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Fast Reactions of Hydroxycarbenes: Tunneling Effect versus Bimolecular Processes
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Different uni- and bimolecular reactions of hydroxymethylene, an important intermediate in the photochemistry of
formaldehyde, as well as its halogenated derivatives (XCOH, X = H, F, Cl, Br), have been considered using
high-level CCSD(T)/CBS quantum chemical methods. The Wentzel—Kramers—Brillouin (WKB) and Eckart
approximations were applied to estimate the tunneling rate constant of isomerization of frans-HCOH to H,CO,
and the WKB procedure was found to perform better in this case. In agreement with recent calculations and
experimental observations [Schreiner et al., Nature 2008, 453, 906], the half-life of HCOH at the low temperature
limit in the absence of bimolecular processes was found to be very long (~2.1 h). The corresponding half-life at
room temperature was also noticeable (~35 min). Bimolecular reactions of frans-hydroxymethylene with parent
formaldehyde yield primarily more thermodynamically favorable glycolaldehyde via the specific mechanism
involving 5-center transition state. The most preferable reaction of cis-hydroxymethylene with formaldehyde yields
carbon monoxide and methanol. Due to very low activation barriers, both processes occur with nearly a collision
rate. If the concentration of HCOH (and its halogenated analogues XCOH as well) is high enough, the bimolecular
reactions of this species with itself become important, and HyCO (or X(H)CO) is then formed with a collision rate.
The singlet—triplet energy separation of trans-HCOH is confirmed to be ~—25 kcal/mol.

Introduction

Carbenes, R|CR,, form a diverse class of reactive intermedi-
ates and play an important role in many areas of chemistry,
from combustion to organic synthesis, ligands in metal com-
plexes to photochemistry of aldehydes and ketones.'? The
electronic structure and multiplicity of a carbene are strongly
dependent on the substituents R; and R, at the divalent
dicoordinated carbon atom, in such a way that electron donor
groups tend to stabilize the closed-shell singlet state.! > Although
a number of carbenes have been prepared as thermodynamically
stable compounds, most of them exist only as short-lived
intermediates.’

In the present study, we consider the stability and reactivity
of some simple hydroxycarbenes (XCOH, X = H, F, Cl, Br,
1). While methylene (CH,) has a triplet ground state with a
singlet—triplet energy gap of about 9.0 kcal/mol,*~7 the parent
hydroxymethylene (HCOH, 1a) turns out to have a singlet
ground state, with a calculated singlet—triplet separation of —25
kcal/mol.37!% In the singlet manifold, hydroxymethylene was
calculated to be ~52 kcal/mol higher in energy than formal-
dehyde (CH,O, 2a),} and the unimolecular rearrangement
between the two isomers through a 1,2-hydrogen shift is
prohibited by an energy barrier of about 28 kcal/mol relative
to HCOH.”"!! In spite of such a relatively large barrier, which
implies the existence of HCOH as a detectable species, it had
escaped until recent!? direct spectroscopic detection.

Schreiner et al.'? applied high-vacuum flash pyrolysis of
glyoxylic acid followed by matrix isolation of the products and
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succeeded in isolating HCOH for the first time. The IR and
UV —visible absorption spectra of matrix isolated products have
been unambiguously assigned to 1a with the aid of high-level
ab initio quantum chemical calculations. Experiments on the
deuterated glyoxylic acid to generate HCOD have also been
carried out, and its IR spectrum has been recorded as well.12 Tt
has been found that a half-life of HCOH is independent of
temperature in the range 11—20 K and is equal to ~2 h. On
the contrary, HCOD was found to be stable at the same
cryogenic temperatures. These facts give the clear evidence of
the tunneling mechanism of 1a rearrangement to 2a. High-level
quantum chemical calculations'? also support the proposed
mechanism of 1a decay.

