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Abstract

Intra-molecular hydrogen abstraction reactions were examined in pentane-2-thione in its lowest triplet state using the AM-1 semicmpirical
molecular orbital method with the geometry optimisation in the unrestricted Hartree-Fock frame. Results were compared with those of
pentane-2-one. The role of tunneling of hydrogen was examined in both the conventional transition-state approach and in the RRKM theory

of unimolecular reactions. Results reveal that tunneling of hydrogen is less significant to sulfur than to oxygen. © 1998 Elsevier Science

S.A. All rights reserved.
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1. Introduction

Ketones 1n their lowest triplet states [usually 3(nar*)
states ] abstract hydrogen by both intra- and inter-molecular
photoelimination processes. Numerous experiments | {--31
and theoretical studies {49 reveal that a small barrierexists
between the initiaily excited states of reactants and the pri-
mary reaction intermediates. From the temperature depend-
ence of the rate constants and the deuterium isotope effect
[ 10]. one concludes that the nuclear tunneling is not tmpor-
tant in the hydrogen-abstraction reactions. An observation of
the very low value of this isotope effect may suggest that the
primary step in the Norrish type 11 process is an electron-
transter rather than one-step hydrogen transfer. Although
there is hardly any report of the isotope effect in the Norrish
type Il process. Grellmannetal. [ 11] and Al-Soufietal. | 12
reported a study on the photo enolisation process of 5.8
dimethyl -1 tetralone which revealed that the hydrogen
transfer in this process is primarily controlled by tunneling
around room temperatures. This process involves 1:5 hydro-
gen transfer on the lowest triplet state surface as in a Norrish
type 11 process in a ketone. Recently, we [ 7.9 examined the
role of tunneling of hydrogen in both the Norrish type 11
process and in the photo-enolisation process of a ketone | 13 .
We observed that in both cases. the tunneling of hydrogen is
very significant around 300°K. There was no evidence of
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operation of an electron-transfer mechanism 7.9 control-
ling the hydrogen-transter process. even though the isotopic
ratio K,/ Ky, where K;, and K, refer to the rate constants of
the H- and D-transfer processes. respectively, is small at
300°K.

Scheffer | 14] suggested that unless the abstractable hydro-
gen comes within 2.7~ 3.0 A of the carbonyl oxygen, reac-
tion cannot occur. This is made possible in pentane-2-one by
an internal rotation around the S-bond relative to the carbonyl
group. In our recent ab initio studies [ 9] of the Norrish type
[l process in pentane-2-one we observed that the barrier to
rotation around the B-bond is negligible. In this paper, we
study a thiocarbonyl compound analogous to pentune-2-one.

All thio carbonyl compounds show a long wavelength
abvorption band attributed 10 & n— 7* transition | 15,16].
Although not many reports are available on thio compounds.
our report [ 17] on an inter-molecular reaction reveals that
thione can abstract hydrogen at the position of sulfur by an
in-plane process i its lowest 7 state. de Mayo | 18]
reported that the intra-molecular reaction occurs at the y-
position relative to the thiocarbonyl group in the towest triplet
{ ny7r*) state. However the life times of thiones are one to two
orders of magnitude shorter than those of the corresponding
ketones. This may be due 1o quenching of the excited state
of thione by the ground state or the intersystem crossing
efticiency in thione is close to unity [ 18]. In the absence of
y-nydrogen, B-abstraction has heen observed.
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Fig. 1. Two conformers I and II of pentane-2-thione, each defined by the
dihedral angles «, 8 and 7.

Fig. 1 shows the two conformers of pentane-2-thione
defined by the dihedral angles «, 8 and y. The conformer |
is the equilibrium structure in the lowest triplet state. The
conformer Il is obtained by rotation around the 3-bond where
the S1...HI distance is 2.046 A and the S1...H4 distance,
4.176 A. The structure Il shows that while the y-hydrogen
abstraction should be easier, the B-hydrogen abstraction is
possible in spite of the large S1-H4 distance, as the non-
bonding 3p orbital on S is approximately double the size of
the 2p nonbonding orbital of oxygen. No S-hydrogen abstrac-
tion is observed in a ketone. In this paper, we have undertaken
an AM1 molecular orbital computational studies | 9] of a
thione (pentane-2-thione in Fig. 1) undergoing both intra-
molecular y- and B-hydrogen abstractions in its lowest triplet
state and examined the role of tunneling of hydrogen to sulfur
in thione in the conventional transition state theory and in the
RRKM theory of unimolecular reactions. We shall then make
a comparative study of the relative rates of the Norrish type-
II process in a ketone and a comparable thione maintaining
the same level of calculations.

