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Abstract

The detailed mechanism of the gas-phase carbonylation gf 3yH=CO" with formation of H,NCO* and HF has been
theoretically investigated b2 and Rice-Ramsperger-Kassel-Marcus (RRKM) calculations. The results provide a coherent
description of the experimental evidence, so far obtained by Fourier transform ion cyclotron resonance spectrometry. Th

detailedG2 potential energy surface of the reaction has been used to outline the corresponding kinetic scheme, whose rigorot

formulation has been simplified by making assumptions based on the explicit evaluation of all the involved kinetic constants
calculated according to the RRKM theory. It was possible to estimate the efficiency of the reaction for different alternative

mechanisms and to compare the obtained values with the experimentally measured efficiency, used as a probing referer
value. The obtained results indicate that the reaction occurs by a “composite” mechanism, which involves the initial formatior

of an adduct between FCOand NH, and the subsequent loss of HF by two distinct paths. In addition, it was possible to
conclude that the only ionic product expected from the reaction is tN-BO" isomer. (Int J Mass Spectrom 184 (1999)
89-101) © 1999 Elsevier Science B.V.
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1. Introduction observation by Olah, Prakash, and co-workers of
FCO" under superacid stable ion conditions [11] has
The fluorocarbonyl cation FCOis a prototype been emphasized [1] as a new development in su-
species of considerable interest [1]. The theoretical peracid chemistry. In the gaseous phase, FA®
studies reported to date [2-9] invariably predict that instead quite stable and easily produced from the
this ion resides in a deep potential well. However, its electron-impact ionization of several neutrals, e.g.
successful observation strongly depends on the choiceHFCO [12a], ECO [12b,13], CIFCO [12b], and
of the experimental conditions. In the condensed CH5;COF. Therefore, if one works under the isolated
phase, the preparation of FCQs challenging [10], conditions typical of the mass spectrometric experi-
and it is therefore not surprising that the recent ments, itis possible to investigate the intrinsic aspects
of the chemistry of FCO. In particular, Grandinetti et
al. have recently reported an extensive study [14] on
* Corresponding author. the formation of gaseous FCOby chemical routes
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and its reactivity toward exemplary inorganic and basis set includes sid-type functions, all the other
organic neutrals. The observation of the following basis sets employ fiva-type and, if included, seven
efficient reactions f-type functions. In addition, all the single-point
calculations treat electron correlation only for the

-+ +
FCO™ + NH; = H,NCO™ + HF (1) valence electrons (the frozen-core approximation).
FCO" + CgHs—X — X—CgH,~CO"* Within the G2 theory, E(ZPE) is derived from the

HF/6-31G(d) frequencies scaled by 0.8929, and the
+ HF (X = H, CH,, F, CI) (2)  obtained total energy refers to 0 K. TH&2(0 K) has

