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Structure and Reactivity Studies of CoHNO' in the Gas Phase
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The structure and energetics of three CoHNi@omers [HCo(NO) (1), Co(HNO)" (2), Co(NOH)" (3)]
were probed by using density functional theory (DFT). Theory predictsZhstthe most stable structure
with 1 and3 14.1 and 15.4 kcal/mol less stable. We were unable to locate the transition states fband

2 — 3 conversions. DFT calculations prediof(CoH"—NO) = 34.6 kcal/mol and°(Cot—HNO) = 45.5
kcal/mol. The gas-phase ion chemistry of CoHN@as also studied by using Fourier transform ion cyclotron
resonance (FTICR) mass spectrometry. CID and S@RD of CoHNO' yield competitive formation of
Cot, CoH", and CoNO. These results suggest that the barrierZer 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,GeBlti©with
methane by dehydrogenation to yield CofflD*. Studies suggest GBoNO" rather than Co(CENO)* as
the structure for this ion.

Introduction CIRu(H)(CH,) — CIRu(CH;) 3

Intramolecular hydrogen transfer from a transition metal  Nitric oxide (NO) is the simplest, thermally stable paramag-
center to an unsaturated ligand, and the reverse process, hydridgetic molecule known. The binding of nitric oxide to a metal
migration from an organic ligand back to the metal center, are Center imparts unique chemistry to both the metal center and
ubiquitous processes in organometallic chemistiyydride the nltro§yl Ilgaqd. Despite extensive experimental apd theoretl-
migration to an alkene or an alkyne is a key step in homoge- ¢al studies carried out on metatitrosyl complexes? little is
neous hydrogenation and in many alkene and alkyne alkylation known abo_ut hydride migration to the nitrosyl I_|gand_. Re(_juctlon
processes. Hydride migrations to simple ligands suchyBis?® of the NO ligand on the metal center by hydride migration can

and CHO*® have been extensively studied, and the reverse %'e(;d two .Srod'\lecthbll\l/l-nltrosgl hidrl'de (M-HNO) ?n(;j '\:lh
process (i.e.f-H elimination) is often found to be facile. In cgo:gixny;tgldng\lC; li ar?éj riiarce:g;ior'l gﬁagrg\ég}#ir?al:azt’eri;ed
contrast tg3-H elimination/insertion reactionse-H elimination/ 9

insertion reactions are not so common. For example, the h drideby X-ray methods? Transformation of a NO ligand to a NOH
) ) > o ) ple, 1 Y ligand has also been observed, reactidi 6.
migration to the carbonyl ligand (i.e., CO insertion) is known

only for a few cases in transition metal comple&é<ne of H—M—NO—M—HNO
the known examples is the formyl formation by carbonyl — M—NOH (4)
insertion into the RA-H bond, reaction 2.
Os(NO)CI(CO)(PP¥), + HCI — Os(HNO)CL(CO)(PPh),
Rh(OPE)(H)+ CO— Rh(OEP)(CHO) Q) (5)

— + . _
Generally the CO insertion processes have been studied by [Ruy(CO)(u-NO)” +H [Rus(CO)yolus-NOH)] (6)
theory because of experimental limitations. The hydride migra-  Hydride migration to the NO ligand for the transition metal

tion to a carbene type ligand and the revesskl elimination complexes has not been studied in the gas phase. Investigation
have also drawn the attention of many theoreticfadsegler of reaction 4 in the gas phase provides a unique opportunity
and co-workers studied the Glhsertion into a Ma-H bond, for studying boths-H ando-H eliminations within an individual

reaction 2, and found that it is much more exothermic than the organometallic system without complicating effects from other
corresponding hydride migrations to CO or @Carter and  ligands. Here, we study the [Co, H, N, Opystem by using

Goddard studied reaction 3 by theory and predicted an activationFourier transform ion cyclotron resonance (FTICR) mass
barrier of 12 kcal/mol with an exothermicity of 7 kcal/mol for ~ spectrometry. A comprehensive theoretical investigation of

the carbene insertion into the R& bondl different CoHNO" isomers [HCo(NO} (1), Co(HNO)" (2), and
Co(NOH)" (3)] was performed by using density functional
HMn(CO),(CH,) — Mn(CO),CH, (2)  theory (DFT).

