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The gas-phase reaction of methyl nitrite with Cu+ has been investigated using density functional theory. The
geometries and energies of all the stationary points involved in the reaction have been investigated at the
B3LYP/6-311+G(2df,2pd) level. Seven different structures of the encounter complexes could be formed when
Cu+ attacking at different electronegative heteroatoms oftrans and cis conformational isomers of methyl
nitrite, in which the inner oxygen attacks account for the most stable complexes. Extensive conversions could
take place for these complexes converting into each other. Various mechanisms leading to the loss of NO
and HNO are analyzed in terms of the topology of the potential energy surface. The reaction proceeds
exclusively from the inner oxygen attachments, followed by four different mechanisms, i.e., direct dissociation,
direct H abstraction, N-O activation, and C-H activation, where the former two provide direct channels for
the respective losses of NO and HNO, the third one accounts for both of the losses, and C-H activation is
unlikely to be important due to the energetics.

1. Introduction

Reactions of organic molecules with transition metal cations
in the gas phase are of paramount interest in catalysis,
biochemistry, and environmental chemistry.1 Since the 1979
observation by Allison, Freas, and Ridge that atomic transition
metal cations can activate C-C and C-H bonds in alkanes,2 a
huge number of papers have been devoted to the investigation
of intrinsic binding properties and reactivities of transition
metal+ + organic molecule systems in the gas phase3-8 and
some reaction mechanisms, such as bond activation,3-5 group
transfer (including H-shift),3-5 charge transfer,9,10 remote func-
tionalization,11 ion/dipole mechanism,12 and allylic mechanism,3

have been revealed for the gas-phase organometallic chemistry.
In this field, the combination of experiments and calculations
has been a promising and powerful approach to these problems.

Methyl nitrite (MN ), a kind of carcinogen and a convenient
source of the methoxy radical that is very important in
combustion and atmospheric chemistry,13,14 is unique, because
it has a very weak CH3O-NO bond (42 kcal/mol),15 which
dominates its chemistry both in solution and in the gas phase.
As a consequence, it may be possible to study differences in
metal ion reactivity following the initial oxidative addition into
this bond to form a common reaction intermediate CH3O-M+-
NO, as opposed to differences due to the location of initial bond
insertion. Accordingly, the gas-phase reactions ofMN with a
series of transition metal ions (groups 8-10: Fe+, Co+, Ni+,
Rh+, Pd+; group 11: Cu+ and Ag+) have been experimentally
investigated and different product distributions have been found
for the different metal ions, that is, the reactions with groups
8-10 metal ions gave extensive products (MH+, MCO+,
MOCH+, MOCH2

+, MNO+, MOCH3
+, and MHNO+) contrast

to relatively simple product patterns for the chemistry of group
11 metal ions, i.e., MOCH2+ (86% for Cu+ and 100% for Ag+)
and MOCH3

+ (14% for Cu+).16 Although the intermediate
CH3O-M+-NO following the weak bond insertion could be
employed to rationalize all of these products,16 it is important

to know whether the peculiar CH3O-NO bond has any other
effects on the gas-phase reactions.

To understand these effects, in this article, we select the Cu+

+ MN reaction as a model of our theoretical study because it
gave relatively simple product pattern.16 Moreover, as a special
metal ion with a ground-state electronic configuration of
4s03d10, the intrinsic binding properties and reactivities of Cu+

with organic molecules have attracted much attention from both
theoreticians and experimentalists, because they play an im-
portant role in catalysis, environmental chemistry, and biochem-
istry.10,17-22 The present study is to provide some fundamental
information about the title reaction using density functional
theory (DFT). This includes a detailed illustration of the
Cu+-MN bonding properties and all possible competing
pathways of the reaction on the ground-state potential energy
surface (PES).