was of particular interest as they are novel examples Peéen corrected to 298.15 K32(298.15 K), by
of gas-phase electrophilic carbonylations and simple adding the translational (3/2 RT), rotational (RT or
models for the coupled activation of CO and inert 3/2 RT for linear and nonlinear species, respectively),
N-H and C-H bonds. With the aim of learning more and vibrational contributions at this temperature. The
on the practically unexplored mechanistic aspects of last term has been calculated by standard statistical
the chemistry of FCO and attracted by the small size  mechanics formulas [20] using the scaled HF/6-
of the ions and neutrals involved in reaction (1), we 31G(d) vibrational frequencies.
decided to undertake a detailed computational study  The kinetic constantk; of the single unimolecular
of this process. The results of the joint application of elementary steps involved in the overall reaction (1)
the G2 [15] and Rice-Ramsperger-Kassel-Marcus have been evaluated using the RRKM theory [16]. In
(RRKM) [16] theories provide a description of the the employed formula
elementary steps conceivably involved in this for-
mally simple addition-elimination reaction which is ki(E) = N*(E — Eo)/[hp(E)]
fully coherent with the available experimental data. E js the total energy of the reactant iof, is the
activation energy, i.e. the minimum energy value for
which the rate constant has its minimum nonzero
value,N*(E — E,) is the sum of the rotovibrational
states of the transition structure at energy- E,),
d andp(E) is the density of the states of the reactant ion
using thecaussian 94 [17] andcavess [18] sets of at energyk, i.e. the number of quantum states per unit
programs. The geometries of the investigated species®Nergy- The values gi(E) andN*(E — E,) for the
were optimized, within the specified symmetry con- calculation of the kinetic constants of the unimolecu-
straints, at the H-31G(d) and MP2/6-3G(d) lar reactions involving a “tight” transition structure
level of theory [the latter was used with no frozen core have been calculated by the Beyer and Swinehart
orbitals and will be denoted as MP2(FULL)/6- @lgorithm [21] using the MP2(FULLE-31G(d) har-
31G(d)] and their harmonic vibrational frequencies Monic frequencies and moments of inertia of the
were computed at both computational levels. Approx- involved minimum and transition structure, respec-
imate QCISD(T)6-311+G(3df,2p) total energies tively. The values oN*(E — E,) for the calculation
were calculated at the MP2(FULI§-31G(d) opti- of the kinetic constants of the unimolecular dissocia-
mized geometries using th®2 procedure [15]. This  tion reactions which occur with no energy barrier
computational method is amply recognized [19] as have been obtained using the variational transition
able to reproduce or predict unknown thermochemical state theory [22]. Accordingly, the “loose” transition
data (atomization energies, ionization potentials, elec- structure,R*, lies in the region of the Born-Oppen-
tron affinities, and proton affinities) of compounds heimer surface in correspondence of which the sum of
containing first- and second-row atoms with a target the rotovibrational states is minimum, i.edN*/
accuracy of+ 2 kcal mol't. Whereas th&-31G(d) dR)g- = 0. To find this condition, we have located,

2. Computational details

The ab initio calculations have been performe
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along the reaction coordinate of the dissociation
reaction, 10 different points by fixing the bond dis-

91

the collision rate constant, evaluated as 1690 °
cm® mol~ s from the average dipole orientation

tance between the two dissociating moieties and (ADO) theory [25].

optimizing all the remaining internal coordinates (the
MP2(FULL)/6-31G(d) level of theory appears not

3.2. The reaction of FCO with NHg: outline of the

inadequate because the presently investigated com-G2 potential energy surface

plexes heterolytically dissociate into an ion and a

neutral whose recombination energy and ionization

potential, respectively, differ by at least 1 eV). The
hessian matriceBl calculated at these nonstationary

The potential energy surface conceivably involved
in reaction (1) has been outlined by locating the
various minima and transition structures at the

points do not have any physical meaning and have MP2(FULL)/6-31G(d) level of theory and refining

been converted tbl’ according to the expression [23]
H =1-PH@A-P)

The matrix P is chosen so to project out ¢i the

mode corresponding to the reaction coordinate as well
as the infinitesimal rotational and translational modes.

their total energies up to th@2 level of theory. The
geometries of all the obtained species are shown in
Figs. 1 and 2, respectively, and their total and relative
energies are collected in Table 1.

Our observed reaction (1) conceivably commences
by formation of a complex between FCGnd NH;.

For each of the 10 included points, the diagonalization Consistent with the theoretical description of FCO

of H' provides the Bl — 7 eigenvalues and the
vibrational frequencies used, together with the mo-
ments of inertia, to calculate the sum of the states.

3. Results and discussion

3.1. The reaction of FCO with NH,: previous
experimental findings

as a C electrophile [10], we have located the tightly
bound adducts of Csymmetryla and1b. However,
only larevealed to be a true minimum on the surface,
whereaslb was characterized as a first order saddle
point, unstable with respect to the rotation of the
hydrogen atoms around the C—N bond. This motion is
predicted as practically barrier free from the vanish-
ingly small energy difference of the two ions. The
relatively short C—N distance dfa, 1.520 A, and the
significant deformation of the F—C—-O moiety with

The occurrence of reaction (1) has been so far respect to the linearity of the FCOion suggest an

ascertained [14] using Fourier transform ion cyclotron
resonance (FTICR) spectrometry [24]. The FCO

appreciable interaction between FC@nd NH,. In
fact, from Table 1, the association energy of these two

ions prepared in the external source of the instrument fragments with formation afaresults as large as 70.9

by electron impact ionization of C}€OF or N&/CO

mixtures were transferred into the resonance cell,

isolated, thermalized by unreactive collisions with
pulsed-in argon, and allowed to react with NAheir

kcal mol™*.

