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The enthalpy of formation of methylhydroxycarbene, {CI®H, has been determined from measurements of

the threshold energy for collision-induced dissociation of protonated 2,3-butanedione in a flowing afterglow-
triple quadrupole mass spectrometer and found to bg ¥6kcal/mol, 574+ 4 kcal/mol higher than that of
acetaldehyde. From the measured enthalpy of formation, the difference between the first and seldond C
BDEs in ethanol is found to be 17 kcal/mol, which implies a singtaplet splitting of 28 kcal/mol in the
carbene. The activation energies for loss of ketene and carbon monoxide from protonated butanedione are
found to be 60+ 4 and 50+ 4 kcal/mol, respectively. On the basis of experimental and computational
results, the loss of carbon monoxide is proposed to proceed through a tight transition state. Although calculations
also suggest a tight transition state for loss of ketene, the experimental data indicate that it occurs via a loose
transition state, possibly forming by proton transfer along the direct dissociation pathway.

Introduction 60 = 2 kcal/mol between the two neutral precursBrgheoreti-

. L . cal values for the energy difference are lower and generally
As reaction transient intermediates, carbenes have played ar}ange from 50 to 55 kcal/ma:19

important role in many fields including synthesis, photochem-
) : g o

Istry, .and tCCIme(;JSttrI]OI’I C?er?'sfy". A@ z a rtte)sult, numedroust may be a product of the photodissociafiband pyrolysidl—23
experimental and theoretical stu ave been carried ou of pyruvic acid, and the reaction of acetic acid with atomic

to eluuda_te_ the role that .SUbSt'tUt'on has on carben_e Propertiesearponzs Further, experimental studies of the rearrangement of
and reactivity. The most important effect of a substituent is on

X ) ; CH3COH to acetaldehyde were carried ét#22°Computational
the relative energies of the spin states of the carbenes. Wherea, s 4 P

thl d carb th elect thdrawi ‘ d§tudies of the isomerization reaction were also repét#d® .2’
{neh yente_alnt car er:jestth elec rk;)n Wi _rfrllwu:g groupl)s ten and examined, inter alia, the energy difference between the
0 have tripiet ground states, carbenes with strong: electron ., ene gng acetaldehyde and the barriers for the unimolecular
donating groups tend to be ground-state sindlétgvith the

: . rearrangemeri
9 _ . .
Exfept'%n of giﬁﬂylenﬁ phelnytl)l and vm.ylcarlt)elﬁand sorr]ne . Recently, we reported the determination of the enthalpy of
aloga; e?e ’ t())wever, refiable experlltrﬁen ‘1 tr:ermocd etml- formation of isonitrile, HNC, using collision-induced dissocia-
cal data for carbenes aré scarce, aithoug ese data arg,, (CID) threshold measurements with protonated nitriles,

fundamentally important for understanding the nature and RCNH" (eq 1, where R= methyl, ethyltert-butyl, phenyl, and
reactivity of carbeqe intermediates. vinyl).2° Giveﬁ the excellent reéults fér , ’

A hydroxy substituent is a-electron donor and would be
expected to favor the singlet states of carbenes. Unsubstituted RCNH' — R" + HNC 1)
hydroxycarbene was suggested as an intermediate in the
photochemistry of formaldehydéand the reactions of atomic  these experiments, we sought to use the same approach to
carbon with wateéf and oxygen with metharié. Therefore,  measure the enthalpies of formation of hydroxycarbenes, which
hydroxycarbenes potentially play an important role in some are isoelectronic with isonitriles. By comparison with the
organic reactions and in combustion processes. Given thereaction shown in eq 1, the enthalpies of formation of hydroxy-
potential importance of hydroxycarbenes in these areas, it iscarbenes could be obtained by using CID of protonated
important to understand their structural and thermochemical aldehydes or ketones, as shown in eq 2. Unfortunately, although
properties. The only hydroxycarbene for which thermochemical

The homologue of hydroxycarbene, methylhydroxycarbene,

properties are known is hydroxymethylene, HCOH. In 1982, *(HDH
Pau and Hehre reported the enthalpy of formation of hydroxym- Py €D _ & + RrCcoH ?)
ethylene, measured by using proton affinity bracketing measure- R R

ments with BCOH".15 They found that the proton affinity of
hydroxycarbene to be between those of ethylisopropylamine an
dimethylisopropylamine. A comparison of their proton affinities
with that for formaldehyd¥ indicates an energy difference of

dprotonated aldehydes do dissociate to form hydroxycarbenes,
numerous other pathways are available. For example, CID of
protonated acetaldehyde results in the formation of at least six
ionic products at energies lower than that required for formation