H—Co"—NO Co"—HNO Co'—NOH
1 2 3

* Corresponding author. Department of Chemistry, North Dakota State

University, Fargo ND 58104. Experimental Section
T Present address: Wyeth-Ayerst Research, Lederle Laboratories, 401 . . .

N. Middletown Road, Bldg. 222/1044, Pear River, NY 10965. All experiments were performed by using a Nicolet (now
* Deceased December 31, 1997. Finnigan FT/MS, Madison, WI) FTMS-2000 Fourier transform

10.1021/jp991791y CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/30/1999



CoHNO" in the Gas Phase J. Phys. Chem. A, Vol. 103, No. 50, 19980885

ion cyclotron resonance (FT-ICR) mass spectrometer equippedresulting in a (621111133121131113) — [8s6p4d1f] contrac-

with a dual trapping cell with a 3-T superconducting magnet. tion. The cc-pVTZ basis s&twas employed for H, N, and O

A complete description of the instrument is given elsewBere. atoms. For Co, B3LYP gives the correct ordering of atomic
Chemicals were obtained commercially in high purity and states, but because of the bias toward 8der 443d"?!

were used as supplied except for multiple freegemp—thaw configuration the excitation energy to tht+ (4s3d’) state

cycles to remove noncondensable gases from liquids. Methaneis overestimated by 5.8 kcal/mol (calculated, 15.7; experimental,

was introduced into the vacuum chamber via a Varian leak valve 9.9 kcal/mol). The DFT/HF hybrid method yields molecular

at a static pressure of1.5 x 1077 Torr as the reagent gas for geometries which are qualitatively comparable with those

chemical ionization. Ar was added to the cell to a total pressure obtained at highly correlated leveé®sThe computed thermo-

of ~5.0 x 107 Torr and serves, with background methane, as chemistry is reasonable; however, the bond dissociation energies

the collision gas for collision-induced dissociation (Cl®and (BDEs) tend to be slightly overestimated. Therefore, the
sustained off-resonance irradiation (SCRID experiments. accuracy of the DFT/HF approach for transition-metal com-
Ar also facilitates ion thermalization for reaction studies. pounds is estimated to be withinl0 kcal moi! for BDEs and

The maximum translational energy acquired during CID by 45 kcal mol! for the relative energies of isomeric [Co, H, N,
the ions,Ex(max), is given in the laboratory frame and was O] species. All stationary points were characterized as minina
calculated by using the following equation applicable to a cubic or first-order transition structures by evaluating the frequencies
cell whereE is the electric field amplitude, is the duration of and normal modes by using analytical first derivatives and the

the applied electric fieldq is the ion charge, aniq, is the computed force constant matrix. Corrections for zero point
mass of the irradiated iot:1° energies are included, and different spin configurations have
220 also been considered for Co
_FEq
By (max)= 16M. Results and Discussion

on

o N . Computational. Structuresl, 2, and 3 are considered for
CID fragment Ion Intensities are pIOtted as a fraction of the total CoHNO' isomers. Density functional calculations were per-
ion intensity at each kinetic energy. The duration of the formed on each structure and all were found to be true minima
excitation pulse is 508s with the electric field amplitude varied  on the potential energy surface. Table 1 contains the relative

to control ion kinetic energy. A 50 ms delay follows ion  energies of COHN® isomers for the ground and low-lying
irradiation to allow for ion collisions and decomposition prior  excited states.

to subsequent isolation or detection.
In addition to conventional FTICRCID, CID by using TABLE 1. Relative Energies of the Ground State and
sustained “off-resonance” irradiation (SORHor ion activation ~ EXxcited States of Structures 1, 2, and 3

was also employed to determine the lowest energy fragmentation structure relative energy (kcal/mol)
pathways. For SORICID, ions are irradiated off-resonance for 1(A) 141
500 ms. Thenaximurrion kinetic energy is calculated by using 1(*A") 257
the following equation: 1(°A") 35.1