If one assumes the initial formation dfa, the
simplest reaction path to the experimentally observed
products of reaction (1) is the “direct” HF elimination,

intensity was found to decrease exponentially over the with formation of ions of HN-CO" connectivity. We

entire time interval and the elemental composition of
the only observed primary ionic product was unam-
biguously assigned as,NCO" by exact mass mea-

have ascertained that this process involves the isomer-
ization of 1a into isomer3, a loosely bound adduct
between HN-CO" and HF whose dissociation into

surements. The rate constant of reaction (1) was these two fragments requires only 11.4 kcal ol

measured as 1.8 10°° cm® mol™* s7%, with an

estimated error of~* 30%. Therefore, the overall
efficiency of the process is obtained as 0:6(.20

The isomerization ofla into 3 passes through the
transition structure of Csymmetry TSNF, and re-
quires to overcome an activation barrier of 47.9 kcal

from the ratio of the experimental rate constant and mol ™.
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3 (Cy)

Fig. 1. MP2(FULL)6-31G(d) optimized parameters of the (FCONH isomersl—4 Bond lengths are in Angstroms, bond angles in degrees,
and the unlabelled circles are hydrogen atoms.

An alternative mechanistic path to the products ions of connectivities2a and 2b. Both of these
observed from reaction (1) involves the isomerization structures have been located as true minima of C
of the initially formed isomerla to the carbonium symmetry, and2a was found to be more stable than
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TSOF2 (Cy) TSOF3 (Cy)

Fig. 2. MP2(FULL)6-31G(d) optimized parameters of the (FCONH transitions structures. Bond lengths are in Angstroms, bond angles
in degrees, and the unlabelled circles are hydrogen atoms.

2b by 4 kcal mol . From Fig. 1, this order of stability =~ 121.5°, with respect t@b, 128.6°. Isome®b can be
is likely because of the unfavourable eclipsing of two formed directly fromla passing through the transition
hydrogen atoms in io2b, which reflects, for exam-  structure of G symmetryTSNO, which requires an
ple, in the difference between the N-C-0O angl@af energy barrier of 41.9 kcal mot. The formation of
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Table 1
Zero-point energies and total energies (atomic units) and relative energies (kca) miothe (FCONH) ™ ions and their fragments
Species
(NIMAG?) ZPP° G2 (0 K) G2 (298.15 K) AE (298.15 K)
la (0) 0.050 78 —269.093 49 —269.089 17 0.0
1b (1) 0.050 53 —269.092 72 —269.089 11 +0.04
2a (0) 0.049 99 —269.114 98 —269.111 00 —13.7
2b (0) 0.049 93 —269.108 64 —269.104 65 -9.7
3(0) 0.043 43 —269.098 90 —269.092 39 -2.0
4(0) 0.042 44 —269.077 41 —269.071 25 +11.2
TSNF (1) 0.043 69 —269.017 03 —269.012 85 +47.9
TSO (1) 0.048 60 —269.099 72 —269.096 01 -43
TSNO (1) 0.045 07 —269.026 30 —269.022 44 +41.9
TSOF1 (1) 0.043 48 —269.022 70 —269.018 72 +44.2
TSOF2 (1) 0.042 16 —268.996 58 —268.992 29 +60.8
TSOF3 (1) 0.042 90 —268.995 43 —268.991 42 +61.3
FCO™ (0) 0.010 93 —212.52311 —212.520 38

+70.9
NH; (0) 0.033 04 —56.458 65 —56.45578
H,N-CO* (0) 0.032 67 —168.730 08 —168.726 55

+9.4
HF (0) 0.008 86 —100.350 01 —100.347 65
HN-C-OH™ (0) 0.031 37 —168.703 86 —168.700 18

2Number of imaginary frequencies.
b Scaled HF/6-3G(d).