2. Computational method

We employed the AM1 method in the unrestricted Hartree~
Fook (UHF) frame [19] and calculations were performed
using the MOPAC program [20]. The UHF calculations
allow different orbitals for each electron, which is preferable
for treatment of the open-shell systems. Calculations were
performed for various values of «, 8 and y (Fig. 1) optim-

ising all the geometrical parameters. Since the intra-molec-
ular hydrogen abstractions take place in the lowest triplet
state, we examined the energetics of the conformational
changes in the triplet state by the UHF/AMI method. We
consider two conformers I and IT (Fig. I) of the thione. The
conformer Il is energetically only 1.1 kJ/mol higher than the
conformer I. We shall show that this energy is negligible
compared to the activation barrier of the hydrogen-transier
reactions in the triplet state. Using the conformer II as reac-
tant, we reduced the S1...HI distance and the Broyden-
Fletcher—Golgfrab—Shanno optimisation procedure [ 20] was
carried out until 1:4 biradical was obtained. A similar pro-
cedure was followed for the B-hydrogen abstraction reaction
from the conformer Il as reactant where the S1-H4 distance
was reduced, until 1:3 biradical was obtained. These two
biradicals were identified by the two highest singly occupied
molecular orbitals localised on C1 and C4 in the case of 1:4
biradical and on C1 and C3 in the case of 1:3 biradical. In
both cases, the transition state structures were characterised
by only one negative eigen-value of the force constant matrix
in cach cases. The magnitude of the imaginary frequencies is
[316i cm ™' for the y-hydrogen abstraction and 1654i cm ™
for the B-hydrogen abstraction reactions. It should be noted
that the magnitude of the corresponding imaginary frequency
in pentane-2-one is 2148i cm™ ' | 7]. The normal coordinate
analysis shows that the eigenvector corresponding to the
imaginary frequency is the asymmetric stretch of the non-
linear triatomic systems S1-H1-C4 for the y-hydrogen or
S1-H4-C3 for the B-hydrogen abstraction reaction. We,
therefore, chose the reaction coordinates X = Req. 1y — Ks 111
and X =Rc3 4 — Rsy 4 for the v- and B-hydrogen abstrac-
tion reactions, respectively, where Rg, ., and Rg,_; are
respectively, the lengths of the Ci-Hj and Si-Hj bonds in
thione. For the transition state structures and the reactant, all
the real vibrational frequencies were calculated by a normal
coordinate analysis on force constants derived analytically at
the stationary points.

3. Results

Our calculations reveal that the 1:5 hydrogen transfer in
the lowest triplet state of thione is endothermic by ~ 25 kJ/
mol, while the 1:4 hydrogen transfer process in the same
thione is almost thermoneutral. The barriers for the hydrogen
abstraction are nearly ~52 kJ/mol for the vy-hydrogen
abstraction and ~ 58 kJ/mol for the 8-hydrogen abstraction
reactions, before the zero point vibrational energy (ZPVE)
corrections. After the ZPVE corrections, the barrier heights
are, respectively, 35 kJ/mol and ~ 40 kJ/mol. For pentane-
2-one the corresponding barrier height is ~44 kJ/mol {7,9]
while the reaction is exothermic, by 65 kJ/mol | 7].

Fig. 2 shows the minimum energy paths (MEP) obtained
by means of intrinsic reaction coordinate calculations for the
intra-molecular y- and S-hydrogen abstraction processes
from the conformer I of the thione. For comparison, the MEP
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Fig. 2. (a) Minimum energy paths (MEP) for the - and 8-hydrogen abstraction reactions in thione. (b) The corresponding MEP for the y-hydrogen abstraction
reaction in pentane-2-one. The solid lines are obtained by the AM1 (UHF) method, while the dashed lines in (a) refer to the fitted lines with the polynomial

function of Eq. (2).
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Fig. 3. The optimised structures of the transition-state (TS ) and the nascent
1:4 and 1:3 biradicals. Bond lengths are given in angstroms.

for the y-hydrogen abstraction in pentane-2-one is also
shown. Fig. 3 shows the optimised structures of the transition
states for the y- and B-hydrogen abstraction in thione and that
of the 1:4 and 1:3 biradicals derived respectively from thione.
For ketone the optimised structures were reported in our ear-
lier papers [7,8].

