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1. Introduction

Direct and sensitized photo-oxygenations of various
organic and biological substrates in fluid solution have been
much studied since they were first observed at the
beginning of the century [1-3]'. Several mechanisms for
photo-oxygenations have been established including that
involving the lowest excited singlet state of oxygen as an
oxidizing intermediate. Although singlet oxygen was
proposed by Kautsky as a possible reaction intermediate in
dye-sensitized photo-oxygenations as early as 1931 [4,5],
it was only in 1964 that Foote and Wexler [6] and Corey
and Taylor [7] respectively demonstrated that the oxygen-
ation product distribution for several substrates, from
chemically generated (using H,0,/NaOCl) and from radio-
frequency generated, singlet oxygen, was the same as in
sensitized photo-oxygenations of these same substrates.
Only then was the photo-oxygenation mechanism involving
singlet oxygen generally accepted.

Since then thousands of reactions of singlet oxygen have

'Figures in brackets indicate literature references.

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

Page
Table 11. Rate constants for the interaction of
singlet oxygen with sulfur
containing compounds.........cceveeereenieerenas 945
Table 12. Rate constants for the interaction of
singlet oxygen with some inorganic
COMPOUNAS.....coinririiiicercenrenteraasenin. 953
Table 13. Rate constants for the interaction of
singlet oxygen with oximes, nitroso
compounds, and N-oxides....................... 956
Table 14. Rate constants for the interaction of
singlet oxygen with some compounds
of biological interest...........ccccveeumn....... 958
Table 15. Rate constants for the interaction of
: singlet oxygen with miscellaneous
SUDSIFAeS. ..coevrrurrrireiciceieieeeeeeeeeeeerssnn 970
References to Tables.....cooveveveereeeereceeseneeeeeeevesno, 974
Molecular Formula Index........couceoevvveevvevereeeesrerennnn 978
Compound Name Index........c.coueeeveeereeoreeeeresreennnn. 984
Recently Published Results.......cccoevueveueeeeeviveseneennnnn., 991
Appendix I. A More Complete Kinetic Scheme........... 993
Appendix II.  Global Adjustment of Second Order
Rate Constants..........cccovveeeeveeeuennn.... 993
Table Al. Adjusted best values of rate
CONSLANS ettt eeerennrnreeeeeeieseeeeeeneeaan. 995
Table A2. The effect of solvent on £,................ 996
Table A3. Preferred values of £, ....................... 998

List of Figures

Figure 1. £, Values as a Function of Solvent............ 813
Figure 2. A Kinetic Scheme for the Sensitized

Formation and Destruction of Singlet

OXYEEN ..ottt 818
Figure 3. Error Distribution Resulting From

Least Squares Analysis of
Competitive Rate Data .......cccoouerennen...... 994

been studied some of which have found application in
preparative organic chemistry [8]. Since oxygen is ubiqui-
tous and efficiently quenches electronically excited states,
singlet oxygen is likely to be formed following irradiation
in countless situations, and a better understanding of the
properties of singlet oxygen will help with differentiating
those systems where the role of singlet oxygen is indeed
crucial. Equally, further knowledge on other potentially
competitive mechanisms is also necessary. There is strong
evidence for the involvement of singlet oxygen in many
damaging photoxidations in biological systems [9,10]. This
is referred to as “photodynamic action” when the change
requires the combination of light, oxygen and sensitizing
dyes. Organisms affected include viruses, fungi,
membranes, algae, as well as multicellular plants, animals,
and humans, etc. [11-16]. There has been much specula-
tion on the role of singlet oxygen in the photodegradation
of polymers such as plastics, rubbers and oils [17-20], and
in the chemistry of polluted urban atmospheres [21].
Mechanisms involving singlet oxygen have been proposed
for photocarcinogensis [22], for the treatment of neonatal
jaundice, which involves irradiation with light absorbed by
bilirubin [23], and in cancer therapy where the use of
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sensitizing dyes (hematoporphyrins) together with red light
irradiation has been reported to lead to ‘“excellent”
regression of human tumors in certain patients [24].

It is perhaps necessary, following such an impressive list
of important reactions possibly attributable to singlet
oxygen, to stress once more that there are several
established mechanisms for photo-oxidation [25-28]. Two
major classes of photosensitized oxygenations have been
designated as Type I and Type Il [29-30]. In the former
the sensitizer interacts directly with the substrate resulting,
for example, in either H-atom or electron transfer. The
radicals so produced from the sensitizers react in the
presence of oxygen to regenerate the sensitizers while
radicals produced from the substrate, for example initiate
free radical chain reactions, as observed in auto—oxidations,
etc. Type 11 reactions involve the direct interaction of the
excited sensitizer with oxygen which upon energy transfer
gives singlet oxygen or following electron transfer produces
the superoxide ion, 0,” [9,30].

The extent of interest in singlet oxygen may be judged
by the numerious recent reviews and conferences dealing
with singlet oxygen [e.g., 8,9,10,30-36]. It was thus
considered timely to compile a comprehensive and critical
review of rate constants for decay and reaction of singlet
oxygen in fluid solution. The literature has been searched
thoroughly up to the end of 1978 and many 1979 papers
are included.

2. The Decay of Singlet Oxygen

The ground electronic state of molecular oxygen, which
has zero angular momentum about the internuclear axis and
contains two unpaired p electrons, has the group theoretical
symbol 325'. The two electronically excited singlet states
which arise from the same electron configuration but with
spin pairing of these two electrons are the IAg and the 12;
states which lie 95 and 158 kJ mol™ respectively above the
325' ground state. The electronic transitions IAg — 325' and
12g+ — 325“ although highly forbidden are readily
observed in absorption and emission in the upper atmos-
phere and estimated radiative lifetimes of 64 min and 10 s,
respectively, have been reported [37-38]. The measured
lifetimes in the gas phase and in solution are very much
shorter than this. In fact, in condensed media, the lifetime
of 02*(125+) is so short that virtually nothing is known
about its properties, and thus the term singlet oxygen is
used throughout this review to refer to the IAg state.

In the gas phase 02*(1Ag) can be studied by several
methods, e.g., using its emission spectrum, or its ESR
spectrum, by calorimetry, by photoionization or by chemical
methods, but only the latter method was feasible in fluid
solution until very recently when the photoinduced lumines-
cence of 0,*('A) was observed in air saturated solutions
[39,40). Singlet oxygen is produced rapidly following
pulsed excitation and its kinetic behaviour can be deduced
by allowing it to react with an acceptor A. Decrease in the
absorption of A can be monitored over a time period of
several half-lives. Analysis of the direct kinetics of

disappearance of the acceptor gives information concerning
the first order decay of singlet oxygen as well as the second
order rate constant for its reaction with the acceptor. This
method was evolved by Adams and Wilkinson [41] who
used laser excitation of a sensitizer, S (e.g. methylene blue)
to give its triplet state which in “‘aerated” fluid solution is
rapidly quenched by molecular oxygen to produce singlet
oxygen and the kinetics of its reaction with an absorbing
acceptor, 1,3-diphenylisobenzofuran (DPBF), was followed
spectrophotometrically at the absorption maximum of this
acceptor. The various workers who have applied this
method have used slightly different methods of kinetic
analysis as outlined below [41-44].

2.1. Kinetic Analysis of the Disappearance of an
Oxidizable Acceptor A Following Pulsed Excitation
of a Sensitizer S

Consider the following mechanism which constitutes part
of the general kinetic scheme given in Appendix I.

1 S + hv — 'S* — *S*; with rate = ,$,*
2 78 4 %0,02) = '0,%('A) + S (kra)

3 10,*('A) —0,(E)) (k)

4 '0,*('A) + A — AO, or other products (£,")

5 '0MA) + A — A 4+
quenching(kqA)

0,2, physical

where I, is the rate of absorption of photons by S and ¢,
is the quantum yield of triplet state production of the
sensitizer in the presence of dissolved oxygen and rate
constants are given in brackets following each step. In
addition vy, is the fraction of singlet oxygen produced for
each sensitizer triplet quenched by oxygen with rate
constant kg, i.e. Yo = kpp/ky and £* + kqA = k,, the
rate constant for quenching of singlet oxygen by A by both
reaction and physical quenching. When excitation is by a
pulse of ~20ns duration it follows, since kpo[0,] in
aerated solutions is usually in the range 3 X 10° to 3 X
107 57!, that after ~1 ps steps I and 2 above will be more
than 95% complete so that, after this time, singlet oxygen
decay will be given by

~d['0*Vde = (k, + kJAD['O] (1)
and therefore
['0,*] = ['0,*]_olexp-(kst + Soka[AldD)]. (2)
From reaction 4

»

-d[Al/de = E'[A]['0,*] 3)
and therefore

-d[A] = £MAN'0y*],_olexp-(kyt + Sika[AldD)]de (4)

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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Equation (4) has been treated slightly differently as
follows:

(a) Merkel and Kearns [42,43] assumed [A] on the right
hand side of eq (4) can be treated as constant (i.e. as [A],,
since typically [A] only varies by ~10%) and then
integration of eq (4) gives, taking &, = k; + k,[A),,

{A] - [A]°° = (krA[‘OZ*]l=O[A]av/kD)[exP (=kpt)] (5)

Since the change in concentration of A is proportional to
A4, the change in absorbance by the oxidizable acceptor at
some convenient wavelength, i.e.

(Al - [Al. = Ad/el, (©6)

where € is the extinction coefficent and / the analyzing path-
length, it follows from eqs (5) and (6) that a plot of —In A4
vs ¢ should have a slope equal to &, = k£, + #,[A],,. Thus
by varying [A],, values of k, and &, can be determined.

(b) Adams and Wilkinson [41] and Young, et al. [44]
replaced [A] only in the exponential term in eq (4) by [A],,
and then integrated eq (4) to give

In ([A)/[Al) = **['0.*], - o/ kp)exp(-ky) -1] @
or
In ([AV/IA]) = &M'0,*),— o/ Ep)lexp(kpt)] (8)

Experimental results were fitted to eqs (7) or (8) to
evaluate ;) and thus values of &, and k, were obtained.

Comparison of the values obtained from the same data
for k;, using eqs (5) or (7) and (8) give agreement to within
45% and do not differ, within an experimental error of about
+10% when experiments are repeated many times, from time
consuming computer treatments which do not make any
assumptions about [A] being relatively constant.

In the presence of a singlet oxygen quencher Q, i.e.
including the steps 6 and 7,

6 '0(A) + Q—0LZ) + Q&Y

and

7 '0,*(A) + Q — QO or other products (2),

eq (1) becomes |

~d['0,*)/de = (ks + K\IA] + ko[QDI'0,*] ©

wherekq =k ? + k 2 and k;, the decay constant for singlet oxy-
gen now in the presence of a quencher becomes

ky = ki + EJA] + E[Q) (10)

Measurement of £, as a function of [Q] allows values of &,
to be obtained. N.B. If k, is partly due to physical
quenching and partly due to reaction, the value of %,
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obtained will be the total rate constant for quenching due to
both processes.

A variation on this method has been developed by
Matheson, et al. [45] in which singlet oxygen is directly
generated by absorption of the output at 1065 nm of a
pulsed Nd-glass laser by oxygen dissolved under pressure
(up to 130 atm) in 1,1,2-trichlorotrifluoroethane (Freon
113). The disappearance of the singlet oxygen acceptor
DPBF was monitored. Because of the high concentration of

oxygen present, quenching by ground state oxygen, i.e. due
to the reaction 8,

8 '0M('AY + *0,02)) — 20,03, (),

contributes substantially to singlet oxygen decay. Thus
under these conditions eqs (5) to (8) apply and

kp = ky + kA[A] + kqoz[oz]-

However since under these conditions kq02[02]> > ky only
values of £,[A] and kqo2 can be obtained by measuring £, as
a function of [A] or [0,] respectively.