2afrom 2b occurs through the transition structure of dicting the relative stability of the presently investi-
C, symmetryTSO and requires 5.4 kcal mot. As gated (FCONH) ™ ions. The experimental enthalpy of
expected, it occurs by the out-of-plane rotation of the formation of the HN—C—OH isomer is not available.
OH moiety. Therefore, the evaluation of the enthalpy change of
The elimination of HF from isomefRa can in reaction (1) assuming the formation of this ion can
principle occur by two distinct paths, with formation only rest on theoretical estimates. From Table 1, we
of two distinct isomeric BNCO™ ions. Thus, from obtain aG2(298.15 K)value of —45.0 kcal mol ™.
Fig. 1, whereas the HF elimination, which involves Thus, irrespective of the assumed,N+CO" and
the OH moiety, leads to the formation of ions of HN-C—OH" ionic product, reaction (1) is predicted to
H,N-CO" connectivity, the HF elimination, which  be largely exothermic, which is consistent with its
involves the NH moiety, leads to the formation of the actual observation as an efficient process under
alternative HN—C-OH isomer. Thermochemical FTICR conditions. We note that our computed
considerations [26] suggest that the latter process is asG2(298.15 K)energy difference of 16.5 kcal mot
well conceivable. In fact, assuming the formation of between the EN-CO" and HN-C-OH isomers is
the H,N-CO" isomer and using the enthalpy of in line with previous theoretical estimates of the
formation of the FCO ion of 178.1* 2.3 kcal relative stability of the isomeric ions from the gas-
mol~* recently determined by photoionization mass phase protonation of HN—CO [28].
spectrometry [27], reaction (1) results exothermic by The HF elimination from isome2awith formation
65.2 kcal mol't. From Table 1, within the combined  of ions of H,N-CO" connectivity occurs by isomer-
uncertainties of the experimental and theoretical val- ization into isomer3 and subsequent dissociation of
ues, this is consistent with tl&2(298.15 K)estimate this adduct. This process passes through the transition
of 61.5 kcal mol'* and provides reassuring evidence structure of G symmetryTSOF1 and requires 57.9
on the adequacy of th€2 theory in correctly pre-  kcal mol . The HF elimination fronRa with forma-
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FCO+ + NH3

+70.9 ‘

Relative energy (kcal/mol)

95

TSOF2

TSOF3

HN-C-OH* + HF
+25.9
H2N-CO+ + HF

-13.7

Reaction coordinate

Fig. 3.G2(298.15 K)relative energies of the (FCONM ions and their fragments.

tion of the HN—C—OH isomer involves the isomer-
ization into the G-symmetry isomer4, a loosely
bound adduct between HN-C—OHand HF whose

dissociation into these two fragments requires 14.7

kcal mol 1. The isomerization oRa into 4 passes
through the transition structure of ;Csymmetry
TSOF2and requires to overcome an energy barrier of
74.5 kcal mol't. Finally, we have investigated the
conceivable occurrence of the formation of the HN—
C-OH" isomer by HF elimination from isomezb.
This process involves the isomerization 2if into 4
and occurs through the transition struct@i®OF3. It
demands an activation energy of 71.0 kcal nol
From Fig. 2,TSOF2 andTSOF3 are indeed structur-
ally similar and it is therefore not surprising that, at
theG2(298.15 K)level of theory, they are practically
degenerate.