In spite of the low rate constant of the monomolecular
rearrangement of 1a,'? this species has never been detected at
ambient and elevated temperatures. 1a has been postulated as
an intermediate in the photolysis of formaldehyde.">™'® Its
generation has been monitored by ion cyclotron double reso-
nance spectroscopy!® from which its heat of formation and
proton affinity were evaluated. The production of la as a
transient species in the reaction of arc generated atomic carbon
with water has been proposed on the basis of the rather unusual
reactivity observed, and by ab initio calculations as well.'$2
Formation of HCOH has also been proposed for the pyrolysis
of pyruvic acid in the gas phase.’! Reisler and co-workers?
studied the photodissociation of CH,OD radical in the 3s and
3p Rydberg states. From the measured kinetic energy distribution
of dissociation products, the heat of formation of the deuterated
analogue of hydroxymethylene (HCOD, AH° = 24 + 2 kcal/
mol) has been determined.?

The main goal of the present paper is to consider reactivity
of hydroxymethylene and to identify the main reactions leading
to its disappearance under diverse conditions. Using quantum
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chemical calculations, we have studied a temperature depen-
dence of the rate constant of the la — 2a transformation
occurring by tunneling mechanism. In addition, we have
considered different bimolecular reactions of HCOH with
formaldehyde as well as processes involving a dimer of la
leading to 2a formation. For the purpose of comparison, the
simplest halogenated derivatives XCOH (1b—1d), with X =
F, Cl, and Br, were also considered.

Computational Methods

Electronic structure calculations were carried out using the
Gaussian 03 suite?® of programs. Geometrical parameters of each
structure were fully optimized using density functional theory
with the B3LYP functional,®* the quadratic configuration
interaction QCISD? and the coupled-cluster theory CCSD(T)?
levels, in conjunction with the correlation consistent aug-cc-
pVnZ basis sets with n = D, T, Q.?’ For simplicity, these basis
sets are denoted hereafter as aVnZ. Single-point electronic
energies were also calculated using the coupled-cluster CCSD(T)
formalism in conjunction with the aVnZ basis sets at CCSD(T)/
aVTZ optimized geometries for HCOH, and QCISD geometries
for halogenated species and dimeric (XCOH), forms. Energies
of the stationary points on the potential energy surfaces for
bimolecular reactions between HCOH and H,CO were calcu-
lated using the CCSD(T)/aVTZ level using the B3LYP/aVTZ
optimized geometries.

In the HCOH system, the CCSD(T) energies were extrapo-
lated to the complete basis set (CBS) limit energies using the
following expression:?®

E(x) = Acgs T+ Bexp(—(x — 1)) + Cexp(—(x — 1)2)
(D

where x = 2, 3, and 4 for the aVnZ basis, n = D, T, and Q,
respectively.

The tunneling contributions to the rate constant were esti-
mated using Eckart?® 3! and Wentzel—Kramers—Brillouin
(WKB)*? methods. To obtain the rate constant in the framework
of the semiclassical WKB method,*® one needs to calculate first
the barrier penetration integral:

0 = 4 [ N2u(UG) = E) ds @

where s is the reaction coordinate, U(s) is the potential energy
(including the zero-point energy of the normal vibrations
orthogonal to a gradient vector), and u is the corresponding
reduced mass. The transmission probability is given by

P(E) = exp(—26(E)) 3

The tunneling rate constant at a fixed energy E is

ke (E) = P(m = exp( = 2 = B ds)

“)
The physical meaning of this equation is clear: the rate constant

is a product of the transmission probability P(E) and the
frequency wo/27 of the motion in a potential well.
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The cross sections of HCOH and HCOD potential energy
surfaces for the WKB barrier penetration integral were obtained
by intrinsic reaction coordinate (IRC) calculations at the MP2/
aVTZ level in mass-weighted Cartesian coordinates with the
step 0.1 amu'”? bohr. The values of energy were then refined
using CCSD(T)/aVTZ method and the potential energy curve
was fitted with the polynomial expression. The integrals were
evaluated numerically.

In the framework of Eckart approach, the cross-section of
the potential energy surface along the reaction coordinate is fitted
to the energies of three stationary points (zero-point corrected
energies of reactant, product and transition state) with the Eckart
potential

X = Xy X — Xy
A exp ] B exp ]
Ux) = +

X — X, x = xp\\?
1 + exp ] 1 + exp ]

The fitting parameters are

&)

B =V, + V)

"ol

where V; and V, are the zero-point corrected energy barriers
(excluding the vibration corresponding to reaction coordinate)
in the forward and reverse direction, w* is the absolute value
of imaginary frequency of the transition state, and u is the
corresponding reduced mass. The Schrodinger equation can be
solved exactly for this type of potential; the transmission
probability as a function of energy is

cosh(at + ) — cosh(a — f5)

