cc-
pVTZ level of theory.l'"]

Acid?! Abbreviation ~ Gas-phase acidity™  Figure
[kJmol ']
H,C - 1704.4
H,C(CN) HCM 1523.61 2
H,C(CN), HDCM 1351.85 2
HC(CN), HTCM 1209.08 2
H,C(NO») HNtM 1459.12 3
H,C(NO»), HDNtM 1304.31 3
HC(NO,); HTNtM 1247.69 3
H,C(NOH) aci-HNM 1479.92 4
HC(NOH)(NO) aci-HDNM 1333.39 4
C(NOH)(NO), aci-HTNM 127222 4
Mixed substituted
H,C(CN)(NO,) HN{CM 1307.11 5
HC(CN)(NOH) aci-HNCM 1365.06 6
HC(NO,)(NOH) aci-HNNtM 1333.67 7
C(CN),(NO,H) aci-HNtDCM 1202.95 5
C(CN)NO,H)(NO,)  aci-HDNtCM 1214.49 5
C(CN),(NOH) aci-HNDCM 1273.95 6
C(CN)NOH)(NO)  aci-HDNCM 1260.44 6
C(NO,),(NOH) aci-HNDNtM 1261.56 7
C(NO,)(NOH)(NO)  aci-HDNNtM 1236.64 7
C(CN)NO,)(NOH)  aci-HNNtCM 1253.92 8

[a] Only the lowest-lying isomer is listed (see the figures indicated
in the last column). [b] Gas-phase acidity = AG(gas20sK) for the
reaction HR'R'R?* — [CR'R?R? + H*.

The calculated gas-phase acidity of methane is
1704.4 kJmol™!, which is in good agreement with the exper-
imental value of 1709.0 = 3.3 kJmol .57 Substitution of
one hydrogen atom in H4C by one functional group dra-
matically increases the acid strength as shown by the de-
crease in AG(gas,2981<) (AGuac—nem = 180.8, AGhacnniv =
245.3 and AGpac unm = 224.5 kJmol ') to 1523.6 (HCM),
1459.1 (HNtM) and 1479.9 kImol-! (HNM). Double and
triple substitution further increases the acid strength signifi-
4673
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cantly (Table 1), however, the differences in the gas-phase
acidity between single, double and triple substitution are
much smaller (AGucm-upem = 171.8, AGupesm-uarem =
142.8; AGyniv-apniv = 1548, AGypnv-HTNem = 56.6;
AGunvinpam = 146.5, AGupav v = 61.2 kJmol ).
Interestingly, for the cyanomethanes the decrease in the AG
values upon higher substitution is much less pronounced.
Furthermore, the gas-phase acidities of mixed substi-
tuted methane derivatives do not depend much on the com-
bination of functional groups. The same holds true for the
triply substituted methane derivative. Nevertheless, three
distinct ranges can be established: (i) the gas-phase acidities
for singly substituted methane derivatives lie between 1523
(HCM) and 1459 kJmol~' (HNtM), (ii) for the doubly sub-
stituted methane derivatives between 1365 (aci-HNCM)
and 1304 kJmol~! (HDNtM) and (iii) for triple substitution
between 1274 (aci-HNDCM) and 1203 kJmol™' (aci-
HNtDCM). In contrast, the unsubstituted species, that is,
CH4 — CH;5 + H*, has Aieq Geas 20sx) = 1704.4 kJmol .
The calculated gas-phase acidity of cyanomethylnitrolic
acid (aci-HNNtCM) with one apiece of our acidifying sub-
stituents CN, NO and NO, is sensibly 1254 kJmol .

Computational Details

Our goal was to compare the structures and energetics of dif-
ferently substituted methane isomers and related methanide anions.
Structural and vibrational data of all the considered species were
calculated by using the hybrid density functional theory (B3LYP)
with the Gaussian 98 program package.l®®! Three different types of
basis sets were used: (i) 6-31G(d,p), (ii) aug-cc-pvDZ and (iii) aug-
cc-pvTZ. All stationary points were characterized by a frequency
analysis at the B3LYP level: no imaginary frequencies were found.
Further details are presented in the Supporting Information. Un-
less otherwise stated, all the discussed computational data refer to
the B3LYP/aug-cc-pvTZ level of theory. Comparison of these data
sets using different basis sets exhibit differences in bond lengths no
larger than 0.01-0.02 A. The bond angles in all these molecules are
also independent of the choice of basis sets.[>"!