2. Computational Details

The hybrid density functional B3LYP method23,24in conjunc-
tion with the 6-311+G(2df,2pd) basis set25 was employed in
the structural optimization for all the reactants, products, and
intermediates involved in the title reaction. This selected method
has been shown to provide both geometries and vibrational
frequencies in fairly good agreement with experimental re-
sults22,26and for the particular case of Cu+-containing complexes
it has been tested to be free of the pathologies that affect high-
level ab initio formalisms, as the G2 theory or even the CCSD-
(T) method is used.27 These facts favor its application in the
investigation of the reactions of Cu+ with neutral organic
molecules, such as methylamine, aromatic amino acids, phenyl
derivatives, glycine, ethylenediamine, ethynylsilanes, ethy-
nylgermanes, and ethynylamine.1d,10,18,21,22The harmonic vi-
brational frequencies of the optimized stationary points were
calculated at the same level to estimate the zero point energies
(ZPE) that are included in all cited relative energies and to
characterize the stationary points on the PES as local minima
or transition states. All energies are reported with the ZPE
corrections. The ZPE scaling factor was determined to be* Correspondence should be addressed to wyguo@hdpu.edu.cn.
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0.956 on the basis of a least-square fit of the B3LYP/6-311+G-
(2df,2pd) calculated frequencies with the experimental values
of the MN molecule.28 Intrinsic reaction coordinate (IRC)
calculations29 were performed to identify the pathways between
the transition states and their connecting minima. To evaluate
whether spin contamination can influence the quality of the
calculated results, we detected the values of〈S2〉 for all the
calculated species and found that all of the〈S2〉 deviations are
negligible (see Table S1 in Supporting Information), suggesting
that in all the calculations spin contamination is negligibly small.
We also made use of the natural bond orbital (NBO) theory30

to characterize the bonds and the interactions inside some
important complexes. All of the calculations were carried out
using the GAUSSIAN 0331 and NBO 5.032 program packages.

3. Results and Discussion

In the following sections, we will first establish the accuracy
that is expected from the employed level of theory for the
Cu+/MN system. Next, we will present the theoretical results
of various encounter complexes and their transformations for
the Cu+ + MN system. Then, we will examine the title reaction
in detail, including the geometries of various stationary points
and PES profiles associated with the reaction of bothtrans-
andcis-MN isomers. Last, we will briefly compare our theo-
retical results with the experimental findings.16

3.1. Calibration. To evaluate the reliability of the level of
theory chosen, we compare the B3LYP calculated bond dis-
sociation energies (BDE) with experimentally known values for
some relevant Cu+-containing species.33-35 Table 1 collects the
theoretically predicted BDEs and the most reliable experimental
data for these species. Given in parentheses are error bars for
the BDEs calculated at the employed level of theory, which
are obtained from the subtraction of the experimental values
by the calculated ones. As shown in Table 1, the theoretical
values agree well with the experimental findings in most cases
except Cu+-CH3 (8.6 ( 1.6 kcal/mol). These facts validate
the ability of the level of theory to describe the features of the
[Cu, N, C, O2, H3]+ PES.

3.2. Molecular Reactants and Encounter Complexes.Both
cis- andtrans-conformers ofMN (cis- andtrans-MN) have been
investigated widely both experimentally28,36 and theoreti-
cally.37,38 In the present study, the two isomers are also opti-
mized and the resulting structures are shown in Figure 1. Also
included in the figure (in parentheses), for comparison, are
selected structural parameters derived from microwave spectra36

We can find that the calculated structures are in good agreement
with the experimental results. Energetically, thecis-form is cal-
culated to be only 0.2 kcal/mol more stable than thetrans-con-
former, suggesting the coexistence of the isomers in the gas
phase.

All possible attachments of Cu+ with MN are considered and
seven encounter isomers, namely1a-1g, are found. Figure 1
shows the optimized geometries as well as selected structural
parameters for these complexes and the relevant calculated
energies are given in Table S1 together with the ZPEs and〈S2〉’s.
Table 2 tabulates the BDEs of Cu+-MN . As shown in Figure
1, these isomers correspond to direct attachments of Cu+ to
different electronegative heteroatoms of the neutral ligands,
divided either into, on the basis of the binding sites, three groups,
i.e., terminal O (noted as1a, 1d, 1e), N (1b, 1f), and inner O
(1c, 1g) attached complexes or, according to the conformations
of the neutral ligands, into two groups, that is, Cu+-cis-MN
(labeled as1a, 1b, 1c) and Cu+-trans-MN (1d, 1e, 1f, 1g).
All of the complexes have aCs symmetry with O1-N-O2-C
as the symmetry plane.

For trans-MN , bothtransandcis terminal-O (O1) attachments
of the metal with respect to the N-O2 bond (1d and1e) can be
optimized due to the interaction with the different O1 lone pairs,
whereas, because of the steric effect of the methyl group, the
attack of the metal at O1 of cis-MN could only form thetrans-
association1a. As given in Table 2, these attachments account
for the weakest and intermediate Cu+-ligand bonds (BDE: 37.5
and 40.2-38.8 kcal/mol) among the respectivecis- andtrans-
MN complexes. Upon binding to Cu+, the largest changes in

TABLE 1: Bond Dissociation Energies BDE (in kcal/mol) at
0 K Determined by Calculations and Experiments

species exp calcd,e

Cu+-H 21.2( 3a 25.1 (3.9( 3)
Cu+-O 31.1( 2.8b 30.4 (-0.7( 2.8)
Cu+-NO 26.1( 1.2c 27.1 (1.0( 1.2)
Cu+-CO 35.5( 1.6a 36.2 (0.7( 1.6)
Cu+-OCH2 g35.6( 1.9a 41.3 (e 5.7( 1.9)
Cu+-CH2 61.2( 1.2a 61.7 (0.5( 1.2)
Cu+-CH3 26.4( 1.6a 35.0 (8.6( 1.6)

a Reference 33.b Reference 34.c Reference 35.d The B3LYP/6-
311+G(2df,2pd) level.e Values in parentheses are error bars of BDEs
expected at the chosen levels of theory and were obtained by subtracting
the experimental values from the calculated BDEs.

