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The structure and energetics of three CoHNO+ isomers [HCo(NO)+ (1), Co(HNO)+ (2), Co(NOH)+ (3)]
were probed by using density functional theory (DFT). Theory predicts that2 is the most stable structure
with 1 and3 14.1 and 15.4 kcal/mol less stable. We were unable to locate the transition states for2 f 1 and
2 f 3 conversions. DFT calculations predictD°(CoH+-NO) ) 34.6 kcal/mol andD°(Co+-HNO) ) 45.5
kcal/mol. The gas-phase ion chemistry of CoHNO+ was also studied by using Fourier transform ion cyclotron
resonance (FTICR) mass spectrometry. CID and SORI-CID of CoHNO+ yield competitive formation of
Co+, CoH+, and CoNO+. These results suggest that the barrier for2 f 1 conversion is less than 45.5 kcal/
mol. Reactions with simple molecules were dominated by NO and HNO displacements. Potential energy
surface diagrams are presented to explain these displacement reactions. Surprisingly, CoHNO+ reacts with
methane by dehydrogenation to yield CoCH3NO+. Studies suggest CH3CoNO+ rather than Co(CH3NO)+ as
the structure for this ion.

Introduction

Intramolecular hydrogen transfer from a transition metal
center to an unsaturated ligand, and the reverse process, hydride
migration from an organic ligand back to the metal center, are
ubiquitous processes in organometallic chemistry.1 Hydride
migration to an alkene or an alkyne is a key step in homoge-
neous hydrogenation and in many alkene and alkyne alkylation
processes. Hydride migrations to simple ligands such as C2H4

2,3

and CH2O4,5 have been extensively studied, and the reverse
process (i.e.,â-H elimination) is often found to be facile. In
contrast toâ-H elimination/insertion reactions,R-H elimination/
insertion reactions are not so common. For example, the hydride
migration to the carbonyl ligand (i.e., CO insertion) is known
only for a few cases in transition metal complexes.6,7 One of
the known examples is the formyl formation by carbonyl
insertion into the Rh-H bond, reaction 1.8

Generally the CO insertion processes have been studied by
theory because of experimental limitations. The hydride migra-
tion to a carbene type ligand and the reverseR-H elimination
have also drawn the attention of many theoreticians.9 Ziegler
and co-workers studied the CH2 insertion into a Mn-H bond,
reaction 2, and found that it is much more exothermic than the
corresponding hydride migrations to CO or CS.10 Carter and
Goddard studied reaction 3 by theory and predicted an activation
barrier of 12 kcal/mol with an exothermicity of 7 kcal/mol for
the carbene insertion into the Ru-H bond.11

Nitric oxide (NO) is the simplest, thermally stable paramag-
netic molecule known. The binding of nitric oxide to a metal
center imparts unique chemistry to both the metal center and
the nitrosyl ligand. Despite extensive experimental and theoreti-
cal studies carried out on metal-nitrosyl complexes,12 little is
known about hydride migration to the nitrosyl ligand. Reduction
of the NO ligand on the metal center by hydride migration can
yield two products, M-nitrosyl hydride (M-HNO) and M-
hydroxyimido (M-NOH), reaction 4. In a previous study, the
coordinated HNO ligand in reaction 5 has been characterized
by X-ray methods.13 Transformation of a NO ligand to a NOH
ligand has also been observed, reaction 6.14

Hydride migration to the NO ligand for the transition metal
complexes has not been studied in the gas phase. Investigation
of reaction 4 in the gas phase provides a unique opportunity
for studying bothâ-H andR-H eliminations within an individual
organometallic system without complicating effects from other
ligands. Here, we study the [Co, H, N, O]+ system by using
Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry. A comprehensive theoretical investigation of
different CoHNO+ isomers [HCo(NO)+ (1), Co(HNO)+ (2), and
Co(NOH)+ (3)] was performed by using density functional
theory (DFT).