PE) = cosh(a. + f3) + cosh o

(6)

where

41 -1
“hrl )
B = hw*(\/_ \/_) VE — V, + V.
Ver 1
O=dmy[—5 -
(hw*)

Similarly to (4), the rate constant reads as

[} cosh(a + ) — cosh(a. — B)
cosh(a + ) + cosh 0

kg (E) = —P(E)
(N
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SCHEME 1
H,+CO ——— cis-HCOH——— trans-HCOH —— > H,CO
cis-1a trans-1a 2a

At nonzero temperatures the WKB and Eckart expressions (4)
and (7) were averaged over the Boltzmann-populated vibrational
levels:

> nhw,
Zk(nha)o) exp(— T )

n=0
i ( nha)o)
exp|—
n=0 kT

k(T) =

in which energy is counted from the zero-point vibrational level
of the reactant. Actually, only the first two terms in the series
expansion contribute to the rate constant noticeably.

Results and Discussion

1. Unimolecular Rearrangement of Hydroxymethylene
and Its Halogenated Derivatives XCOH, X = H, F, Cl, and
Br. Hydroxymethylene exhibits two conformers, trans-la and
cis-1a. The most stable trans-conformer, trans-1a, has 6.7 kcal/
mol lower enthalpy of formation than its cis isomer, cis-1a.

As mentioned in the Introduction, trans-1a has singlet ground
state that lies well below the triplet counterpart.®'° Previous
CCSD(T)/CBS calculations made by one of us® on trans-1a led
to the values of AH; (trans-HCOH) = 26.1 4 1 kcal/mol for
the standard heat of formation at 298 K, and AEsr = —25.3 +
0.5 kcal/mol for the singlet—triplet gap. Using the focal point
analysis, Schreiner and co-workers!? derived a larger value of
—28.0 kcal/mol for AEgr. A difference of 2.7 kcal/mol is
significant, in view of the fact that both CCSD(T)/CBS used in
ref 8 and focal-point analysis in ref 12 are rather similar
approaches for high accuracy computations. Having carried out
again the CCSD(T)/CBS calculations for the AEgy of trans-
HCOH, we confirmed the results reported earlier.® Therefore,
we beg to differ with Schreiner et al.'?> on this important
thermochemical parameter.

Due to the large singlet—triplet gap, we considered in detail
only the reactions of the singlet carbene 1a. The unimolecular
rearrangement of 1a has already been studied in detail using
different quantum chemical procedures.'>3#736 For the sake of
consistency, we discuss hereafter the results obtained at the
CCSD(T)/CBS level for all unimolecular reactions of HCOH
(Scheme 1). The enthalpy diagram (Figure S1) and geometries
of all equilibrium and transition structures under study are
presented in the Supporting Information. To compare various
levels of theory, we also optimized geometries of all species
from Scheme 1 using simpler B3LYP/cc-pVTZ method. A good
agreement between both techniques (bond lengths differ less
than 0.01 A) was found. On the basis of these results, we used
B3LYP/cc-pVTZ geometry optimization in the subsequent
calculations (see below).

It is seen from Scheme 1 that two possible channels exist for
the disappearance of la, namely, an elimination of H, and
isomerization to formaldehyde, 2a. The H, elimination from
trans-1a (Scheme 1, left side) is a two-step process. Isomer-
ization to cis-1a occurs first with an energy barrier of ~27 kcal/
mol (Figure S1, Supporting Information) and the cis-la
decomposes then to CO and H, with a substantial total barrier
(51.7 kcal/mol). At the same time, the barrier to isomerization
of trans-1a to 2a involving transition structure TS2 (Figure 1)
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Figure 1. Relative enthalpies at 0 K (A(AH"X)) of some stationary
points on the singlet manifold of H-C—O—H and R—C—O—H (R =
F, Cl, Br) systems calculated at CCSD(T)/aVTZ level of theory. The
geometry optimization was performed using QCISD/aVDZ method;
vibrational frequencies were scaled by a factor of 0.98. trans-la—d
were chosen as reference compounds for the calculations of relative
thermodynamic properties. All values are in kcal/mol.

is noticeably lower (30.5 kcal/mol). In agreement with all
previous results,'?3473¢ the trans-1a — 2a rearrangement is the
most important reaction of HCOH disappearance, and we
concentrated our efforts on this process.