4. Discussion

Intra-molecular hydrogen abstraction takes place in the
lowest triplet state from the conformer II (Fig. 1) of thione
as in pentane-2-one. The energy of the conformer II is only

1.1 kJ/mol higher than that of the conformer 1. This energy
is negligible compared to the activation barriers for the dif-
ferent hydrogen abstraction processes. The frequency of the
internal rotation is ~ 10'* s~ ' which could be taken as the
pre-exponential factor in a simple Arrhenius equation. This
equation leads to an unimolecular rate constant of ~10°s ™'
at 300 K. No kinetic data are available for the reactions in
thione but for pentane-2-one the rate constant of the y-hydro-
gen abstraction in hexane has been measured and its value is
2X10%s ™" at 300 K [21]. The observed larger rate constant
for pentane-2-one has been attributed to a significant role of
tunneling [7,9] of hydrogen even at 300 K.

Since the barrier heights for the different hydrogen transfer
reactions decrease in the order

yu-Ketone>G,,-Thione>y,, -Thione
the Arrhenius rate constants should increase in the order.
K(ketone)< K5( thione)<K7(thione)

where Ky, refers to the unimolecular rate constant of the intra-
molecular hydrogen transfer reaction, and the superscripts y
and B refer to the hydrogen abstraction from the - and
B-positions of thione (or ketone), respectively.

5. Structural properties of the transition states

The iransition state structures for the y- and B-hydrogen
abstractions in pentane-2-thione are given in Fig. 3. The most
important geometrical changes at the transition-state are the
bond distances r' and r of the newly forming S1-H1 and S1~
H4 bonds and the breaking C4-H1 and C3-H4 bonds respec-
tively, in the y- and B-hydrogen transfer reactions. The rel-
ative bond distances r,,' and r,.; are defined as
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where r'* and #* are the S1-HI and C4-H1 bond distances
in the transition-state and r,' and r. are the corresponding
cquilibrium bond-lengths in the product and the reactant.
respectively from which H1 is abstracted. 1t has been shown
[22] that the ratio /£, s equal to unity for thermoneutral
hydrogen transfer reactions. for the exothermic reactions this
ratio is less than unity corresponding to more reactant ks
(ransition state and for the endothermic reactions this ratio
should exceed unity corresponding to more product like tran-
sition-states. From the optimised bond lengih data shown in
Fig. 3. we find that

rel

Yrel

is 1.24 for the y-hydrogen abstraction reaction in the thione.
For the 8-hydrogen transfer reaction which 1s approximately
thermoneutral the ratio

Yol
i
N F}/vc\

is around 1.12 instead of unity. [t should be mentioned now
that for the y-hydrogen transfer reaction in pentane-2-one
which i3 cxothermic. this ratio

YrLl

was found to be 0.81 | 7].

One would normally infer from reaction energetics that
most exothermic channel usually has the lowest barrier. A
closer examination of the structures of the transition states in
thiones and ketone (Ref. {7]) indicates that the results
obtained for the uctivation barriers are not consistent with
expectation. The reactions that we compare here do not form
a series for which simple structure—reactivity correlations
apply. 1t is not surprising to note this, as the rale of tunneling
of hydrogen is very significant in intramolecular processes.
The simple structure—rcactivity correlations apply where tun-
neling is not significant.

6. Role of tunneling in the conventional transition state
approach

Recently. we [ 13] reported studies on hydrogen tunneling
in photoenolisation of a ketone and in the Norrish type [
process of pentane-2-one {9]. Both processes involve |:5
hydrogen transfer in their lowest triplet states. Qur theoretical
studies { 7.91 along with the experimental works of’ At Soufi
et al. {12] reveal that tunneling is very significant in 1:5
hydrogen transfer processes from a C-H bond containing an
abstractable hydrogen to oxygen. In this scction, we consider
tunneling of hydrogen to sulfur in intra-molecular processes.