2.2. Kinetic Analysis of the Decay of Triplet
B—Carotene Produced by Energy Transfer from
Singlet Oxygen

Farmilo and Wilkinson [46] have developed a method
for measuring singlet oxygen decay which monitors
absorption by triplet B-carotene, 3C*, formed in aerated
solutions containing a sensitizer and a low concentration of
B-carotene. Consider the mechanisms given above in the
absence of A but in the presence of B-carotene, C, i.e. a
mechanism which includes steps 1, 2, 3, 6 and 7 together
with steps 9 to 12 given below

9 38* £ C—3C* + 'S (ko)

10 '0,*(A) + C—%C* + *0,£%,) (kad

1 C* = C (k)

12 °C* + °0,(Z,) — quenching (k)

The differential rate equations which can be written for
d[*S*]/ds, d['0,*]/dt and d[*C*]/d: can be solved without

making the steady—state approximation and this gives the
concentration of [’C*] as

e+ = 11)
Ulexp(-k) - exp(-kt)] + Vlexp(-kpt) — exp(-kct)]

where ky = ko[O,] + kpclCl k¢ = keolO] + kyc, and
ky = ky + EoddC] + Eo[Q]. In aerated solutions the values
of kyo[O,] and ke[O,] are such that after ~1 us, exp(~ky)
and exp(-k) become negligibly small and eq (11) becomes

’C*] = ¥V expl-ky) (12)
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where V = [3S‘L=0]‘Ac[c]km[02]/ ((er—kp)c—kp)]. ¥V is a

constant provided [0,], [C] and [Q] are constant. It is
usually possible to arrange for these to be present in excess
so that [0,] > >['0,*], [C]> > [’C*] and any consumption
of Q or O, must also be negligibly small. It'is important to
bear these conditions in mind especially for work which
involves for example focussed, high-energy, laser pulses.
However when these conditions are met it follows from eq
(12) that the decay of triplet B-carotene after ~1 us
becomes first order with a decay constant k;, equal to that
of its precursor, singlet oxygen as confirmed by Farmilo
and Wilkinson [46]. Thus the decay of absorption at
520 nm due to *C* under these conditions mirrors the
singlet oxygen decay yielding values of %, and hence values
of ky, ksc and ky. Only a few values of k, and &, have so far
been obtained using this method [46-48].

2.3. Photoluminescence of Singlet Oxygen
in Solution

By using a mechanical phosphoroscope Krasnovsky has
been able to detect luminescence from 02*(1Ag) following
energy transfer to oxygen from the triplet states of various
sensitizers [40]. The weak emission at 1270 nm has a
maximum lifetime 7 in CCl, of 28 ms and a phosphores-
cence yield of 5 X 107 This lifetime is considerably
longer than those by other methods (see entry 1.8 and
section 5). Also the radiative lifetime calculated from these
measurements of 560 s in CCl, is about seven times less
than the estimated radiative lifetime in the gas phase [37],
however, this difference could result from solvent
perturbation.

Krasnovsky has shown that in the presence of a singlet
oxygen quencher Q the luminescence yield of singlet

Products

kr(A]

oxygen decreases and this decrease follows a Stern-Volmer
relationship, iL.e.

/6 = 1 + kQTo[Q] =1 4+ [Q]/BQ 13y

where ¢, and ¢ are the phosphorescence yields of 0,*(‘A)
in the absence and presence of the quencher. From the
slopes of the linear Stern-Volmer plot, taken together with
the measured T, i.e. the lifetime of 02*(1Ag) phosphores-
cence in the absence of quencher, Krasnovsky gets values
of k, in good agreement with other workers (see entries
2.130, 4.28, 5.26, and 6.40).

3. Kinetic Analysis for Sensitized
Photo—oxygenations Using Irradiation
with Continuous Light Sources

A full kinetic scheme which includes most possible
elementary reactions for even the most perverse Type II
sensitized photo-oxygenation involving singlet oxygen is
shown in figure 1 and given in the table in Appendix I. In
the vast majority of the systems cited in this review almost
all of the steps involving interaction with the excited singlet
and triplet states of the sensitizer with the exception of
oxygen quenching have been shown to be absent. In fact
one of the criteria for choosing a sensitizer is the absence
of such complications. However, whenever experimental
conditions are changed markedly by using different types of
sensitizers or highly reactive quenchers, high concentra-
tions, intensities etc., it is perhaps as well to bear in mind
the number of complicating possibilities as illustrated in the
table in Appendix L

K%lQ]
QOZ or other products

K 3
[] Oz (physical quenching

by )

/o
35' ktalO2]

3
Oz (solvent quenching)

k$2[0e] kP[A
I al AQ,  or other products
Products Products
Products A
kqlA] 3
L9 - . :
Krq A+ Oz (physical
quenching by A\)
FiURE 1. Kinetic scheme for the photosensitized formation of singlet molecular oxygen. S = sensitizer, A =

oxidizable substrate, Q = physical quencher.

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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3.1. Sensitized Photo—oxygenation of a
Single Substrate A

Many photosensitized reactions have been carried out
under conditions such that no quenching by A of the
sensitizer singlet or triplet states occurs, in which case the
mechanism can be simplified to steps I-5 as given in
section 2.1. For continuous irradiation the steady-state
approximation can be applied to steps I-5 to give

Rate of oxygenation =
(14)
Tox = Iad)TOZYAkrA[A]/ (kd + kA[A])

where the rate of oxygenation may be followed by deter-
mining the rate of production of some product and/or the
rate of disappearanc of either the substrate A and/or of
oxygen. All three have been used and this is indicated in
the tables by an entry in the methods column. N.B. It
follows from eq (14) that when £, > > k,[A] or £,JA]> > &,
the rate of oxygenation will be first or zero order with
respect to A respectively. Equation (14) can be rearranged
to give

o = I vav M L+ Ry k)Q/[A]] (15)

where v,* = k*/k, is the fraction of reactive quenching of
singlet oxygen by A. According to eq (15) linear plots of
r." vs [A]"! should give

slope/intercept = k,/k, = B,,

where B, = #k,/k, represents the concentration at which
the decay of singlet oxygen in the solvent alone (step 3
equals the decay due to quenching by A (steps 4 and 5) i.e.
it is the half-quenching concentration. (N.B. Equation (15)
only predicts a linear relationship if there is (i) constant
light intensity, (ii) constant absorption by the sensitizer (no
absorption by A although this could be allowed for), and
(iii) a constant oxygen concentration in the solution.)

Tables 2 to 15 list hundreds of B values many of which
were determined before absolute values of £, were reported,
in which case we have taken preferred values of k; from
table 1 in order to derive values of £, from these 3 values.
Where authors have quoted values of £, derived in like
manner we have quoted the values of k, they used in the
comments column of the tables. When the use of preferred
values for k, gives a value of k, differing by more than the
quoted experimental error or by more than 25% this value
is also given in brackets and marked with an asterisk.

3.2. Photo—Auto-Oxygenation of a
Single Substrate A

When a substrate acts as its own sensitizer yielding
singlet oxygen one can observe Type I photo-auto-
oxygenations. Good examples are rubrene(Rub) and 9,10-
dimethylanthracene(DMA) and for such cases this is
indicated in the comments column of the tables by S =
self. Since the self-sensitizer is consumed in the photo—

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

auto-oxygenation this usually leads to a change in J, which
must be allowed for. Alternatively, a totally absorbing
solution can be used and then the rate of production of
some product or the rate of consumption of oxygen can be
measured and substituted directly into equation (15) to
obtain values of B since under these conditions I, is
effectively constant.

3.3. Sensitized Photo—Oxygenations of a
Substrate A in the Presence of a Second
Substrate A’ which also. Reacts
with Singlet. Oxygen

Consider in addition to steps I to 5 the further steps 13
and 14

13 1O;,_“‘(lAg) + A’ — A’O, or other products (£,*)
14 '0,*(8) + A > A + %0, (k")

{We prefer to use A’ rather than Q (see steps 7 and 8) for
an additive which is known to react chemically with singlet
oxygen).

In the presence of a second substrate [A'] it follows that

-d[A)dr = Lk AV Ky + EJA] + AT,
which when £, [A'] < <(k, + k,[A]) becomes
-d m[A'Vdr = Lo Tvak\ Ik, + k[AD = S,

where S is the slope of the first order plot from the
disappearance of A’. In the absence of A under identical
conditions

-d n[A)/dt = Lo yukr1k, = S,
thus
S/S = 1 + (kJk)Al = 1 + [AV/B,.(16)

Young and coworkers [48,49] and others [50,51] have used
this Stern-Volmer equation to obtain B values using the
highly reactive fluorescent substrate 1,3-diphenylisobenzo-
furan (DPBF) as A'. This substrate is more reactive than
most (see tables 2 to 15) so that it decays in a first order
manner during continuous irradiation in photosensitized
oxidation experiments even in the presence of other
substrates. The low concentrations of DPBF are often
monitored by following the decrease in its fluorescence.
Note that when kqA> >k (i.e. if A were a physical
quencher of singlet oxygen) equation (16) applies even for
much less reactive substrates than DBPF.

Application of the steady-state approximation to steps I

“to 5 together with 13 and 14 gives

(d[A0,)/d0)/(d[A'0,)/d)) =
(17)
(~d[A)/de)/(-d[A')/de) = Kk [AVE [A]
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which upon integration gives
In([A],/[AD/In(A")/[AD) = kMEN.

Equation (17) and its integrated forms have been used to
determine values of B, = k,/k* Equation (17) can also be
used to compare rates of oxidation of two substrates A and
A’ separately irradiated under identical conditions in the
same solvent for example as in ‘merry-go-round’
experiments, and to compare the rates of the same substrate
in different solvents (for examples see [49]).

Alternatively, r,.N(A) and r,,"(A), the rates of oxygenation
of A in the presence and absence of A’ respectively, can be
evaluated and these will be related by the equation,

(A 1, (A, =y =
a18)
1+ ([A)/B + [Al/BY"

provided A’ does not absorb any exciting light, quench or
react with 'S* or *S*. If initial rates are measured keeping
[A’] constant and varying [A], then eq (18) allows values
of B, to be obtained. Alternatively if B, > >[A], eq (18)
simplifies allowing the determination of B, values.

3.4. Sensitized Photo-Oxygenations of a
Substrate A in the Presence of Q, a Physical
Quencher of Singlet Oxygen

Consider steps I to 6, i.e. assuming for the moment
there is no reaction with singlet oxygen by the quencher Q
and that it does not absorb the exciting light. Application of
the steady-state approximation then predicts

"
(19)
(Iad)TOZYAYrA)-][l + [A]_I(BA + kQ[Q]/kA)]

i.e. a linear relationship between (r,.°)' and [A]™ with

slope/intercept = (B, + ko[Ql/k,) (20)

In the absence of quencher slope/intercept = B, (see also
eq (15). Thus

(slope/intercept),/(slope/intercept), =
21)
1 + kQ[Q]/kd =1 + BQ_][Q]'

In the absence of quenching of excited singlet and triplet
states of the sensitizer the intercepts of (r,, 9" vs [A] ! plots

are identical and it follows from equation (19) and/or (21) that
that

(slope)y/(slope)y, = 1 + BQ_l[Q] (22)

In addition from eq (19) the ratio of the rates of
oxygenation in the absence and presence of Q is given by

o100 = 1 + kfQU(k, + KAL) =
(23)
I+ ([Q]/BQ)(I + [Aly/BY

cf. eq (18). Alternatively if one assumes [A] does not
change appreciably (i.e. for low fraction conversions) eq
(19) can be integrated to give after time ¢

[A0,]/[AO,] = [A]l/A[A] = A’/ =
(24)
{ a‘d)TOZ'YA'YrA)_l([A]o + ki/ky + kQ[Q]/ ky)

where A4 represents the change in the absorbance by the
reactant A. Plots of 4°/AA4 vs [Q] have been shown to be
linear and from eq (24) it follows that for such plots

ky = (slope/intercept)ky + k,[A]y) 25)

3.5. Sensitized Photo—-Oxygenation of a
Substrate A in the Presence of a Quencher of
Both Singlet Oxygen and the Sensitizer Triplet

The mechanism is now that given by steps | to 6
together with the reaction 15

15 '8* + Q—>S + Qor Q* (kg
Application of the steady—state approximation gives

" = Lo vy X
(26)
knlQ1/kro[0,] + D[ + [AT'Br + ko[Q1/k,]

Note that for a plot of (-,,%" vs [A]" the slope/intercept is
still given by eq (20) as the extra term in eq (26) affects
both the intercept and slope equally. The presence or
absence of this change in intercept for (r,,%)" vs [A]” plots
can be used as a diagnostic test for the presence of steps
such as 15 which reduce the yield of singlet oxygen
produced for potential reaction. Another test is the
occurence of a dependence on the concentration of oxygen
in solution since reaction /5 competes with reaction 2 and
thus the yield of singlet oxygen becomes dependent on the
pressure of oxygen above the solution: (e.g. see [52,53]).