H-Co+-NO
1

Co+-HNO
2

Co+-NOH
3

Experimental Section

All experiments were performed by using a Nicolet (now
Finnigan FT/MS, Madison, WI) FTMS-2000 Fourier transform
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Rh(OPE)(H)+ CO f Rh(OEP)(CHO) (1)

HMn(CO)4(CH2) f Mn(CO)4CH3 (2)

ClRu(H)(CH2) f ClRu(CH3) (3)

HsMsNO f MsHNO

f MsNOH (4)

Os(NO)Cl(CO)(PPh3)2 + HCl f Os(HNO)Cl2(CO)(PPh3)2

(5)

[Ru3(CO)10(µ2-NO)]- + H+ f [Ru3(CO)10(µ3-NOH)] (6)
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ion cyclotron resonance (FT-ICR) mass spectrometer equipped
with a dual trapping cell with a 3-T superconducting magnet.
A complete description of the instrument is given elsewhere.15

Chemicals were obtained commercially in high purity and
were used as supplied except for multiple freeze-pump-thaw
cycles to remove noncondensable gases from liquids. Methane
was introduced into the vacuum chamber via a Varian leak valve
at a static pressure of∼1.5 × 10-7 Torr as the reagent gas for
chemical ionization. Ar was added to the cell to a total pressure
of ∼5.0× 10-6 Torr and serves, with background methane, as
the collision gas for collision-induced dissociation (CID)16 and
sustained off-resonance irradiation (SORI)17 CID experiments.
Ar also facilitates ion thermalization for reaction studies.

The maximum translational energy acquired during CID by
the ions,Etr(max), is given in the laboratory frame and was
calculated by using the following equation applicable to a cubic
cell whereE is the electric field amplitude,t is the duration of
the applied electric field,q is the ion charge, andMion is the
mass of the irradiated ion.18,19

CID fragment ion intensities are plotted as a fraction of the total
ion intensity at each kinetic energy. The duration of the
excitation pulse is 500µs with the electric field amplitude varied
to control ion kinetic energy. A 50 ms delay follows ion
irradiation to allow for ion collisions and decomposition prior
to subsequent isolation or detection.

In addition to conventional FTICR-CID, CID by using
sustained “off-resonance” irradiation (SORI)17 for ion activation
was also employed to determine the lowest energy fragmentation
pathways. For SORI-CID, ions are irradiated off-resonance for
500 ms. Themaximumion kinetic energy is calculated by using
the following equation:

whereω1 (rad s-1) is the excitation frequency andωc is the
natural cyclotron frequency of the ion.

For kinetic studies, neutral reagents were introduced into the
vacuum chamber through Varian leak valves. Pressure of
neutrals was measured by using a Bayard-Alpert type ion gauge
that was calibrated to determine the pressure gradient between
the reaction cell and ion gauge. Pressure was also corrected for
ionization sensitivities. The uncertainty in the absolute pressure
of neutral reagents is less than(30%. The uncertainty in
pressure is the largest contributor to errors in reaction rate
constants. Consequently, we assign an absolute error of(30%
for reaction rate constants, while relative reaction rate constants
are more reliable.

Computational Studies

Calculations were performed with theGaussian 94DFT
program package20 at the Purdue University Computer Center
(PUCC). Both the ground and excited states of the [Co, H, N,
O]+ system were investigated by using density functional theory.
For the computational studies, a hybrid of DFT and Hartree-
Fock (HF) was applied in which the Becke-3-LYP (B3LYP)
functional21 was used for the exchange correlation functional.
For cobalt, the (14s9p5d) primitive set of Wachters22 supple-
mented with one diffuse p-function, one diffuse d-function, and
one diffuse f-function according to Bauschlicher23 is used,

resulting in a (62111111|331211|3111|3) f [8s6p4d1f] contrac-
tion. The cc-pVTZ basis set24 was employed for H, N, and O
atoms. For Co+, B3LYP gives the correct ordering of atomic
states, but because of the bias toward 3dn over 4s13dn-1

configurations,25 the excitation energy to the5F (4s13d7) state
is overestimated by 5.8 kcal/mol (calculated, 15.7; experimental,
9.9 kcal/mol). The DFT/HF hybrid method yields molecular
geometries which are qualitatively comparable with those
obtained at highly correlated levels.26 The computed thermo-
chemistry is reasonable; however, the bond dissociation energies
(BDEs) tend to be slightly overestimated. Therefore, the
accuracy of the DFT/HF approach for transition-metal com-
pounds is estimated to be within(10 kcal mol-1 for BDEs and
(5 kcal mol-1 for the relative energies of isomeric [Co, H, N,
O]+ species. All stationary points were characterized as minina
or first-order transition structures by evaluating the frequencies
and normal modes by using analytical first derivatives and the
computed force constant matrix. Corrections for zero point
energies are included, and different spin configurations have
also been considered for Co+.