As opposed to the 1a case, the reactions of the halogenated
derivatives XCOH (1b—1d, X = F, Cl, Br) have not been
considered at a high level of theory, only simple CISD/6-
31G(d,p)//HF/4—31G computations have been reported.’” We
calculated the energies of the stationary points on the energy
profiles corresponding to halogenated analogues of hydroxym-
ethylene 1b—d. Figure 1 demonstrates that halogenation influ-
ences the enthalpy of isomerization and its barrier height
insignificantly. The barrier height of 1 — 2 isomerization is
~30 kcal/mol and does not change significantly for different
halogenated derivatives. Due to this fact, the canonical TST
rate constant of 1 — 2 reaction is negligible for every halogen
substituent R. For instance, the canonical TST rate constant of
trans-HCOH — H,CO transformation at 300 K is 4 x 10710
s~L. If one considers as negligible tunneling contribution to the
rate constant, the half-life of 1a can be estimated as 55 years.

2. Tunneling Contribution to the Rate Constant of HCOH
— H,CO Isomerization. Although the canonical TST rate
constant for the 1 — 2 isomerization is too low, the tunneling
effect was demonstrated to be very important in the case of
trans-la — 2a rearrangement.'” The authors!? evaluated the
tunneling lifetime of 1a at 0 K using the WKB approach. In
the present work, we determined the temperature dependence
of the tunneling rate constant using the WKB method and, for
the sake of comparison, the profoundly simpler Eckart procedure.

The WKB calculations were made in accordance with
formulas (4) and (8) using the polynomial fitted IRC curve and
the frequency of the normal mode wy = 1210 cm™! correspond-
ing to the tunneling motion. The results are shown in Figure 2.
The zero temperature limit of WKB rate constant (k = 9.2 x
107 s corresponds to the half-life 7,, = (In 2)/k = 126 min.
This zero temperature value agrees perfectly with the value 7y,
= 122 min obtained earlier by the use of IRC curve calculated
at a profoundly higher AE-CCSD(T)/cc-pCVQZ level of
theory.'? The results of matrix isolation experiments'? are also
in good agreement with theoretical predictions. The half-life of
trans-1a varied from 1.7 to 2.0 h in different noble gas matrices
in the temperature range 11—20 K.'> At room temperature (300
K) the calculated half-life of trans-1a is ~35 min, which is 3.6
times lower than the zero temperature limit.

The Eckart estimation (6) of the same rate constant was made
using the forward and reverse activation barriers (including ZPE
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Figure 2. Temperature dependence of WKB (triangles) and Eckart
(circles) tunneling rate constants for trans-la— 2a rearrangement.
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Figure 3. Potential energy profile for the trans-1a — 2a transformation
along the intrinsic reaction coordinate. Along the IRC (bars), CCSD(T)/
aVTZ energies were calculated using MP2/aVTZ geometries; a red
curve is the polynomial fitting of IRC points and a green curve is the
Eckart fitting of the potential.

without the vibration corresponding to reaction coordinate) V¢
= 32.3 kcal/mol, V, = 84.2 kcal/mol calculated at the CCSD(T)/
CBS level (Figure S1, Supporting Information) and the absolute
value of imaginary frequency w* = 2162 cm™! for the potential
curve fitting. The results are also shown in Figure 2. Note that
the discrepancy between Eckart and WKB results is noticeable
in a low temperature region, namely, more than an order of
magnitude at the zero-temperature limit. However, the rate
constants at 250 K agree with each other rather well (Figure
2). The reason of such disagreement at low temperatures is the
difference in the shape of potential energy curves (Figure 3).

The behavior of the Eckart potential (5) matched by only
three points of potential curve (reactants, products, and transition
structure) is not correct at the region of large negative s values;
indeed, its tail decreases too slowly. The simple WKB estimation
of the transmission probability at low temperatures using
formula (3) gives results closer to the exact solution of the
Schrodinger equation (6). Due to an incorrect asymptotic
behavior of the potential, the absolute value of the barrier
penetration integral (2) is overestimated, and thereby the rate
constant (4) is underestimated by the order of magnitude at a
low temperature limit.