Table )
The burrier heights. energy of reactions. imaginary frequencies and barrier-
widths of the polential surfaces of the 3= and B-hydrogen abstraction

reactions

Reactions Barrier Ap Limaginary Barrier-
height (h/m)  trequencies at width
tkl/mol) the saddle point - (A)

(¢m 'y

1. y-H ubstraction in A4 — 65 2148icm ! 0.9

Ketone

3. y-H abstraction in 35 [ 13 7iem ! 12

thione

3. B-H abstraction in 40 0.0 1654 cm 14

thione

* AL stands for reaction energy.

Table 1 shows the imaginary frequencies at the saddle points
for both y- and B-hydrogen transfer reactions in thione. For
companison. the imaginary frequency observed for pentane-
2-ome is also given [ 7], The imaginary frequency measures
the curvature at the saddle point, in other words the width of
the barrier. Higher the imaginary tfrequency at the saddle
point. lower is the width of the barrier and more significant
is the role of tunneling of hydrogen. To determing the role of
tunneling in the intramolecular 8- and y-hydrogen abstraction
processes in thione we follow the same procedure as
described in our carlier papers [ 7.9].

To calculate the probability of tunneling we fit the theo-
retically calcutated MEP with the foltowing polynomial
function.

V(v-ap)=Vy+ Y li(y—x,)

[

b

wher:z 1, is the value of the reaction coordinate at the transi-
tion state and V,, 18 the energy barrier for the reaction. The
coefticients 17 in Eg. (1) are constants with appropriate
dimensions. The above seventh order polynomial fits well
with the theoretically computed one-dimensional energy pro-
files for both thione and ketone.

For calculation of the probability. P(E) of hydrogen tun-
neling., we use the WKB method of approximation [23].
P(E Y is given by

- e LR
8 2
P(Ey=exp| -2 7;3# J’ (Vi) —E]'"=dx (3)
Kt

where V(x) is the potential function given by Eq. (2) above,
£ is the energy of the tunneling particle, u is the reduced
mass, bOEY — () is the tunneling distance which depends
on F according 1o Fig. 2 and /i 1v Planck’s constant. The
integral in Eq. (3) is evaluated by numerical integration. The
specitic unimolecular rate constant K(E) for the hydrogen
transter processes may be given hy the product of the fre-
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Fig. 4. The plots of log P{L) vs. £ (in kJ/mol) for the y-hydrogen and y-
deuterium abstraction processes in pentane-2-thione for the y-hydrogen
abstraction process.
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Fig. 5. The plots of log P(E) vs. £ (in kI/moly for the hydrogen and
deuterium substituted pentane-2-thione for the g-hydrogen abstraction
process.

quency fuctor vy where ;18 the effective frequency and

frequency factor y, involves the stretching of the C—H bond
and the bending motion of the H1--C4-C3 in thione. The two
harmonic degrees of freedom have been converted into one
effective degrec of freedom with frequency vy, as outlined
in previous papers | 7.9]. The effective frequencies v, and
Yo for the y-hydrogen transfer process in thione calculated
from the AM-1 frequencies are 2540 cm " and 1860 ¢cm - .
respectively, For B-hydrogen transfer processes v.," and
v.u' are nearly same as those for the corresponding y-hydro-
gen transter reactions.

Figs. 4 and 5 show the variation of log P(£) with £ for
hydrogen and deuterium tunneling during the y-and s-hvdro-
gen abstraction processes, respectively. in thione. The y-
hydrogen abstraction process is endothermic. Afterthe ZPVE
corrections of the reactant. transition state and 1:4 biradical
(product). we find that the lowest vibrational level ol the
product ties ~ 10 kJ/mol above the lowest level of the reac-
tant. The tunneling of hydrogen in the y-hvdrogen transfer
reaction is therefore, forbidden until the energy of the reactant
lies 10 kJ/mol above the lowest vibrational level of the reac-
tant. Since weaker the C—H bond. higher is the position of
the mimimum of its potential well as both strong and weak

C--H bonds dissociate into the same limit, the tunneling prob-
ability will increase from the weaker C—H bonds to sulfurin
thione. This has been shown 1 both intra- [24] and inter-
molecular [ 25] processes. On the other hand. the hydrogen
abstraction from the B-position in thione is almost thermo-
neutral.