- o of methyl catior®® Moreover, deuterium labeling and qualitative
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processe® Therefore, to determine the thermochemical proper- a full-width at half-maximum of 1.61.5 eV. Absolute cross
ties of hydroxycarbenes using CID of protonated acetaldehyde,sections for the dissociatiow,, were calculated by, = 1/
it would be necessary to fully characterize the structures of at Inl, wherel, is the intensity of the produck,is the intensity of
least seven products and the mechanisms by which they arethe reactant, is the path length for the reaction (244 cm)3!
formed. Similar complications have been encountered with other andn is the number density of the target. The results reported
alkyl-substituted aldehydés. in this work were obtained using argon as the collision gas.
Unlike what was found with simple aldehydes, dissociation Experiments carried out with xenon gave indistinguishable
of protonated 2,3-butanediongH™, is relatively simple with results. Single collision cross sections were obtained by measur-
only three ionic products observed. At high energies, formation ing the data at four different pressures and linearly extrapolating
of methylhydroxycarbene, GJEOH, and acetyl cation, is the to P = 0. The reported results are the average of five
major pathway. In this paper, we report the determination of independent data sets.
the enthalpy of formation of putative methylhydroxycarbene, = Mass-analyzed ion kinetic energy (MIKE) experiments were

generated by CID of protonated 2,3-butanedidtté¢t (eq 3). also carried out, using a triple-sector Kratos MS-50 TA mass
spectrometer (Kratos Analytical, Ramsey, NJ) with EBE
"HO, CH; 2
geometry?
H —P . cmeo 4+ crycon 3)
HC o Data Analysis and Modeling
i

The data analysis and modeling procedures used for extracting

By modeling the data obtained from energy-resolved CID CID thresholds from energy-dependent cross section data were
measurements, the threshold energy for acetyl cation is deter-described in detail previously333 and are only discussed
mined, from which the enthalpy of formation of the carbene briefly here. The threshold energy for dissociation is determined
can be calculated. The enthalpy of formation of methylhydroxy- by fitting the measured product ion cross sections with the model
carbene then can be used to derive additional thermochemicathreshold law given by eq 4, whet€ is the center-of-mass
properties, including the second-El bond dissociation energy
in ethanol. Using these properties, the singleiplet splitting o(E) = OOZ Pg(E + E — E)E 4)
energy of methylhydroxycarbene can be estimated empirically. [
Our thermochemical results are consistent with those expected
for a singlet carbene. Details are presented in the results andcollision energy E; is the internal energy of the reactant ion,

discussion section. Eo is the threshold dissociation energy at 0dg,is a scaling
. . factor, n is an adjustable parameter, aRdis the probability
Experimental Section for the dissociation of the ion, wheieepresents the reactant

Most experiments were carried out at room temperature in a 1" vibrational states with internal energyand populatiorg;
flowing afterglow triple-quadrupole instrument that was de- (_Zgi - 1). The mtern_al energy d|s_tr|but|ons are estimated from
scribed previouslj! The pressure of the helium buffer gas in vibrational frequencies and rotatlona! constants, calculgted at
the flow tube was typically 0.4 Torr, with a flow rate of ca. B3LYP/6-31+G* level of theory?®" Vibrational frequencies
200 std cc/s. Protonated water;®t, was formed in the ion are sca_lle_d by a fact(_)_r _of 0.965 to account for anharmonicities.
source region using electron ionization of water. Protonated 2,3- Dissociation probabilitiesP;, are calculated from the RRKM
butanedionelH*, was usually generated by the proton-transfer 0iSSociation rate constants and assume a constant time window

reaction between 0+ (PA(H.0) = 165.5 kcal/mohf and 2,3- for dissociation, ca. 3@s. The transition state for the dissocia-
butanedione vapors (P& = 191.7 kcél/mol)ﬁ added to "[he tion is characterized by the activation entrogéy&', calculated

i — + +_ +
flow tube reactor through a gas inlet located at least 30 cm from 2Y usingAS® = kg In Q*/Q + (E,* — E)/T, whereQ* andQ
the ion source. The relative yields of the CID products were are the partition functions of the transition state and the activated

the same when D", CHs* (PA(CHs = 129.9 kcal/mol)té or complex, respectively, and,* and E, are the corresponding
CHsOH,* (P A(CklgdH) = 180.3 kcal/moR® was used as the average vibrational energies. By convention, activation entropies
Cl reagent, providing evidence that the products were formed are evaluateq at 1000 K. . ) .