It should also be mentioned that Schreiner et al.'?> found the
performance of the Eckart and the WKB procedures to be
quantitatively similar in the low temperature limit. Although
the barrier values and the PES cross-section were calculated
by the authors'? at a higher level of theory, a good agreement
between our barrier values and the WKB low temperature rate
constants with earlier results'? is obtained. Using the parameters
of the Eckart model provided in the paper,'?> we obtained the
half-life of 1a 7, = 25.6 h at a zero temperature limit. At the
same time, using the parameters of Eckart model calculated by
us at a CCSD(T)/CBS level, we computed the low temperature
half-life 7,, = 95.6 h. It is also worth mentioning here that the
Eckart procedure is very sensitive to small errors in the barrier
values (e.g., increasing of the barrier height of the trans-1a —
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2a reaction by 1 kcal/mol leads to decreasing of the rate constant
nearly by 1 order of magnitude). This method suits more for
calculation of corrections to TST rate constant at noticeably
higher than cryogenic temperatures.

Therefore, only more computationally demanding WKB
method yields reasonable results at the low-temperature limit
while at room temperature the Eckart approximation also
performs well. Because of the large value of the vibrational
quantum in trans-1a (1210 cm™'), only the first two terms in
eq 8 are significant (even at 300 K the population of the first
vibrational level v = 1 is 0.3%). At the same time, this is the
reason for the relatively high temperature (about 200 K) of the
transition from the dominant ground state to thermally activated
tunneling.

The tunneling rate constant for HCOD, the isotope analogue
of la, was found to be negligible (WKB low temperature
lifetime is more than 30 years). This fact also agrees well with
the experimental data and previous computations.'?

3. Bimolecular Reactions of HCOH with H,CO. Although
the unimolecular reactions of 1a are rather slow, 1a had escaped
experimental detection at ambient and elevated temperatures.
The bimolecular reactions, especially at higher pressure and in
the condensed phase, may be responsible for the disappearance
of 1a. As mentioned in the Introduction, 1a was proposed as a
key intermediate in the photochemistry of formaldehyde,
2a.'0.1471638 1 ot ys note that photolysis of 2a in an argon matrix
at low dilution (1:40)'* yields glycolaldehyde (3a), methanol,
and carbon monoxide as the detected products. In subsequent
theoretical papers,'”'® a series of bimolecular reactions of 1a
and 2a leading to the detected products were proposed.
However, calculations were performed at the rather low levels
(HF and MP2 with small basis sets) typical of the 1980s. In the
present work, we applied the highly accurate quantum chemical
techniques for the study of bimolecular reactions of 1a.

It was found that both trans-1a and cis-1a form quite stable
H-bonded complexes with formaldehyde 2a (Figure 4 and 5,
complexes Cla and C2a, correspondingly). The enthalpy of
formation of these complexes was estimated to be 6.6 and 8.9
kcal/mol for cis- and trans-1a, respectively. Therefore, bimo-
lecular reactions of 1a and 2a should proceed through these
complexes.

It is well documented? that C—H insertion and double bond
addition are typical of singlet carbenes. However, McKee et
al.'® pointed out that another reaction, specific particularly for
trans-1a and formaldehyde 2a, might proceed via a 5-center
transition structure (Figures 4 and 5, cf. TS¢;). The barrier of
this reaction is very low (~1 kcal/mol), mostly due to very early
transition state, which in turn is due to the high exothermicity
of the process (~—65 kcal/mol). The barrier of C—H insertion
(TSc3, Figure 4 and 5) was found to be much higher (~5 kcal/
mol). However, for the particular frans-1a + 2a system, both
reactions lead to the same product: glycolaldehyde 3a. The
barrier of another possible competing process, namely the C=0
addition, leading to formation of hydroxyoxirane 4a via transi-
tion structure TSc;3 (Figure 4 and 5) is remarkably larger (~20
kcal/mol).