2 (A 0

E2q2 2 (°AY) 13.8
E,(max)= U 2 (*A) 36.2
2M, (0, — o)) 3(A) 15.4
3(5A") 18.2

wherew; (rad s!) is the excitation frequency and. is the 3(A) 35.0

natural cyclotron frequency of the ion. _ _ 1. HCo(NOY . Among the three reasonable isomers, we first
For kinetic studies, neutral reagents were introduced into the ., <idar the HCot—NO structure.l. The optimized geom-
vacuum chamber through Varian leak valves. Pressure of giias of1 (GA"), 1 (A", and 1 (lA’,) are shown in Figure 1.
neutrals was measured by using a Bayaktpert type ion gauge Structurel (3A')’is the g,round state, with (*A’) and 1 (5A")
that was calibrated to determine the pressure gradient between 1 g 214 21.0 kcal/mol higher, respectively. The-Gbbond
the reaction cell and ion gauge. Pressure was also corrected foTengths vary from 1.841 AL (3A,) 2.174 A'in1 (A", and
ionization sensitivities. The uncertainty in the absolute pressure g15 & in 1 (*A’). The extremely,/ long CeN distancé inl

of neutral_ reagents is less thahSO%. The uncertaint_y in (°A") suggests an iondipole complex. Unlike the CeN bond,
pressure is the largest contributor to errors in reaction rate o N—O bonds vary by no more than 0.03 A from the-®
constants. Consequently, we assign an absolute ercaBo% bond length of 1.146 A for free NO. I (3A’), the Co-H bond
for reaction rate constants, while relative reaction rate constants;g pant toward the NO ligand with an-+HCo—N bond angle of
are more reliable. 139.0. In 1 (*A"), the Co-H bond is bent further with an
H—Co—N bond angle of only 833 Strengthening of the NO
bond is observed as evidenced by the calculate®Mtretches
Calculations were performed with th@aussian 94DFT (2029 cmtin 1 (A") and 1 (°A") compared to 1977 cn
program packag® at the Purdue University Computer Center calculated for free NO). The dissociation energy to form CoH
(PUCC). Both the ground and excited states of the [Co, H, N, (*®) and NO &r) from H—Co"™—NO (PA") is computed to be
O]* system were investigated by using density functional theory. 34.6 kcal/mol and compares well wifb°(Cot—NQO) = 40.0
For the computational studies, a hybrid of DFT and Hartree  kcal/moP” calculated by Bauschlicher and co-workers.
Fock (HF) was applied in which the Becke-3-LYP (B3LYP) As typical for metat-nitrosyl complexes, both bent and linear
functionaf! was used for the exchange correlation functional. geometries of the Co-NO component are observed for the
For cobalt, the (14s9p5d) primitive set of Wachférsupple- ground and excited states of HCo(NO)Clearly, Cd binds
mented with one diffuse p-function, one diffuse d-function, and NO in a bent geometry ifh ((A’) and1 (°A"), and in an almost
one diffuse f-function according to Bauschlickeis used, linear fashion in the low-lying excited stat#,(*A’'). With a

Computational Studies
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Figure 1. Optimized geometries of the quintet, triplet, and singlet states
of HCo(NO)" (bond lengths in A and bond angles in degrees).

bent geometry irl (3A’) and1 (*A""), the N and O atoms are
sp? 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 In(*A’) suggests that
the coordination of NO to Cbinvolves a net donation of three
electrons. In this case, strengthening of the"€dl bond can
be seen in the shortened €N bond length of 1.615 A.

2. Co(HNOY. The optimized geometries for the ground and
two excited states @ are shown in Figure 2. Structuge(®A’)
is the global minimum on the potential energy surface of the
[Co, H, N, OF" system. Structur@ (3A’) hasCs symmetry with
a Co—N bond length of 1.886 A. The NO bond distance is
1.201 A and the NH bond distance is 1.044 A. The

Chen et al.

2(A,C)

Figure 2. Optimized geometries of the quintet, triplet, and singlet states
of Co(HNO)" (bond lengths in A and bond angles in degrees).