Results and Discussion

Computational. Structures1, 2, and 3 are considered for
CoHNO+ isomers. Density functional calculations were per-
formed on each structure and all were found to be true minima
on the potential energy surface. Table 1 contains the relative
energies of CoHNO+ isomers for the ground and low-lying
excited states.

1. HCo(NO)+. Among the three reasonable isomers, we first
consider the H-Co+-NO structure,1. The optimized geom-
etries of1 (5A′′), 1 (3A′), and1 (1A′) are shown in Figure 1.
Structure1 (3A′) is the ground state, with1 (1A′) and1 (5A′′)
11.6 and 21.0 kcal/mol higher, respectively. The Co-N bond
lengths vary from 1.841 Å1 (3A′), 2.174 Å in 1 (5A′′), and
1.615 Å in 1 (1A′). The extremely long Co-N distance in1
(5A′′) suggests an ion-dipole complex. Unlike the Co-N bond,
the N-O bonds vary by no more than 0.03 Å from the N-O
bond length of 1.146 Å for free NO. In1 (3A′), the Co-H bond
is bent toward the NO ligand with an H-Co-N bond angle of
139.0°. In 1 (1A′), the Co-H bond is bent further with an
H-Co-N bond angle of only 83.3°. Strengthening of the N-O
bond is observed as evidenced by the calculated N-O stretches
(2029 cm-1 in 1 (3A′) and 1 (5A′′) compared to 1977 cm-1

calculated for free NO). The dissociation energy to form CoH+

(4Φ) and NO (2π) from H-Co+-NO (3A′) is computed to be
34.6 kcal/mol and compares well withD°(Co+-NO) ) 40.0
kcal/mol27 calculated by Bauschlicher and co-workers.

As typical for metal-nitrosyl complexes, both bent and linear
geometries of the Co+-NO component are observed for the
ground and excited states of HCo(NO)+. Clearly, Co+ binds
NO in a bent geometry in1 (3A′) and1 (5A′′), and in an almost
linear fashion in the low-lying excited state,1 (1A′). With a

Etr(max)) E2q2t2

16Mion

Etr(max)) E2q2

2Mion(ω1 - ωc)
2

TABLE 1: Relative Energies of the Ground State and
Excited States of Structures 1, 2, and 3

structure relative energy (kcal/mol)

1 (3A′) 14.1
1 (1A′) 25.7
1 (5A′′) 35.1
2 (3A′) 0
2 (5A′) 13.8
2 (1A′) 36.2
3 (3A′) 15.4
3 (5A′) 18.2
3 (1A′) 35.0
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bent geometry in1 (3A′) and1 (5A′′), the N and O atoms are
sp2 hybridized and the coordination of NO to the metal center
involves a net donation of one electron from NO to the metal.
However, the almost linear geometry in1 (1A′) suggests that
the coordination of NO to Co+ involves a net donation of three
electrons. In this case, strengthening of the Co+-N bond can
be seen in the shortened Co-N bond length of 1.615 Å.

2. Co(HNO)+. The optimized geometries for the ground and
two excited states of2 are shown in Figure 2. Structure2 (3A′)
is the global minimum on the potential energy surface of the
[Co, H, N, O]+ system. Structure2 (3A′) hasCs symmetry with
a Co-N bond length of 1.886 Å. The N-O bond distance is
1.201 Å and the N-H bond distance is 1.044 Å. The
experimental values, are, respectively, 1.212 and 1.063 Å for
the free HNO molecule.28 The HNO unit of2 (3A′) has a bent
geometry with the H-N-O bond angle of 112.5°, compared
to 108.7° in free HNO by calculations. The N-O bond is
probably a double bond as evidenced from the longer N-O
bond versus free NO (1.156 Å).29 The dissociation energy to
form Co+ (3F) and singlet HNO (1A′) is predicted to be 45.5
kcal/mol with zero point energy corrections. As shown in Table
1, 2 (3A′) is 14.1 kcal/mol more stable than theR-H migration
product,1 (3A′). Although the transition state connecting1 (3A′)
and2 (3A′) was not located, the activation barrier for theR-H
migration is believed to be less than 40 kcal/mol with respect
to 2 (3A′), Vide infra.