Both Figs. 4 and 5 show that there is a finite probability of
tunneling of both hydrogen and deuterium when £'is smaller
than the barrier height. And as the energy increases the prob-
abitity of deuterium tunneling increases at a faster rate and
both converge to a value close to unity when the total energy
reaches ~60 kl/mol (approx.) relative to ZPVE of the
reactant.

We then take a thermal average of the specific rate constant
at a given temperature. 7. It is known that the temperature-
dependence of tunneling rate constant is caused by thermally
activated tunneling. To describe the transition from temper-
ature-dependent to temperature-independent tunneling, one
should take into account low frequency vibrational as well as
rotational modes as outhned 1 our earlier papers [ 7.9]. We
observed nine low-frequency modes in the range 30~ 450
cm ' for thione in s lowest triplet state. The thermally
averaged rate constant at a given temperature. 7, 1s given by

Lo
LYY N PR _omar
e & ")CXP( l’\"hT)

s o i ’,

K{ l‘):‘y\”X : £
yorr oo - 1)
o i, i

i1

(4)

where ¢ and j are the low trequency vibrational and three
rotational modes respectively. K, is the Boltzmann constant,
and £
P

Y

-1s the rotational-vibrational energy of the reactant.

is given hy

Eo=E e hrgtoshoot o6 Y0 +DE, (5)
St

where L, s the total zero-point energy of thione, Bjs are its
rotational constants. Since £, consists of rotational as well
as low frequency vibrational modes. it will be a reasonable
approximation to replace the summation by integration.
Hence, we write Eq. (4) as

v

-
j NUEIDPEL) C,\p( ok \')d[f

_ Cn T
K(T)y=,, 2 (6)
£l
J'N( Elyexpl - L ME
KT
7Pl

where E,' = E — E,pe. and N s the density of states
of the reactant at a non-lixed cnergy E,,' which has been
calculated using the Whitten—-Rabinovitch approximation
[ 26] for nine low frequency vibrational modes. Our results
show that N(E.,') increases with energy considerably and
than flattens otf at higher energies. as shown earlier for a
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Fig. 6. The plots of log Ky (or log K,) vs. 1000/7. The solid lines refer to
H-transfer and the dashed lines refer to D-transfer in thione.

ketone [9]. The density of states is always higher when the
migrating hydrogen is substituted for deuterium.

The plots of log Ky(Kp) vs. 1000/T are shown for y-
hydrogen and B-positions in thione in Fig. 6. Results reveal
that below 77 K the rate constants of the hydrogen and deu-
terium abstractions from the y- and B-positions in thione
become almost temperature-independent and are too slow to
compete with the intersystem crossing which has been
observed in ketone to be almost temperature-independentand
1sotope-independent [ 12]. Fig. 6 shows that both H- and D-
transfer rate constants decrease rapidly in thione with decreas-
ing temperature at very low temperature. It is unlikely to
observe the H-transfer process at low temperatures as the
intersystem crossing to the ground state may dominate.
Besides, the lower energy gap [15,16] between the lowest
triplet state and ground state in thione than in ketone makes
thione more photostable than ketone, owing to more efficient
intersystem crossing in thione. The calculated isotopic ratio,
i.e., Ky/Kp for the y-hydrogen abstraction process is 2.5
while for the B-hydrogen abstraction process is 6.0 in thione
at 300 K. The calculated ratio K,/ K, for pentane-2-one is 7
at 300 K [7]. Theoretically, the small isotope effect is
expected in both thione and ketone but this does not mean
that an electron-transfer mechanism operates. The tunneling
factors, [y are always high in both ketone and thione. For
example, at 300 K, the tunneling factors [,,* and [HB in thione
are 0.28 X 10” and 0.18 X 10” while [,” and [ are 0.15 X 10°
and 0.42 X 10%, respectively. This leads to a ratio of [,,"/{,,”
and [4"/[,” of 2 and 4, respectively, while for ketone [},*/[},
is 0.03 at 300 K. Thus, in ketone the deuterium tunneling
dominates the hydrogen tunneling while in thione hydrogen
tunneling always dominates.