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 DewaChatt-Duncanson model. Donation
of r-electron density from NO along witl-back-donation from
the metal intar* 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(NOHY. The triplet state 3A’) is only 2.8 kcal/mol
lower in energy than the quintet stat&() of Co(NOH)". Since
they are so close together, we cannot assign which is the ground

experimental values, are, respectively, 1.212 and 1.063 A for state. Structur8 (3A") and3 (°A") both haveC,; symmetry and

the free HNO moleculé® The HNO unit of2 (3A’) has a bent
geometry with the HN—O bond angle of 112% compared
to 108.7 in free HNO by calculations. The NO bond is
probably a double bond as evidenced from the longeiON
bond versus free NO (1.156 A3J.The dissociation energy to
form Co" (°F) and singlet HNO'A") is predicted to be 45.5
kcal/mol with zero point energy corrections. As shown in Table
1,2 (BA") is 14.1 kcal/mol more stable than theH migration
product,1 (2A"). Although the transition state connectib@A")
and2 (®A’) was not located, the activation barrier for tineH
migration is believed to be less than 40 kcal/mol with respect
to 2 (A’), vide infra

The two excited stateg,(°A’) and2 (*A"), are 13.8 and 36.2
kcal/mol less stable thah (A’), respectively. They both have
Cs symmetry and exhibit similar structural features. A much
smaller Ce-N—0O bond angle (7338in 2 (°A’) and 79.8 in 2
(*A")) is observed, compared to 122f8r the ground state. The

similar structures. The GeN bond distance o8 (°A’") is 1.755

A, and the N-O distance is 1.279 A, compared to 1.810 and
1.289 A in3 (°A’"). The Co-N—0O bond angle in3 (3A") is
122.9 compared to 144%2n 3 (°A"). The singlet stateg (*A'),

is 19.6 kcal/mol less stable than the triplet state. StrucBure
(*A") has a Ce-N—O bond angle of 153%2and a much shorter
Co—N bond distance of 1.561 A. The -ND bond is also
decreased to 1.266 A.

The ground-state HNO isomer is about 24 kcal/mol more
stable than the corresponding NOH isorffeOn 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 & (3A’) to 1 (A")
involves af-H transfer from the hydroxyimido ligand to the
metal center and is essentially thermoneutral. Unfortunately, the
transition structure connecting (°A’) and 1 (°A’) was not
located. However, the CoHNOions, once generated and

Co™—0 distance for the two excited states is much smaller than thermalized in the gas phase, are most likely structire
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Figure 4. Energy-resolved CID breakdown curve of CoH(GRD*.
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Figure 3. Optimized geometries of the quintet, triplet, and singlet states
of Co(NOH)" (bond lengths in A and bond angles in degrees).
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Co(HNO)". Consequently3 (2A’) to 1 ((A’) conversion is
probably unimportant. ©  CoHICONO 4 cocoyt

Experimental. 1. Generation and Characterization of .8 comvot v ocopt O o
CoHNO'. In light of the high volatility of Co(CO}NO) at room 0 10 20 30 40
temperature, the synthesis of CoHNGs relatively simple.
CoHNO' can be generated from CID or sequential SORID 1.000
of protonated cobalt tricarbonyl nitrosyl [HCo(CDO™],
reaction 7 or 8. HCo(CQNO™ was generated by chemical
ionization of Co(COJNO with CHs™.

—_
=3
=

T T U

CID 0.100

HCo(CO}NO" —— CoHNO" + 3CO (7

SORI SORI SORI

HCo(COYNO" =~~~ —c5 CoHNO" (8)

Relative Intensity

0.010 ot
+
CoH
Co(CO)
CoHNO

CoH(CONO"

Several precursor ions, CoH(CENO)*™ (X = 1-3), were
probed by CID and SORICID. For example, the energy-
resolved CID plot of CoH(CQJNO)* is shown in Figure 4. In
the low energy range, CID results in sequential elimination of 0.001
the carbonyls. At high collision energy, formation of CoHNO 0.0 1.0 2.0 3.0 4.0 5.0
(three CO losses) dominates over Co(C@wo CO and one Ejp (V)
HNO losses). Previous studies on some m'xed qarbﬂmylosyl Figure 5. Energy-resolved CID (a) and SORCID (b) breakdown
complexes have shown that the NO ligand is bonded more ¢yryes of CoH(CO)NO.
strongly to the metal center than the CO ligand. UV photolysis
of Co(CO}(NO) yields CO loss to generate the primary Competition between CO and HNO losses is observed during
photoproduct, Co(CQJNO), which subsequently undergoes CID of CoH(CO)(NOY. The energy-resolved CID and SCRI
another CO loss to yield Co(CO)(N®).These results are  CID plots of CoH(CO)(NOJ are shown in Figure 5. SORI
consistent with the observed CID fragmentation patterns. CID CID results clearly indicate that loss of CO to yield CoHNO
of CoH(CO}(NO)* is qualitatively similar to that for CoH- is the lowest energy decomposition channel, again, consistent
(COR(NO)*. with the weaker Co—CO bond. The complete absence of NO
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Figure 7. Potential energy surface diagram for the decomposition of
Co(HNOJ)'.