Figure 1. Optimized geometries and selected structural parameters at
the B3LYP/6-311+G(2df,2pd) level for methyl nitrite, Cu+-methyl
nitrite complexes. Bond lengths are in angstroms and bond angles are
in degrees.

TABLE 2: Calculated Bond Dissociation Energies BDE
(in kcal/mol) of Cu+ with Methyl Nitrite at the
B3LYP/6-311+G(2df,2pd) Level of Theory

species 1a 1b 1c 1d 1e 1f 1g

BDE 37.5 41.3 42.3 40.2 38.8 34.4 41.9
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CH3ONO are the stretch of O1-N bonds (by 4%-5%) and the
shortening of N-O2 bonds (by 7%-9%).

An inspection of Table 2 shows that the N attachments of
Cu+ result in the intermediate linkage (BDE: 41.3 kcal/mol)
with cis-MN (1b) and the weakest binding (BDE: 34.4 kcal/
mol) with trans-MN (1f). Although the attachments remarkably
reinforce the N-O2 bonds (4%-5%) and stretch the neighboring
C-O2 bonds (2%-1%), it is interesting to note that the other
N-O (N-O1) bond lengths change slightly.

It is important to note that the inner O (O2) attachments give
the strongest bindings for both thecis- andtrans-MN complexes
(BDEs: 42.3 and 41.9 kcal/mol; see Table 2). A striking
structural feature of both complexes is the very large stretch of
the weak O2-N bonds (by 25% for1cand 18% for1g) and the
shortening of the neighboring O1-N bonds (by 6% and 4%).
NBO analysis shows that these attachments favor strong donor-
acceptor interaction from an O1 lone pair into theσO2N*
antibonding orbital, which gives a noticeable electron population
of the later bond (0.437 for1cor 0.375 for1g) and thus weakens
it remarkably. This orbital interaction also results in enhance-
ment of the electron density in the O1-N bonding region
reinforcing the linkage. It is this very strong CH3O-NO bond
activation effect that favors the direction dissociation and N-O
insertion mechanisms of the Cu+ + MN reaction, which will
be discussed below. Furthermore, a five-member ring (O1, N,
O2, C, H2) structure of1cas shown in Figure 1 favors the direct
interaction of NO with a methyl H, which would also open a
new and important product channel (direct H abstraction) as
will be discussed below.

3.3. Transformations between Encounter Complexes.As
discussed above, attacks of Cu+ at different basic sites ofMN
could lead to different encounter complexes. PES for the
transformations among these complexes is shown in Figure 2
together with schematic geometries for the minima and transition

states involved. Optimized geometries as well as selected
structural parameters for the relevant transition states are given
as Supporting Information (see Figure S1).

It can be found from Figure 2 that extensive conversions could
take place among the encounter complexes, which can be
divided into three groups, i.e., (1) transformations among the
Cu+-cis-MN complexes (1a, 1b, and1c), which involve simple
metal movements through transition statesTS1a-b andTS1b-c

with activation barriers of 7- 11 kcal/mol; (2) those among
Cu+-trans-MN complexes (1d, 1e, 1f, and 1g) either via
simple movements of the metal (via transition statesTS1d-e,
TS1e-f, andTS1d-g) with activation energies between 1.4- 11
kcal/mol or via a swing vibration of the neutral ligand through
TS1f-g with relatively higher activation barriers (13.8 kcal/mol
for the 1f f 1g transformation and 21.3 kcal/mol for the
reversal); and (3) conversions across the corresponding Cu+-
cis-MN and Cu+-trans-MN complexes having a same binding
site through simple waggles of the NO1 group. These processes
involve transition statesTS1a-d, TS1a-e, TS1b-f, andTS1c-g with
energy barriers of 19- 24 kcal/mol for the former three and
∼6 kcal/mol for the last one.