3.6. Separation of k, and k,

Apart from equation (17) application of all of the equations
given so far only allows values of £, = k2 + kqA or ko = EQ
+ & to be obtained. Methods which have been used to sepa-
rate k, and k£, values usually involve the direct measurement of
the quantum yields of oxygenation, ¢,q,, for example at high
concentrations of A such that &, [A]> > %,, in which case it
follows from equation (14) that

Drodame = O ¥a¥: - @7

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981



816 F. WILKINSON AND J. BRUMMER

Often the limiting yield of oxygenation of a very reactive
acceptor e.g. o~terpinene or dimethylfuran for which v, is
close to unity (ie. k> >kqA) is used as a reference
substrate to give values of %y, and whence v,* for other
additives (e.g. see [54,55]). Alternatively at low values of
[A] when &> > k,[A] eq (14) gives

bror = O Vak,'[AVk, (28)

and measurement of ¢,,, together with a knowledge of

¢T02, Ya and k; or B, allows values of k,rA or 'yrA to be
determined.

4. Kinetic Analysis for Oxygenation
by Singlet Oxygen Generated by
Chemical Reaction, by Microwave

Discharge, or by Direct
Laser Excitation

4.1. Chemical Production of Singlet Oxygen

Oxygenation reactions arising from singlet oxygen
produced chemically have been studied in the presence and
absence of singlet oxygen quenchers. Among the reactions
used to form singlet oxygen are (a) reaction of hydrogen
peroxide with hypochlorite or hypobromite, (b) reaction of
potassium superoxide with water, and (c) thermal de-
composition of aryl peroxides or of the ozonide of triphenyl
phosphite. Experiments are usually carried out so that a
fixed amount of singlet oxygen is produced in the presence
of variable amounts of reactive substrate A and/or A’ with
or without added quencher, Q.

In the absence of quencher the decrease in A is given by
the relative probabilities of steps 3, 4, and 5 (section 2) i.e.

-d[A)/dt = (d['0,*)/de)[k, [A)/ k., + k,[AD] (29)
which integrates to give
B In([A),/[A],) + [A], - [Al, = v.['0,*], (30)

where ['0,*]. is the total amount of singlet oxygen
generated chemically. For small fractional conversions

In([A]/[A] ) = ([Al, - [A]l.)/[A], and substitution into
(30) gives upon rearrangement

/A[A] = (' ['0,*1.)'[B./[AL) + 11 (31)

where A[A] = [A], - [A].. Thus a plot of A[A]" vs [A]™
for small conversions has slope / intercept = B,. In the
presence of a quencher eq (30) becomes

Bx + ko[Q)/k)(n[A]/[A]l., + A[A]) = v,'['0,*], (32)

so that if k, and k, are known eq (32) allows %, to be
evaluated from values of [A], and [A]_ in the presence of

[Q). With the decomposition of the ozonide (C;H;0),P...0,
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in the presence of pyridine, Mendenhall [56] has shown
that there is quantitative generation of '0,* so that ['0,*]
can be replaced by the initial concentration of (C;H;0);PO;,
ie. ['0,*]., = [(C,H;0),PO,], and 7,* is often assumed to
be unity when A is rubrene[57].

4.2. Microwave Generation of Singlet Oxygen

When a microwave discharge is passed through oxygen
gas in a gaseous flow system singlet oxygen (IAg and ]Zng),
oxygen atoms, and ozone are produced. The latter two
oxidizing species can be removed by reaction with mercury
vapour and the O,*('Z,") will be rapidly quenched, prob-
ably to give 102*('Ag) when the emerging gases are bubbled
through solutions containing oxidizable substrates. Often
the flow is bubbled simultaneously through two cells, one
containing the substrate only and the other substrate and
potential singlet oxygen quencher. This makes it easier to
allow for variation in the concentration of dissolved oxygen
produced in these bubbling experiments. Equations (29) to
(32) also apply to the disappearance of a substrate as a
result of reaction of singlet oxygen generated in microwave
experiments or for that matter for singlet oxygen produced
via photosensitization. Taking eq (32) for relative
measurements with the same initial concentration of
substrate [A] in the presence and absence of a quencher
gives

ky = [k([AL° - [ALY) + (33)
kyn([A],.°/[A] 1/ [QNn([A],/[A]D)

where [A]_© and [A]_° represent the final values after
exposure to microwave generated singlet oxygen in the
presence and absence of quencher respectively.

4.3. Direct CW Laser Production of
Singlet Oxygen

Evans and Tucker {58, 59] and Matheson and Lee [45,
60, 61] have used laser excitation of highly concentrated
oxygen solutions in high pressure cells, with gaseous
oxygen up to 130 atm, to give directly the l02"‘(]Ag) state
by absorption at 1065 nm from a CW Nd YAG laser and
‘02*(1Ag) directly from the ‘double transition’ using He-Ne
laser excitation at 632.8 nm. Evans and Tucker [59] find
the quantum yields of photo-oxygenation of 9,10-dimethyl-
anthracene and tetraphenylcyclopentadiene are twice as
high for absorption of a photon in the ‘double transition’ as
for the direct excitation of a single 1Ag state. Modification
of eq (15) to account for the direct excitation by replacing
&:va by n = 1 or 2 for excitation at 1065 nm or 633 nm
respectively gives

Vo, = [k/kY + Go/EMNADVR  (34)

and plots of d,,,” vs [A]"' can be used to give y* and B,
values [59].

Matheson, et al. [45,60,61] have obtained experimental
pseudo first order rate constants for the disappearance of
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various substrates while directly producing 0,*('A) with a
CW Nd YAG laser. Since the absorption involves the

process

16 2°0,%)) + hv —'0,*(A) + *0,%))

eq (14) has been modified by them to give

-d[A)dt = oE[0,J'k [Al/ (ks + ki[A] + ko [0,) (35)

where E is the laser intensity and o the absorption cross
section for process 16. At high oxygen concentration where
kol0.)> >k, + k,[A]) the observed first order rate

constant k| is given by
ki = OE[O)k, ko, (36)

Thus from a knowledge of o, E and [0,] values of £*
relative to kg, can be obtained. In the presence of singlet
oxygen quencher at relatively high concentration

ky, = oE[0,1k  (ko,[0,] + ko[QD (37)

and a plot of ([0,]/k) vs ([Q)/[O,)) will have a
slope/intercept = £y/kq,.

Values obtained using this method have often been
substantially lower than those given by other workers.
According to Matheson and Toledo [62] this was due,
partially at least, to an artifact with the over depletion of
the acceptor concentration in the laser beam cross section
so that the observed chemical reaction rate may be affected
by diffusion of unreactive acceptor into the depleted region.
Thus previous values in Freon 113 for kt may be low by
up to an order of magnitude.

5. First Order Rate Constants for
the Decay of Singlet Oxygen in
Various Solvents and Comments on
Tables 1 and 1(a)

All the values given in table 1 were evaluated using the
kinetic treatments outlined in sections 2.1, 2.2, and 2.3
(mostly 2.1). The solvents are arranged in order of increas-
ing number of C atoms. If the number of carbon atoms is
the same then the compounds are arranged in order of
decreasing number of H atoms. When the number of C and
H atoms are the same the arrangement is determined by
the alphabetic order of the element symbols other than H.

Values of k&, in various solvents, usually at an-

unspecified temperature, which from the few studies of
temperature dependence of %, (see entries 1.5, 1.32, and
1.48) does not seem to affect the values to any great extent,
are given in table 1 including errors as given in the original
references. Unfortunately no indicator is usually given in
the primary references as to the meaning of the error
values which follow the 4 signs, although occasionally
standard deviations or 95% confidence limits are specified.
The given error limits usually represent about 10-20% of

ky and in these circumstances we have assumed that most
reported values are of similar accuracy. However if any
research group gave a new value for £; determined under
virtually identical conditions we have ignored their earlier
literature value in arriving at ‘preferred’ values. Only in the
cases of benzene and methanol have a sufficient number of
independent values been reported to allow us to average the
reported values and statistically estimate 95% confidence
limits of these average values. In all other cases except CCl,
(see later) no more than three values have been reported
and, unless any of these has been excluded as mentioned
above or for other reasons given in the comments column,
these have been averaged to give ‘preferred’ values. The
reported values used to obtain the average values are
indicated with double daggers. The average as ‘preferred’
values (indicated by asterisks in table 1) are used in figure
2 and for calculating further rate constants in subsequent
tables (see later).

With benzene and methanol as solvent several values of
k, from a number of different research groups are available
and agree to within + 10%. However the discrepancies
between the values of k; in the cases of ethanol and
chloroform, obtained by some of these same research
groups amounts to factors of two to three! It is apparent
therefore that the so called errors quoted within the
references reflect the reproducibility of the values obtained
and that large systematic errors sometimes occur. This
suggests that where only one group has determined a value
in a particular solvent it may only be within a factor of two
of the true value although within a factor of one-half seems
more likely. The same can be said for the averages of
preferred values except for those given with 95%
confidence limits. Such large systematic errors could be due
to impurities in the solvents, e.g. 1% water in a solvent in
which the decay rate is 100 times less than in water would
double the value of %, and even smaller amounts of more
potent singlet oxygen quenchers (for likely candidates see
tables 2 to 15) would produce similar effects. The lower the
value of k, the more critical is solvent purity. However the
direct technique for measuring £, depends on measuring &,
as a function of [A],, and when k,; is small although the
slope of such a plot defines k, quite precisely, large
uncertainties in the intercepts, %, are likely. In such cases
values of k, measured directly in pulsed experiments can be
combined with steady-state measurements of k,/k, (see
section 3) to give more accurate values of k.

If the presence of impurities in solvents with low £, is
responsible for some of the differences observed it would
also follow that the lower value is more likely to be the
better value. However it is possible that, at the wavelengths
used to monitor the disappearance of a substrate, weak
overlapping transient absorption due for example to
radicals from a small amount of type 1 photo—oxygenation
could be superimposed. This could lead to inaccuracies in
ky in either direction depending on the nature of the
transient. The presence of such artifacts could depend on
intensity, wavelength, sensitizer, solvent, etc., and for this
reason we have not automatically assumed the lowest
reported value in a particular solvent to be the best.

In this connection the results of Krasnovsky [40] require
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FIGURE 2. Plot of ~In(ky) versus solvent class where &, is the psuedo first order rate constant for physical deactivation of singlet oxygen by solvent

molecules. ** Krasnovsky’s value.

special comments. The method he uses is very direct since
he measures emission from 02*(1Ag). However the yield of
the emission is very low and the transition lies in the
infrared where experimental difficulties are considerable.
Thus it is possible that his much longer lifetime (~50
times) for singlet oxygen in CCl, is due to some artifact. On
the other hand the quenching constants he obtains based on
this lifetime agree fairly well with those obtained by others
in other solvents. In order to obtain this long lifetime
Krasnovsky had to work at very low concentrations of
sensitizers <M and this may give the clue to the differ-
ences observed. It could be that sensitizer quenching of
singlet oxygen determines the measured lifetime in solvents
where k;, < 10% s™'. Krasnovsky [40] has measured singlet
oxygen quenching rate constants of 10° and 4 X 10 dm®
mol™'s™! respectively for tetraphenylporphine (TPP) and
Zn®**TPP both of which have been used as singlet oxygen
sensitizers. Furthermore on the basis of the rate data given
in this compilation it seems likely that many of the
‘popular’ sensitizers will have quenching constants as large
as 10° dm® mol™? s! {Even benzene, methanol and H,0
have quenching constants of about 3, 2 and 9 X 10° dm®
mol™ 57, respectively).