from a common reactant ion structure. lons in the flow tube _ 1he experimental cross sections are fit by varyiggn, and

were thermalized by ca. 3@ollisions with the helium buffer o SO as to minimize the deviations between the experimental
gas prior to analysis. data and calculated cross sections in the steeply rising region

lons generated in the flow tube were extracted through a 1 Fjireqtly above the threshold. The CID threshold energy obtained
mm orifice into a differentially pumped region and then focused I this manner corresponds to the bond dissociation energy at
into the triple quadrupole mass spectrometer. Following mass-9 €. The dissociation enthalpy at 298 K is calculated by using
selection of the desired reactant ion with the first quadrupole the integrated heat capacities of the _d|ssomat|on products and
(Q1) mass filter, ions were injected into the second quadrupole reactant. T?Se&(EORUNCH program written by Armentrout aqd
(Q2), which was operated as rf only and served as a reactionC0-Workers**%* was used to carry out all the data analysis
chamber. The product ions formed in CID were then analyzed @nd modeling.
by the third quadrupole analyzer (Q3). The ion axial kinetic
energy in Q2 was determined by the second quadrupole rod
offset voltage, and the CID collision energy in the center-of-  Collision-induced dissociation of protonated 2,3-butanedione,
mass frame was calculated Bym = Ejap[mV/(m + M)], where 1HT, over the energy range of-®.5 eV (c.m.) results in the
mis the mass of the neutral target (argdv)is the mass of the ~ formation of three observed producte/z 43, 45, and 59. The
reactant ion IH'), and Eiy is the nominal lab energy that  product atm/z 43 is likely the acetyl cation, C#€O", whereas
corresponds to the ion axial kinetic energy. The ion energy origin the ions of/z45 and 59 probably correspond to the protonated
and distribution were determined using retarding potential acetaldehyde and protonated acetone ions, respectively, that
analysis. lon distributions were typically Gaussian in shape, with result from rearrangement and loss of ketene or carbon

Results and Discussion
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Figure 1. Cross sections for fomation of the acetyl cation,CB*
(®), protonated acetaldehyde, gEHOH" (a), and protonated acetone,
CH;COHCH;* (m). The solid lines are optimized fits to the data,
obtained by using the transition state parameters shown in Table 3.

monoxide. Upon dissociation of the deuterated idmT,
prepared by the reaction a@fwith D3O*, the product withm/z

+
A - - HO

43 is still observed, but the other products shift one unit higher

in mass, consistent with the proposed structures of the produc‘rs.H3C

The CID cross sections for the products obtained fadit as
a function of the collision energy (Figure 1) show that thiz

n
45 and 59 products have the lower apparent onsets, but atHQ

energies above 6.3 eV the @EO" ion is most abundant.
Formation ofm/z 43 ion by secondary fragmentation of either

protonated product can be ruled out. First, the acetyl ion is not

a product in the CID of protonated acetaldehy@leyling out
its formation from them/z 45 product. Second, although
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incorporating the statistical branching ratio into the probability
term in the model equation shown in eq 4. This approach has
been used successfully to determine bond dissociation energies
of alkali cation bound dimer&*3 trihalide ions3* protonated
nitriles 2° and pentavalent siliconate ioffs.