In summary, for thecis-andtrans-MN complexes with Cu+,
the least stable encounter complexes (1aand1f) are respectively
only 4.8 and 7.5 kcal/mol less stable than the most stable ones
(1cand1g). Transition states for the conversions between these
encounter complexes are located at 1.4-24.8 kcal/mol above
the connecting minima and are much lower in energy than the
separated reactants (see Figure 2). These facts suggest that all
the Cu+-MN complexes are experimentally accessible and
could convert into each other readily.

3.4. Gas-Phase Reaction Mechanisms.Reference 16 has
shown that only two neutral eliminations corresponding to HNO
(major) and NO (minor) account for the gas-phase reaction of
Cu+ with MN . In the following sections, we shall present a

Figure 2. Energy profile for translations between the Cu+-methyl nitrite complexes. Numbers refer to energies of the species relative to Cu+ +
cis-methyl nitrite evaluated at the B3LYP/6-311+G(2df,2pd) level including ZPE corrections. Scaling factor for the ZPE is 0.956. Energies are in
kcal/mol.
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systematic survey of the PES profiles for both thecis- andtrans-
MN reactions to find the reaction mechanisms. For clarification,
Table 3 summarizes notations as well as relative energies with
respect to the separated reactants for all the possible products
associated with the reactions.

3.4.1. Reaction of Cu+ with cis-CH3ONO.We have consid-
ered the reaction starting from all the Cu+-cis-MN complexes
(1a, 1b, and1c), however, only that from1c, the most stable
cis-MN complex, could be located to give the experimentally
observed products. Hence only the possible reaction pathways
following formation of the complex will be discussed. Optimized
geometries as well as structural parameters for all the minima
and saddle points involved in the reaction are depicted in Figures
3-5 and the corresponding PES is shown in Figure 6. Calculated
energies together with ZPEs and〈S2〉 values are tabulated in
Table S1 for all these species.

N-O Bond ActiVation. From Figures 3 and 6, we can find
this mechanism implies an initial inner N-O (N-O2) insertion
of 1c for forming complex2, a six-member planar ring structure
(Cs), via transition stateTS1c-2. Although this new species is
18.5 kcal/mol less stable than1c and the activation barrier for
this transfer is 21.9 kcal/mol, they are both at least 20 kcal/mol
more stable than the entrance channel.

Once complex2 is formed, it could be followed by four
possible channels via nonreactive dissociation, H shift-dissocia-
tion, and non-H shift-rearrangement. Different breaks of the ring
constitute the first two channels which account for the direct
NO and NOH elimination products Cu+OCH3 (P2-3) and
Cu+OCH2 (P1-2), exothermic by 8.2 kcal/mol and endothermic
by 13.0 kcal/mol with respect to the entrance channel, respec-
tively. The third possibility involves the ring H (H2) abstraction
by the nitrosyl oxygen giving species3 through saddle point
TS2-3, which is 12.8 kcal/mol higher in energy than complex
2 but still lies at 11.0 kcal/mol below the entrance channel. A
striking feature of the new complex is that Cu+ is nearly linearly
dicoordinated with the NOH and OCH2 groups (∠NCu+O2 )
173.6°), which was also found as intermediates for the
Cu+-formamide reaction.22cNBO analysis shows that this linear
structure favors formaldehyde donating electron from an oxygen
2s2p mixing orbital to σCu+N* (∆E: 51.8 kcal/mol) and
minimizing the repulsion between the two terminal groups as
well. Different dissociations of3 would give productsP1-2
andP3-4, respectively, endothermic by 13.0 and 4.7 kcal/mol
for the overall reactions. The last possibility initiates also with
a ring-open process, but this time it involves the rupture of the
O1-H2 bond that 8.0 kcal/mol stabilizes the system for forming
ON-Cu+-OCH3 (4), a C3V species. Transition state (TS2-4)
for this process appears “early” as mirrored by comparing its
structure and energy with those of its direct reactant2.

Nonreactive dissociations of4 would account for products
P2-1 andP4, respectively, which are 8.2 kcal/mol exothermic
and 7.9 kcal/mol endothermic for the overall reactions, in
accordance with the experimental finding that no OCH3 loss
but the loss of NO product was formed via the reaction of Cu+

with MN .16 Another exit channel of4 is a methyl H migration
onto the metal to form species5, a more stable complex. This
new minimum is strikingly featured by a planar structure with
the metal center tricoordinated by H, NO, and OCH2. It should
be point out that such a tricoordinated minimum was also found
in the decarbonylation of acetaldehyde by6Fe+ and Ni+ and in
the reaction of acetone with Ni+ 6b,39,40but not found for the
reaction of acetaldehyde with Co+, Cr+, and4Fe+.6b,cElectronic
structure theory consistently failed to find the potential minima
corresponding to M+(H)(CH3)(C2H4) or M+(H)2(C2H4) (M )
Fe, Co, and Ni).4,41,42Transition stateTS4-5 for this possibility
constitutes the highest energy barrier along the whole reaction
pathway, which lies still at∼ 9 kcal/mol below the entrance
channel.