In the case of solvents where &, < 10% s, substantial
quenching of singlet oxygen would be expected for sensi-
tizer concentrations > 10 mol dm™, and this could
account for the different values of k, reported by different
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research groups. Thus independent evaluation of
Krasnovsky’s results is needed as is a careful examination
of the effect of change of concentration of sensitizer on the
measured constant for singlet oxygen decay in solvents
where k, > 10° s7. In table 1 we have marked
Krasnovsky’s value of £; in CCl, with two asterisks. It may
be a ‘best’ value for k£, in CCl, however since the major
application of k; is to determine values of k, or k, and
since most photo—oxygenation studies have used sensitizers
it follows that the value required for deriving £, or & is the
decay constant in the absence of the substrates under
comparable conditions. For this reason and the others
outlined above we have not chosen Krasnovsky’s value as a
preferred value for combination with other data already in
the literature.

Because of solubility problems mixed solvents are often
used in photo—oxygenation experiments and values of £,
measured by the direct methods in some mixed solvents are
included at the end of table 1. Furthermore, to overcome
solubility problems with either the oxidizable acceptor
(usually DPBF) or the sensitizing dye in some solvents, a
small proportion of a co-solvent (often methanol) has been
added and the decay constant kj, determined. Quenching by
the co-solvent is then allowed for effectively by taking

kl) = kd(SOI)Xsnl + kd(CO—SOl)Xco—solvem + kA [A]av (38)
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where X, represents the mole fraction of the solvent, etc.
This assumes that the contributions for decay of singlet
oxygen by the co-solvent can be determined from k;(co~
sol), the decay constant in the neat co-solvent. Young and
Brewer [64] have measured £, ..., i.e. the singlet oxygen
quenching rate constant for co-solvents, in carbon
tetrachloride and found values only élightly lower than
those calculated from eq (39),

k = k,(co-solvent)/[neat co-solvent] (39)

co-solvent
(e.g. see values in tables 1 and 15). This confirms that only
small errors are likely to be introduced by making use of
equation (38) to extrapolate from k|, values determined in
the presence of a smali proportion of co-solvent to obtain a
value of £, in the solvent. If such an extrapolation has been
used for data given in table 1, this is noted in the
comments column by stating that values were corrected for
the effect of x% of co—solvent.

For some solvents only estimates of the singlet oxygen
decay constants have been published, i.e., so far they have
not been measured directly by pulsed methods. Estimates
are listed in table 1(a) for solvents not included in table 1.
These estimated values for singlet oxygen decay constants
are also included in figure 2. The assumptions made in
arriving at these estimates e.g. that k,(rubrene) = 7.3 X
10" dm® mol™ s or that ko(B-carotene) is diffusion
controlled are given in the comments column of table 1(a).
Similar estimates have been made for solvents where the
singlet oxygen decay constants have been measured by
pulsed methods, e.g., by measuring B,(rubrene) with
chemical generation from (Ph0),PO, decomposition and
from the self-photosensitization of rubrene in dichloro-
methane, Carlsson et al. [63] obtained estimates of 7.3 X
10° s7' and 9.5 X 10° 57, respectively, for the singlet
oxygen decay constant in dichloromethane by assuming
k,(rubrene) = 7.3 X 10" dm® mol s. These values fall
between the decay constants measured following pulsed
excitation given in table 1 which are 7.1 X 10° s™ and 1.6
X 10* ™. On the basis of the compilation made in this
review it is possible to estimate somewhat different values
for k; and this has been done if considerably different
estimates are indicated. Estimates have also been made for
any solvents which have been used to measure singlet
oxygen rate constants in which no published estimate is so
far available.

The rate constants for the decay of singlet oxygen in
fluid solutions can be seen to vary several hundredfold.
Several reviewers have previously commented that the
decay constants do not correlate with any of the following
solvent parameters: viscosity, dielectric constant, ionization
potential, polarity, polarizability, etc. However Merkel and
Kearns [43], who have interpreted the solvent dependence
of '0,* decay in terms of electronic to solvent vibrational
energy transfer, have shown that

£ /10% 577 = 0.5 Auggy + 0.05 Ay (40)

where A;gq, and A, represent the absorbances of 1 cm of
the solvent at 7880 cm™ and 6280 cm™ corresponding to

the 0—0 and 0—1 vibrational components for 02(32g_) —
02*(1Ag) transition. Young and Brewer [64] point out that
this correlation is only moderately successful and suggest a
better empirical relationship is obtained for a group of
solvents (e.g., alcohols) by the equation

nk, = @)
a + b[lonization Potential/(0.5 A5, + 0.05 Ay)]

From the data given in table 1 and displayed in compound
related groups in figure 2, it is apparent that the
availability in the solvent molecule of high energy
vibrations which can accommodate the considerable amount
of energy which has to be converted from electronic to
vibrational energy increases the decay constant observed.
The replacement of hydrogen by deuterium usually gives
decreased decay constants (e.g. D,0/H,0, C.H/C.D,,
CD(l; and CHCI,) but no difference was observed by Merkel
and Kearns [43] for the decay constant in acetone and ac-
etone—ds. Elimination of any X-H vibrations, where X is any
element, from the solvent molecules usually results in a lower-
ing of &, .

6. Second Order Rate Constants for
the Quenching of Singlet Oxygen by
Various Substrates and Comments
on Tables 2-15

Results concerning related groups of compounds e.g.
olefins, aromatic hydrocarbons, aliphatic and cyclic amines
etc. are separately collected in tables 2-15 in order of
increasing structural complexity. A complete molecular
formula index and in addition an alphabetically arranged
chemical name index listing table entry numbers are also
given to help with the location of various substrates in
these tables. Apart from minor changes in table 10 all the
headings to tables 2-15 are the same. The entry number is
given in the first column, thus the first olefin in table 2 has
an entry number 2.1 and further results on this substance
in the same or different solvents are labelled 2.1.1, 2.1.2,
2.1.3, etc. Thus each result has a separate entry number
and entry number 10.81.7 represents the eighth result on
the 81st substrate in table 10. The second column names
the substrate with its structural formula using drawings
where necessary for clarity. The solvent is indicated in
column 3 and the temperature where quoted is given in the
sixth column (rt = room temperature). Where more than one
solvent was used the results are listed with solvents in the
same order as in table 1.

The rate constants for quenching of singlet oxygen by
the substrate arising from both physical and chemical
quenching are given in the fourth column except where
separate reactive quenching rate constants (labelled %) or
physical quenching rate constants (labelled %) were
measured, i.e. £ = &k + kq except where otherwise stated
in column 4.

Often the values of %, %, or kq are measured relative to
other rate constants and this is indicated usually by giving
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the primary measured ratio in the comments column except
when this is a B value in which case the experimental value
is given in column 5. In such cases the value of £, k, or lcq
depends on the relative literature value taken and this
value is also given in the comments column with the table
entry number for this value in this compilation given in
square brackets. When preferred values taken from this
compilation give values for k, k, or k, which differ by more
than the quoted errors, or if none are quoted by more than
25%, the alternative value is also given and marked with
an asterisk. The relative preferred value taken from this
compilation in order to calculate this alternative value is
given in brackets and marked with an asterisk. Thus for
entry 2.1.1 the measured value is 8 = (k,/k) = (8.8 + 0.2)
X 107" mol dm™ given in column 5 and & = 4.3 X 10*
dm® mol™ s using £, = 3.8 X 10*s™ and *3.5 X 10*
dm® mol™ 7' if the preferred value £, (Av) = *3.1 X 10*
5™ is used. Both of these k, values are to be found under
entry 1.22, the first is the value given in [65] while the
second is the average of this value and that obtained in
[64] as given under entry 1.22.

The method used to obtain each result is indicated in
column 7 by use of various two-letter abbreviations (see list
of abbreviations) followed by a number which is the
equation number in the text, use of which allows the
determination of the cited experimental parameter. Thus
entry number 3.1 has A’d-8 in the methods column. A’d
stands for reference acceptor A’ disappearance (see list of
abbreviations) and implies that the authors monitored A’ =
DPBF (see comments column) disappearance as a function
of time after exciting methylene blue as sensitiser (S = MB
in comments column) in the presence of the substrate,
benzene and by use of equation 8 obtained the value of &
with errors as shown. As a further example consider entry
5.1 where the methods column entry is Od-15, thus by
measuring the rate of oxygen disappearance (Od) with rose
bengal as sensitizer (see comments column) and by the use
of equation 15 a value of B given in the fifth column was
obtained equal to 4.5 X 10 mol dm™. The value of £
given in column 4 was derived using the k; value taken
from results given in entry 1.3.6 indicated by [1.3.6] in the
comments column. :

The final column in all 15 tables gives a reference as the
first four letters in the first author’s name followed by a
period for each co-author together with the Radiation
Chemistry Data Center serial number, the first two digits of
which specify the year of publication. Thus, the data for
entry 1.24 comes from a paper by Young, Brewer and
Keller [44] published in 1973 and the reference column
entry is Youn.. 73F014. A full list of references is given
at the end of the tables in order of the Data Center serial
number. ,

The scatter in the results is considerable, e.g. see entry
2.33 which gives seven values for £ from three different
laboratories for 2-methyl-2-butene in methanol. The
values range from 1.7 X 10° to 3.3 X 10° dm® mol™ s
and the two extreme values are from the same source [66].
‘The most studied substrate is 9,10-~diphenylisobenzofuran
and if one considers the nine results, entries 5.36.84 to
5.36.92 (from five different laboratories) where benzene
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wasused as a solvent, the values of & range from (3.5 - 1.3)
X 10° to (1.5£0.5) X 10° dm® mol™ s'. This suggests that
errors of an order of magnitude are not unusual. A more
detailed statistical treatment of 490 values relating mainly
to reaction rate constants k, is given in Appendix II where
attempts are made to obtain better values by taking proper
account of the fact that many of the bimolecular rate
constants have been measured relative to the bimolecular
rate constants of other substrates or standards, and the
choice of the values for such standards affects many other
values and thereby the average values for k for many
compounds. From the statistical treatment which includes
almost 500 measurements on 59 compounds in about 40
different solvents, it is concluded that the 95% confidence
limit is a factor of 12.7 for two measurements and only
compounds with seven or more measurements have 95%
confidence limits of less than a factor of two (see table A3
in Appendix II for full details). Only in the extreme case of
1,3-diphenylisobenzofuran, entry 5.36, (assuming solvent
effects are negligible, see Appendix II} is the 95%
confidence limit obtained from 104 values better than the
expected uncertainty of individual measurements claimed
by authors and as low as 14%. The question of solvent
effects on the bimolecular rate constants is fully discussed
in Appendix II. Since Appendix II treats statistically most
of the results which have been measured many times by the
same and different authors, estimates of errors for values of
k, k. and k, not included in this treatment may be taken as
having similar large uncertainties and unfortunately only
when many measurements, e.g. more than seven, have been
made can one expect 95% confidence limits less than a
factor of two.

6.1. Mechanisms of Quenching

As indicated earlier, quenching of singlet oxygen may be
due to chemical reaction or physical quenching. Physical
quenching of singlet oxygen has been established as due to
electronic energy transfer [46] and as a result of favourable
charge-transfer interaction [67,68,69]. For diamagnetic
substrates electronic energy transfer is possible whenever
the energy of the lowest excited triplet state of a quencher
lies below that of singlet oxygen. Thus the occurrence of
the spin allowed process

102* + 1Q - 3Q* + 302

has been confirmed in the case of B-carotene and other
polyenes with low lying triplet states [46,48]. Electronic
energy transfer has also been proposed to account for the
highly efficient quenching by certain dyes [43,70] and by
several coordination complexes [46] (see table 10).

Physical quenching resulting from favorable charge-
transfer interactions was first demonstrated with various
amines [67-69)]. Thus Young et al. {71}, have shown that
for a series of N,N-dimethylanilines a Hammett plot can be
drawn with a p value of -1.39 which supports the sug-
gestion that a complex which is charge transfer in nature is

responsible for this type of quenching which may be
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represented as follows:

'0,* + NR, =

'0*..NR**) = *0%*..NR**) — %0, + NR,.