The dissociation branching ratios incorporated into the
modeling are calculated using RRKM theory, which requires
transition state structures for each reaction pathway. The
formation of CHCOH by direct cleavage is assumed to have a
loose, product-like transition state (the phase-space limit) as
described by Rodgers et @l.Support for this assumption is
found in the MIKE experiments, discussed at the end of this
section. Formation of thevz 45 andm/z 59 ions at low energy
by loss of CHCO and CO, respectively, likely occurs via
rearrangement of the ion during dissociation. Initial predictions
of the transition states for these processes were obtained from
electronic structure calculatiod$.Qualitative transition state
structures for loss of CO and GEO, calculated at the HF/6-
31+G* level of theory, are shown in egs 5 and 6, respectively.
Loss of CO requires transfer of a methyl group and can be
envisioned as occurring through a protonated cyclopropanone-
like transition state (eq 5). Similarly, loss of GEO requires

+ OHt
b T — rco ()
> HC \\0 H; CH3
CH3 - OH*
— | | — /[J\ + CH,CO  (6)
B¢ 0 1?{?(; \\0 He” H

hydrogen atom migration, and a 4-centered transition state was
calculated for this process (eq 6). Transition state structures

protonated acetone does lose acetyl cation upon CID, secondangalculated at the B3LYP/6-31G* and MP2/6-33-G* levels
fragmentation of protonated acetone would be indicated by the of theory are similar to those obtained from the HF calculations.

formation of formyl cation, HCO, with n/z 29. This ion is a

Moreover, at each level of theory the structures have a single

major product in the CID spectrum of protonated acetone but imaginary frequency, indicating that they are saddle-points on
is not observed over most of the energy range shown in Figurethe potential energy surfaces.

1. Upon diligent searching, the/z 29 ion is found to be formed

Attempts to model the data using the transition states

as a very minor product at energies greater than ca. 8 eV, butdescribed above gave mixed results. Whereas we were able to
with a maximum cross section that is less than 0.5% of that for accurately reproduce the cross sections for formation afriae
acetyl cation. The 8 eV onset is consistent with what is expected 43 and 59 ions, we could not find any combination of fitting

for formation of the ion by secondary fragmentation of the

parameters that gave a reasonable fit for rtiie 45 ion data.

protonated acetone product, and the small cross section for thewhen the parameters for the four-membered transition state
reaction indicates that it is not a significant process. Similarly, described above are used, the predicted relative intensity of the

the onset for formation ofm/z 43 is likely too low to be the

CH,CO loss is too low by a factor of ca. 100, indicating that

result of sequential dissociation. The appearance energy for thethe assumed transition state for this process is too “tight”. The
dissociation of protonated acetone to give acetyl cation in our excellent fits obtained for the other two reaction channels

instrument is greater than 2 é¥/such that anywz 43 formed

indicate that the relative transition states assumed for these

by secondary fragmentation of protonated acetone should haveprocesses are reasonable.
an onset of ca. 5 eV, 1 eV higher than that observed upon CID  Fortunately, the properties of the transition state for ketene
of 1H*. Given these observations, we conclude that all three and carbon monoxide loss do not need to be known a priori to

products are formed as primary products from the CIQIgf.
Given that the proton affinity of 2,3-butanedione is knot&n,

the enthalpy of formation of C#COH can be determined from

the threshold energy for the formation of g@EO", which can

model the data but can be determined by manually adjusting

the transition state properties to optimize the fits to the tfata.

Full fitting of the data requires eight parameters: transition state
entropies and threshold energies for each of the three reaction

obtained from the energy-resolved cross sections by using thechannels, the exponential parameteand the scaling parameter
modeling procedures described above. However, the presencer. We know, however, from the experiments the energy onsets
of the alternate dissociation channels makes the analysis morgor each channel, the absolute cross sections for all three
challenging because these channels can lead to “competitivechannels, and the shapes of the curves. If the formation gf CH

shifts” in the onsets of product formatidh.Therefore, we
modeled the data by assuming statistical dissociatiohHof

CO" is assumed to occur by a loose transition state, then there
are seven experimentally known parameters and seven un-

to give the observed products. The analysis procedure wasknowns to solve, and the properties of the transition states for

