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‘ Intermolecular Hydrogen Abstraction ‘
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The photoreduction of arylketones
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1. Hydrogen atom abstraction is bimolecular reaction:

Ky, = 1x20%° lit/mol.s from: kgiren = SRT/3000n

Hammond: Kgiren = 2X10? lit/mol.s
k. (max) =~ 2 x 108® liters/mole-sec a0l A B
Since the slope = ki/®. K, and D, = 1,
kaglk, = 0.05 for BH,
Therefore
ka(max) = 0.05k, = 0.05(2 < 10%) =1 x 107" sec— !

Kd (decomposition) = kisc = kf S} (yRaa

20
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K, = Radiationless deactivation of the excited state
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2. Evidence that the reactive state is a triplet follows from the use of

triplet quenchers (oxygen and paramagnetic salts). For this we must add a
further step to the mechanism:

Bt + Q > B + Q rate = k,[B*][Q]

The expression for the quantum yield now becomes

D = (D:lﬂckr[BHﬂ]
" ka + Kk [BHz] + k,[Q]

or
_l_ — 1 4 kd -+ kq[Q]
T (Diﬂﬂ (Diﬂckr[BHE]
Siﬂ{:ﬂ' (I).IEH} = 1,
1 Ka kq[Q]
o, — !+ EBH, ' LIBH,] 2



——

Approximate Rare Constants for the
Photroreduction of Benzophenone'’

| —

R.ate constant Quencher Value
ka Fe[DPM]; 2 x 10° liters/mole-sec
kg O, 1 = 10° liters/mole-sec
k(H) 5 x 10° liters/mole-sec
k(D) 1.8 x 10° liters/mole-sec
kg 2.6 x 10° sec™?*

kqo/k, = 230 moles/liter (Q = 0O,)

Since these values are of the same order of magnitude, Hammond assumed
that the quenching was diffusion controlled with k, = 2 x 10° liters/mole- sec

Ferric dipiraloyl methide
23
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Ko/k, =230 (Q=0,)
K./k, =400 (Q = Fe[DPM];) Ferric dipiraloyl methide

3L diffusion controlled 4ds ., (23S (i wla 4S8 3 S (4 8 Hammond

Ky = 2x10° lit.mol1.Sec?
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The triplet energies of some compounds of interest are

benzophenone E; = 68.5 kcal/mole
acetophenone E; = 73.6 kcal/mole
fluorenone FE, = 53.3 kcal/mole

ATy e Aliea g (S0 a3 da G odhg (5098 () 8 puw 2ATIS et Al pa i 5 LA 1ML AU a2

WS g ) JES JUGa) ) AS G ¢ i) Triplet
(CH;-CO-CH,); + Ph-CO-Ph —» CH,-C(OH)-CH, + Ph-C(OH)-Ph

S clla Gk 31 g a1 S (50 AR el alal 1) 58 sl GAIS) g AS il i Yiaial

(g 55S) (6 5 1) S Al 68 )y S JLSqa) ) Ul lda & Triplet
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(o C=—=0)* — ¢, C=—0 AH = —69 kcal/mole
$,C—0O + H, —— ¢$,CHOH AH = —9 kcal/mole
2H- — H, AH = — 104 kcal/mole
$,CHOH — H- + ¢$,C—OH AH =~ + 78 kcal/mole
(p2C=—0) + H- — > ¢, C—OH AH = — 104 kcal/mole
RH —— R:- + H- AH = + 78 kcal/mole

($oC—0) + RH —— ¢,C—OH + R- AH = —26 kcal/mole

29



——

|

Thus for the photoreduction of benzophenone in the presence of benzhydrol
(RH = ¢,CHOH, C—H = 78 kcal/mole) the overall reaction is exothermic
by 26 kcal/mole. For the photoreduction of acetophenone the value calculated
in this way i1s — 31 kcal/mole, while for fluorenone the abstraction is still
exothermic by 10 kcal/mole. Clearly, the energetics of the abstraction reaction
is not the reason why benzophenone and acetophenone photoreduce but
fluorenone does not, since the values for the overall reaction would indicate
that all three compounds should react. However, this conclusion is not
necessarily valid if large activation energies are involved.*

30
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2) Reversible Reaction

ﬁ Q OH Q

I :
R—C—R + Q— (C—OH~—— R—(.J—R + Q—C—OH

H

To test this hypothesis, «-naphthaldehyde, which is apparently inert toward
photoreduction, was irradiated in the presence of optically active 2-octanol.
If a reversible hydrogen abstraction were to occur, a loss of optical activity
in the 2-octanol should result. The results showed no loss in optical activity;
thus the question of a reversible reaction has been answered.