TABLE 2: Percentage Abundance of Primary Products,
Rate Constants (cmd molecule™® s71), and Calculated
Reaction Efficiencies for the Reactions of Co(HNO) and
Co(DNO)* with Selected Neutrals

Relative Intensity

0.010 |

CoHNO" -
coNO™ ]

Cot @

cont ©
Il

o > 4

0.001 L . !
0

Ejap (V)
Figure 6. Energy-resolved CID (a) and SORCID (b) breakdown
curves of CoHNO.

loss, combined with formation of Co(CO)via HNO loss
suggests that HNO is an intact ligand rather than separate H

displace- efficiency
ion neutral ment % Kobs Keoll %
CoHNO' CH, NO 100 4.5x 10710 9.5x 10710 47
C:D; NO 100 4.3x 10710 9.2x 10710 47
H>0 NO 100 5.8x 10710 1.9x 107° 31
CsHs NO 100 4.9x 10710 1.3x 10°° 38
NH3 NO 70 6.8x 10710 1.8x 10° 38
HNO 30
NO HNO 100 4.4x 10710 8.8x 10710 50
CcO HNO 100 8.2x 10718 7.3x 10710 0.11
CH:CN NO 80 19x 10° 2.7x10° 70
HNO 20
CeHs HNO 100 1.6x 10° 1.2x 10° 130
CoDNO' CzH, NO 100 4.1x 1071 9.5x 10710 43
C.D; NO 100 4.2x 10710 9.2x 10710 46

and NO bound to the metal; consequently, the structure is Co- TABLE 3: Percentage Abundance of Primary Products,
(CO)(HNO)". Competitive CO/HNO losses in SORCID Rate Constants (cmd molecule® s71), and Calculated

suggest thaD°(Cot—HNO) is ca. 1-2 kcal/mol greater than gg?ga%ﬁw%eréc;‘efggatg%4React|ons of Co(HNO) and
D°(Cot—CO) = 41.5+ 1.6 kcal/molf?

The structure of CoHN®was further investigated by CID lon  nmeutral product %  kons Keon _efficiency
and SOR+CID, with reactions 9-11 observed. CoHNO* CH; CoCHNO* 100 7.5x 10°*2 1.0x 10°° 0.75%
CD;, CoDNO* 82 15x 107 1.0x 1079 1.5%
4+ CID + CoCD:NO' 18
CoHNO ﬁCo + HNO (9) CoDNO'* CH; CoHNO" 83 2.9x 10711 1.0x 10° 2.9%
CoCHNO* 17
. CD; CoCD;NO* 100 - 1.0x 109 -
— CoNO' + H (10) ¢ Coths *
— CoH" + NO (11) 2. Reactiity 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

CID of CoHNO" (Figure 6) yields predominant C§HNO loss)
for reaction with small molecules such as ethyne, benzene,

over the entire kinetic energy range studied-8% eV).
Formation of CoH and CoNG' are competitive fragmentation =~ methane, etc. are summarized in Tables 2 and 3.

channels. In contrast to CID, SORCID (Figure 6) yields CoH Nitric Oxide and Carbon Monoxide. Nitric oxide (NO)

(NO loss) in significant amount suggesting that NO loss is the reacts efficiently (50% of the collision rate) with CoOHN®y
lowest energy-demanding fragmentation channel. Competitive HNO displacement. Isotopically labeled NENO) reacts with

H and HNO losses are also observed at low energy. CoHNO" in a similar fashion to yle'd CBNO™* eXClUSiVGly,

A potentia| energy surface diagram for the decomposition of reaction 12. No Simple nitric oxide displacement (i.e., eXChange)