described in detail by Rodgers and Armentf8aind involves

CO and CHCO loss can be determined by fitting the experi-
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TABLE 1: Supplemental Thermochemical Values TABLE 3: Average Fitting Parameters for the Dissociation
R AHi204R), kcalimot  PA(R), kcal/mok of Protonated Butadiene
2,3-butanedione, ~78.1 1917 channel m'z43 m'z45 m'z59
acetaldehyde (C}¥CHO) —40.8 183.7 AHagg, kcal/mol 77+ 3 60+ 4 50+ 4
acetone —52.2 194.0 AS, eu +19+ 4 +7+4 -11+4
ketene (CHCO) -11.4 197.3 n 1.1+0.2
carbon monoxide (CO) —26.4
methane (Ch) -17.9 contribution due to choice of transition state was estimated by
water (HO) —57.8 comparing the measured threshold values with those obtained
aValues taken from ref 49; uncertainties atd kcal/mol or less. when one of the transition state entl‘opies was varied while the
bValues taken from ref 16; absolute uncertainties-agekcal/mol. others were held at their optimized values. The net contribution
. ) to the uncertainties is the root-square-sum of the differences
TABLE 2: Fitting Parameters for a Representative Data Set  pepyeen the dissociation energies obtained when the entropies
as a Function of Transition State Properties " :
of the three transition states were varied b¢ eu and those
AS reported in Table 3. Thus, the dissociation energy for formation
(ketene loss) AHaof43P AHaog45P AHadfSOP n°  22¢ of the acetyl cation changes by at most 0.013, 0.004, and 0.006
3.01R 3.18 2.37 2.12 123 442 eV when the transition state entropies for formatiom 43,
3.59R 3.18 2.41 213 120 385 nyz45 andm/z 59 ions, respectively, are changed fy eu.
i'gis g% g'ig gg ii? g'gg The combination of these components leads to an overall
511R 315 248 213 116 323 uncertainty of 0.3 kcal/mol in the measured dissociation energy
5.43R 3.14 2.49 2.13 1.16 3.33 due to the choice of the transition states. A similar exercise
5.75R 3.13 2.50 2.12 1.17 3.53 was carried out for the other two channels. The& eu

a Activation entropy for formation of thewz 45 ion; the transiion ~ Uncertainty chosen for the transition state entropy corresponds
state frequencies correspond to the frequencies of the reactant ion, minu$0 at least twice the standard deviations of the optimal activation

a reaction coordinate, scaled by an appropriate fatissociation entropies for the rearrangement channels.
enthalpy for the formation of the corresponding ion obtained from the  Given the dissociation energy for formation of gEO", only
modeling; in eV.¢ Optimized exponential factor, eq #Arbitrary units. the reaction channels shown in eq 7 are thermochemically

accessible. Included in eq 7 are the enthalpies for formation of
mental data. Therefore, in addition to Optlmlzmg the standard those neutral products from protonated butanedione, where
fitting parametersKo, n, o), we manually vary the transition  gyailable.
states to reproduce best the relative cross sections of the three
reaction channels. 1H" —CH,CO"+ CO+ CH, AH =17 kcal/mol (7a)

We fit the data by optimizing thEy values for each channel,

n, and o over a given energy range for each data set as the CH3CO+ + CH,CO+H, AH = 40 kcal/mol (7b)
transition states for loss of GBO and CO are systematically
varied. The energy range for the fit is-8 eV, covering the
steeply rising regions of thevz 43 andm/z 45 channels, and a
flat region of the cross sections for formationnafz 59. Initially,

CH,CO" + HCCH+ H,0  AH =57 kcal/mol (7c)

the transition state for loss of CO was restricted to that obtained CH,CO" + CH,CHO  AH =20 kcal/mol  (7d)
from the B3LYP calculations. The frequencies for the transition
state for formation of thevz 45 ion were taken to be the same CH3CO+ + CH,COH (7e)