In agreement with this scheme the lower the ionization
potential of the amine the better it is as a quencher. Thus
quenching rate constants are in the order tertiary >
secondary > primary amines (see table 6). However, even
the most efficient charge-transfer quenchers such as
DABCO (entry 6.40) have quenching rate constants about
two orders of magnitude less than diffusion controlled. It is
of interest to note that the efficiency of quenching by
amines in the gas phase is similar to that observed in
solution [67,68,69] which is in keeping with the lack of
any large solvent effect [see tables 6 and 7].

Physical quenching due to electronic to vibronic energy
transfer has already been mentioned in section 5 where the
dependence of the lifetime on high energy vibrations in the
solvent was discussed. There is little evidence for a heavy-
atom enhancement of the intersystem crossing from singlet
to triplet O,, neither does quenching by paramagnetic
species, which could arise from the catalysed intersystem
crossing process

0 + "Q =0, + "Q

which is spin allowed by Wigners Spin rule, give rise to
efficient quenching since for example £, < 10* dm* mol™
s for quenching of '0,* by °0, (see entry 15.1) (see [72]
for further discussion of physical quenching of singlet
oxygen).

Chemical reactions of singlet oxygen have been discussed
in detail in a number of reviews e.g. [9,30-37]. The
primary products, formed from '0,* reactions with hydro-
carbons and many substituted hydrocarbons containing one
or more double bonds are often of variable stability, but
they appear to be formed in only three types of reaction

(i) formation of endoperoxides, e.g.

CHy CHy

@ ’ |°2- o

CHy” CHy CHy Oty

o CHy
Q0 v — R0

Gy Hy

(ii) formation of allyl hydroperoxides, by ‘ene’ reactions
e.g.

K + of

— > v e

R . R
T-x — T
. O0H

(iii) formation of 1,2-dioxetanes

—> 2 HCOOE?

Ed OEt
E10\_ /08 e °/\c c’\"
PR Rl

0—o

Various reducing agents also react quite efficiently with
singlet oxygen, viz.

(iv)

Chy Hs CHy
e R e K
HOO'
cHy o

%) E,S + '0,* — Et,S00 (+ Et,S) — 2Et,SO
(vi) CH,CH,NH, + '0,* — CH,CH(OOH)NH,.

An examination of the data in this compilation makes
the authors suggest that there is a great need for further
careful work to establish more precise values, especially for
those compounds which are in effect being used as
standards. If such measurements can be made
independently at more than one laboratory with a proper
treatment of errors, so much the better.

It is hoped that the compilation will be updated
periodically and it is hoped readers will bring to our
attention any new results, any results inadvertently missed
from our literature searches, and any noted errors.
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General

S

A

A’

A"

P

P’
102*

Sensitizers

An
azine

BA
BP
DMA
DNT
Eos
Ery
FMN

MB
MP
Naph
Per
Phen
PP

Py
RB
RBCE

Rub
self
Tetr
TPP
ZnTPP
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Abbreviations

sensitizer

primary substrate

reference substrate

second reference substrate
product of primary substrate
product of reference substrate
singlet oxygen

anthracene

3H-2-pivaloyl-4—phenyl-6-diethylamino-
8-methylquinoxal-3-one -

1,2-benzanthracene

benzophenone

9,10-dimethylanthracene

dinaphthalene thiophene

eosin

erythrosine

riboflavin-5'—phosphate

(flavine mononucleotide)

methylene blue

meso—porphyrin

naphthalene

perylene

phenanthrene

protoporphyrin

pyrene

rose bengal

rose bengal complexed with
dicyclohexyl-18-crown-6

rubrene

self sensitization

tetracene

tetraphenylporphine

zinc tetraphenylporphine

Reference substrates

Car
DABCO
p-dioxene
DDM
DMA
DMBA
DPBF
DPF
Rub
TMS
2M2B
TME

all trans~B-carotene
1,4-diazabicyclooctane
3,6-dioxacyclohexene
diazodiphenylmethane
9,10-dimethylanthracene
9,10-dimethyl-1,2-benzanthracene
1,3-diphenylisobenzofuran
2,5-diphenylfuran
rubrene
trimethylstyrene
2-methyl-2-butene
2,3—dimethyl-2-butene
(tetramethylethylene)
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2M2P
TMHP

Substrate column

TBA
TOS

Chemical groups

Me-
Et-
n~Pr-
i-Pr~
n~Bu-
s-Bu-
t-Bu-
Ph-
dtc
acac

Solvent column

(5:1) viv
i~octane

THF

2-methyl-2-pentene
2,2,6,6-tetramethyl-4-hydroxypiperidine

tetrabutylammonium ion
p-toluenesulfonate ion

CH,

CH,CH,
CH,CH,CH,
CH(CH,),
CH,(CH,),CH,
CH(CH,)CH,CH,
C(CH),

CeHy
dithiocarbamate
acetylacetonate

5 parts to 1 part by volume
2,2, A-trimethylpentane
tetrahydrofuran

Rate data columns

rate constant for chemical reaction of A

beta value for chemical reaction of A

rate constant for physical quenching of '0,*

beta value for physical quenching of '0,*

rate constant including both k* and kqA
components

beta value including both B,* and B *
components

rate constant for solvent deactivation

(k; + k\AD

rate constant for substrate quenching of
sensitizer triplets

estimated from an experimentally determined
quantity

Temperature column

Tt

Methods column
Od-

Ad-

A'd-

P'a-

Ld-

temperature not reported, possibly room
temperature

rate monitored by oxygen disappearance

rate monitored by substrate disappearance

rate monitored by reference substrate
disappearance

rate monitored by product appearance

rate monitored by reference product
appearance

rate monitored by '0,* luminescence decay
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Comments column

SDS
DTAC
CTAB

[A]()

cale

decomp.

r

ax

P

ise

E

a

1]
(2]
(3]
[4]
[5]
[6]
[7
(8]
[9]
[10]
(11}
2]
(13]
[14]
{15]
[16]
(7]
[18]
[19]
[20]
[21]

[22]
{23]

{24]

{25]
[26]

[27]
[28]

sodium dodecyl sulfate
dodecyltrimethylammonium chloride
hexadecyltrimethylammonium bromide
initial concentration of A
calculated
decomposition
reaction rate of oxidation
quantum yield of sensitizer triplet
state production
Activation energy for
rate constant k.
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TABLE 1. Decay constants of singlet oxygen in various solvents

