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Abstract 

1ntl-n.nwlecular hydrogen ab+tr;lction reactIon nsere ?rc;m~inal in l~c!lt;lllz-?_~thl~)ll~ in it> ltr~t\\t triplet \tilte using the AM- I ~;emiemplrical 

molecular orbital method with the geometry optimisalion in the tmre\frictrd Hartrce-Fock f~rome. Rehulth MI:IY cc~mparerl with thohc ot 

pentane-l-one. The role of tunneling of hydrcrgc‘n was examined in both the conventional transition-state appr<b;lch and in the RRKM theory 

of unimolccular reactiona. Result\ reveal that tunneling ot’ hydrogen i\ less slguiticant to sull‘ur than to oxygen. I(‘! 19% EI5e\ if3r Scicncl: 

S.A. All rights reserved. 

1. Introduction 

Ketones in their lowest triplet states ~usuatly 31 717~~‘) 

states J abstract hydrogen by both intra- and inter-molecular 

photoelimination processes. Numerous experiments 1 I--.? 1 

and theoretical studies [ 4-9 1 reveal that a \mafl barriercxists 

between the initially excited states of reactants and the pri- 

mary reaction intermediates. From the temperature depend- 

ence 01’ the rate constant:, ard the deutcrium isotope cfli’ct 

( IO 1. one concludes that the nuclear tunneling is not impor- 

tant in the hydrop~n-abstt-a~ti(~n reactions. An obscl-vation of 

the very low value of this i\otopc effect may sugpe\t that the 

primary step in the Norrish type It process iz a11 c‘tcctrcm 

transfer rather than one-step hydrogen transfer Although 

there is hardly any report of the isotope eft‘ect in thz Norri\h 

type II process. Grcllmann otal. 1 I I ] and Al-Soutl c’t at. 1 12 ) 

reported 2 study on the phr)to enolisation ~XCXCSS of 5:8 

dimethyl I- I tetralone which revealed that the hydrogen 

transfer in this process i\ primarily controlled by tunneling 

around room temperatures. This process in\‘olves I :S hydro- 

gen transfer on the lowest triplet state surface ai in a Not,rish 

type II process in a ketone. Recently. WC [ 7.0 j examined the 

role 01‘ lunneling of hydrogen in both the Norrish type II 

process and in the photo-enolisation process of ;I kcton~ 1 11 1. 

We ohselved that in both cases. the tunneling oi’hydrogen is 

very significant around 300°K. Thert: WI\ no !~viclcncr 01‘ 

operation of an electron-transtel mechanism 17.9 1 control- 

ling the hydrogen-transt’er proceax. even though the isotopic 

ratio K,,/K,, where K,, and K,, refer to the late constams 01’ 

the H- and D-transl’cr proce5heh. respectively. is small ;11 

300 ‘K. 

Schci’f’er [ 141 suggested that unless the abstractable hydro- 

gcn comes within 2.7 - 3.0 k of the carbonyl oxygen, reac- 

tio11 cannot occur. This is made possible in pentane-2-one by 

an internal rotation around the /S-bond relative to the carbonyl 

grmp. In our recent ah initio aldies J 9 ] of the Norrish type 

If process in pcnfanc-, 7-one IC’C ok\ervcd that the barrier to 

rot:ltion around the /?Lbond IS rqligible. In thlh paper. we 

study a thiocarbonyl compound ;lnatogous to prntane-L-one. 

AI thio carbonyl compounds \,how ;t long \G:I\elength 

ah\orption hand attrihulcd ti) 4 r/ + 7i”’ transition [ IS. 16 1 

Although not many reports arc as:lilablc on thio compounds. 

oui rqort 1 I7 I on an inter- niiJlCcular reaction reveals that 

thilmc can abstract hydrogal at 111~” position of’ \ulf’ur by itI1 

in-.plane process in its louat I@: state de Mayo 1 !  x 1 

reported that the intra-molcall;rr reaction oc’curs at the y- 

po,>ition relative to the thiocarbcln;:l group in the lowesttriplct 

( qrr’;‘) state. However the lit‘e times ot’thiones arc one to two 

orders of magnitude shorter than those of the corresponding 

kclones. This may be due to quenching of‘ the excited st;lce 

of thione by the ground state or the intersystem crossing 

el‘irciency in thicrnc is close IO unity 1 IX I. In the absence 01‘ 

y-i~ydrogen. ,&abstraction hiIS been observed. 
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Fig. 1. Two conformers 1 and II of pentane-2.thione, each defined by the 

dihedral angles a, fl and y. 