as those for the reactant ion, minus a reaction coordinate, and
then scaled. The optimized fitting parameters for a representative  Although the neutral products of the dissociation cannot be
data set as a function of th&S* value for them/z 45 channel  detected in this experiment, evidence suggests that it is the
are listed in Table 2. There are small differences inyhealues carbene that is formed along with @EO" (eq 7e). The
obtained from the different fits, with the best results obtained predominance of CECO™ at high energies, despite the higher
for a transition state witAS" = 5.11 eu. This is significantly  energy onset, indicates that formation of this product has a looser
looser than the calculated transition state, which A& = transition state than those for formation of the other #rEhis
—3.52 eu. After finding the best transition state for £ loss, is consistent with a direct cleavage mechanism, which would
the transition state for carbon monoxide loss was optimized in give methylhydroxycarbene, GBOH. Additional support for
a similar fashion, by fixing theAS(m'z 45) = 5.11 eu and  the direct cleavage mechanism comes from deuterium labeling
adjusting the B3LYP frequencies. The iterative process was studies. As noted above, CID of deuterated 2,3-butanedione,
repeated until a minimum value fg? was obtained. After all 1D" (eq 3), leads to formation of GEO" without deuterium
the data sets were fit, the average transition states for the twojncorporation. Previous stud@$®have shown that isomeriza-
channels were determined, and all the data sets were fit againtion to the corresponding aldehyde as in eq 7d is often
using common transition states for all data sets. The reportedaccompanied by deuterium incorporation into the cation frag-
values are the averages obtained using the same transition stateent. However, whereas these observations are evidence against
for all the data sets. The average 298 K dissociation enthalpiesthe formation of acetaldehyde, they do not rule it out and,
for formation of CHCO*, CH;C(OH)H", and CHC(OH)CHs* moreover, do not rule out the other possible reaction channels
are listed in Table 3, along with the optimized fitting parameters. shown in eq 7. The most important evidence supporting the
Calculated cross sections are shown as solid lines in Figure 1.formation of CHCOH in the dissociation of protonated bu-
The uncertainties assigned to the dissociation energies includeianedione comes from the MIKE experiments. Most importantly,
the standard deviations of the results, a 0.15 eV (lab frame) the formation of acetyl cation from metastable ion fragmentation
contribution due to uncertainty in the absolute energy scale, andof 1H" formed by proton transfer from4@*, investigated using
a contribution due to uncertainties in the transition states. The MIKE experiments, gives a narrow, essentially Gaussian-shaped
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peak, consistent with formation by simple bond cleatagsth AH 5o CH;COH) = AH,q(CH,CO" —CH,COH) +

small kinetic energy release. A small; value of 0.07 eV is B B
found, as expected for a simple direct cleavégfé. PA(CH,CO) = PA(1) = AH;505(CH,CO) + A 20(1) (8)

The small measured kinetic energy release puts limits on the ants. Using\Hs 205(1) = —78.14+ 1.0 kcal/mof® and PA(CH-
range of parameters that can be used to model the data. Foooy — pa®1) = 5.6 + 1.4 keal/mol (see Table 2550 the

example, if itis assumed that the neutral products accompanyingenthalpy of formation of CECOH is calculated to be 16 4

loss of the acetyl cation are acetylene and water, then theyca|/mol, where the uncertainty is the root-square-sum of the
activation energy for formation of thevz 43 ion needs to be  component uncertainties.

about 57 kcal/mol to have a small kinetic energy release. A The measured enthalpy of formation of methylhydroxycar-
dissociation energy of 57 kcal/mol can be obtained by assuming pene is 57+ 4 kcal/mol higher than that of acetaldehyde (Table
a very tight transition state for formation of acetyl catiax& 1). The result is in good agreement with the calculated values
= —11 eu), which would be consistent with what would be for the energy difference between methylhydroxycarbene and
expected for a complicated rearrangement process. Under thisycetaldehyde, which range from 51 kcal/mol at the G1 level of
assumption, the barriers for loss of @D and CO are 49 and theory to 62 kcal/mol obtained by using CISD/3-21G ap-
39 kecal/mol, respectively. Both values are higher than the nrgach222627 At the G2 and CBS-(3? levels of theory, the
adiabatic dissociation energies and, therefore, would correspondggmerization energy is calculated to be 50.9 and 51.3 kcal/
to activation barriers for the reactions. However, the validity mq|, respectively. Although the measured energy difference
of these results can be ruled out for two reasons. First, modelingpetween the carbene and the aldehyde is higher than that
the data with the tight transition state for formation of acetyl cgjculated at high levels of theory, it is only slightly less than
requires using unrealistically tight transition states for the 10ss that measured for HCOH, 60.4 kcal/mdITherefore, methy!

of ketene or CO. The optimal fit has the activation entropy for gypstitution does not have a large effect on the energy for the
loss of ketene of-16 eu, much lower than the calculated value carbene-aldehyde isomerization reaction.