Ervin and DeTuril® have calculated and provided benchmark fig-
ures of the gas-phase acidities at 0 K at several levels of theory.
Excellent performance at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-
cc-pVTZ level was found, with a mean error of —0.2 kJmol' and
a mean absolute error of 1.5 kJmol . Since post-Hartree—Fock, ab
initio CCSD(T)/aug-cc-pVTZ quantum chemical calculations are
still very expensive, we have changed from the CCSD(T) to the less
expensive, but still highly reliable, BALYP DFT method, as tested
by Alcami et al.[®l To limit the data, only AGg.s 95k, values ob-
tained at the B3LYP/aug-cc-pVTZ level are discussed throughout
the paper. All further information can be found in the Supporting
Information, such as AE'' ., 0k) and AH g, -0sk) values for the
reaction HCR'R'R? — [CR!'R?R?" + H*, and the temperature
correction at all three levels of theory applied [B3LYP/6-31G(d,p),
B3LYP/aug-cc-pvDZ and B3LYP/aug-cc-pvTZ]. The computed
AH 4o 2051y values are in good agreement (deviation less than
6 kImol!) with those obtained by Vianello et al. at the B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level {cf. H3C-CN: 1553.7 wvs.
1552.3 kJmol ! [this work: H,C(CN),: 1378.6 vs. 1381.2 kJmol !;
HC(CN)5: 1231.8 vs. 1234.9 kJmol']}.1%9 Likewise, Koppel and
Taft and their co-workers reported AG(q,s0sk) values for a series
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of acids (including nitro- and cyanomethane) derived from 3AG
values for the proton-transfer equilibria and from computations
at the MP2/6-311++G(d,p), G2, G2(MP2) and B3LYP/6-311+G**
levels.[6?]

It should be emphasized that the computations were carried out
on single isolated (gas-phase) anions. There may well be significant
differences between gas-phase, solution and solid-state results and
the conclusions derived from these.

Supporting Information (see footnote on the first page of this arti-
cle): A full list of AEio(gas.ox)» AH (gas208x) ANd AG(gas 205K Values
at different levels of theory, including data for all the isomers con-
sidered and additional graphical material. Refs.1%-31441 also refer to
material in the Supporting Information.

[11 A. M. Golub, H. Kohler, Chemie der Pseudohalogenide, VEB
Deutscher Verlag der Wissenschaften, Berlin, 1979.

[2] H. Brand, J. F. Liebman, A. Schulz, P. Mayer, A. Villinger, Eur.
J. Inorg. Chem. 2006, 4294.

[3] a) E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold,
NBO Version 3.1; b) J. E. Carpenter, F. Weinhold, THEO-
CHEM 1988, 169, 41; c¢) J. P. Foster, F. Weinhold, J. Am. Chem.
Soc. 1980, 102, 7211; d) A. E. Reed, F. Weinhold, J Chem.
Phys. 1983, 78, 4066; e) A. E. Reed, R. B. Weinstock, F. Wein-
hold, J. Chem. Phys. 1985, 83, 735; f) A. E. Reed, P. v. R. Schle-
yer, J. Am. Chem. Soc. 1987, 109, 7362; g) A.E. Reed, P.
v. R. Schleyer, Inorg. Chem. 1988, 27, 3969; h) F. Weinhold,
J. E. Carpenter, The Structure of Small Molecules and Ions, Ple-
num Press, New York, 1988, p. 227-236.

[4] H. Brand, A. Schulz, A. Villinger, Z. Anorg. Allg. Chem. 2007,
633, 22.

[5] a) R. Vianello, Z. Maksi¢, Eur. J. Org. Chem. 2005, 16, 3571;
b) R. Vianello, Z. Maksi¢, Tetrahedron 2005, 61, 9381; ¢) R.
Vianello, Z. Maksi¢, Eur. J. Org. Chem. 2004, 24, 5003; d) R.
Vianello, J. F. Liebman, Z. Maksi¢, Chem. Eur. J. 2004, 10,
5751; e) Z. Maksi¢, R. Vianello, Tetrahedron Lett. 2004, 45,
8663; f) R. Vianello, Z. Maksi¢, New J. Chem. 2008, 32, 413;
g) R. L. Lord, S. E. Wheeler, H. F. Schaefer 111, J. Phys. Chem.
A 2005, 109, 10084; h) Ch. Richardson, Ch. A. Reed, Chem.
Commun. 2004, 6, 706.