Fig. I shows the two conformers of pentane-2-thione 
defined by the dihedral angles (Y, /3 and y. The conformer I 
is the equilibrium structure in the lowest triplet state. The 
conformer II is obtained by rotation around the /?-bond where 
the S 1. ..Hl distance is 2.046 w and the Sl.. .H4 distance, 
4.176 .& The structure II shows that while the y-hydrogen 
abstraction should be easier. the P-hydrogen abstraction is 
possible in spite of the large Sl-H4 distance, as the non- 
bonding 3p orbital on S is approximately double the size of 
the 2p nonbonding orbital of oxygen. No P-hydrogen abstrac- 
tion is observed in a ketone. In this paper, we have undertaken 
an AM 1 molecular orbital computational studies [ 19 ] of a 
thione (pentane-2-thione in Fig. 1) undergoing both intro- 
molecular ‘y- and P-hydrogen abstractions in its lowesi 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 AM 1 method in the unrestricted Hartree- 
Fook (UHF) frame [ 191 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 (Y, /3 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/AM1 method. WC 
consider two conformers I and 11 ( Fig. I ) of the thione. The 
conformer 11 is energetically only 1.1 kJ/mol higher than the 
conformer 1. We shall show thar this energy is negligible 
compared to the activation barrier of the hydrogen-transfer 
reactions in the triplet state. Using the conformer II as reac- 
tant, we reduced the Sl . ..H 1 distance and the Broyden- 
Fletcher-Golgfmb-Shanno optimisation procedure [ 20 ] was 
carried out until 1:4 biradical was obtained. ,4 similar pro- 
cedure was followed for the P-hydrogen abstraction reaction 
from the conformer II as reactant where the S I-H4 distance 
was reduced, until I:3 biradicill was obtained. These two 

biradicals were identified by the two highest singly occupied 
molecular orbitals localised on C‘ 1 and C4 in the case of I:4 
biradical and on Cl and C? in the case of I:3 biradical. In 
both cases, the transition state structures were characterised 
by only one negative eigen-value of the force constant matrix 
in each cases. The magnitude of the imaginary frequencies is 
13 I 6i cm ’ for the y-hydrogen abstraction and 16.541 cm ’ 
for the P-hydrogen abstraction reactions. It should be noted 
that the magnitude of the corresponding imaginary frequency 
in pentane-2-one is 2 14Xi cm ’ [ 71. The normal coordinate 
analysis shows that the eigenvcctor corresponding to the 
imaginary frequency is the asymmetric stretch of the non- 
linear triatomic systems S 1-H I --C4 for the y-hydrogen or 
Sl -H4-C3 for the P-hydrogen abstraction reaction. We, 
thrrefore, chose the reaction coordinates X = Kc4 tf, - Rs, .,, , 
and X = I& HJ - Rs, +J for the y- and P-hydrogen abstrac- 
tion reactions. respectively, w<hcre R,, H, and R,,p,,i are 
rexpectively, 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 15 hydrogen transfer in 
the lowest triplet state of thione is endothermic by N 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 y-hydrogen 
ahvtraction and * 58 kJ/mol for the P-hydrogen abstraction 
reactions, before the zero point vibrational energy (ZPVE) 
corrections. After the ZPVE: corrections, the barrier heights 
arc, respectively, 35 kJ/mol and h 40 kJ/mol. For pentane- 
2-one the corresponding barrier height is -44 kJ/mol [7,S] 
while the reaction is exothermic, by 65 kJ/mol 17 ]. 

Fig. 2 shows the minimum energy paths (MEP) obtained 
bq means of intrinsic reaction coordinate calculations for the 
intra-molecular y- and P-hydrogen abstraction processes 
from the cont’ormer 11 of the thione. For comparison. the MEP 
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Fig. 2. (a) Minimum energy paths (MEP) for the y- and ,&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 AMI (UHF) method, \chile 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 

I:3 and I :3 hiradicals. 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 P-hydrogen abstraction in thione and that 
of the 1:4 and I:3 biradicals derived respectively from thione. 
For ketone the optimised structures were reported in our ear- 
lier papers [ 7.81. 