No Solvent ky/s™ 1/°C Comments Ref.
11 H,0 1(5.0 £ 2.0) x 10° rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F026
(water) k, extrapolated from a value in
) (H,0/MeOH) (1:1) v:v mixture.
1.1.1 14.8 x 10° rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
k4 corrected to zero MeOH concentration.
1.1.2 13.3x10° rt S = 2-acetonaphthone, A = DPBF, Gorm.78E144
nitrogen laser (337 nm).DPBF solubilized
in SDS micelles in air saturated H,O solutions.
1.1.3 ky(Av) = *4.4 x 10°
1.2 D,0 1(3.0 £ 0.2) x 10* 20 S = MB, A = DPBEF, dye laser (620 nm). Math..78E143
(water-d,) k4 determined in air saturated D,0O solutions
of DPBF solubilized in SDS micelles.
1.2.1 1(2.8 + 0.2) x 10* 20 S = MB, A = DPBF, dye laser (620 nm). Math..78E143
k4 determined in air saturated D,O solutions
of DPBF solubilized in CTAB micelles.
1.2.2 13.3x10* rt S = 2-acetonaphthone, A ‘= DPBF, Gorm.78E144
nitrogen laser (337 nm). DPBF solubilized
in SDS micelles in air saturated D,O solutions.
123 ky(Av) = *3.1x 10*
1.3 CH,OH (14 £ 02)x 10° rt S = MB, A = DPBEF, ruby laser (694 nm). Merk.71M325
(methanol)
1.3.1 <(2.0 = 0.2) x 10° 23 S = MB,BP,Naph,An,Phen,BA; A = DPBF, Adam.72F126
ruby laser (347 nm). Value not corrected for
a k[DPBF] contribution. For revised
value see [76F902). Error is a
standard deviation.
1.3.2 1(8.8 = 0.4) x 10* t S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
Error is a 95% confidence limit.
1.33 19.7 = L.1) x 10* t S = RB, A = DPBF, dye laser (583 nm). Youn..73F014
Error is a 95% confidence limit.
134 1(1.1 = 0.2) x 10° rt S = MB, A = DPBEF, ruby laser (347 nm). Wilk76F902
1.3.5 11.1 x 10° 25 S = MB, A = DPBEF, ruby laser (694 nm). Usui..78F061
1.3.6 k(Av) = *(1.0 = 0.2) x 10°
1.4 CH,Cl, 11.6 x 10* 25 S = MB, A = DPBEF, ruby laser (694 nm). Usui..78F061
(dichloromethane)
1.4.1 17.1 x 10° rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
1.4.2 ky(Av) = *1.2 x 10*
1.5 CHCI, 1(1.7 £ 0.4) x 10° rt S = MB, A = DPBF, ruby laser (694 nm). k, Long.75F088
(chloroform) decreases by 50 % on lowering the temperature
from 25 °C to -50 °C.
1.5.1 (4.4 = 1.8) x 10° rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
1.5.2 19.0x 10° 25 S = MB, A = DPBF, ruby laser (694 nm). Usui..78F061
1.5.3 ky(Av) = *1.0x 10*
1.6 CDCl, 3.3 = L.0)x 10° rt S = MB, A = DPBF, ruby laser (694 nm). Long.75F088
(chloroform-d)
1.7 CF,Cl (1.0 = 0.2) x 10° rt S = MB, A = DPBF, ruby laser (694 nm). &, Long.75F088
(Freon-11) corrected for 1-2% MeOH content.
1.8 CCl, 1(1.4 = 0.7) x 10° rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F260
(carbon tetra- k4 corrected for 2% MeOH content.
chloride)
1.8.1 122x10° rt S = MB, A = DPBEF, dye laser (610 nm). Youn.76F903
1.8.2 1(1.42 + 0.40) x 10° 25 S = MB, A = DPBF, flash photolysis. Furu.78E238
kg from extrapolation to zero (MeOH]
using k, values for CCl,/MeOH mixtures (1-5% MeOH).
1.8.3 **36x 10 rt S = TPP,PP,MP,pheophytins. k, from direct Kras79A010
measure of decay of sensitized luminescence from 'O,*
using a phosphoroscope.
1.8.4 ky(Av) = *1.7 x 10°
1.9 CS, (5.0 + 1.5 x 10° rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F260
(carbon disulfide) kq corrected for 1% MeOH content.
1.10 CH,CH,0OH 1(8.3 = 1.7y x 10° rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F260
(ethanol)
1.10.1 1(1.0 = 0.1) x 10° rt S = MB, A = DPBF, ruby laser (347 nm). Wilk76F902
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TABLE 1. Decay constants of singlet oxygen in various solvents — Continued
No. Solvent ky/s™ t/°C Comments Ref.
1.10.2 $(5.3 = 0.9) x 10 rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
Error is a 90% confidence limit.
1.10.3 kyAv) = *1.9 x 10°
1.11 HO(CH,),OH 48x 10° rt S = MB or RB, A = DPBF, dye laser. Youn.73F014
(1,2-dihydroxy- kp = 5.1 x 10° s when [DPBF] = 1.7 x 10”* mol dm™
ethane) and 8 = 3.2 x 10 mol dm™* (for method see
section (4)).
1.11.1 *1.6 x 10° rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
k4 corrected to zero MeOH concentration.
k4 value very different from previous value
of same authors [73F014].
1.12 CH,FCH,OH (5.6 = 1.2) x 10* rt S = MB, A = DPBEF, dye laser (610 nm). Youn.76F903
(2-fluoroethanol) Error is a 90% confidence limit.
1.13 CH,CHCI, 1.5 x 10* 25 S = MB, A = DPBF, ruby laser (694 nm). Usui..78F061
(1,1-dichloroethane)
1.14 CHCIL,CH,0OH 21x06)x10* It S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(2,2-dichloro- Error is a 90% confidence limit.
ethanol)
1.15 CCl,CH,OH (2.0 = 0.6) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(2,2,2-trichloro- Error is a 90% confidence limit.
ethanol)
1.16 CF,CH,0H (2.3 = 0.6) x 10* rt S = MB, A = DPBEF, dye laser (610 nm). Youn.76F903
(2,2,2-trifluoro- Error is a 90% confidence limit.
ethanol)
1.17 CH,CN 13307 x10° rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F260
(acetonitrile)
1.17.1 1(1.8 = 0.3) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
Error is a 90 % confidence limit.
1.17.2 ky(Av) = *2.55 x 10*
1.18 CHCI,CHCl, 8.3 x10° 25 S = MB, A = DPBF, ruby laser (694 nm). Usui..78F061
(1,1,2,2-tetra—
chloroethane)
1.19 CH,CHOHCH, (5.0 = 0.3) x 10* t S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(2-propanol) Error is a 90% confidence limit.
1.20 CH,(CH,),Br 110 = 0.2) x 10° rt S = MB, A = DPBEF, ruby laser (347 nm). Wilk76F902
(1-bromopropane)
1.20.1 1(1.3 £ 0.4) x 10° rt S = An, Q = Car, ruby laser (347 nm). Wilk76F902
k4 measured by following the disappearance
of triplet 8—carotene. (See section 2.2)
1.20.2 k(Av) = *1.15x 10°
1.21 HCON(CH;), <(14 £ 0.1 x 10° 23 S = An,Phen,Py,BA; A = DPBF, ruby Adam.72F126
(dimethyl- laser (347 nm). Value not corrected for a
formamide) kIDPBF] contribution. Error is a
standard deviation.
1.22 CH,COCH, 1(3.8 £ 0.8) x 10* rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F026
(acetone)
1.22.1 1(2.4 + 0.5) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
Error is a 90% confidence limit.
1.22.2 ky(Av) = *3.1 x 10*
1.23 CH,0OCHCH,Br (22 +05)x 10* rt $ = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(1-bromo-2,3-epoxy- Error is a 90% confidence limit.
propane)
1.24 CH,(CH,);OH (5.2 = 0.8) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
(1-butanol) . Error is a 95% confidence limit.
1.25 (CH,);COH (3.0 £ 04)x 10* t S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
(2-methyl-2- Error is a 95% confidence limit.
propanol)
1.26 CH;0 (4.3 +0.4)x 10* rt S = RB, A = DPBF, dye laser (583 nm). Youn.76F903
(tetrahydrofuran) Error is a 90% confidence limit.
1.27 C,H,0, (2.9 + 1.0) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
(dioxane) Error is a 95% confidence limit.
1.28 CH,COOCH,CH, 2.1 = 0.7) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(ethyl acetate) Error is a 90% confidence limit.
1.29 C,H,N 3.1+ 1.4)x10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.73F014
(pyridine) Error is a 95% confidence limit.
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TABLE 1. Decay constants of singlet oxygen in various solvents — Continued
No Solvent ky/s™ t/°C Comments Ref.
1.29.1 *(5.9 + 1.4) x 10 rt S = RB, A = DPBF, dye laser (583 nm). Youn.76F903
k, value very different from previous one
by same authors [73F014). Error is a 90%
: confidence limit.
1.30 CH,, . (5.9 +0.2) x 10* rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F260
(cyclohexane) k, corrected for 2% MeOH content.
1.31 C;H,,OH 6.3 +09)x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(cyclohexanol) Error is a 90% confidence limit.
1.32 C.H, 1(4.2 = 0.9) x 10 rt S = MB, A = DPBF, ruby laser (694 nm). Merk.72F026
(benzene)
1.32.1 <(8.0 = 0.5) x 10* 23 S = Naph,BP,An,Phen,Py,BA; A = DPBF, ruby Adam.72F126
laser (347 nm). Value not corrected for a k[DPBF]
contribution. For revised value see [73F438].
Reported error is a standard deviation.
1.32.2 <(1.0 = 1.0) x 10° 23 S = BA, A = DPBEF, ruby laser (347 nm). Adam.72F126
Value not corrected for k[DPBF] contribution.
For revised value see [73F438]. Reported
) error is a standard deviation.
1.32.3 <(8.0 + 2.0) x 10* 5 S = BA, A = DPBF, ruby laser (347 nm). Adam.72F126
Value not corrected for k[DPBF] contribution.
For revised value see [73F438]. Reported
error is a standard deviation.
1.324 1(3.9 + 0.4) x 10* rt S = An, A = DPBEF, ruby laser (347 nm). Farm.73F438
1.32.5 14.1 +0.3) x 10* rt S = An, Q = Car, ruby laser (347 nm). Farm.73F438
k4 measured by following the disappearance of
triplet B—carotene. (See section 2.2)
1.32.6 13.7 = 0.6) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
Error is 2 90% confidence limit.
1.32.7 13.7x 10* rt S = Tetr, A’ = DPBF. Sensitizer excited with Gorm..78E263
pulsed electron beam (0.5-10 krad). &4 from
extrapolation to zero dose of electrons.
1.32.8 1(4.1 = 0.4) x 10* rt S = An, Q = Car, ruby laser (347 nm). k, Wilk.78F276
measured by following the disappearance
of triplet B-carotene. (See section 2.2)
1.32.9 ky(Av) = *(4.0 + 0.7y x 10*
1.33 C,Dq (2.8 £0.6)x 10 rt S = MB, A = DPBF, ruby laser (347 nm). Wilk76F902
(benzene-dy)
1.34 C.H;Br (1.3 +=0.6) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(bromobenzene) Error is a 90% confidence limit.
1.35 C.Fq (1.7 = 0.6) x 10° rt S = MB, A = DPBEF, ruby laser (694 nm). Long.75F088
(hexafluoro- k4 corrected for 1-2% MeOH content.
benzene)
1.36 C¢H,CH, 40x 10 rt S = Tetr, A’ = DPBF. Sensitizer excited with Gorm..78E263
(toluene) pulsed electron beam (0.5~10 krad). k, from
extrapolation to zero dose of electrons.
1.37 CH,COOCH, 25+ 1.0)x 10* rt S = MB, A = DPBF, dye laser (610 nm). Youn.76F903
(methyl benzoate) Error is a 90% confidence limit.
1.38 H,0/CH,OH $2.9 x 10° rt S = MB, A = DPBEF, ruby laser (694 nm). Merk.72F027
(L:D) vy
1.38.1 1(2.8 = 0.8) x 10° rt S = MB or RB, A = DPBF, dye laser. Youn..73F014
kp = 3.7 x 10° 5! when [DPBF] = 1.7 x 10°°
mol dm™ and 8 = 5.5 x 10 mol dm™ (for method
see section (5)).
1.38.2 Kk (Av) = *29x 10°
1.39 D,0/CH,OH 9.1x 10* t S = MB, A = DPBEF, ruby laser (694 nm). Merk.72F027
(1:) vy
1.40 CH,0H (12 £02)x 10° ) rt S == MB or RB, A = DPBF, dye laser. Youn..73F014
/HO(CH,),0OH kp = 1.6 x 10° s when [DPBF] = 1.9x 10°
(1:1) viv mol dm™ and 8 = 6.3 x 10~° mol dm™ (for method
see section (5)).
1.41 CCl,/CH;0H (3.0 +20)x 10 25 S = MB, A = DPBF, dye laser (610 nm). Brew74F646
99:1) viv Error is 2 90% confidence limit.
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TABLE 1. Decay constants of singlet oxygen in various solvents — Continued
No Solvent ky/s t/°C Comments Ref.
1.42 CCl,/CH,OH (3.2 +05)x10° 25 S = MB, A = DPBEF, flash photolysis. Furu.78E238
(98:2) v:v
143  CCl/CH,0H (5.0 £+ 1.0) x 10 rt S = MB, A = DPBF, dye laser (610 nm). Brew74F646
(94.3:5.7) v:iv Error is a 90% confidence limit.
1.44 CCl,/CH,OH 9.0 = 4.0) x 10° rt S = MB, A = DPBF, dye laser (610 nm). Brew74F646
(90.1:9.9) v:v Error is a 90% confidence limit.
1.45 CCl,/CH,0H (1.1 + 0.3) x 10* rt S = MB, A = DPBF, dye laser (610 nm). Brew74F646
(86.2:13.8) v:v Error is a 90% confidence limit.
1.46 CCl,/CH,OH (1.5 = 0.2) x 10 rt S = MB, A = DPBF, dye laser (610 nm). Brew74F646
(82.7:17.3) viv Error is a 90% confidence limit.
1.47 CS,/MeOH (4.0 £ 0.4) x 10° rt S = MB, A = DPBF, flash photolysis. Floo..73F334
(98:2) viv
1.48 CH,CH,0H/H,0 < (1.8 £ 0.2) x 10° 23 S = Naph,An,Phen,Py,BA; A = DPBF, ruby Adam.72F126
(95:5) viv laser (347 nm). Value not corrected for a k[DPBF]
contribution. For revised value see {76F902].
Reported error is a standard deviation.
1.48.1 <(1.3 £ 0.2) x 10° 23 S = MB, A = DPBF, ruby laser (347 nm). Adam.72F126
Value not corrected for k[DPBF] contribution.
For revised value see [76F902]. Reported
error is a standard deviation.
1.48.2 <(1.3 +0.1)x10° 0 S = MB, A = DPBF, ruby laser (347 nm). Adam.72F126
Value not corrected for k[DPBF] contribution.
For revised value see [76F902]. Reported
error is a standard deviation.
1.48.3 *(2.0 = 0.8) x 10° rt S = An, Q = Car, ruby laser (347 nm). Wilk76F902
k4 measured by following the disappearance
of triplet B-carotene. (See section 2.2)
1.49 CH,/CH,OH (3.8 £ 0.8) x 10 rt S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
(4:1) viv Error is a 95% confidence limit.
1.50 C¢H;Br/CH,OH 43 +07x10* rt S = MB, A = DPBF, dye laser (610 nm). Youn..73F014
4:1) viv Error is a 95% confidence limit.

I These values of k, are averaged to obtain the preferred value of k, labeled with an *.