The G2 relative energies at 298.15 K of all the

3.3. The reaction of FCO with NHg: outline of the
kinetic scheme

Following the characterization of the potential
energy surface conceivably involved in reaction (1),
we have focused attention on its kinetic aspects. The
full sequence of the isomerization and dissociation
reactions schematized in Fig. 3 is shown in Chart 1.
This rigorous formulation of the kinetic scheme of
reaction (1) does not make easily treatable the deri-
vation of steady-state equations which relate the
overall efficiency of reaction (1) with the kinetic
constants of its single elementary steps (vide infra). It
is however possible to make simplifying assumptions
which are based on the explicit evaluation of the
kinetic constantk;s which appear in Chart 1. Apart
from k,;, assumed to be equal to the ADO value, all
the otherk;s have been calculated using the microca-

above minima and transition structures are diagra- nonical transition state theory in the RRKM formula-

matically shown in Fig. 3.

tion [16]. This approach, usually employed to de-
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6
FCO+ +NH; 4 > 3 4_k_= H;N-CO+* + HF
-6

» HN-C-OHt + HF

k.s

Chart 1.

scribe reactions that occur under the isolated and stants of all the unimolecular reactions reported in
nonthermal conditions of the FTICR experiment, Chart 1 critically depend on the internal energy
appears in particular adequate for the presently inves- content of the reacting ion. From Fig. 3, the latter
tigated reaction (1). In fact, if the basic ergodic value is determined from the internal enelgyf the
assumption [22] would not be actually verified along encounter complexta and the energy difference
the overall reaction path, owing to the appreciable betweenla and the reacting ion. Assumirig as the
height of all the calculate@2 energy barriers, a slow  energy content of 73.6 kcal miot of 1a with respect
randomisation of the internal energy starting from the to the FCO and NH, reagents at 298.15 K appears
initially populated mode corresponding to the path quite plausible. In fact, our observed reaction (1)
leading to the formation ofa could hardly result in involves FCO' ions that are thermalized by unreac-
an overall efficiency experimentally measured as high tive collisions with argon and react at room temper-
as 0.6+ 0.2. We feel it is also appropriate to com- ature with NH, at a stationary pressure at 298.15 K.
ment here on the fact that the values of the imaginary Still, we have calculated the kinetic constakis for
frequencies of the transition structures involved in the different values ofE ranging from 70.1-85.0 kcal
various hydrogen migrations, computed in the range mol~* and assuming the rotational momentum distri-
of ~150G-1800 cm %, could suggest an apprecia- bution as that of a microcanonical ensemble. The
ble influence of tunneling [29] on the kinetic con- lower limit corresponds to the energy difference at 0
stants. However, we decided not to include this effect K between the reagents and the encounter complex
in our calculations by noting that, based on our 1a, whereas the upper limit is the energy at which the
computed G2 potential energy profile, under the calculated efficiency of reaction (1) becomes negligi-
isolated conditions of the FTICR experiments, the ble irrespective of the assumed reaction mechanism
energies of all the intermediates involved in the (vide infra). The kinetic constantgs calculated for
various elementary steps of reaction (1) could hardly different values oE using the vibrational frequencies
result lower than the corresponding transition struc- and moments of inertia reported in Tables 2 and 3 are
tures. collected in Table 4.

The details of the procedure employed to calculate ~ We note here that we refrained from the consider-
k;s have been given earlier and we present here only ably time-consuming procedure required to calculate
the relevant results. the kinetic constankg of the dissociation o# into

According to the RRKM theory, the kinetic con- HN-C-OH" and HF according to the “loose” transi-



M. Aschi, F. Grandinetti/International Journal of Mass Spectrometry 184 (1999) 89-101 97

Table 2
MP2(FULL)/6-31G(d) vibrational frequencies (cit) and moments of inertia (atomic units) of the (FCONHisomers1l-4

la 1b 2a 2b 3 4

Vibrational frequencies

137.9 109.4 484.4 464.1 46.6 89.8
426.8 433.3 495.4 510.4 84.1 115.8
577.0 576.5 551.0 584.1 262.7 304.4
596.9 604.0 680.0 651.3 300.5 305.5
814.0 809.4 699.7 674.4 388.7 4475
1050.7 1029.0 745.9 752.0 515.4 509.1
1102.5 1103.1 1029.0 1048.0 564.0 544.3
1247.5 1250.4 1111.1 1097.5 741.8 611.8
1548.9 1547.4 1210.8 1170.1 1185.9 698.9
1681.8 1682.0 1606.8 1629.7 1233.2 1243.6
1684.0 1683.4 1644.6 1677.3 1636.3 1343.0
2018.1 2018.4 1860.2 1811.1 2390.9 2481.7
3359.6 3365.0 3546.2 3546.9 3157.0 2784.0
3461.2 3465.1 3637.3 3663.2 3562.5 3763.1
3479.8 3484.6 3666.8 3673.2 3917.7 3864.6
Moments of inertia