The two excited states,2 (5A′) and2 (1A′), are 13.8 and 36.2
kcal/mol less stable than2 (3A′), respectively. They both have
Cs symmetry and exhibit similar structural features. A much
smaller Co-N-O bond angle (73.8° in 2 (5A′) and 79.8° in 2
(1A′)) is observed, compared to 122.9° for the ground state. The
Co+-O distance for the two excited states is much smaller than

that in the ground state. The two excited states have a side-on
bonding with NO of the HNO molecules. This interaction can
be described by the Dewar-Chatt-Duncanson model. Donation
of π-electron density from NO along withπ-back-donation from
the metal intoπ* orbital result in weakening of the NO bond.
This NO bond weakening is manifested in an increase in the
NO bond lengths for the two excited states (Figure 2).

3. Co(NOH)+. The triplet state (3A′) is only 2.8 kcal/mol
lower in energy than the quintet state (5A′) of Co(NOH)+. Since
they are so close together, we cannot assign which is the ground
state. Structure3 (3A′) and3 (5A′) both haveC1 symmetry and
similar structures. The Co-N bond distance of3 (3A′) is 1.755
Å, and the N-O distance is 1.279 Å, compared to 1.810 and
1.289 Å in 3 (5A′). The Co-N-O bond angle in3 (3A′) is
122.9° compared to 144.2° in 3 (5A′). The singlet state,3 (1A′),
is 19.6 kcal/mol less stable than the triplet state. Structure3
(1A′) has a Co-N-O bond angle of 153.2° and a much shorter
Co-N bond distance of 1.561 Å. The N-O bond is also
decreased to 1.266 Å.

The ground-state HNO isomer is about 24 kcal/mol more
stable than the corresponding NOH isomer.30 On the triplet
surface, the Co(NOH)+ structure is only 1.3 kcal/mol less stable
than the H-Co+-NO structure, and is 15.4 kcal/mol less stable
than the Co(HNO)+ structure. Conversion of3 (3A′) to 1 (3A′)
involves aâ-H transfer from the hydroxyimido ligand to the
metal center and is essentially thermoneutral. Unfortunately, the
transition structure connecting3 (3A′) and 1 (3A′) was not
located. However, the CoHNO+ ions, once generated and
thermalized in the gas phase, are most likely structure2,

Figure 1. Optimized geometries of the quintet, triplet, and singlet states
of HCo(NO)+ (bond lengths in Å and bond angles in degrees).

Figure 2. Optimized geometries of the quintet, triplet, and singlet states
of Co(HNO)+ (bond lengths in Å and bond angles in degrees).
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Co(HNO)+. Consequently,3 (3A′) to 1 (3A′) conversion is
probably unimportant.

Experimental. 1. Generation and Characterization of
CoHNO+. In light of the high volatility of Co(CO)3(NO) at room
temperature, the synthesis of CoHNO+ is relatively simple.
CoHNO+ can be generated from CID or sequential SORI-CID
of protonated cobalt tricarbonyl nitrosyl [HCo(CO)3NO+],
reaction 7 or 8. HCo(CO)3NO+ was generated by chemical
ionization of Co(CO)3NO with CH5

+.

Several precursor ions, CoH(CO)x(NO)+ (X ) 1-3), were
probed by CID and SORI-CID. For example, the energy-
resolved CID plot of CoH(CO)3(NO)+ is shown in Figure 4. In
the low energy range, CID results in sequential elimination of
the carbonyls. At high collision energy, formation of CoHNO+

(three CO losses) dominates over Co(CO)+ (two CO and one
HNO losses). Previous studies on some mixed carbonyl-nitrosyl
complexes have shown that the NO ligand is bonded more
strongly to the metal center than the CO ligand. UV photolysis
of Co(CO)3(NO) yields CO loss to generate the primary
photoproduct, Co(CO)2(NO), which subsequently undergoes
another CO loss to yield Co(CO)(NO).31 These results are
consistent with the observed CID fragmentation patterns. CID
of CoH(CO)2(NO)+ is qualitatively similar to that for CoH-
(CO)3(NO)+.

Competition between CO and HNO losses is observed during
CID of CoH(CO)(NO)+. The energy-resolved CID and SORI-
CID plots of CoH(CO)(NO)+ are shown in Figure 5. SORI-
CID results clearly indicate that loss of CO to yield CoHNO+

is the lowest energy decomposition channel, again, consistent
with the weaker Co+-CO bond. The complete absence of NO

Figure 3. Optimized geometries of the quintet, triplet, and singlet states
of Co(NOH)+ (bond lengths in Å and bond angles in degrees).

Figure 4. Energy-resolved CID breakdown curve of CoH(CO)3NO+.