*
*k
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TABLE 1(a). Decay constants of singlet oxygen in various solvents;
estimates from indirect methods where no value is available from direct methods
No. Solvent ky/s! t/°C Comments Ref.
1(a).0 CH,CH,I 2.5x10° rt k, estimated using eq. (39) from text and Wilk76F902
(est) k,(CH,CH,I) = 4 x 10° dm® mol™' 5™ {15.4).
1(a).1 (CH,),SO 52 x 10* rt S = RB, A = DPBF, A’ = 2M2P. Measured 8, = Guir.76E072
(dimethylsulfoxide) *3.4x 10* (5.5 = 0.1) x 10 mol dm™, assumed k,. =
(est) 9,38 x 10° (*6.25 x 10°) dm® mol™ s™' (value
in MeOH from [2.40.2)).
1(a).1.1 3.33x10* rt Method not reported, may be direct method Nils.74F643
(est) given in ref. {71M325].
1(a).2 CCLFCCIF, 43x10° rt A = Rub. k, estimated from 8 ,(Freon-113) = Stev76F905
(Freon-113) (est) 1.1 x 107 mol dm™? assuming &, = 3.9 x 10’
dm’® mol™' 5! where k, is an average of all
values listed under entry 3.63.
1(a).2.1 5.0 x 10° rt A = DPBF. k, estimated from 8,(Freon-113) = Stev76F905
(est) 5.4 x 107 mol dm™ assuming k, = 9.2 x 10
dm’ mol™ s™! where k, is an average of all
values listed under entry 5.36.
1(a).3 (CD,),CO 3.8 x 10° rt S = MB, A = Rub.Measured r,, in (CH,),CO Merk.72F260
(acetone-d) *3,1x 10* and (CD,),CO to be identical. Assumed k,
(est) to be independent of solvent composition.
Took k,((CH,),CO) = 3.8 x 10* (*3.1 x 10% 5!
[1.22].
1(a).4 CH,(CH,),0(CH,),0OH 3.8x 10° 0 A = Rub, Q = DABCO, '0,* from microwave Carl...72F319
(2-butoxyethanol) (est) discharge. Assumed kg = 3.4 x 10’ dm® mol™' 5™
and k, = 7.0 x 10’ dm’ mol™' 5™ and used
equation (33).
1(a).5 CH,Cl1 1.6 x 10* 25 S = TPP, A = 3-methyl-2-pentene. The Carl..74F341
(chlorobenzene) (est) authors assumed &, = 1.0 x 10° dm® mol”' s\
However they give 8, = 1.64 x 10 mol dm™
in the text and 8, = 1.6 x 10™* mol dm™
in a table. Using these values with k,
gives estimates for k, of 1.6 x 10° 5" and
1.6 x 10* s™' respectively.
1(a).6 (CH,),CHCH,C(CH;), 4.0x 10° 25 S = A = Rub, Q = DABCO. Assumed &, = Carl...72F319
(2,2,4-trimethylpentane) (est) 3.4 x 10’ dm®* mol' s and k, =
(i-octane) 7 x 10’ dm® mol™' s! and used equation (23).
1(a).6.1 4.7 x 10* 25 A = Rub, '0,* from (PhO),PO, decomp. Measured Carl..74F341
(est) B, = 6.4 x 107 mol dm™, assumed k, =
7.3 x 10’ dm* mol™' s5™'. Solvent contained
5% by volume of both MeOH and C,H,N.
1(a).7 CH,(CH,),,CH, 9.0x 10* 25 A = Rub, 'O,* from microwave discharge. Carl..74F341
(hexadecane) (est) Measured 8, = 1.2 x 107 mol dm?,
assumed k, = 7.3 x 10" dm® mol™' ™!
and used equation (33).
1(a).8 D,0/CD,0D 2.9 x10* rt S = MB, A = DPBF. Measured r,, Merk..72F027
(1:1) viv (est) in both H,0/CH,OH and D,0/CD;0D.
Assumed k, is insensitive to solvent
composition and k,(H,0/CH,0OH) =
(2.9 £ 0.5) x 10°s7' [1.38.2).
1(2).9 CH,Cl,/CH,OH 2.1x10* rt A = Rub, Q = cis- and trans-1,4-dicloro-1,4- Sing.76F900
(11:5) viv (est) dinitrosocyclohexane, 'O,* from (PhO),PO;
decomp. Assumed k, = 4.0 x 10’ dm> mol' 5™\,
1(a).10 CH,Cl,/CH,0H 1.1x10* rt A = Rub, Q = (CH,);,CNO, '0,* from (PhO),PO, Sing.76F900
(15:1) viv (est) decomp. Assumed k, = 4.0 x 10’ dm® mol™' s™".
1(a).11 CH,Cl,/C;H,;N/MeOH 5.0x 10* 25 A = Rub, Q = DABCO, '0,* from (Ph0Q);PO; decomp. Carl...72F319
(93:3:3) viviv (est) Measured 8, = (unreported), assumed &k, =

7 x 107 dm’ mol™! s™! and used equation (30).
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates

No. Substrate (A) Solvent

k
/dm’® mol™! s

B (ky/k)
/mol dm™?

t
/°C

Method

Comments

Ref.

[Note: k represents the overall rate constant unless k, (chemical reaction rate constant)
or k, (quenching rate constant) is specified; &, is the rate constant for solvent deactivation]

2.1 ethoxyethene
CH,=CHOG,H,

(Me),CO

(Me),CO

2.1.2 (Me),CO

Cells

2.2 1,1-diethoxyethene
CH,=C(OC,H,),

(Me),CO

221 (Me),CO

222 CH,

2.3 cis-1,2-diethoxy-
ethene
C,H,O0CH=CHOC,H,

(Me),CO

2.3.1 (Me),CO

232 (Me),CO

For more relative rates see
1.0 x 107

2.4 trans-1,2-diethoxy-
ethene
C,H,OCH=CHOC,H;,

(Me),CO

24.1 (Me),CO

k, =57 X% 10*
*.7 % 10*

4.3 x 10t
*3.5 x 10*

k. = 3.1 % 10*
2.5 x 10

2.3 x 10°

4.6 x 10°
*3.7 x 10°

k. <1 x 10
(est)
2.6 x 10°

k, =33 x 10
*2.7 X 10

4.4 x 10’
*3.6 X 107

=57 X 10
*32 X 107

k, =

*8.3 x 10¢

4.7 x 10’
*3.8 X 10
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(8.8 £0.2) x 107

(1.8 = 0.1) x 10!

(8.3 +02) x 107

(15 +0.1) x 10"

(8.6 = 0.1) x 107

2.4.2.

(8.13 £ .02) x 10*

15

15

15

15

A'd-16

Ad-17
A'd

A'd-16

A’d-16

Ad-17
A'd
A'd-16

A'd-16

Ad-17
Ad

A’d-16

S = ? A’ = p-dioxene.
Measured (k,/k*) =
0.26. k, derived using

kA =22 x 10°

(*1.8 X 10%) dm®

mol™ s7! [2.55.1].

S = RB, A’ = DPBF.

k derived using

ky =38 x 10*

(*3.1 X 10%s7' [1.22).

S = RB, A’ = p-dioxene.
Measured (k,/k*) =

0.14 = 0.03. k, derived
using kA = 2.2 x 10°
(*1.8 X 10°) dm® mol
s'[2.551)

Found k; > > k.

S = RBCE, A’ = DPBF.
k derived using

ky = 42 % 10°

s1[1.32).

S = RB, A’ = DPBF.

k derived using

ky = 3.8 x 10*

(*3.1 X 10%s7'[1.22).

S = RB, A’ = p-dioxene.

No measurable reaction of A.

S = RBCE, A’' = DPBF.
k derived using

ky = 4.2 x 10°

s [1.32).

S = 7, A’ = p~dioxene.
Measured (k,/k*) = 151.
k. derived using k,* =
2.2 X 10° (*1.8 X 10°)dm’
mol™ s7' [2.55.1].

S = RB, A’ = DPBF.

k derived using

ky = 3.8 x 10*

(*3.1 x 10 s [1.22].

S = RB, A' = TME.
Measured (k/k ) =
1.06. k, derived using

kA =54 x 107

(*3.0 x 107y dm® mol™
s'[43.2).

Found &k, >> k..

S = 7, A’ = p-dioxene.
Measured (k,/k,*) = 46.
k, derived using kA=

2.2 X 10° (*1.8 X 10°) dm’
mol™ s [2.55.1].

S = RB, A’ = DPBF.

k derived using

ky = 3.8 x 10°

(*3.1 X 10%) s [1.22).

Bart..70F733

Fale77F876

Fale77F876

Fale77F876

Fale77F876

Fale77F876

Fale77F876

Bart..70F733

Fale77F876

Fale77F876

Bart..70F733

Fale77F876
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm® mol™' 5™ /mol dm™ /°C
242 Me),CO  k, = 2.6 x 10 6 Ad-17 S =RB, A’ = cis-1,2- Fale77F876
*1.5 x 107 Ad diethoxyethene.
Measured (&,/k,*) =
4,55 x 107, k, derived
using k* = 5.7 x 10’
(*3.2 X 10") dm® mol™' 5™
[2.3.2].
25 methylidene- CH,CN &k, =46 x 10 rt ? S = MB, A’ = 1-methyl-  Jeff....73F664
cyclopentane cyclohexene. Measured
(k/k™) = 0.23. k,
Che derived using £ =
*2.0 X 10° dm® mol™!' 57!
[A43.5].
2.5.1 CH,CN &k, =56 x 10* 0 Ad-17 S = MB, A’ = 2-methyl- Jeff..78F149
A'd idenenorborn-5-ene.
Measured (k,/k*) =
15.5. k, derived using
kA = 3.6 x 10° dm’
mol™ s7' [2.94b).
26  ethylidene- CHCl, (8.7 % 1.3) x 10° it  A'd33 S=A'=Rub. k Monr78A005
cyclopentane derived using k,. =
5.3 X 10’ dm’ mot™ s™!
ﬁ“c”3 [3.63.3]and k; =
Q 1.67 x 10*s™' [1.5].
2.7 methylidene- CH,CN Lk <1x 10 rt ? S = MB, A’ = l-methyl- Jeff....73F664
cyclohexane (est) cyclohexene.
5%
2.8 ethylidene- CHCI, (8.6 + 1.3) X 10° rt A'd-33 S=A'=Rub. k Monr78A005
cyclohexane derived using k,. =
cHes 5.3 X 10" dm® mol™ s
| [3.63.3]and ky =
1.67 x 10*s™' [1.5].
29 1,1,2-triethoxy- (Me),CO 1.2 X 10° (3.07 = .06) x 10* 15 A'd-16 S = RB, A’ = DPBF. Fale77TF876
ethene *1.0 x 10 k derived using
C,H,0CH=C(0OC,Hy), k, = 3.8 x 10*
(*3.1 x 10% s [1.22].
210 1,1,2-tricyclo- (Me),CO &, = 52 x 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
propylethene A'd propylmethylidene)-
cyclobutane. Measured
M ﬁ (k/k*) = 0.40. k,
Ne=¢ derived using k,* =
q 1.3 X 10° dm® mol™' s
[2.19.4).
2.11  (cyclopropylmethyl{Me),CO &, = 7.7 X 10° rt Ad-17 S = Eos, A’ = (dicyclo- Rous..78F430
idene)cyclobutane A'd propylmethylidene)cyclo-

o=

butane. Measured
(k/k2) = 0.59. k,
derived using k,* =
1.3 X 10° dm® mol™' s~
[2.19.4).
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A)

Solvent

k
/dm® mol™' s

B (ky/k)
/mol dm™ -

t
/°C

Method

Comments

Ref.

2.12 1,1,2,2-tetra-

ethoxyethene

CHCI,

(C2H50)2C = C(OC2H5)2

2.12.1
2.12.2

2.12.3

2.124

2.13
cyclohexane

O

2.13.1

2.14  2-cyclohexyl-

idene-cyclohexanol

@

OH

2.15  2-cyclohexyl-

cyclohexylidene-

CH,CN

(Me),CO

(Me),CO

CeH

MeOH(?)

MeOH

MeOH(?)

MeOH(?)

idene-cyclohexanone

O
éro

2.15.1

A*""_octalin

ao

2.16

" MeOH

CHCI,

7.6 X 107
*4.5 x 10

43 x 10

*33 x 107

4.5 x 10’
*3.6 x 107

k, = 4.6 X 10’

*2.6 x 10

7.4 x 107

1.8 x 10°

3.3 x 10°

23 x 10°

2.7 x 10°

2.9 x 10°

(5.0 = 0.8) x 10°
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(2.2 + 0.2) x 107

(7.69 = .04) x 10™*

(8.5 + 0.1) x 10

(5.67 = .18) x 10™

5.6 x 1072

3.0 x 107

44 x 10"

3.7 x 107

35 x 10

15

15

15

rt

20

rt

rt

20

It

A'd-16

A'd-16

A'd-16

Ad-17
A'd

A'd-16

Od-15

Od-15

A'd-33

S = MB, A’ = DPBF.
k derived using

ky= 17 x 10*

(*1.0 x 10% 57!

[1.5). Solvent
contained 1% EtOH.
S = RB, A’ = DPBF.
k derived using

ky =33 X 10

(*2.55 x 10% s [1.17).
S = RB, A’ = DPBF.
k derived using

ky =38 X 10°

(*3.1 x 10% s [1.22).
S = RB, A’ = TME.
Measured (k,/k*) =
0.854. k, derived using
kN =54 %10

(*3.0 X 107) dm® mol!' 57!

(43.2). Found k, > > k,

S = RBCE, A’ = DPBF.

k derived using
ky = 42 x 10
s'{1.32].

" Method not given.

k derived using
¢ = *1.0 x 10°
s'[1.3.6].

S = RB. k& derived
using k; = *1.0 X 10°
s'[1L3.6.E, =

5.4 kJ mol™,

Method not given.

k derived using

ky = *1.0 x 10°

s [1.3.6].

Method not given.
k derived using

s = *1.0 X 10°
s (1.3.6].

S = RB. k derived
using k, = *1.0 X 10°
s'(L3.6l. E, =

11.7 kJ mol™,
S=A"=Rub. k
derived using k,. =
5.3 X 10" dm® mol™ 5™
[3.63.3) and k, =

1.67 x 10*s7' [1.5].