4. Discussion 

Intra-molecular hydrogen abstraction takes place in the 
lowest triplet state from the conformer 11 (Fig. I ) of thione 
as in pentane-2-one. The energy of the conformer II is only 

1. I 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 w IO” s- ’ which could be taken as the 
pre-exponential factor in a simple Arrhenius equation. This 
equation leads to an unimolecular rate constant of w 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 
2 X IO” s ~ ’ at 300 K [ 2 11. The observed larger rate constant 
for pentane-2-one has been attributed to a significant role 01‘ 
tunneling [ 7,9] of hydrogen even at 300 K. 

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

y,, -Ketone>P,, -Thione>y, -Thione 

the Arrhenius rate constants should increase in the order. 

Ks( kr:tone)<K,“( thione)<K,Y( thione) 

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

5. Structural properties of the transition states 

The transition state structures for the y- and P-hydrogen 
abstractions in pentane-2-thione are given in Fig. 3. The most 
important geometrical changes at the transition-state are the 
bond distances Y’ and r of the newly forming S 1-H I and S l- 
H4 bonds and the breaking C4-H 1 and C3-H4 bonds respec- 
tively, in the y- and P-hydrogen transfer reactions. The rel- 
ative bond distances r,,,’ and rre, are defined as 



where r”” and r”. are the S I--H I and C4-H I bond distanca 
in the transition-state and r,’ and i’, are the corresponding 
~quilihrium bond-lengths in the product and the reactant. 
respecti\,ely from which HI is ahstractcd. It has been shown 
1 22 1 ihilt (17;. ratio ~,~.,/q,,’ i\ equal tv unity 101 thermoncutral 
!Iydrogun tran\fcr reaction\. f!.ir the exothermic reactions ii1i.h 
ratio is It’s than uniry correspondin, (7 to Inert rcnc’tant lili;’ 

transition state and t’or the endothermic reactions this ratio 
s,hould exceed unity corresponding to more product like trawl- 
sItion-states. From the optimised bond length data \howrl in 
Fig. 3. we tind that 

Y,Y,,l .- 
YE!., 

is I .24 for the y-hydrogen abstraction reaction in the thione. 
For the /3-hydrogen transf’er rcactlon which IS approximately 
thermoneutral the ratio 

is around I. I2 instead of unity. It $houfd t)c mcntioncd now 
that for the y-hydrogen transfer reaction in penlane-2-one 
which iA cxothermic. this ratio 

Y,cI 
--T Yrel 

One would normally infer from reaction c\nergctic:, that 
most exothermic channel usually ha5 the lowest barrier. A 
closer examination of the structures of tht: transition \tntc‘i in 
thiones and ketone ( Ref. (7 1 ) indicates that the results 
obtained for the activation barrier3 arc‘ not conxiatcnt CL ith 
expectation. The reactions that we cornpar-c ha-c do not torrn 
21 series for which simple structure-rra~livil~ correl;itlon~ 
apply. It ih not surprising to note this. as the role ol‘tunncling 
ot hydrogen is very significant in intramolecular proces\cs. 
The simple structure-reactivity correlation\ apply whcrc tuii- 
neling i\ no1 <ignilicarit. 

6. Role of’ tunneling in the conventional transition state 
approach 

Recently. wi: [ 131 reported studies on hydrogen tunneling 
in phatoenclli~,ation 01’ n ketone and in th2 Norrish tbpc II 
process of pentane-2-one [ 9 1. Roth processes involve I:5 
hydrogen transfa in their lowest triplet statec. Our thcorciical 
studies 17.91 along with the experimental works ol‘ Al Soufi 
et al. [ I 21 reveal that tunneling is ver) significant 111 I :5 
hydrogen transfer processes from a C-H bond containing an 
abstractable hydrogen to oxygen. In this section. WC’ conside 
tunneling of hydrogen to sulfur in intra-molecular pr~occ~~s, 

Table I \hows the imaginary frequencies at the saddle points 
f’or both y- and P-hydrogen tranat‘er reactions in thione. For 
ctrmparl\on. the imaginary I’rcclucncy observed f’or pentane- 
2-0~ is also given \ 7 1 The imaginary frequency measures 

the cIIrv;Iture at the \addlc point. in other words the width of 
the h,u-rier. Highc.t- the imuginarq t’requcncy at the saddle 
point. Iowcr is the width of’ the halrwer and more significant 
i,; the role of’ tunneling ofhydrtrgcn To determine the role of 
tunneling in the intramolecularly- and y-hydrogen abstraction 
pi-c~c~~.~~~cs in thione we i’oll~~ ltio same procaiure a5 
desct.lbtzd in our earlier papers 17.0 1. 

‘1’0 calculate the probabilit\ of tllnneling \vc fit the theo- 
Iretic;IlIy calculated MEP with thy* ti9lrtwing polynomial 
functloti. 