Attempts to estimate the barrier of C—H insertion have been
previously made at the Hartree—Fock level (the authors were
not able to localize the transition state)'” and second-order
perturbation theory MP2 (TS, lay 9.7 kcal/mol above the
separated frans-1a + 2a)'® levels, and using multilevel G2M
procedure (TSc; lay 37.9 kcal/mol above the frans-la + 2a
asymptote)® as well. Our value of barrier height turns out to
be tremendously lower (—3.7 kcal/mol below the trans-la +
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Figure 4. The relative enthalpies at 0 K (A(AHX)), the relative enthalpies (A(AH")), and Gibbs free energies (A(AG")) at 298 K of stationary
points corresponding to the bimolecular reactions of 1a with 2a. Calculations were performed at CCSD(T)/aVTZ//B3LYP/cc-pVTZ level of theory;
vibrational frequencies were scaled by a factor 0.985. The complex of frans-1a with 2a (Cla) was chosen as a reference for relative thermodynamic

properties. All values are given in kcal/mol.
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Figure 5. Bond lengths (in A) in different complexes of 1a and 2 and transition structures of their reactions optimized at the B3LYP/cc-pVTZ

level.

2a, Figure 4) than the ones calculated before. The possible
source of discrepancy in this case might be an insufficient
performance of employed earlier MP2 procedure with small
basis sets.'8

The 5-center transition state of another competing process
(TSc1, Figure 4 and 5) was found to lie ~1 kcal/mol below the
complex Cla.'® This result was indeed due to separate geometry
optimization at a HF level and a subsequent refinement of the
energy value using single point MP2 procedure.'® Higher level
of theory yields in this case a reasonable value of 0.8 kcal/mol
(Figure 4).

Thus, one may conclude that reactions of trans-1a with 2a
lead exclusively to formation of 3a. The most favorable process

proceeds with very low barrier through the specific 5-center
transition state (TSc¢p). Though the energy barrier of C—H
insertion (TSc,) was calculated to be significantly lower than it
was proposed earlier,!”'%% this process is still less favorable
than the one proceeding via TS¢;. The C=0 addition does not
play an important role in this case. Taking into account the fact
that the energy barrier of the reaction proceeding via TScy
(Figure 4) is very low (~1 kcal/mol), and the only competing
C—H insertion reaction (TS¢,, Figure 4 and 5) leads to the same
product 3a, formation of 3a is expected to occur at room and
elevated temperatures with nearly a collision rate constant.

In the case of cis-1a, the 5-center transition structure is no
longer possible due to geometric constraints. At the same time,
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another reaction can proceed via transition structure TScq
(Figure 4 and 5), which is a simultaneous transfer of two H
atoms to O- and CH,-moieties of 2a yielding CH3;0H and CO.
This process is also highly exothermic (~—65 kcal/mol) and
the energy barrier is very low, being ~0.4 kcal/mol. The C—H
insertion yielding 3a is slightly less favorable (the Gibbs energy
of activation being ~2 kcal/mol). Similar to the reactions of
trans-1a, the barrier to C=0 addition is high and this process
is not important for the mechanism of cis-1a disappearance.
Therefore, cis-1a reacts with formaldehyde at ambient and
elevated temperatures with a collision rate constant yielding
CH;0H and CO.

If the equilibrium between cis- and trans-1a is taken into
account (A(AG®) = 6.7 kcal/mol at CCSD(T)/CBS), the yield
of CH30H + CO formed in reaction of cis-1a and 2a via TScy4
is about 103 times lower at room temperature than the yield of
3a formed in the reaction of trans-1a and 2a via TScs.

Note that trans-1a and cis-1a form with 2a stable H-bonded
complexes Cla and C2a. The barriers to subsequent reactions
through transition structures TS¢; and TSc4 (Figure 4) are very
low. These transition structures lie well below the corresponding
asymptotes [trans-1a + 2a] and [cis-1a + 2a] (Figure 4). It is
therefore reasonable to expect that the bimolecular reactions of
la with 2a in the gas phase will occur with small negative
activation energy yielding presumably glycolaldehyde 3a.

Theoretical predictions agree well with the results of pho-
tolysis of 2a in an argon matrix at low dilution.'* The latter
authors detected 3a, methanol, and carbon monoxide among
the products. Formation of 3a might therefore be attributed to
the reaction of trans-1a with 2a via TS¢; and CH;0H and CO
are formed in the reaction of cis-la with 2a via TSc4. Note
that reactions can proceed at cryogenic temperature (12 K) only
if their barriers do not exceed ~1 kcal/mol. This fact agrees
quantitatively with the computed values of activation barriers
corresponding to the transition states TS¢; and TSy (Figure
4).