31
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3) Competitive Reactions
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4) The nature of the excited state

In the case of aromatic ketones we

are actually dealing with two distinct chromophores: that due to the aromatic
nucleus (#r — #* transitions) and that due to the carbonyl group (n — #*
transitions). For a simple aromatic carbonyl compound such as benzaldehyde
or benzophenone the lowest triplet state is » — #* in character. However,
as the conjugation in the aromatic nucleus becomes greater (e.g., a naphthyl
group), the = — #* triplet is lowered in energy and in many cases is actually
the lowest triplet state. Since the chemistry we are observing is localized at
the carbonyl group, one might expect that a transition localized generally
within this same area (n — «*) would be responsible for the photoreduction,
and one localized primarily in the aromatic nucleus would be. inactive
toward photoreduction. This might then explain why some compounds photo-
reduce and some do not.
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Quantum Yields for the Photoreduction of Benzophenones®

——

D, EPA, EPA D, MC MC
in ITPA 7T in Er, T,
Ketone IPA T, Er,cm~1 msec CgH;ja Ty cm~-! msec
Benzophenone 1.0 n— o* 24,400 5.4 0.5 n-— o* 24,000 5.1
(413 nm) (417 nm)
4-F— 1.0 n— w* 24,400 5.6 — n— o* 24,100 13
4-Cl— 1.0 n— a* — n— a*
4-Br— 1.0 n— % 24,400 5.4 -— n— o* 24,100 21
4-¢p— (and 3-¢—) 0.1 T — 7* 22,000 200 0.05 = — =* 21,500 150
4,4'-MeO— 1.0 n— 7% 24,400 32 — n-— a* 24,100 25
4-HO— 0.02 CT 24,400 36 0.9 n— a* 24,100 34
3-H_-IN— 003 CT 20,000 145 0.03 CT,w— =% 22,300 100
4-HoIN— 0.00 CT 22,000 200 0.20 ? 23,500 33
4.4'-MeaIN— 0.00 CT 22,000 106 0.60 n— w* 23,000 41

@ IPA, isopropyl alcohol; MC, methyl cyclohexane; EPA, 5:5:2, ether: isopentane: alcohol;
+77% is the lifetime in rigid glasses at 77° K
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Since CT and n ——= «* transitions are red-shifted (i.e., toward lower energy) in polar
solvents such as isopropyl alcohol and n —— 7* transitions are blue-shifted, replacement of
the polar solvent with cyclohexane lowers the energy of the n —— =* triplet state so that, in
the case of 4,4'-dimethylaminobenzophenone, the lowest triplet is of the n —— n* type and
the quantum yield for photoreduction rises from zero in isopropanol to 0.6 in cyclohexane.

TABLE 3.7. Solvent Shifts for Various Transitions in p-Substituted
Benzophenones+*+

Intensity Solvent Energy S-T
State (log ) shift, cm~? range, cm ! splitting, cm ~?
n— o* 2 —800 30,000 < 3,000
T — ¥ 4 + 600 40,000 10,000
CT 3—4 + 2500 30,000 > 3,000

¢ In proceeding from a polar to a nonpolar solvent.\
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T=a(n —-a*)+b (m — %)

a and b are mixing coefficients
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Quantum Yields for the Photoreduction of Acetophenones

2-Propanol
313 nm Er,cm™?
Compound O ketone (x 1079 Ez, kcal Th O,
Acetophenone 0.68 2.59 74.1 0.004 0.74
p-Me— 0.66 2.55 72.8 0.084 0.61

m-MeO— 0.006 2.53 72.4 0.25 0.35
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< For compounds having lowest n—n*triplet states, factors that increase
vibronic coupling with higher n—n*triplets and spin-orbit coupling
with n—n*singlets will increase reactivity through mixing of the states.
Since vibronic and spin-orbit coupling depend inversely upon the
energy separation between the states, closely lying n—n*singlet and
triplet states will couple more strongly with the lowest n—n*triplet
than higher lying states.

Vibronic coupling (also called nonadiabatic coupling or
derivative coupling) in a molecule involves the interaction
between electronic and nuclear vibrational motion.
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A possibility is fast exchange with ground state benzophenone:

I I I
Q—C*-Q + Q—C—Q »Q—C'—Q + Q—C—Q

LS J g 3 JWQal) ) OJaus JUL) G g rg Gl g A odid Ja (LS (S Jpaaa d Jas e
) 8o J g Sy JUQal ) by QRS g ) e

38 5085 15 L) J oo 3h L 02 0 g0 (5588 9 30 Al el Cuady S (58T Al gy galidia gl
Agad 1A 000 fHgad JeSlin 3y g g

OH OH

2(CDg),CO + ( CeHs) ,CHOH—23(C D), C——C(C¢Ds) +(CeHs) ,CO
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