One exit of species5 is the direct rupture of the
(HCu+OCH2)-NO bond accounting for the final product
P2-2, exothermic by 7.9 kcal/mol with respect to the entrance
channel. The second exit is the loss of formaldehyde to produce
HCu+NO (P3-3), endothermic by 1.9 kcal/mol for the overall
reaction. The last exit of5 implies the shift of the hydride H
that stabilizes the system by 6.2 kcal/mol producing6, a linearly
dicoordinated ONH-Cu+-OCH2 complex, through a low-
energy barrierTS5-6 (0.8 kcal/mol above5; see Figure 6).

Complex6 could undergo either direct bond cleavages giving
productsP3-2, P2-2, andP1-1, exothermic by 5.5, 7.9, and
27.1 kcal/mol, respectively, with respect to Cu+(1S) + cis-
CH3ONO, or a rearrangement into the very stable complex7
(66.9 kcal/mol below the separated reactants and indeed a global
minimum) by a swing of the HNO entity through transition state
TS6-7, which is calculated to be 33.6 kcal/mol below the
separated reactants. The new species is also featured by a nearly
linear ligand-Cu+-ligand structure with the difference that in
this case the metal binds N rather than H of the HNO group.
NBO analysis shows that this N binding stabilizes the species
largely by strong electron donation from the 2s2p mixing orbital
of N into σCu+O* (∆E: 59.0 kcal/mol) as well as back-donation
from a filled metal 3d orbital toπ*NO1 (∆E: 9.7 kcal/mol).
Different dissociations of7 would account for productsP3-1
andP1-1, which are calculated to be exothermic by 25.0 and
27.1 kcal/mol for the overall reactions, respectively.

As shown in Figures 3 and 6, direct dissociations of the
Cu+-O bond of 5, 6, and 7 would produce the formalde-
hyde loss products HCu+NO (P3-3), Cu+HNO (P3-2), and
Cu+NH(O) (P3-1), respectively, which are energetically 9.8,
2.2, and 2.1 kcal/mol less favorable than the alternative products
P2-2, P2-2 and P1-1, in accordance with the fact that no
formaldehyde loss products were detected in the gas-phase
experiment.16 Furthermore, the fact that the experiment has
excluded the above-mentioned NO loss partner HCu+OCH2 as
a product of Cu+ + MN reaction16 suggests the effective
competition of the5 f 6 f 7 conversions.

C-H Bond ActiVation. As shown in Figures 4 and 6, the
oxidative addition of Cu+ into a C-H bond of cis-MN that
destabilizes the system by as large as 39.3 kcal/mol could result
in structure8, a C-H insertion species, through a very “late”
transition state (TS1c-8) as mirrored by its structure, bearing
already greatly similar to structure8, and its energy, lying only
1.8 kcal/mol above8. In this new species, the metal locates
approximately above the C-O2 bond. Although the rather

TABLE 3: Summary of All the Possible Products Associated
with the Reaction of Cu+ with Methyl Nitrite at the B3LYP/
6-311+G(2df,2pd) Level of Theory

products notations

relative energies
with respect to
Cu+ + cis-MN

(kcal/mol)

relative energies
with respect to

Cu+ + trans-MN
(kcal/mol)

Cu+OCH2 + HNO P1-1 -27.1 -27.3
Cu+OCH2 + NOH P1-2 13.0 12.8
Cu+OCH3 + NO P2-1 -8.2 -8.4
HCu+OCH2 + NO P2-2 -7.9 -8.1
Cu+H + CH2O + NO P2-3 35.0 34.9
Cu+NH(O) + OCH2 P3-1 -25.0 -25.1
Cu+HNO + OCH2 P3-2 -5.5 -5.7
HCu+NO + OCH2 P3-3 1.9 1.8
Cu+NOH + OCH2 P3-4 4.7 4.5
Cu+NO + OCH3 P4 7.9 7.7
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comparable distances of Cu+-C and Cu+-O2 (1.965 and 2.077
Å, respectively), only the Cu+-C bond is indeed formed in the
complex. This situation is analogous to that found for the C-H
insertion species from Cu+-NH2CH3.10 However, NBO analysis
detects that in the present case Cu+ only forms a covalent bond
with H via the 4s orbital and the species is stabilized by the
significant donor-acceptor interactions between Cu+H and
OCH2 entities. Another structural feature of this species is the
further activation of the N-O2 bond, which favors a subsequent
insertion into the bond by Cu+H as will be discussed below.