Figure 5. Energy-resolved CID (a) and SORI-CID (b) breakdown
curves of CoH(CO)NO+.

HCo(CO)3NO+ 98
CID

CoHNO+ + 3CO (7)

HCo(CO)3NO+98
SORI

-CO
98
SORI

-CO
98
SORI

-CO
CoHNO+ (8)
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loss, combined with formation of Co(CO)+ via HNO loss
suggests that HNO is an intact ligand rather than separate H
and NO bound to the metal; consequently, the structure is Co-
(CO)(HNO)+. Competitive CO/HNO losses in SORI-CID
suggest thatD°(Co+-HNO) is ca. 1-2 kcal/mol greater than
D°(Co+-CO) ) 41.5 ( 1.6 kcal/mol.32

The structure of CoHNO+ was further investigated by CID
and SORI-CID, with reactions 9-11 observed.

CID of CoHNO+ (Figure 6) yields predominant Co+ (HNO loss)
over the entire kinetic energy range studied (0-35 eV).
Formation of CoH+ and CoNO+ are competitive fragmentation
channels. In contrast to CID, SORI-CID (Figure 6) yields CoH+

(NO loss) in significant amount suggesting that NO loss is the
lowest energy-demanding fragmentation channel. Competitive
H and HNO losses are also observed at low energy.

A potential energy surface diagram for the decomposition of
CoHNO+ is shown in Figure 7. DFT calculations predict that
Co(HNO)+ (2) is the most stable species on the triplet surface,
with HCo(NO)+ (1) 14 kcal/mol higher. Upon collisional
activation, 2 could rearrange to1 where competitive ligand
losses yield CoH+ and CoNO+, respectively. Alternatively,2
could decompose to yield Co+ and HNO, which requires about
45 kcal/mol. Under SORI-CID conditions, competitive forma-
tion of Co+, CoH+, and CoNO+ suggests an activation barrier
of about 40 kcal/mol for2 f 1 conversion smaller than or very
close to the 45 kcal/mol energy asymptote for HNO loss. As a
result, rearrangement of2 could be kinetically constrained under
CID conditions and CID of2 would then give predominant Co+.

2. ReactiVity of CoHNO+. The gas-phase reactivity of
CoHNO+ was explored by observing reactions of this ion with
different neutral reagents. Product distributions and kinetic data
for reaction with small molecules such as ethyne, benzene,
methane, etc. are summarized in Tables 2 and 3.

Nitric Oxide and Carbon Monoxide. Nitric oxide (NO)
reacts efficiently (50% of the collision rate) with CoHNO+ by
HNO displacement. Isotopically labeled NO (15NO) reacts with
CoHNO+ in a similar fashion to yield Co15NO+ exclusively,
reaction 12. No simple nitric oxide displacement (i.e., exchange)
is observed, reaction 13. These results strongly support structure
2 or 3 for CoHNO+, with 2, Co(HNO)+, most likely due to
energetics. If CoHNO+ consists of structure1, then we would
expect to observe significant NO displacement, reaction 13,
which is not observed.

The potential energy surface diagram for reactions 12 and
13 is shown in Figure 8. WhileD°(CoHNO+-NO) is not

Figure 6. Energy-resolved CID (a) and SORI-CID (b) breakdown
curves of CoHNO+.

Figure 7. Potential energy surface diagram for the decomposition of
Co(HNO)+.

TABLE 2: Percentage Abundance of Primary Products,
Rate Constants (cm3 molecule-1 s-1), and Calculated
Reaction Efficiencies for the Reactions of Co(HNO)+ and
Co(DNO)+ with Selected Neutrals

ion neutral
displace-

ment % kobs kcoll

efficiency
%

CoHNO+ C2H2 NO 100 4.5× 10-10 9.5× 10-10 47
C2D2 NO 100 4.3× 10-10 9.2× 10-10 47
H2O NO 100 5.8× 10-10 1.9× 10-9 31
C4H6 NO 100 4.9× 10-10 1.3× 10-9 38
NH3 NO 70 6.8× 10-10 1.8× 10-9 38