At high temperatures, both the H- and D-transfer rate con-
stants converge nearly to the same value, as in pentane-2-
one. But if we compare the tunneling factors of a ketone with
that of a comparable thione, we always find that the tunneling
factor of ketone is higher than that in thione. Fig. 7 shows the
plots of [1,"(K) /[#(T) and [y*(K) /["(T) against temper-
ature T, where K and T within brackets refer to ketone and

100
oy (K)
N
I el HY L7
4
e
e >, YK)
EFsol- s /FJ(T)
Ve
/
il

1 Il 4 A i
100 200 300 400 500

T —
Fig. 7. The plots of [y(K)/[4(T) against 7 where K and T within brackets
refer to ketone and thione, respectively, the superscripts ¥ and 8 refer to
abstraction from the y- and B-positions relative to the thiocarbonyll or
carbonyl! group.

thione, respectively. This figure indicates that tunneling of
hydrogen to oxygen in a ketone is more significant than to
sulfur in a comparable thione, in the temperature-range of
100~ 500 K. At lower than 100 K. the tunneling ratios are
anomalously large. One can also observe that tunneling of
hydrogen from the y-position is higher than that from the -
position to sulfur in thione.

7. Tunneling corrections to the RRKM theory

Tunneling corrections [27] to the rate constant for uni-
molecular reactions can be treated within the RRKM theory
[ 28] of the y-hydrogen abstraction reactions of a ketone and
a comparable thione. A simple way to include the effect of
tunneling is to assume that the one-dimensional motion along
the reaction coordinate is separable from the other degrees of
freedom. The expression for the unimolecular rate constant
which incorporates tunneling is given by [27]

Koo PED o
M 2N G(E )

. oN(E,

NO(E\)=—~—”8(F ) (8)

where E, is the vibrational energy for the nine low frequency
vibrational modes of the reactant (ketone or thione) relative
to the total zero point vibrational energy of the reactant.
P(E,) is the probability of tunneling calculated by the numer-
ical integration of Eq. (3) for the different values of E,.
No(E,) is the integral densities of states for the reactant
molecule which have been computed using the Whitten—
Rabinovich approximation [26]}. The simple classical rate
constant is given by [28]

E-V, $—1
K(E):A(_E—) (9
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where § is the number of vibrational degrees of freedom of
the reactant, {v,} and { v;*} are the normal mode frequencies
of the reactant and transition state and V,, is the bare barrier
height plus the zero-point energy of the transition state, i.e.,
the energy of the saddle point of the potential energy surface
relative to the total zero point vibrational energy of the reac-
tant. The classical rate constant vanishes when E <V,,. Our
calculations reveal that the density of reactant states. i.e.,
Ny(E,) and the probabilities P(£,) of tunneling using Eq.
(3) are higher in thione than in the comparable ketone (pen-
tane-2-one) for any given energy £,. While the density of
states in thione are two order of magnitude higher than that
in ketone, the tunneling probabilities are only slightly higher
in thione owing to its larger barrier-width. Therefore, the
overall unimolecular rate constant is always higher in ketone
than in the corresponding thione. These are relative rate con-
stants and do not refer to their absolute values. Fig. 8 shows
the unimolecular rate constant K( £) as function of energy E,
relative to the total ZPE of the reactant for the y-hydrogen
abstraction process in ketone and in the comparable thione.
Calculations were carried out for the total angular momentum
J=0. For comparison the classical rate constants are shown
by the vertical broken lines which show the positions of the
barriers on the energy axis. Below this threshold energy the
classical rate constant is zero. One sees that tunneling of
hydrogen allows a significant rate constant ( ~ 107 s ') to
ketone at its threshold energy while the unimolecular rate
constant of thione is only 10"' s~ at the corresponding
threshold energy. This shows that tunneling plays a more
significant role in ketone than in thione even though the bare
barrier height for ketone is higher than that in thione.

8. Conclusions

We conclude that photochemical intra-molecular y-hydro-
gen abstraction in a ketone and a comparable thione occur

via tunneling of hydrogen at high temperatures while their
isotopic ratios are small. The tunneling of hydrogen is more
significant to oxygen in a ketone than to sulfur in a thione.
This is consistent with the larger barrier-width and lower
imaginary frequencies for thione than those for ketone. The
sulfur atom of thione can also abstract hydrogen, less readily,
from the B-position as this reaction has a slightly large barrier
height and barrier-width relative to that from the y-position.
A similar intra-molecular 8-hydrogen abstraction process is
not observed in a ketone.
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