of —3.5 eu for this process. To produce this transition state, it The enthalpy of formation of methylhydroxycarbene can be
was necessary to increase all the frequencies of the transitionysed to derive additional thermochemical properties, including
state to at least 500 crh The affect on the CO loss channelis  the second €H bond dissociation energy (BDE) in ethanol.
even more dramatic, as the best fit to the data required anAa reliable value for thex-C—H BDE in ethanol can be obtained
activation entropy of-30 eu. To obtain a transition state this  from electronic structure calculations. At the CBS-Q level of

tight, all the vibrational frequencies below 1100 Tithad to  theory52the 298 K enthalpy for the reaction in eq 9 is calculated
be increased to that level. Therefore, if the dissociation occurs

to form acetylene and water, then the transition state for loss of CH,CH,OH + CH,0OH — CH,CHOH + CH,OH (9)
CO cannot have any frequencies below 1000 &na highly

unlikely scenario. The effects on the modeling parameters areto be —1.4 kcal/mol, which corresponds to the difference in
even larger when the data are modeled by assuming thethe a-C—H BDE in ethanol and the €H BDE in methanol.

formation of more energetically favorable products shown in USing AHzeHOCH,—H) = 98.1+ 1.0 kcal/mot® gives ana
eq 7. BDE in ethanol of 96.7 kcal/mol, which leads to a BDE of 80

A second argument against the formation of rearrangementKcal/mol for thfa C—H bond in methylhydroxy radica.>°%
products is that the small kinetic energy shift rules out a Foutsma et al! noted a remarkable relationship between the
significant barrier for the reverse reaction. In other words, if difference n th? first and s:’econd—ct-l BDEs (the_ D|v§1Ient
the dissociation occurs to form neutral products by rearrange- State Stab_|||_zat|on En_ergy » DSSE) and the_ singleiplet
ment, then that requires the reverse process, the formation of®"€"9Y splitting AEst) in ce}rbenes. For a series of halogen-
protonated butanedione, to occur without a barrier. This would sub§t|tuteq carbeneg}EST Is related to.the DSSE by.the
require that, for example, the termolecular reaction of acetyl relat|on§h|p ShO.W.n mz eq 10 (values in kcal/mol), with a
cation with acetylene and water would gitéi+ without an  cO"elation coefficient® = 0.9995.

enthalpy barrier, an unlikely scenario. On the other hand, singlet AE.. = 1.33*DSSE+ 6.11 (10)
carbenes are strong nucleophiles and react readily with elec- ST
trophilic substrates,including acids'’*® For example, at the Moreover, comparison with theoretical calculations suggests

B3LYP/aug-cc-pVDZ level of theory, the protonation of singlet - that the relationship holds for a wide variety of singlet carbenes,
methylene is predicted to occur without an energy baffier, including those with hydroxy substituents. By using the relation-
providing support for the supposition that the carbene can be ghip shown in eq 10 with the estimated DSSE for the formation
formed without a reverse activation barrier. Therefore, formation ¢ methylhydroxycarbene, a singtetriplet splitting of~28 kcal/
of the carbene by direct dissociation is consistent with a small yol is obtained. This is slightly higher than the value of 23.0
kinetic energy release. It should be noted that the small kinetic predicted by Yadav and Goddafdbut is in reasonable
energy release for thevz 43 ion is inconsistent with the ion  agreement with a value of 30.5 kcal/mol obtained at the CBS-Q
being formed by dissociative rearrangement of tha 59 level of theory. A value of 33.0 kcal/mol is obtained with the
product. Given the measured kinetic energy release results andgz» approach. A summary of the energies for many of the
its imp|icati0ns, the most reasonable assumption is that the decomposition processes of ethanol is shown in Figure 2.
formation of acetyl cation occurs by direct dissociation to form Methylhydroxycarbene is a potential product of the reaction
the methylhydroxycarbene as the neutral product. of carbon atom with methanol. From the measured enthalpy of
Thermochemical Results Given that CHCO™ is formed by formation, insertion of3P carbon into the €O bond of
direct dissociation without a barrier in excess of the endo- methanol is exothermic by 1G¥# 4 kcal/mol*3 To put this result
thermicity, then the enthalpy of formation of methylhydroxy- into context, it will be necessary to measure the energies for
carbene can be calculated from eq 8, wh&k g CHsCO™— methoxy- and hydroxymethylcarbenes, which result from inser-
CH3COH) is the enthalpy of the acetyl catiomethylhydroxy- tion into the O-H and C-H bonds, respectively. These
carbene bond, obtained from the energy-resolved CID experi- experiments are currently in progress.
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Figure 2. Experimental C-H bond dissociation energies (in kcal/mol)
for the decomposition of ethanol.
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the calculations. However, a product-like transition state for
formation of CHC(OH)H" and ketene is found to be too loose
and does not give a good fit of the data. Therefore, although
the transition state is significantly looser than that calculated,
it is not a simple product-like transition state in the phase space
limit. It is likely that for this process, the transition state would
correspond to the point where the proton transfer occurs.
Because this will occur along the simple bond cleavage reaction
pathway, the transition state will be very loose, similar to the
transition state for simple cleavage. Attempts to calculate the
transition state corresponding to this dissociation pathway have
been unsuccessful. The MIKE experiments indicaigavalue