HNO 30
NO HNO 100 4.4× 10-10 8.8× 10-10 50
CO HNO 100 8.2× 10-13 7.3× 10-10 0.11
CH3CN NO 80 1.9× 10-9 2.7× 10-9 70

HNO 20
C6H6 HNO 100 1.6× 10-9 1.2× 10-9 130

CoDNO+ C2H2 NO 100 4.1× 10-10 9.5× 10-10 43
C2D2 NO 100 4.2× 10-10 9.2× 10-10 46

TABLE 3: Percentage Abundance of Primary Products,
Rate Constants (cm3 molecule-1 s-1), and Calculated
Reaction Efficiencies for the Reactions of Co(HNO)+ and
Co(DNO)+ with CH 4 and CD4

ion neutral product % kobs kcoll efficiency

CoHNO+ CH4 CoCH3NO+ 100 7.5× 10-12 1.0× 10-9 0.75%
CD4 CoDNO+ 82 1.5× 10-11 1.0× 10-9 1.5%

CoCD3NO+ 18
CoDNO+ CH4 CoHNO+ 83 2.9× 10-11 1.0× 10-9 2.9%

CoCH3NO+ 17
CD4 CoCD3NO+ 100 - 1.0× 10-9 -

CoHNO+98
CID

SORI
Co+ + HNO (9)

f CoNO+ + H‚ (10)

f CoH+ + NO (11)

CoHNO+ + 15NO f Co15NO+ + HNO (12)

N CoH15NO+ + NO
(13)
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known,D°(Co+-NO) ) 40.0 kcal/mol27 provides a reasonable
estimation.15NO coordination results in formation of4 with
roughly 40 kcal/mol excess energy. HNO elimination from4
yields Co(15NO)+, reaction 12. Reaction 13 involvesR-hydride
migration in structure2 to Co+ to yield 5 with ∼26 kcal/mol
excess energy. The reverse process involving hydride migration
to 15NO leads to the formation of6 at the same energy level as
4. NO elimination from6 would yield Co(H15NO)+. Since
reaction 13 is thermoneutral, then there must be a prohibitive
barrier (>40 kcal/mol) forR-hydride migration to convert4 to
5.

Carbon monoxide reacts slowly (efficiency) 0.11%) with
Co(HNO)+ to yield HNO displacement (Table 2). This slow,
direct HNO displacement suggests that it may be slightly
endothermic. This result is consistent with SORI-CID of Co-
(CO)HNO+ where both HNO and CO losses were observed,
with CO loss dominating, Figure 5. Similar to the reaction with
nitric oxide, there may be a substantial barrier for hydride
migration from HNO to the metal center and from the metal
center to CO.

Ethyne, 1,3-Butadiene, and Benzene.Reactions with ethyne,
1,3-butadiene, and benzene are discussed together even though
there is no fixed reaction pattern among them. Ethyne and 1,3-
butadiene yield NO displacement exclusively, while benzene
yields HNO displacement exclusively, Table 2.

A potential energy surface diagram for (CoHNO)+ with
ethyne is presented in Figure 9. Coordination of ethyne to Co-
(HNO)+ forms the collision complex,7, which has roughly 37
kcal/mol excess internal energy usingD°(Co+-C2H2) ) 37 kcal/
mol.33 Direct cleavage of the Co+-HNO bond requires∼45
kcal/mol; consequently, it is roughly 8 kcal/mol endothermic.
However,7 can undergo hydride migration to form8, a nitrosyl
complex ∼14 kcal/mol higher in energy than7. Direct NO
elimination from8 to yield HCo(CHCH)+ is unlikely since it
should be∼7 kcal/mol endothermic. However,8 can rearrange
to 9, a vinyl-nitrosyl complex. DFT calculations predict that

Co(CHCH2)+ is ∼17 kcal/mol more stable than HCo(CHCH)+.
The activation barrier for HCo(CHCH)+ f Co(CHCH2)+

conversion, although not obtained, is estimated to be less than
20 kcal/mol (ca. 16 kcal/mol).34 Hence,9 has 40 kcal/mol excess
internal energy and can eliminate NO to yield Co(CHCH2)+.
The energy for NO elimination from9 must be less than the
barrier for hydrogen migrations (7 f 8 f 9) since no H/D
exchange was observed. This requires thatD°(CoC2H3

+-NO)
be <30 kcal/mol.

The process analogous to8 to 9 conversion (Scheme 1) could
also occur for 1,3-butadiene (Scheme 2) and benzene (Scheme
3). The potential energy surface diagram for Co(HNO)+ with
1,3-butadiene should be qualitatively similar to that for Co-
(HNO)+ with ethyne where only NO displacement is observed.
In the case of benzene, HNO and NO displacements are both
exothermic becauseD°(Co+-C6H6) ) 61.1( 2.5 kcal/mol.35

That benzene yields only HNO displacement indicates that HNO
elimination is kinetically favored even though intramolecular
hydride migration to eliminate NO is energetically feasible.
Hence, there must be a prohibitive barrier to hydride migration
for the benzene collision complex.