At very low concentrations of H,CO, the unimolecular
(tunneling) reaction la — 2a becomes faster than the bimo-
lecular processes. Assuming the bimolecular reactions to occur
with a collision rate constant and the WKB rate constant of
unimolecular reaction to be 107 s™! at room temperature (see
above), the corresponding concentration of H,CO is estimated
to be very low, being about 10° cm™. The unimolecular reaction
thus dominates at the pressures below this value.

4. Conversion of XCOH in the H-Bonded Dimers. As
shown above, reactions of 1a with 2a are likely to be responsible
for the fast disappearance of 1a generated upon photolysis of
formaldehyde. However, if the concentration of 1a is sufficiently
high, other reactions might also become important. For instance,
1a and its halogenated analogues 1b—1d could form hydrogen-
bonded dimers in the gas phase at ambient and even elevated
temperatures. Figure 6 displays the structures of H-bonded
dimers of trans-1b—1d (D1b—D1d). The enthalpy of formation
of such dimers is quite large, being ~—20 kcal/mol. We were
not able to optimize the dimer structure D1a at the QCISD/
aVDZ level. It was also not possible to locate the D1a structure
at the HF, MP2, and B3LYP levels. All attempts invariably led
to the markedly more favorable dimer of formaldehyde mol-
ecules D2a.

Figure 6 shows that a concerted double hydrogen atom
transfer in the H-bonded dimers of hydroxymethylenes, D1b—d,
leads to the dimers of corresponding substituted formaldehydes
D2b—d. The barriers on the PES between two type of dimers
(D1b—d and D2b—d, transition structure TSp,) are extremely
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Figure 6. Relative enthalpies of the H-bonded dimers of halogenated
derivatives of hydroxymethylenes (D1b—D1d) and formaldehydes
(D2b—D2d) calculated at CCSD(T)/aVTZ level of theory. The
geometry optimization and vibrational frequency calculations were
performed at the QCISD/aVDZ level, vibrational frequencies were
scaled by the factor 0.98. The dimers D1b—D1d were chosen as
reference for relative thermodynamic properties. All values are in kcal/
mol.

small, in such a way that when the zero-point energy is taken
into account, energies of the transition structures drop below
the corresponding D1b—d. A possible reason for such a slightly
negative barrier heights is the use of different levels of theory
for geometry optimization and subsequent single-point energy
refinement. Whatever the case, it is clear that the transformation
of the initial 1b—1d complexes to the 2b—2d products,
respectively, occurs with nearly a collision rate constant.

Conclusion

On the basis of our calculations, the following remarks on
the reactivity of the singlet hydroxymethylene, HCOH, and its
halogenated derivatives can be made. First, although the high
energy barrier of unimolecular reaction HCOH — H,CO makes
this reaction classically prohibited, the contribution of tunneling
is very significant in this case. Two different procedures, viz.,
WKB and Eckart approximations, were applied to evaluate the
tunneling rate constant, and only the WKB procedure was found
to perform well. The half-life of HCOH at room temperature
in the absence of bimolecular processes was found to be long
(~35 min). As HCOH is a possible component in interstellar
matter,**~*? this unimolecular process might be responsible for
its depletion.

In the bimolecular reactions of hydroxymethylene with the
formaldehyde, the complex of trans-hydroxymethylene with
formaldehyde is prone to a fast transformation giving the more
thermodynamically favorable glycolaldehyde via a mechanism
involving a 5-center transition structure. The most preferable
reaction of cis-hydroxymethylene with formaldehyde yields
carbon monoxide and methanol. Due to very low activation
energies, both processes occur with nearly a collision rate. If
the concentration of HCOH (and its halogenated analogues
XCOH as well) is high enough, the bimolecular reactions of
these species with itself become predominant. In such situation,
the hydroxycarbene turns out to be extremely unstable, and the
formaldehyde isomer H,CO (X(H)CO) is formed with a collision
rate.
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Finally, we confirmed the previous result® that singlet—triplet
energy separation of trans-HCOH amounts to ~—25 kcal/mol.
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