[6] R. Vianello, Z. B. Maksi¢, Tetrahedron Lett. 2005, 46, 3711.

[7] a) At the HF/TZ+2p+d level of theory: T.J. Lee, H. F.
Schaefer 111, J. Chem. Phys. 1985, 83, 1784; b) U. Salzner, P.
v. R. Schleyer, Chem. Phys. Lett. 1992, 199, 267.

[8] a) S. Patai (Ed.), The Chemistry of the Cyano Group, Wiley,
New York, 1983; b) E. Hirota, Y. Merino, Bull. Chem. Soc.
Jpn. 1960, 33, 158; ¢) E. Mayer, Monatsh. 1969, 100, 462; d) B.
Bak, H. Svanholt, J Mol. Struct. 1977, 37, 153; e) J. Weber, N.
Thalmann, E. Haselbach, Chem. Phys. Lett. 1978, 57, 230; f)
D. Boucher, J. Burie, A. Bauer, A. Dubrulle, J. Demaison, J.
Phys. Chem. Ref. Data 1980, 9, 659; g) M. Rodler, R. D.
Brown, P. D. Godfrey, L. M. Tack, Chem. Phys. Lett. 1984,
110, 447; h) R. Dammel, H. Bock, J. Electron Spectrosc. Relat.
Phenom. 1986, 41, 311; i) H.-D. Beckhaus, B. Dogan, J.
Pakusch, S. P. Verevkin, C. Riichardt, Chem. Ber. 1990, 123,
2153; j) U. Salzner, P. v. R. Schleyer, Chem. Phys. Lett. 1992,
190, 401; k) K. B. Wiberg, P. R. Rablen, J Am. Chem. Soc.
1993, 115, 614; 1) K. Rakus, S. P. Verevkin, H.-D. Beckhaus,
C. Riichardt, Chem. Ber. 1994, 127, 2225; m) J. Demaison, G.
Wilodarczak, H. Rueck, K. H. Wiedenmann, H. D. Rudolph,
J. Mol Struct. 1996, 376, 399.

[9] B. Bak, H. Svanholt, J. Mol Struct. 1977, 37, 153; B. Bak, C.
Bjorkmann, J. Mol. Struct. 1975, 25, 131.

[10] All further information can be found such as AEi(gas k),
AH g 503k in the Supporting Information (see the Computa-
tional Details Section).

[11] For example: a) H. B. Hass, D. E. Hudgin, J. Am. Chem. Soc.
1954, 76, 2692; b) R. Mari, J. Quibel Eur. Pat. Appl. 1989, EP
89-401485; Chem. Abstr. 1990, 112, 181868.

Eur. J. Org. Chem. 2008, 4665-4675



Cyano-, Nitro- and Nitrosomethane Derivatives

Eur

[12] G. Ya. Legin, L.V. Okhlobystina, A.A. Fainzil'berg, Izv.
Akad. Nauk SSSR Ser. Khim. 1965, 12, 2220.

[13]a) A. P. Cox, S. Waring, J. Chem. Soc. Faraday Trans. 2 1972,
68, 1060; b) N. I. Sadova, N. I. Popik, L. V. Vilkov, Yu. A. Pan-
krushev, V. A. Shlyapochnikov, J. Chem. Soc., Chem. Commun.
1973, 19, 708.

[14]a) A. Hantzsch, A. Rinckenberger, Ber. Dtsch. Chem. Ges.
1899, 32, 628; see also: b) A. Langlet, N. V. Latypov, U.
Wellmar, P. Goede, J. Bergman, Prop., Explosives, Pyrotech
2004, 29, 344.

[15]C. L. Coe, T. E. Doumani, J. Am. Chem. Soc. 1948, 70, 1516.

[16]a) L. A. K. Staveley, C. N. Hinshelwood, Nature 1936, 137, 29;
b) L. A. K. Staveley, C. N. Hinshelwood, J. Chem. Soc. 1936,
812; ¢) L. A. K. Staveley, C. N. Hinshelwood, Proc. R. Soc.
London A 1936, 154, 335.

[17]1E. Bamberger, R. Seligman, Ber. Dtsch. Chem. Ges. 1903, 36,
685.