170.3 170.4 164.3 162.3 90.9 65.6
185.3 186.4 169.5 171.1 649.9 638.3
345.6 346.8 333.8 333.4 740.1 703.9

tion state theory. We assumed it to be of the same irrespective of the assumed value Bf the kinetic
order of magnitude as the kinetic const&gtof the constantks of the isomerization of2a into 3 is
dissociation oB into H,N—-CO" and HF. This appears  significantly larger than the kinetic constdatof the
plausible, because, from Table 1, the energy changesisomerization oa into 4 and the kinetic constaiki,
of these two processes are quite similar. of the isomerization ob into 4. Therefore, bottk,
The obtained values of the kinetic constants sup- andkg could be safely neglected with respectkip
port the following simplifying assumptions to the However, in order to quantitatively appreciate the
kinetic scheme reported in Chart 1. First, we neglect small contribution of the reaction paths involving the
the kinetic constantk_5; and k_g of the back- high-energy transition structur@SOF2andTSOF3,
isomerization of isome3 into 1aand2a, respectively, we decided to neglect only the small&gt It means
with respect to the exceedingly larger constigt that we are assuming that the in case HF elimination
Similarly, the kinetic constantk_, andk_4 of the from the rapidly interconverting isomea and 2b

back isomerization of isome# into 2a and 2b, with formation of the HN—-C—OH isomer occurs
respectively, can be safely neglected with respect to exclusively through the transition structufSOF2.
the exceedingly larger constakg. In addition, be- According to these assumptions, we take as the actual

cause the eventual formation of the products from kinetic scheme of reaction (1) the sequence of isomer-
reaction (1) under our FTICR conditions is indeed ization and dissociation processes depicted in Chart 2.
irreversible, both the kinetic constarks ; andk_g

are set to zero. Second, the values of the kinetic 3.4. The mechanism of the reaction of FC@nd
constantk, andk_, result exceedingly large, and it NH;

is therefore possible to regard the rotational motion

which allows the interconversion of the conformers The G2 relative energies reported in Fig. 3 are
2a and 2b as a free rotor. Third, we note that, expected to be as accurate a8 kcal mol *. Still,
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Table 3
MP2(FULL)/6-31G(d) vibrational frequencies (cit) and moments of inertia (atomic units) of the (FCOHtransition structures

TSNF TSO TSNO TSOF1 TSOF2 TSOF3

Vibrational frequencies

1471.3 584.4 1855.8 1789.0 1471.0 1457.8
156.2 501.7 313.3 426.4 73.2 364.9
441.0 576.6 498.8 479.0 439.1 483.7
513.0 675.2 586.2 591.8 577.5 589.9
625.1 730.5 741.0 605.5 623.4 665.6
847.7 769.3 1003.7 680.7 724.9 723.6
1003.0 1032.7 1062.4 826.7 809.9 846.1
1154.2 1063.7 1208.4 942.7 910.7 918.2
1196.4 1124.1 1301.6 1138.7 1045.0 1028.4
1258.6 1582.7 1434.0 1335.5 1169.8 1136.9
1633.9 1626.0 1645.5 1639.1 1243.0 1345.0
2010.6 1818.2 1789.2 2015.1 2040.4 1982.8
2203.5 3531.4 2069.1 2095.7 2139.9 2160.9
3424.6 3652.0 3432.5 3530.0 3585.1 3600.4
3511.8 3674.6 3522.7 3649.0 3624.5 3629.0
Moments of inertia