I’( \ t,,)==V,,+ x Ii( \?XV,,)’ (2) 

whep: .\,) is the value of the reaction coordinate at the tranl;i- 
tion Uate and k/,1, is the energ> barrier for the reaction. The 
coefllcicnts Ii in Ey. ( I ) arc constants with appropriate 
dimensions. The ahove seventh order polynomial lits well 
M ith ihe theoretically computed olle-dimensional energy pro- 
fib I’or both thione and ketone. 

t.or calculation 01’ the prohuhility. P( Ej of’hydrogen tun- 
nelills. WC USC the WKB method of approximation [ 231. 
I’( I:‘) is given by 

whcr i: I’( .t-) is the potential function given by Eq. ( 2 ) above, 
I:’ ii the energy of’ the tunneling particle, p is the reduced 
m;~s~ h( 1J) ~-UC II) is the tunneling distance which depends 
on b according to Fig. 2 and /I i\ Planck‘s constant. The 
integral in Eq. (3) is evaluated by numerical integration. Tht 
\pecltic unimolecular rate L’ollstant K(E) for the hydrogen 
transf’cr procases may he giLen hv the product 01. the fre-- 
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quency factor y,,, where yc,, is the et‘ltictivc frequency and 

the barrier permeability I-‘( E). i.e.. K( E) = yc,, /‘(L:‘), ‘l‘hc 

frequency factor y,,, involves the stretching of the C-H bw~d 

and the bending motion ofthe HI -c‘3-(‘3 in thionc. The two 

harmonic degrees of freedom haw been converlal into OIIU 

cfl‘ecti\c dcgrw of frwdoln with l‘reqwncq y?,, ct\ orl(lin0.l 

in previous papcrx 1 7.9 ] The effective l‘rcqwncic3 y,;,” and 

Y c I t ” for the y-hydrogen transfer procesl, in Ihionc zalcul;\tal 

from fhc AM- I frequencie\ are 25-K) CIII ’ ant] 1 MO ~111 ‘. 

respectively. For P-hydrogen transfer proccsw> Ye,,” a1~1 

ye,,‘) arc nearly .same as thwc l’or the corresponding y-h>drc)- 

fen tranhl‘er reaction. 

Figs. 1 and 5 show the variation of log /‘(IT) v,ith I;. IOI 

hydrogen and deuterium tunneling durin:: Ihe y-~~~lclP-h!~tll.o- 

fen ahwaction procehse\. rcspeclivelj. in lhione. The y- 

hydrogen abstraction process iscndothcrrnic. Afterlhe%PVE 

corrections of the re;lc(ant. transition slaic and 1 .4 hiradical 

(product ). \be find that the lowest vibrational Ic\cI 01‘ the 

product 1 it’s - t 0 k.l/ mol abow the lowest kwl of the IIXC 

tant. The tunneling of hydrogen ill the y-hytlrog~w tran\l;‘r 

reaction is therel’ore. lorhiddcn until the energy of rhc rcac~ant 

lies 10 k.l/mol above the lowest vihratiwxll IcwI ol Ihc KX- 

tant. Since weaker the C-1 I bond. higlwl- i\ the po\itic)n 01‘ 

the minimum of its potenlial well a< both strong and wxth 

C- H bonds dissociate into I]I~ wme limit, the tunneling prob- 

ahllity will incrc’ax (I-om the \\cnker C-H bonds to sulfur in 

throne. This has hew shou tl ill both in&a- [ 24 1 and inter-- 

molecular [ 25 1 proce~c~. On the other hand. the hydrogen 

abstraction from the ,!Spo\itiw in thionc is almost thermo- 

lle’.ltl2l. 

Both Figs. 3 and S show, 1ha1 there is a finite probability 01 

tulmcling of both hydrogen ;md deuterium when E is srnallel 

than ~hc barrier height. And ;IS lhtr energy incrcaxt’s the proh- 

abnlity 01 deutcrium tunneling Inax~scs at ;I f’&wr rate and 

b~ilh converse lo a valtie claw to unity when the Total cnei’gy 

rwchc k 60 k.l/niol (approx. I rclativc to ZPVE of lhc 

irexlan(. 