Water, Ammonia, and Acetonitrile. Reactions with am-
monia and acetonitrile yield both HNO and NO displacements
with NO displacement dominating (Table 2). Reaction with
water, however, yields NO displacement exclusively.

A potential energy surface diagram for the reaction of Co-
(HNO)+ with H2O is presented in Figure 10. Coordination of
water to Co(HNO)+ forms the collision complex,10, with 40

Figure 8. Potential energy surface diagram for the reaction of Co-
(HNO)+ with 15NO.

Figure 9. Potential energy surface diagram for the reaction of Co-
(HNO)+ with C2H2.

SCHEME 1

SCHEME 2

SCHEME 3

Figure 10. Potential energy surface diagram for the reaction of Co-
(HNO)+ with H2O.
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kcal/mol excess internal energy usingD°(Co+-H2O) ) 40.1
kcal/mol.36 HNO displacement is simply endothermic by∼5
kcal/mol. However,10 to 11 conversion involvesR-hydride
migration from the HNO ligand to the metal center with a low
activation barrier. NO elimination from11 yields HCo(H2O)+

and is estimated to be exothermic by∼5 kcal/mol.
A potential energy surface diagram for the reaction of Co-

(HNO)+ with ammonia is presented in Figure 11. The collision
complex,12, is formed with 59 kcal/mol excess internal energy
usingD°(Co+-NH3) ) 58.8 kcal/mol.36 Direct HNO elimina-
tion (30%) from12 is exothermic by∼14 kcal/mol. Structure
12 could rearrange to13 with 45 kcal/mol excess internal
energy. NO elimination (70%) from13 to yield HCo(NH3)+ is
estimated to be exothermic by 20 kcal/mol, 6 kcal/mol more
exothermic than the HNO displacement channel.

Reaction with acetonitrile yields 80% NO displacement and
20% HNO displacement. The potential energy surface for this
reaction should be qualitatively similar to that for ammonia.

Methane. Co(HNO)+ reacts with methane to form CoCH3-
NO+ (H2 loss), reaction 14.

Methane activation is rare for the first-row transition metal
complexes. Some second-row and third-row transition-metal ions
or ion complexes, such as Ta+ and RhCH2

+, react with methane
by dehydrogenation.37 Many cobalt ion complexes, for example,
CoCH2

+, CoCH3
+, CoCF3

+ etc., are inert toward methane.38

Therefore, activation of methane by Co(HNO)+ is surprising.
Pseudo-first-order kinetics is observed for reaction 14, and a
kinetic plot for the reaction of Co(HNO)+ with CH4 is shown
in Figure 12. The primary product distributions and kinetic
information for the reactions of Co(HNO)+/Co(DNO)+ with
CH4/CD4 are summarized in Table 3. In addition to dehydro-
genation, H/D exchange was also observed. For example,
CoHNO+ reacts with CD4 to yield CoDNO+ predominantly
along with some CoCD3NO+, reactions 15 and 16.

CoCH3NO+, generated in reaction 14, was subjected to CID
and SORI-CID for structural investigation. CID of CoCH3-
NO+ (Figure 13) yields CoCH3+ (NO loss), CoNO+ (CH3 loss),
and Co+ (CH3NO loss). SORI-CID of CoCH3NO+ (Figure 13)
yields CoCH3

+ exclusively, consistent withD°(Co+-CH3) )

53.3( 2 kcal/mol39 > D°(Co+-NO) ) 40.0 kcal/mol.27 These
results suggest that CoCH3NO+ has the structure CH3CoNO+,
containing two intact ligands, CH3 and NO. Although Co-
(HNO)+, 2, is predicted to be 14 kcal/mol more stable than HCo-
(NO)+, 1, CH3CoNO+ apparently is thermodynamically more
stable than the corresponding Co(CH3NO)+ structure. A com-
parison of relevant fundamental bond dissociation energies
supports this idea.40 In any case, the ion formed in reaction 14
has the structure, CH3CoNO+.

Figure 11. Potential energy surface diagram for the reaction of Co-
(HNO)+ with NH3.