162.2 165.0 145.6 146.2 153.9 151.0
267.9 172.5 198.6 199.1 198.2 193.8
359.9 332.8 334.0 345.3 352.1 344.8

they do not furnish a safe indication on the detailed comparably stable transition structuféSNO, TSNF,
mechanism of reaction (1). In fact, whereas we could and TSOFL1. It is however possible to get more
suggest that the routes involving the high-energy detailed information on the mechanism of reaction (1)
transition structure$SOF2 and TSOF3 should play using kinetic arguments. In particular, we note that the
a minor role, if any, it is difficult to appreciate by overall efficiency of reaction (1)Eff(1), depends
gualitative arguments the alternative or competitive solely on the kinetic constants of its single elementary
occurrence of the reaction paths which involve the steps. Therefore, if one assumes that reaction (1)

Table 4
Kinetic constants of the elementary steps reported in Chart 1 as a function of the energy Eooft¢né intermediateda

E (kcal mol™)

ki 70.1 72.1 73.6 75.5 77.0 80.0 85.0

k_ 1 0.0 8.(E + 8 2.0E+9 8.CE + 9 2.0E + 10 1.£+ 11 1.8 + 11
k, 1.IE+ 9 1.5E+9 1LE+9 2.5E+9 3.0E+9 4.2+ 9 7.1E+9
k_, 5.6E + 8 7.8 + 8 9.7E + 8 1L.2E+9 1.6+ 9 2E+9 4.1E+ 9
K3 6.5E + 8 9.6E + 8 1.3EE+9 1.8E+ 9 2E+9 3.7TE+ 9 7.E + 9
k 5 3.0E+5 4.TE+5 6.2E + 5 8.6E + 5 1IE+6 1L7ZE+6 3.4 + 6
K4 5.0E + 12 58& + 12 58& + 12 5% + 12 6.CE + 12 6. + 12 6.4 + 12
K_, 3.3E + 12 3.&E + 12 3. + 12 3.6E + 12 3.FE + 12 3.8 + 12 4.(E + 12
Ks 7.8E + 8 1.IE+9 1.4+ 9 1.eEE+ 9 2.2E+9 3.3E+9 6.1E + 9
k_ s 1.3E+ 6 1.7E+ 6 21E + 6 2.TE+ 6 3.2E+ 6 4.6E+ 6 7.TE+ 6
Kg 4.8 + 11 4.€ + 11 5.CE + 11 5.E + 11 5 + 11 544 + 11 5& + 11
k- 1.3E+ 6 3.3E+6 6.2E + 6 1L.2E+7 21E+ 7 52+ 7 1L.E+8
k 2.6E + 4 6.4E + 4 7.8 + 4 22 +5 3.5E+5 8.0E + 5 256+ 6
K, 28E+5 7.1E+ 5 1.0E+6 2.TE+ 6 45E + 6 1IE+ 7 40E+7
k 3.1IE+ 3 7.6E+ 3 14 + 4 2.TE+ 4 4.4 + 4 1.E+5 3.3E+5

|
©
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k1 k3 k6
FCO++NH; m——— 1la > 3 » H,N-CO+ + HF
k.1
k.2 k2 k5
(2a/2b)
k7 ks
> 4 » HN-C-OH+ + HF
Chart 2.

occurs by any of the alternative mechanistic patterns corresponds to the assumption that all of the three

derived from the kinetic scheme of Chart 2, it is

independent reaction patterns depicted in Chart 2 are

possible to use the kinetic constants reported in Table simultaneously occurring. It is however possible to

4 to calculate the corresponding value Eif(1) for
different internal energieg of the intermediatela

note that the contribution of the reaction path which
involves the high-energy transition structur80OF2

The obtained values can be compared with the exper-js indeed negligible. In fact, ik, is set to zero, the

imentally measured efficiency, 06 0.2, used as a
probing reference value.