COoHNO" is shown in Figure 7. DFT calculations predict that is observed, reaction 13. These results strongly support structure
Co(HNOY" (2) is the most stable species on the triplet surface, 2 or 3 for COHNO*, with 2, Co(HNO)", most likely due to

with HCo(NO)" (1) 14 kcal/mol higher. Upon collisional
activation, 2 could rearrange td where competitive ligand
losses yield CoH and CoNO, respectively. Alternatively2
could decompose to yield Gand HNO, which requires about
45 kcal/mol. Under SORtCID conditions, competitive forma-
tion of Co", CoH", and CoNO suggests an activation barrier
of about 40 kcal/mol foR — 1 conversion smaller than or very
close to the 45 kcal/mol energy asymptote for HNO loss. As a
result, rearrangement @fcould be kinetically constrained under
CID conditions and CID o2 would then give predominant Co

energetics. If COHNO consists of structuré, then we would
expect to observe significant NO displacement, reaction 13,
which is not observed.

CoHNO' + ®™NO — Ca"®NO™ + HNO
# CoHNO™ + NO

12)

(13)

The potential energy surface diagram for reactions 12 and
13 is shown in Figure 8. WhildD°(CoHNO"™—NO) is not
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'NO + Co*-HNO (40)
Co™-H*'NO + NO (40)
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Figure 8. Potential energy surface diagram for the reaction of Co-
(HNO)* with **NO.

CoC,H," + HNO (45)
HCo(C,H,)* + NO (44)

40 - Co™-HNO + CoH, (37)

CoCyHz" + NO (27)
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Figure 9. Potential energy surface diagram for the reaction of Co-
(HNO)Jr with Csz

known,D°(Co"—NO) = 40.0 kcal/mot’ provides a reasonable
estimation.’>NO coordination results in formation @f with
roughly 40 kcal/mol excess energy. HNO elimination frdm
yields Co{®NO)™, reaction 12. Reaction 13 involveshydride
migration in structure2 to Co" to yield 5 with ~26 kcal/mol
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SCHEME 1

H
Febo —— oo
8 9

SCHEME 2

SCHEME 3
H_H

H
N | NP
| —Cot—NO —— L_/ Co—NO
F

50 —

Co*-HNO + H,0 (40) Co(H0)" + HNO (45)

40 —

HCo(H,0)* + NO (35)
30 -

20 —

E j(kcal/mol)

10 —

0

(0)
-10 | H0—Co™—HNO
10

excess energy. The reverse process involving hydride migrationFigure 10. Potential energy surface diagram for the reaction of Co-

to 1°NO leads to the formation d at the same energy level as
4. NO elimination from6 would yield Co(H®NO)". Since

(HNO)* with H.0.

reaction 13 is thermoneutral, then there must be a prohibitive CO(CHCH,)* is ~17 kcal/mol more stable than HCo(CHCH)

barrier 40 kcal/mol) foro-hydride migration to convert to
5.

Carbon monoxide reacts slowly (efficieney 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 SGfIID 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 Benzen&eactions with ethyne,

The activation barrier for HCo(CHCH) — Co(CHCH)™*
conversion, although not obtained, is estimated to be less than
20 kcal/mol (ca. 16 kcal/moft Hence 9 has 40 kcal/mol excess
internal energy and can eliminate NO to yield Co(CH{H

The energy for NO elimination fror@ must be less than the
barrier for hydrogen migrations7/ (— 8 — 9) since no H/D
exchange was observed. This requires DHCoCGH3z"—NO)

be <30 kcal/mol.

The process analogous&do 9 conversion (Scheme 1) could
also occur for 1,3-butadiene (Scheme 2) and benzene (Scheme
3). The potential energy surface diagram for Co(HN@jith
1,3-butadiene should be qualitatively similar to that for Co-