of 0.32 eV for formation of then/z 45 ion, smaller than that
for the m/z 59 ion, but still consistent with the formation by a
rearrangement process. The smaller KER in the protonated
acetaldehyde product compared to the protonated acetone is
likely because the energy difference between the barrier and
the products, 26 kcal/mol, is only half as large as that for the
CO loss channel.

Conclusions. Collision-induced dissociation of protonated
butanedione occurs by three reaction pathways. Two are
rearrangement pathways that lead to the formation of protonated
carbonyl compounds, whereas the third is direct dissociation
resulting in the formation of acetyl cation and methylhydroxy-

Figure 3. Experimentally determined thermochemical parameters for carbene. From the measured threshold for the direct dissociation,
dissociation of protonated butanedione. Activation energies (in kcal/ the enthalpy of formation of methylhydroxycarbene is found
mol) and activation entropies (in eu, indicated in parentheses) were tg be 16+ 4 kcal/mol, and the energy required for isomerization

determined by modeling the energy-resolved CID data. Reaction
energies for formation of protonated acetaldehyde and protonated

acetone were calculated from literature ddthe activation entropy
for formation of acetyl cation and the carbene (marked wih

to acetaldehyde is 5% 4 kcal/mol. The difference between
the first and second-€H bond dissociation energies in ethanol,
obtained in this work, implies a singtetriplet splitting of 28

corresponds to the value for the orbiting transition state calculated by kcal/mol.
using phase space theory. The structure of the transition state for ketene Activation energies for the rearrangement processes have also

loss is not known; see text for discussion.

Other Products. The dissociation enthalpies measured for
ketene and carbon monoxide loss are higher than the thermo
dynamic limits for these reactions by 26 and 53 kcal/mol,
respectively, and likely correspond to the energies of the
rearrangement transition states. A potential energy surface
showing the dissociation processes of protonated butanedion
is shown in Figure 3. In the MIKE experiments, the peak of
m/z 59 corresponding to the loss of carbon monoxide is about

been obtained and are found to be6@ and 50+ 4 kcal/mol
for the loss of ketene and carbon monoxide, respectively. Unlike
most of the previous studies of competitive CID involving

rearrangements, the entropies of the transition states for these

channels were obtained empirically, by finding the values that
gave the best fits to the data, as opposed to using a calculated
structure. The energy and entropy of the transition state for

€&arbon monoxide loss are in good agreement with those

predicted for a tight transition state at the B3LYP/6+&3* level
of theory. However, the measured transition state parameters

3 times the width of then/z 43 peak and dish-shaped, indicating ¢, ketene loss do not agree with those obtained computationally

a substantial kinetic energy release (KER) into the ion, consistent
with a reverse activation energy associated with the dissociation

reaction. TheTy/, value obtained from thevz 59 peak is 1.21

eV, much greater than the value of 0.07 eV found for formation
of the ion withm/z 43. The reverse energy barrier is expected
because the formation of protonated acetone and carbon

monoxide fromlH™ is slightly exothermic, 52.6 kcal/mol lower
than the measured activation energy. At the B3LYP/6-Gt

level of theory, the transition state for carbon monoxide loss is

calculated to be 1.5 eV lower in energy than acetyl cation

methylhydroxycarbene, in fair agreement with the observed
energy difference of 1.2 eV. Therefore, both the activation
entropy and the energy of the calculated transition state agree

with the experimentally determined parameters.

Given that the measured activation entropy of the transition
state for the loss of ketene channel is significantly different from
that for the calculated structure, it is not surprising that the

measured energy of the transition state, 6@ kcal/mol, is
significantly lower than that for the calculated structurer6

and suggest that the products are formed by a different
mechanism, through a significantly looser transition state.
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