Ilic then tahc ~1 thermal a\ ~wp ot‘Ihe <pecitic rule constant 

at ,I given tempcraturc. 7‘. II it hno\vn that Ihe temperature- 

dependence of Lunneling rw constant is caused by thermally 

xrivated tunneling. To descrihca the transition l’mn temper- 

arure-dependent to lempe~!turc,-lndcpendent tunneling. one 

should lake into account lou frCLqlwicy vibrational as well as 

rotational iiiodc~ ;I\ outliwti in oiur earlier papers 17.9 1. Wr 

ob,,cr-\ ed nine low-i’rcquew. ! ’  Inodcs in the range 30 + 350 

Cl11 ’ for thionc in ii< loucst triplet star. The thermally 

a\,cwgxi raw constant at ii ytvcik temperature. 7‘. is given hj 

\\h,w / md ,j arc the loo tl-eclucncy vihralionul and three 

rotatlonnl modes respecti\uly. A,, i\ the Boltzmanu conslant. 

antii F-,,. i4 the rot;!tiorial-\.ihl-;l~ional energy of the reactant. 

E,, is giwn hi 

i N(/:‘j,)/‘(L,,l, I t’X]l 

K( 7‘) ‘7/, ,, L”‘: -_-_. ---- ,- 
( f)) 

i 
!V(ICj,) exp 

/I’, 

whw LY,,’ = I-,, - tl,,,l,. and W( I:,,’ ) IS the dcnsily of states 

of the reactnnl at ;I non-liwtl c’nt:rgy E,, ’ which has been 

calrulatcd using the Whitt~ii-~l~abinovitch approximation 

I26 j for nine IoL\, frequency \,ibrational modes. Our results 

show that N( f-J,,’ I increxsch with energy cansidel-ably and 

thall flattens off at higher ewrg!ics. ;I\ shown curlier for ;I 
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Fig. 6. The plots of log K, (or log K,,) vs. 1000/T. The solid lines refer to 

Mransfer 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 I&(&,) vs. 1000/T are shown for y- 
hydrogen and P-positions in thione in Fig. 6. Results reveal 
rhat below 77 K the rate constants of the hydrogen and deu- 
terium abstractions from the ‘y- and P-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-independent and 
isotope-independent [ 121. 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 [ 15,161 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., K,IK,, for the y-hydrogen abstraction process is 2.5 
while for the P-hydrogen abstraction process is 6.0 in thione 
at 300 K. The calculated ratio K,,IK, for pentane-2-one is 7 
at 300 K (71. 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, IH are always high in both ketone and thione. For 
example, at 300 K. the tunneling factors iHY and [HP in thione 
are 0.28 X lo3 and 0.18 X 1 O9 while I,,’ and (,sp are 0.15 X IO’ 
and 0.42 X IO’, respectively. This leads to a ratio of [,,y/[,>y 
and [HP/[np of 2 and 4, respectively, while for ketone [HY/[,jY 
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 fHY( K) /IHP(T) and r,‘(K) /lf,“( T) against temper- 
ature T, where K and T within brackets refer to ketone and 

r;(K) 

\ 
r$T) ,f' 

,' 

g$ 
r;(T) 

T- 

Fig. 7. The plots of [,(K)/[,(T) againbt Twhere K and T  within brackets 

refer to ketone and thione, respectively, the superscripts -y and p refer to 

abstraction from the y- and P-positions relative to the thiocarhonyll or 

carhonql 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 
IO0 - 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 p- 
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 
[ 281 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 unirnolecular rate constant 
which incorporates tunneling is given by [ 271 

KQM( t:,)= 
KE,) 

27rN,,(E,) 
(7) 

(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,. 
iV,,(E,) is the integral densities of states for the reactant 
molecule which have been computed using the Whitten- 
Rahinovich approximation (26 ] The simple classical rate 
constant is given by [ 281 

(9) 
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Fig. 8. The plots of log K(E) vs. t ( kJ/mol). The thick and thm lines refet 

respectively to ketone and thione. The vertical broken lines refer to the 

classical rate constants. which vanish when E< V,, 

(10) 

where S 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., 
N,,(E,) and the probabilities P(E,) of tunneling using Eq. 
(3) are higher in thione than in the comparable ketone (pen- 
tane-Z-one) for any given energy E,. While the density ot 
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( E) as function of energy L.‘. 
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 01‘ 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 ( - 10’ s ’ ) to 
ketone at its threshold energy while the unimolecular rate 
constant of thione is only IO ’ ’ 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 thionc. 

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 P-position as this reaction has a slightly large barrier 
height and barrier-width relative io that from the y-position. 
A similar intra-molecular p-hydrogen abstraction process is 
not observed in a ketone. 
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