[18] L. Batt, B. G. Gowenlock, J. Trotman, J. Chem. Soc. 1960,
2222.

[19]1 D. C. Frost, W. M. Lau, C. A. McDowell, N. P. C. Westwood,
J. Phys. Chem. 1982, 86, 3577.

[20] M. Polasek, F. Turecek, J Am. Chem. Soc. 2000, 122, 525.

[21]H. A. Taylor, H. Bender, J. Chem. Phys. 1941, 9, 761.

[22] B. G. Gowenlock, J. Trotman, J Chem. Soc. 1955, 4190.

[23] B. G. Gowenlock, L. Batt, THEOCHEM 1998, 454, 103.

[24] R. Scholl, Ber. Dtsch. Chem. Ges. 1891, 24, 573.

[25]1. N. Levine, J. Chem. Phys. 1963, 38, 2326.

[26] A. C. Fantoni, W. Caminati, J. Mol. Struct. 1996, 376, 33.

[27]a) H. Wieland, Ber. Dtsch. Chem. Ges. 1905, 38, 1445; b) H.
Wieland, H. Bauer, Ber. Dtsch. Chem. Ges. 1906, 39, 1480; c)
H. Wieland, Justus Liebigs Ann. Chem. 1907, 353, 65; d) H.
Wieland, H. Hess, Ber. Dtsch. Chem. Ges. 1909, 42, 4175.

[28] a) J. Armand, R.-M. Minvielle, C. R. Hebd. Seances Acad. Sci.
1964, 258, 207; b) J. Armand, R.-M. Minvielle, C. R. Hebd.
Seances Acad. Sci. 1965, 260, 2512.

[29]a) G. Vetter, G. Klar, Z. Naturforsch. 1973, 28b, 287; b) G.
Vetter, J. Kopf, G. Klar, Z. Naturforsch. 1973, 28b, 293; c¢) F.
Olbrich, B. Zimmer, M. Kastner, C. von Schlabrendorff, G.
Vetter, G. Klar, Z. Naturforsch. 1992, 47b, 1571.

[30] H. Brand, P. Mayer, K. Polborn, A. Schulz, J. J. Weigand, J.
Am. Chem. Soc. 2005, 127, 1360.

[31] See the Supporting Information for additional isomers.

[32]J. A. Long, N. J. Harris, K. Lammertsma, J. Org. Chem. 2001,
66, 6762.

[33] P. H. Turner, A. P. Cox, J Chem. Soc. Faraday Trans. 2 1978,
74, 533.

[34] N. Wiberg, Lehrbuch der Anorganischen Chemie, 102nd ed.,
Walter de Gruyter, Berlin, 2007.

[35]a) G. H. Reidlinger, H. Junek, Synthesis 1991, 10, 835; b) W.
Steinkopf, L. Bohrmann, Ber. Dtsch. Chem. Ges. 1908, 41,
1044.

[36] For example: a) R. Wang, H. Gao, Ch. Ye. Chengfeng, B.
Twamley, J. M. Shreeve, Inorg. Chem. 2007, 46, 932; b) C. O.
Parker, W. D. Emmons, H. A. Rolewicz, K. S. McCallum, 7et-
rahedron 1962, 17, 79; ¢) M. M. Kranyushkin, T. G. Andreeva,
1. Sh. Shvarts, V. V. Sevost'yanova, V. N. Yarovenko, S. S. Novi-
kov, Ser. Khim. 1980, 642.

[37] W. Ruske, E. Ruske, Chem. Ber. 1958, 91, 2505.

[38] G. I. Oleneva, A. 1. Ivanov, V. A. Shlyapochnikov, S. S. Novi-
kov, Ser. Khim. 1972, 638.

[39] C. Grundmann, M. Fulton, Chem. Ber. 1964, 97, 566.

[40] C. Grundmann, Chem. Ber. 1964, 97, 575.

[41]a) H. Kohler, G. Lux, Inorg. Nucl. Chem. Lett. 1968, 4, 133; b)
H. Kohler, V. F. Bolelij, V. V. Skopenko, Z. Anorg. Allg. Chem.
1980, 468, 179; c) N. Arulsamy, D. S. Bohle, B. G. Doletski,
Inorg. Chem. 1999, 38, 2709.

[42]a) Y. M. Chow, D. Britton, Acta Crystallogr., Sect. B 1974, 30,
1117; b) M. Hvastijova, K. Kohout, J. Kozisek, I. Svoboda, J.