Direct dissociation of8 could produce productP2-3,
endothermic by 35.0 kcal/mol for the overall reaction explaining
that no such a product was found in the gas-phase reaction of
Cu+ + MN .16 However, in the analogous reaction with a series

of metal ions, such as Fe+, Co+, Ni+, Rh+, and Pd+, the
corresponding metal hydride ions were really found.16 This may
be because that, with respect to the BDE of CuH+ (∼20 kcal/
mol),33,42,43the groups 8-10 metal ions form relatively strong
bonds with hydrogen (BDE: 38-50 kcal/mol).43,44It is expected
that these larger BDE values would stabilize the hydride
abstraction product as well as the C-H activation pathway,
making the channel possible in the reactions of these groups
8-10 metal ions. It should be pointed out that B3LYP cannot
find CH2ONO as a stable minimum and MP2(Full)/6-311+G-
(2df,2pd) also gives a very unstable species of CH2ONO which
is 37.9 kcal/mol higher in energy than OCH2 + NO, suggesting
the neutral partners of the MH+ formation is essentially OCH2
+ NO rather than CH2ONO as proposed by Cassady and Freiser

Figure 3. Reaction processes together with optimized geometries and selected structural parameters at the B3LYP/6-311+G(2df,2pd) level for
species associated with the initial N-O activation pathway in the Cu+ + cis-methyl nitrite reaction. The values in parentheses are energies of the
species relative to the separate reactants. Bond lengths, bond angles, and energies are in angstroms, degrees, and kcal/mol, respectively.

Figure 4. Reaction processes together with optimized geometries and selected structural parameters at the B3LYP/6-311+G(2df,2pd) level for
species associated with the initial C-H activation pathway in the Cu+ + cis-methyl nitrite reaction. Parameters follow the same notations as in
Figure 3.
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according to thermodynamic calculations.16 Manocha et al. also
suggested that CH2ONO formed in the reaction of CH3ONO +
F would decompose rapidly into OCH2 + NO.45

Proceeding along the reaction coordinate, an extensive
rearrangement for Cu+H inserting into the weak N-O2 bond
would convert species8 into complex 5. The saddle point
associated with this rearrangement (TS8-5) is found to be the
most demanding point along the whole C-H activation pathway,
lying 1.3 and 4.3 kcal/mol above the separated reactants and8,
respectively. Further reactions of5 giving various products have
been discussed above.

Direct H Abstraction.In addition to the above-mentioned
mechanisms, it is important to note that a direct hydrogen
abstraction (H2) by the nitrosyl nitrogen through the stretching
of the N-O2 bond, in which the metal ion acts just as a
“spectator”, could convert1c into complex7 via transition state
TS1c-7 (see Figures 5 and 6). Indeed, upon the attack of Cu+ at
the inner oxygen ofcis-MN , strong activation of the N-O2 bond
is expected to take place as reflected by the lengthening of the
bond length (see Figure 1). An inspection of Figure 5 shows
that inTS1c-7 the C-H2 bond has stretched to 1.257 Å and the
N-H2 bond shortened to 1.476 Å, reflecting a new HNO entity
is forming. Note that this transition state is energetically 20.8
and 45.4 kcal/mol above the connected minima1c and 7, or
21.5 kcal/mol below the entrance channel. These facts suggest
the possibility is favorable both energetically and dynamically.
As mentioned above, Nonreative dissociations of7 would
account for productsP3-1 andP1-1, the later of which has
been observed as the major experimental product of the Cu+ +
MN reaction.16

Direct Dissociation.As discussed in section 3.2, the inner O
attachment of Cu+ results in a rather large stretch of the inner
N-O bond ofcis-MN (R) 1.743 Å), direct rupture of the bond
giving NO + Cu+OCH3 (P1-1) cannot be excluded and seems
to be important, because the overall reaction is exothermic by
8.2 kcal/mol (see Figures 5 and 6) and, more importantly, upon
the association the N-O bond is expected to be strongly
activated as reflected by the change of the bond length.

3.4.2. Reaction of Cu+ + trans-CH3ONO. We now turn to
the reaction of Cu+ with trans-MN . Optimized structures for
the stationary points along the reaction coordinate are collected
in Figures 7 and 8, and the corresponding PES is shown in
Figure 9. Relevant energies for these species are also given in
Table S1 together with ZPEs and〈S2〉 values. As shown in
Figure 9, analogous to the above-mentionedcis system, the
reaction also generally proceeds from the most stabletrans
encounter complex, i.e., the inner O attached complex (1g),

followed by initial N-O activation, initial C-H activation,
direct H abstraction, and direct dissociation pathways.