1,3-butadiene, and benzene are discussed together even thougfiiNO)™ with ethyne where only NO displacement is observed.
there is no fixed reaction pattern among them. Ethyne and 1,3-In the case of benzene, HNO and NO displacements are both
butadiene yield NO displacement exclusively, while benzene exothermic because°(Co"—CgHe) = 61.1+ 2.5 kcal/mol3®

yields HNO displacement exclusively, Table 2.
A potential energy surface diagram for (CoHNOith

ethyne is presented in Figure 9. Coordination of ethyne to Co-

(HNO)* forms the collision complex7, which has roughly 37
kcal/mol excess internal energy usinf§(Co"™—C;H,) = 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 for& a nitrosyl
complex ~14 kcal/mol higher in energy thad. Direct NO
elimination from8 to yield HCo(CHCHY is unlikely since it
should be~7 kcal/mol endothermic. Howeves,can rearrange
to 9, a vinyl—nitrosyl complex. DFT calculations predict that

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 H,O is presented in Figure 10. Coordination of
water to Co(HNOJ forms the collision complex10, with 40
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X 0.00 @ T
60— Co -HNO + NHj3 (59) P
50 -0.05 - b
J CoNHg* + HNO (45) L
40 HCo(NHs)* + NO (39) L
B J (NH3)" +NO ( -0.10 F CoHNO™ + CH,
T 0 i y = -0.0481x - 0.0023
E 20 - §-0.15 - R2 = 0.999 ]
= (14) = " 1
10 b < -0.20 [ ]
0 J NHz~Co*—NO i 1
© 13 025 L 1
-10 NH;—Co™—HNO r ]
12 i 1
. . : . -0.30 - 7
Figure 11. Potential energy surface diagram for the reaction of Co- [ ]
(HNO)™ with NHs. r &
035 L Lo v b v e by v T b v b
kcal/mol excess internal energy usiB§(Co*—H,0) = 40.1 0 1 2 3 4 5 6 7
kcal/mol3® HNO displacement is simply endothermic by Reaction Time (s)
kcal/mol. However,10 to 11 conversion involvesx-hydride Figure 12. Pseudo-first-order plot of the reaction of Co(HNGyith

migration from the HNO ligand to the metal center with a low methane at 2.6« 10~7 Torr.
activation barrier. NO elimination frorh1 yields HCo(HO)"™
and is estimated to be exothermic % kcal/mol. 1
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"—NHj3) = 58.8 kcal/moE® Direct HNO elimina-
tion (30%) from12 is exothermic by~14 kcal/mol. Structure
12 could rearrange td3 with 45 kcal/mol excess internal
energy. NO elimination (70%) frorhi3 to yield HCo(NH)* is
estimated to be exothermic by 20 kcal/mol, 6 kcal/mol more
exothermic than the HNO displacement channel. I
Reaction yvith acetonitrile yields 80_% NO displacement anq I ® CH3C0NO+ ~ COCH3+_
20% HNO displacement. The potential energy surface for this v i o ¥
reaction should be qualitatively similar to that for ammonia. P [ A Co .. oNo
Methane. Co(HNO)' reacts with methane to form CoGH 0 5 10 15 20 25
NO* (H; loss), reaction 14.

T

Ll

01

Relative Intensity

Ll

COHNO" 4+ CH, — CoCH,NO" + H, (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 Tand RhCHT, react with methane

by dehydrogenatiof’. Many cobalt ion complexes, for example,
CoCH,", CoCH;*, CoCR™ etc., are inert toward methafe.
Therefore, activation of methane by Co(HNG$ surprising.
Pseudo-first-order kinetics is observed for reaction 14, and a

Relative Intensity

Lt

kinetic plot for the reaction of Co(HNQ)with CH, is shown | e CH3C0NO+

in Figure 12. The primary product distributions and kinetic = CH3C0+
information for the reactions of Co(HN®)Co(DNO)" with 001 b o o
CH4/CD,4 are summarized in Table 3. In addition to dehydro- 1 2 3 4 5
genation, H/D exchange was also observed. For example, Ejyp (6V)

CoHNO' reacts with CIQ to yield CoDNO" predominantly

along with some CoCENO*, reactions 15 and 16. Figure 13. Energy-resolved CID (a) and SORCID (b) breakdown

curves of CHCoNO".
vt +

CoHNO" + CD,— CoDNO" + CD;H (15) 53.3=+ 2 kcal/mof® > D°(Co™—NO) = 40.0 kcal/moB’ These

results suggest that CoGNO™ has the structure GJCoNO',

(16) containing two intact ligands, GHand NO. Although Co-
(HNO)*, 2, is predicted to be 14 kcal/mol more stable than HCo-