If one denotes the full sequence of reactions
reported in Chart 2 aslechanism 1the steady-state
expression of the overall efficiency of reaction (1),
Eff(1, 1), is obtained as follows:

Eff(1, 1) =

[Ka(K_5 + ks + K7) + KoKg + koko]
[(K_p+ ks + ky)(K_1 + K + kg) — koK_5]

and the values oOEff(1, 1) calculated as a function of
E are reported in Table 5. This mechanistic proposal

Table 5
Efficiencies of reaction (1) calculated as a function of the energy
contentE of the intermediatda

E (kcal mol'%)  Eff(1, 1) Eff(1,2) Eff(1,3) Eff(1, 4)
70.1 1.00 1.00 1.00 1.00
72.1 0.70 0.55 0.52 0.01
73.6 0.56 0.39 0.36 0.01
75.5 0.29 0.18 0.16 0.0
77.0 0.17 0.10 0.08 0.0
80.0 0.04 0.03 0.02 0.0
85.0 0.01 0.09 0.00,

values ofEff(1, 1) result the same as those reported in
Table 5. We have subsequently evaluated the effi-
ciency of reaction (1) by assuming that it occurs by
only one of the three independent sequences denoted
in Chart 3 asMechanism 2, Mechanism 3, and
Mechanism 4The corresponding steady-state expres-
sions of the overall efficiency of reaction (Bff(1,

2), Eff(1, 3), andEff(1, 4) are derived as follows:

Eff(1, 2) = ko/(k_, + ko)
Eff(1, 3) = koke/[K_» + ke)(K_; + ko) — kok 5]
Eff(1, 4) = Kok /[(K_» + k) (K_; + ko) — Kok ]

and the values calculated as a function Bfare
reported in Table 5. We note here that the values of
Eff(1, 2) and Eff(1, 3) calculated by including the
conceivable contribution of the reaction path which
involves the transition structur€SOF2, i.e. by as-
suming a nonzero value &, are identical to those
reported in Table 5.

Based on our detailed kinetic analysis, we can do
the following considerations about the detailed mech-
anism of reaction (1). It appears quite clear that the
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Mechanism 2

ky k k
FCO*+NHy e=—= la 2 » 3 —° » H,;N-CO* + HF
-1
Mechanism 3
kq ks k¢
FCO* + NH; 4—_k___> (2a/2b) >3 » H,N-CO+* + HF
-1
Mechanism 4
FCO+ + NH; <_T_> (2a/2b) > 4 » HN-C-OH+ + HF
-1
Chart 3.

reaction path which involves the high-energy transi- the transition structuresSNF, TSNO, and TSOFL

tion structureTSOF2 has a negligible role. In fact, In our FTICR experimental conditions, the differ-
irrespective of the assumed value®fthe values of ences of few kilocalories per mole computed between
Eff(1, 1), Eff(1, 2), andEff(1, 3) do not depend ok, these three structures are not large enough to deter-
and the values oEff(1, 4) are exceedingly smaller mine the selective occurrence techanism 2or
than the experimental value of 06 0.2. Therefore, Mechanism 3From Table 5, we note that the exper-
the first important conclusion we draw is that the only imentally measured efficiency of reaction (1) practi-
expected ionic product from reaction (1) is theN+ cally matches the value calculated assuming the
CO" isomer. In addition, we note from Table 5 that, occurrence of the most plausibldechanism lat an
irrespective of the assumed internal energy content of energy contenE of 73.6 kcal mol'?, i.e. the energy
1a, the value ofEff(1, 1) is invariably larger than  content oflagenerated from thermal FCQand NH;
Eff(1, 2) andEff(1, 3). Therefore, the second impor-  at 298.15 K. It could be tempting to take this coinci-
tant conclusion we draw from our kinetic analysis is dence as a strong reinforcing evidenceNtechanism
that the most plausible mechanism of reaction (1) 1. However, it should not be overemphasized. In fact,
involves the simultaneous occurrence of two distinct || the absolutevalues ofEff(1, i) suffer of the fact
reaction paths The first one is the “direct’” HF  that the kinetic constants_, have been computed at
elimination from the initially formed intermediatea the MP2(FULL)6-31G(d) level of theory and are in

with formation of the ion-dipole adduc8, which principle less accurate than all the othérs, calcu-
eventually dissociates into the ,N-CO" and HF lated at theG2 level of theory.

constituent fragments. The second one requires prior

isomerization ofla into the rapidly interconverting

carbonium ion®a and2b, which in turn isomerize to

the ion-dipole adducB. Both of these reaction se- Acknowledgements
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