N-O Bond ActiVation.As Figures 7 and 9 shows, the initial
N-O2 activation could lead to complex9 through a “late”
transition stateTS1g-9 (lying only 0.5 kcal/mol above9), which
has been confirmed by IRC calculations (see Figure S2).The
new species indeed possesses a five-member-ring structure, in
which the distances of Cu+-N and N-H1 are calculated to be
2.089 and 1.811 Å, respectively. Energetically, the species is
computed to be 23.1 kcal/mol above1g but still lies at 18.8
kcal/mol below the entrance channel.

Once species9 is formed, three different channels could
proceed. The first pathway is the direct loss of NO accounting
for productP2-1, exothermic by 8.4 kcal/mol for the overall
reaction. The second one involves a rearrangement of9 that
stabilizes the system by 5.2 kcal/mol for producing complex2,
whose reactivity has been discussed in section 3.4.1. The last
one is a direct H-shift to the nitrosyl nitrogen giving the global
minimum 7 through transition stateTS9-7. Note that the
transition state is computed to lie at 1.1 kcal/mol below9 when
ZPE corrections are included, though it is confirmed as the true
first-order saddle point by IRC calculations.

C-H Bond ActiVation.From Figures 8 and 9, it can be found
that this reaction pathway is strictly analogous to that of1c.
Along the reaction coordinate, the metal oxidative addition into
a C-H bond that destabilizes the system by as large as 37
kcal/mol could convert1g into species10 (4.9 kcal/mol below
the separated reactants). This possibility involves transition state
TS1g-10, which lies at 1.8 kcal/mol above10. The structure of
species10 is analogous to that of8 with the exception that the
NO1 entity is locatedcis with respect to O2C. Similar to the
situation of species8, direct dissociation of10 could give
productP2-3, lying 34.9 kcal/mol above the separate reactants.
Alternatively, an extensive arrangement of Cu+H, OCH2, and
NO groups of10 could form intermediate5. This possibility
involves TS10-5, which constitutes the highest energy barrier
along the pathway (0.7 kcal/mol above the separated reactants).
The reactivity of species5 has been discussed in the above
section.

Direct H Abstraction and Direct Dissociation.We also search
for the direct H abstraction pathway for the reaction of Cu+

with trans-MN , no any transition states can be located for this
possibility. However, this channel cannot be excluded, because,
as discussed above, with a simple waggle of the NO1 group
through a very low-energy barrier (TS1c-g), 1g could convert
readily into 1c, which is then followed by the favorable and
simple direct-H-abstraction pathway contributing to the neutral
loss of HNO as has been discussed above.

Analogous to1c, the inner O attachment of Cu+ also results
in strong activation of the ON-OCH3 bond intrans-MN (R )
1.681 Å), thus direct rupture of the bond giving NO+
Cu+OCH3 (P2-1) is also favorable in the reaction of Cu+ with
the isomer (see Figure 9).

3.5. Comparison with Experimental Results.In this section,
we briefly compare our theoretical results with the findings from
the gas-phase experiments by Cassady and Freiser.16 In the
experiments, the reactions ofMN with groups 8-10 metal ions,
e.g., Fe+, Co+, Ni+, Rh+, and Pd+, accounted for extensive
products, such as MH+, MCO+, MOCH+, MOCH2

+, MNO+,
MOCH3

+, MHNO+, etc. In contrast, group 11 metal ions gave
relatively simple product patterns, i.e., MOCH2

+ (86% for Cu+

and 100% for Ag+) and MOCH3
+ (14% for Cu+). Although

MOCH2
+ was a common product from the reactions of the first-

row groups 8-11 metal ions, H/D exchange reactions with D2

Figure 5. Reaction processes together with optimized geometries and
selected structural parameters at the B3LYP/6-311+G(2df,2pd) level
for species associated with the direct H abstraction and direct
dissociation pathways in the Cu+ + cis-methyl nitrite reaction.
Parameters follow the same notations as in Figure 3.