Figure 12. Pseudo-first-order plot of the reaction of Co(HNO)+ with
methane at 2.0× 10-7 Torr.

Figure 13. Energy-resolved CID (a) and SORI-CID (b) breakdown
curves of CH3CoNO+.

CoHNO+ + CH4 f CoCH3NO+ + H2 (14)

CoHNO+ + CD4 f CoDNO+ + CD3H (15)

f CoCD3NO+ + HD
(16)
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We now consider the mechanism for reaction 14, as well as
that for reactions 15 and 16. A proposed mechanism for reaction
14 is shown in Scheme 4. Several routes can lead to the
formation of CH3CoNO+. In route A, the collision complex,
14, may undergo dehydrogenation through the four-centered
transition state,15, to yield CH3CoNO+. Routes B and C share
the same intermediate,16, formed by an initialR-hydride
migration from the HNO ligand to the metal center. In route B,
dehydrogenation proceeds through the four-centered transition
state,17, to yield CH3CoNO+. Route C, however, involves direct
C-H insertion yielding18 followed by dehydrogenation to yield
CH3CoNO+.

UsingD°(Co+-CH4) ) 22.9( 0.7 kcal/mol,41 the collision
complex,14, is formed with roughly 20 kcal/mol excess internal
energy. Both Co+ and CoH+ are inert with methane even though
reaction 17 is exothermic by∼12 ( 4 kcal/mol.40

These results suggest a prohibitive barrier associated with direct
C-H insertion for14 f 15 or 16 f 18 conversion. However,
activation of methane through the four-centered transition state,
17, precludes direct C-H bond insertion. This type of four-
centered transition state has been proposed in previous studies.
Watson observed an interesting methane exchange reaction
proceeding through a four-centered transition state.42 In addition,
Jacobson has studied the dehydrogenation reaction of RhCH2

+

with methane proceeding through a four-centered transition
state.37b Therefore, we think the mechanism associated with
route B is more likely.

A proposed mechanism for reactions 15 and 16 is presented
in Scheme 5 and is based on pathway B in Scheme 4. The
collision complex19 first converts to20by R-hydride migration.
HD loss may proceed by the four-centered transition state,21.
H/D exchange may involve the four-centered transition state,
22, which yields23 followed by methane reductive elimination.
H/D exchange through22 dominates over HD loss through21.

Summary

CoHNO+ is generated in the gas phase by CID or SORI-
CID of CoH(CO)3NO+, formed from chemical ionization of Co-
(CO)3NO with CH5

+. Among the three isomeric structures,
HCo(NO)+ (1), Co(HNO)+ (2), and Co(NOH)+ (3), density
functional calculations found that2 is the global minimum on
the potential energy surface with1 and3 14.1 and 15.4 kcal/
mol higher in energy. Reaction of CoHNO+ with isotopically
labeled NO (15NO) yields HNO displacement exclusively, which
strongly supports a structure with an intact HNO ligand, either
2 or 3. Owing to energetics, the structure is most likely2. CID
of Co(HNO)+ yields Co+ predominantly along with CoNO+

and CoH+. In contrast, SORI-CID of Co(HNO)+ yields
significant CoH+. Although the transition state for the2 f 1
conversion is not located, CID and SORI-CID of CoHNO+

suggest that the activation barrier for2 f 1 conversion is less
than 45.5 kcal/mol.

The reactivity of Co(HNO)+ was explored by observing its
reactions with simple molecules. These reactions are dominated
by NO and HNO displacements. For example, Co(HNO)+ reacts
with ethyne, water, and 1,3-butadiene to yield NO displacement
exclusively. Reaction with nitric oxide, carbon monoxide, and
benzene yields HNO displacement exclusively. Reaction with
ammonia and acetonitrile yields both HNO and NO displace-
ments with NO displacement dominating. Potential energy
surface diagrams for these NO and HNO displacement reactions
are presented which consistently involveR-H migration from
the HNO ligand to the metal center. Co(HNO)+ reacts with
methane by dehydrogenation to yield CoCH3NO+. While CID
of CoCH3NO+ yields competitive formation of CoCH3+ and
CoNO+, SORI-CID of CoCH3NO+ yields CoCH3

+ exclusively.
These results suggest CoCH3NO+ has structure CH3CoNO+

rather than Co(CH3NO)+. A mechanism is proposed for the
reaction with methane where a four-centered transition state is
involved for C-H bond activation as opposed to direct C-H
insertion.
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