Eur. J. Org. Chem. 2008, 4665-4675

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

Coord. Chem. 1999, 47, 573; c¢) D. I. Price, S. R. Batten, K. J.
Berry, B. Moubaraki, K. S. Murray, Polyhedron 2003, 22, 165;
d) A. S. R. Chesman, D. R. Turner, E. I. Izgorodina, S. R. Bat-
ten, G. B. Deacon, Dalton Trans. 2007, 1371.

[43] E. Iglesias, D. L. H. Williams, J Chem. Soc. Perkin Trans. 2
1989, 343.

[44] Additional structural isomers of HDNCM and HNDCM can
be found in Figures S4 and S5 of the Supporting Information.

[45] N. Strauch, Diploma Thesis, Ludwig-Maximilians-University
Munich, 2006.

[46] a) D. Mulvey, W. A. Waters, J. Chem. Soc. Perkin Trans. 2 1974,
6, 666; b) V. V. Paramonov, V. A. Petrosyan, V. 1. Slovetskii,
Bull. Acad. Sci. USSR Div. Chem. Sci. (Engl. Transl.) 1978,
27, 678.

[47]a) V. Meyer, Ber. Dtsch. Chem. Ges. 1873, 6, 1492; b) V. Meyer,
Justus Liebigs Ann. Chem. 1882, 214, 328.

[48] J. Tscherniak, Ber. Dtsch. Chem. Ges. 1875, 8, 114.

[49]a) H. Wieland, Ber. Dtsch. Chem. Ges. 1909, 42, 803; b) H.
Wieland, Ber. Disch. Chem. Ges. 1907, 40, 418.

[50] D. Mulvey, W. A. Waters, J. Chem. Soc. Perkin Trans. 2 1974,
6, 666.

[S1]W. Steinkopf, Ber. Dtsch. Chem. Ges. 1909, 42, 617.
[52] P. Pillai, J. H. Boyer, Org. Prep. Proced. Int. 1982, 14, 365.

[53]H. Brand, P. Mayer, A. Schulz, J. J. Weigand, Angew. Chem.
2005, 117, 3998; Angew. Chem. Int. Ed. 2005, 44, 3929.

[54]1. A. Topol, G.J. Tawa, S. K. Burt, A. A. Rashin, J Phys.
Chem. A 1997, 101, 10075.

[55]M. D. Liptak, G. C. Shields, Int. J. Quantum Chem. 2001, 85,
727.

[S6] A. M. Toth, M. D. Liptak, D. L. Phillips, G.C. Shields, J.
Chem. Phys. 2001, 114, 4595.

[57] G. B. Ellison, P. C. Engelking, W. C. Lineberger, J. Am. Chem.
Soc. 1978, 100, 2556.

[58] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G.E. Scuseria,
M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Mont-
gomery Jr, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas,
J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rab-
uck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Or-
tiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komar-
omi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Re-
plogle, J. A. Pople, Gaussian 98, Revision A.6, Gaussian, Inc.,
Pittsburgh, PA, 1998.

[59] For a more thorough discussion on the basis set dependence of
molecular geometries, see: T. M. Klapotke, A. Schulz, Quantum
Chemical Methods in Main Group Chemistry, Wiley, New York,
1998 with an invited chapter by R.D. Harcourt about VB
Theory.

[60] K. M. Ervin, F. V. DeTuri, J. Phys. Chem. A 2002, 106, 9947.

[61]M. Alcami, O. M6, M. Yafez, Mass Spectrom. Rev. 2001, 20,
195, and references cited therein.

[62] a) I. A. Koppel, R. W. Taft, F. Anvia, S.-Z. Zbu, L.-Q. Hu, K.-
S. Sung, D. D. DesMarteau, L. M. Yagupolskii, Y. L. Yagupol-
skii, N. V. Ignat’ev, N.V. Kondratenko, A. Yu. Volkonskii,
V. M. Vlasov, R. Notario, P.-Ch. Maria, J Am. Chem. Soc.
1994, 116, 3047; b) 1. A. Koppel, P. Burk, I. Koppel, I. Leito,
T. Sonoda, M. Mishima, J. Am. Chem. Soc. 2000, 122, 5114.

Received: June 17, 2008
Published Online: August 19, 2008

4675

WWW.eurjoc.org