538 J. Phys. Chem. A, Vol. 112, No. 3, 2008 Zhao et al.



and C2D4 have shown that for the reactions of Fe+, Co+, and
Ni+ the product ions M+OCH3 have equilibrating methoxy and
hydrido-formaldehyde structures, whereas only the metal-
methoxy structure was produced via the copper ion reaction. A
same metal-insertion (into the weak CH3O-NO bond) mech-
anism was invoked by the authors to rationalize the reactions
of MN with all the metal ions.16

In the present theoretical investigation, although four different
mechanisms, i.e., initial N-O insertion, initial C-H insertion,
direct H abstraction, and direct dissociation, are found for the
reaction of Cu+ with MN , the initial C-H insertion mechanism
seems unlikely to be important, because it experiences a
relatively high-energy pathway. The hydride abstraction giving
MH+ seems to follow initial C-H activation rather than the
early invoked N-O activation, though it is not produced in the
Cu+ reaction. On the other hand, direct hydrogen abstraction
and direct dissociation leading respectively to the losses of HNO
and NO should be important reaction mechanisms for the Cu+

+ MN reaction, because they are not only simple but also
energetically and dynamically favorable. Furthermore, both of

Figure 6. Energetic profile for the reaction ofcis-methyl nitrite with Cu+. Parameters follow the same notations as in Figure 2.

Figure 7. Reaction processes together with optimized geometries and selected structural parameters at the B3LYP/6-311+G(2df,2pd) level of
theory for species associated with the initial N-O activation pathway in the Cu+ + trans-methyl nitrite reaction. Parameters follow the same
notations as in Figure 3.

Figure 8. Reaction processes together with optimized geometries and
selected structural parameters at the B3LYP/6-311+G(2df,2pd) level
for species associated with the initial C-H activation pathway in the
Cu+ + trans-methyl nitrite reaction. Parameters follow the same
notations as in Figure 3.
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the losses could also arise from the initial N-O insertion,
because it also experiences an energetically favorable pathway.

4. Conclusions

This theoretical work has helped us gain further insight into
the gas-phase reaction of Cu+ with methyl nitrite. By analysis
of the potential energy surface as well as comparison with the
experimental findings, the reaction mechanisms appear to be
uncovered. We can now conclude by summarizing a number
of the main points below.

(1) Seven isomers of Cu+-CH3ONO complex could be
formed due to direct attachments of Cu+ with different elec-
tronegative heteroatoms (terminal O, N, and inner O) of both
cis- and trans-methyl nitrite. The binding energy of these
complexes is between 34 and 42 kcal/mol with the strongest
bindings, among the respectivecis- and trans-methyl nitrite
complexes, being the inner O associations. A striking feature
of the inner O attached complexes is the rather strong activation
of the CH3O-NO bond, which favors various mechanisms for
the formation of the products observed experimentally.

(2) Extensive conversions could take place not only for
transformations among the respective Cu+-cis-CH3ONO and
Cu+-trans-CH3ONO complexes but also for transferring across
them. All the reactions associated with the experimentally
observed products start from the corresponding most stable
complexes of Cu+-cis-CH3ONO and Cu+-trans-CH3ONO,
i.e., the inner O associations, followed by initial N-O insertion,
direct hydrogen abstraction, and direct dissociation mechanisms.

(3) The direct hydrogen abstraction and direct dissociation
mechanisms are not only simple but also energetically and
dynamically favorable; thus they should give important contri-
butions to the respective products of HNO and NO losses in
the reaction of Cu+ with methyl nitrite.

(4) The initial N-O insertion mechanism could also account
for both the experimentally observed products via the reaction
of Cu+ with methyl nitrite, because it is also energetically
favorable.

(5) The initial C-H insertion mechanism is unlikely to be
important for methyl nitrite reaction with Cu+, because it
experiences a relatively high-energy pathway. The hydride
abstraction giving MH+ in the reactions of methyl nitrite with

first-row groups 8-10 metal ions seems to follow initial C-H
activation rather than the early invoked N-O activation, though
it was not observed in the Cu+ reaction.

Acknowledgment. This work was supported by SRF for
ROCS, NCET-05-0608, Excellent Young Teachers Program,
and Key Project (104119) of MOE, P. R. C. National Natural
Science Foundation of China (20476061), and Natural Science
Foundation of Shandong Province (Y2006B35).

Supporting Information Available: Optimized geometries
and selected structural parameters for transition states asso-
ciated with the conversions among the encounter complexes of
Cu+-MN , IRC calculated results for the N-O insertion starting
from the inner O attached complex of Cu+-trans-MN , and
calculated energies, zero-point energies, and〈S2〉 for all the
species involved in the Cu+/MN reaction. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Torrent, M.; Sola`, M.; Frenking, G.Chem. ReV. 2000, 100, 439.
(b) Cronin, J. R.; Chang, S. InThe Chemistry of Life’s Origins; Greenberg,
J. M., Mendoza-Go´mez, C. X., Pirronello, V., Eds.; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 1993. (c)Metal Ions in Biological
Systems; Sigel, A., Sigel, H., Eds.; Marcel Dekker: New York, 1996; Vols.
32 and 33. (d) Corral, I.; Mo´, O.; Yáñez, M.J. Phys. Chem. A2003, 107,
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