CoCHNO™, generated in reaction 14, was subjected to CID (NO)™, 1, CH;CoNO" apparently is thermodynamically more

and SORF-CID for structural investigation. CID of CoGH stable than the corresponding Co(§D¥D)" structure. A com-

NO* (Figure 13) yields CoCkt (NO loss), CoNO (CHjs loss), parison of relevant fundamental bond dissociation energies

and Cd (CH3NO loss). SOR-CID of CoOCH;NO™ (Figure 13) supports this ideé In any case, the ion formed in reaction 14

yields CoCH™ exclusively, consistent witl°(Co"—CHz) = has the structure, GJ&oNO".

— CoCD,NO" + HD
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SCHEME 4 Summary
o i A\ s () CoHNO" is generated in the gas phase by CID or SORI
‘o °°_N\O (CHJCO™=N_ |~ Hc/°°_N\O CID of CoH(CO}NO™, formed from chemical ionization of Co-
1w © ¢ 15 (CO%NO with CHs™. Among the three isomeric structures,
. HCo(NO)" (1), Co(HNO)* (2), and Co(NOHJ (3), density
aHg__,le -H, \ functional calculations found tha&tis the global minimum on
T g MO —He the potential energy surface withand3 14.1 and 15.4 kcal/
(CHCO™—NO v T . mol higher in energy. Reaction of CoHNGQwith isotopically
16 CHz—Co™—NO h . . .
x N labeled NO ¥NO) yields HNO displacement exclusively, which
S0l -He strongly supports a structure with an intact HNO ligand, either
aHC s NO 2 or 3. Owing to energetics, the structure is most likelyCID
of Co(HNO)' yields Co™ predominantly along with CoNO
SCHEME 5 and CoH. In contrast, SORICID of Co(HNO)" yields
H Hov- significant CoH . Although the transition state for tiz— 1
cD, 4+ Co+_N/ - . <(CD4)COLN/ > conversion is not located, CID and SORTID of CoHNO"
o o suggest that the activation barrier r— 1 conversion is less
1 than 45.5 kcal/mol.
H / D--H The reactivity of Co(HNO} was explored by observing its
(CDA)CL‘—NO —_— aoc‘:---éw ™, cp—cot—no reactions with simple molecules. These reactions are dominated
20 ’ “No by NO and HNO displacements. For example, Co(HN@gcts
with ethyne, water, and 1,3-butadiene to yield NO displacement
j exclusively. Reaction with nitric oxide, carbon monoxide, and
Do o CogH P benzene yields HNO displacement exclusively. Reaction with
aDC---Col T~ oBO—Cel  ——— CoN ammonia and acetonitrile yields both HNO and NO displace-
2 H 23 " ° ments with NO displacement dominating. Potential energy

surface diagrams for these NO and HNO displacement reactions

We now consider the mechanism for reaction 14, as well as are presented which consistently involeeH migration from
that for reactions 15 and 16. A proposed mechanism for reactionthe HNO ligand to the metal center. Co(HNOjeacts with
14 is shown in Scheme 4. Several routes can lead to themethane by dehydrogenation to yield CofSlD*. While CID
formation of CHCoNO". In route A, the collision complex, of CoCHNO™ yields competitive formation of CoCH and
14, may undergo dehydrogenation through the four-centered CoONO*, SORFCID of CoOCHNO* yields CoCH" exclusively.
transition statel5, to yield CHCoNO*. Routes B and C share ~ These results suggest CogMO* has structure CHCoNO*
the same intermediatel6, formed by an initial a-hydride rather than Co(CENO)*. A mechanism is proposed for the
migration from the HNO ligand to the metal center. In route B, reaction with methane where a four-centered transition state is
dehydrogenation proceeds through the four-centered transitioninvolved for C-H bond activation as opposed to direct-8
state 17, to yield CHsCoNO*. Route C, however, involves direct ~ insertion.

C—H insertion yieldingl8 followed by dehydrogenation to yield . ] ]
CHsCoNO". Acknowledgment. This paper is dedicated to the memory
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complex,14, is formed with roughly 20 kcal/mol excess internal
energy. Both Cb and CoH  are inert with methane even though
reaction 17 is exothermic by 12 + 4 kcal/mol4°
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