Fale77F876

Fale77F876

Fale77F876

Fale77F876

Fale77F876

Goll62F005

Koch68F288

Goll62F005

Goll62F005

Koch68F288

Monr78A005
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

833

No. Substrate (A)

Solvent k
/dm® mol™' 5!

B (ky/k)
/mol dm™

t

/°C

Method

Comments

Ref.

2.17  adamantylidene-
adamantane(2)

Jm

2.18  (dicyclopropyl-
methylidene)cyclo-
propane

D

=C,

v

2.19  (dicyclopropyl-
methylidene)cyclo-
butane

< >__cv’
2.19.1
2.19.2
2.19.3

2.19.4

2.19.5

1.02 x 10°
*6.13 X 10°

CHCI,

(Me),CO &, = 1.4 X 10°

MeOH %, = L1 X 10°

CH,Cl, &k =11 x 10°

it

CS, k. = 1.1 X 10°

CH,CH,I &, = 1.1 X 10°

-

(Me),CO  k, = 1.3 x 10°

1.3 x 10°

g

&
x>
I

1.63 x 10

15

rt

rt

rt

rt

It

rt

It

A'd-16

Ad-17
A'd

Ad-17
A'd

Ad-17
A'd

Ad-17
A'd

Ad-17
A'd

Ad-17
A'd

Ad-17
A'd

S = MB, A’ = DPBF. &
derived using ky =

1.7 X 10* (*1.0 x 10%
s™' [1.5]. Solvent
contained 1% EtOH.

S = Eos, A’ = (dicyclo-
propylmethylidene)-
cyclobutane. Measured
(k/k™) = 1.05. k,
derived using k* =

1.3 X 10°dm® mol™' 5!
[2.19.4).

S = Eos, A’ = TMS.
Measured (k/k,*) =
(2.1 +£04) x 10 &,
derived using kA =
5.0 X 10° dm® mol!
s [3.10].

S = MB, A’ = TMS.
Measured (k/k*) =
(2.1 +04) X 107 &,
derived using k,* =
5.0 X 10° dm® mol™!
s [3.10).

S = TPP, A’ = TMS.
Measured (k/k*) =
(22 +04) X 10" &,
derived using k* =
5.0 X 10° dm® mol™
s [3.10].

S = TPP, A’ = TMS.
Measured (k/k*) =
(2.1 £ 04) X 107 k,
derived using k* =
5.0 X 10° dm® mol™
s [3.10).

S = Eos, A’ = TMS.
Measured (k,/k*) =
(2.6 = 0.4) X 10

k, derived using k* =
5.0 X 10¢ dm’ mol™ s™!
13.10).

S = TPP, A’ = TMS.
Measured (k,/k*) =
2.5 +04) x 10" k,
derived using k%" =
5.0 X 10° dm® mot™
s [3.10}.

For more relative rates see 2.10, 2.11, 2.18, 2.20 2.23, 2.24, 2.25, 2.27, 2.34, 2.36, 3.20

Fale77F876

Rous..78F430

Rous..78F430

Rous..78F430 -

Rous..78F430

Rous..78F430

Rous..78F430

Rous..78F430

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t Method Comments Ref.
/dm’® mol ™' s /mol dm™ /°C
220  (dicyclopropyl- Me),CO k, = 1.2 x 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
methylidene)cyclo- A'd propylmethylidene)cyclo-
pentane butane. Measured
k. /k™) = 0.90. k,
% derived using k* =
O:c 1.3 X 10° dm’ mol™ 5™
\v [2.19.4).
221 2-methylpropene MeOH 6.25 x 10* 1.6 20 Od-15 S = RB. k derived Koch 68F288
(CH,),C=CH, using k, = *1.0 X 10°
s'[L3.6l.E, =
‘ 24 kJ mol™.
2.22  2-propenal MeOH 1.6 x 10° 89 -10 Od-15 S = MB. k& derived Carm.73F479
CH,=CHCHO *1.1x 10° using ky = 1.4 X 10°
) (*1.0 x 10% 57" [1.3].
223 l-cyclopropyl-2- (Me),CO k, = 8.6 X 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
methylpropene A'd propylmethylidene)-
cyclobutane. Measured
(k/k™) = 0.66. k,
_ derived using k* =
N 1.3 X 10° dm’ mol™! 5™
[2.19.4].
224 1,1-dicyclo- (Me),CO &k, = 6.5 x 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
propyl-propene A'd propylmethylidene)-
cyclobutane. Measured
p k/kA) = 0.50. k,
CHyCH=C, derived using &, =
\v 1.3 X 10° dm’ mol! 5!
[2.19.4].
225  1,1-dicyclo- (Me),CO &, = 8.5 X 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
propyl-2-methyl- A'd propylmethylidene)-
propene cyclobutane. Measured
(k/k>) = 0.65. k,
p derived using k* =
{CHgl,C=C, 1.3 X 10°dm® mol™' 57!
\v 2.19.4]
For more relative rates see 2.26.
226 1,1-dicyclo- Me,CO k, =85 X 10° rt ? S = Eos, A’ = 1,1-di- Rous..78F430
propyl~2-methyl- cyclopropyl-2-methyi-
propene-~d; propene. Measured
© (kKA = 100k,
derived using k* =
8.5 X 10° dm’ mol™' s
{CDgpC=C, (2.251. (k/k™)
measured as a product
isotope effect.
227  (l-cyclopropyl- (Me),CO k, = 9.1 x 10° rt Ad-17 S = Eos, A’ = (dicyclo-  Rous..78F430
ethylidene)cyclo- A'd propylmethylidene)-
butane cyclobutane. Measured
(k/k2) = 0.70. k,
P derived using k,* =
<>=c 1.3 X 10° dm® mol™' 5™
ety [2.19.4).
228  2,3-dimethyl-1- MeOH k, =178 x 10° 15 Ad-17 S = MB, A’ =cyclohexene. Kope.65F028
butene Ad Measured (k,/k*) =

(CH,),CHC(CH,)=CH,

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

1.7 + 0.4. k, derived
using kA = 4.6 X 10°
dm® mol! s [2.54.11.
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TAaBLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
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No. Substrate (A)

Solvent k B (ky/k)
/dm’ mol™ 57! /mol dm™,

t

/°C

Method

Comments

Ref.

2.29

2.30

2.31

2.32

2.33

2.33.1

2.33.2

2,333

2334

2.33.5

2.33.6

2.33.7

2.33.8

2.339

cis-2-butene
CH,CH=CHCH,
trans-2-butene
CH;CH=CHCH;
2-butene

(cis,trans mix)

trans-2-butenal
CH,CH=CHCHO

2-methyl-2-butene
CH,CH=C(CH,),

CCl/MeOH (5.5 £+ 2.5) x 10°
(96:4) v:v

CCl/MeOH (1.5 + 0.5) x 10°
(96:4) viv .

MeOH 8.0 x 10° 12.5

MeOH 2.2 x 10° 65
*1.5 x 10°

MeOH(?) 1.8 X 10° 55 x 107

MeOH 1.7 x 10° 6.0 X 107

MeOH 1.8 x 10° 5.5 x 107

MeOH 1.7 x 10¢ 6.0 X 107

MeOH 1.0 x 10° 1.0 x 107

MeOH 3.3 x 10° 3.0 x 107

MeOH 1.1 x 10° 1.0 x 107!

CHCl, (23 +04) x 10°

EtOH 4.8 x 10* 1.65

MeOH k, =73 x 10°
/t-BuOH
(1:1) viv

rt

rt

20

-10

It

20

20

20

20

20

rt

30

A’d-8

A'd-8

Od-15

0Od-15

Od-15

0Od-15

Od-15

0Od-15

Od-15

A'd-33

Ad-15

Pa-17
P'a

S = MB, A’ = DPBF,
ruby laser (694 nm).
S = MB, A’ = DPBF,
ruby laser (694 nm).
S = RB. k derived
using k; = *1.0 X 10°
s'[L3.6]. E, =
42 kJ mol™".
S = MB. k derived
using ky = 1.4 X 10°
(*1.0 X 10% 57! [1.3.6].
Method not given.
k derived using k; =
*1.0 X 10°s7' [1.3.6].
S = RB. k derived
using k, = *1.0 X 10°
s'[L3.6) E, =
6.7 kJ mol ™.
S = tetrachloroeosin.
k derived using ky =
*1.0 X 10°s7 [L3.6].
E, = 6.3 kI mol™".
S = tetrachloro-
fluorescein. k
derived using k;, =
*1.0 X 10°s' [1.3.6).
E, = 6.7kJ mol™.
S = MB. k derived
using k, = *1.0 X 10°
s'[1.3.6]. E, =
9.2 kJ mol™.

= binaphthalene-
thiophene. &
derived using k; =
*1.0 X 10°s! [1.3.6].
E, = 5.9 kJ mol™.
Unpublished data.
Method not given. k&
derived using ky =
1.1 X 10° s [1.3.4)].
S=A"=Rub. k
derived using k,. =
5.3 X 10" dm®’ mot™' 57!
[3.63.3]and k; =
1.67 x 10* s [1.5].
S = MB. & derived
using k, = *7.9 x 10*
s”'. Reported values are
suspect since r,, depends
on [O,] and B value was
determined from nonlinear
data plots.
S = RB, A’ = TME.
Measured (k,*/k,) = 41.
k, derived using k* =
*3.0 X 10’ dm’
mol™' s7' [43.2].

J. Phys. Chem. Ref. Data, Vol

Bort...77F162
Bort...77F162

Koch68F288

Carm.73F479

Goll62F005

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Tani.78A357

Monr78A005

Brki..76F041

Higg..68F292

. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates’' — Continued

No. Substrate (A)

Solvent k

/dm?® mol™' 5!

B (ky/k)
/mol dm™?

t
/°C

Method

Comments

Ref.

2.33.10

2.33.11

2.33.12

2.33.13

2.34

2.35

2.35.1

2.35.2

2.353

2.35.4

2.35.5

trans-2-cyclo-
propyl-2-butene

C=C
oy

4 ks

2,3~dimethyl-
2-butene (TME)
(CHy),C= C(CHy),

MeOH % = 8.6 X 10°
/t-BuOH

(1:1) viv

MeOH k, =14 x 10°
/t-BuOH
(1:1) vav

It

MeOH k, = 2.0 x 10°
/t-BuOH
(L) viv

MeOH k., =13 x 10°
/t-BuOH
(1:1) viv

For more relative rates see

(Me),CO k, = 6.9 X 10°

MeOH(?) 3.3 x 107

MeOH 1.6 x 107

MeOH 22 x 107

MeOH

CHCI,

EtOH 1.6 x 10

*32 x 10

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

(4.0 = 1.0) X 107

(5.8 £ 0.9) x 10

25

It

rt

rt

Pa-17
Pa

Ad-17
A'd

Ad-17
A'd

Ad-17
Ad

'0,* from H,0,/NaOC],
A’ = TME. Measured
A7k = 35k,
derived using kA =

*3.0 X 10" dm* mol™

s [43.2].

S = RB, A’ = TME.
Measured (k*/k,) = 22.
k. derived using k' =
*3.0 X 10" dm’

mol ™ 57! [43.2].

'0,* from H,0,/NaQC],
A’ = TME. Measured
kA/k) = 15. k,
derived using k£ =
*3.0 X 10’ dm® mol!
s1[43.2].

'0,* from H,0,/Ca(0Cl),,
A’ = TME. Measured
(k*/k) = 23. k, derived
using kA = *3.0 x 10’
dm® mol™' s [43.2].

2.40.27, 2.40.28, 2.42.3, 2.42.4, 2.43.1, 2.43.2, 2.52.7,
2.52.8, 2.56.14, 2.56.15, 3.12, 13.1, 13.2, 13.3, 13.4.

3.0 x 107

62 x 107

4.6 = 0.5) x 107

It

rt

20

rt

rt

rt

Ad-17
Ad

Od-15

A'd-16

A’d-5

A’d-33

0d-23

S = Eos, A’ = (dicyclo-
propylmethylidene)-
cyclobutane. Measured
k/kA) = 0.53. k,
derived using k,* =
1.3 X 10° dm® mol™! ™
[2.19.4].

Method not given.

k derived using

k; = *1.0 x 10°

s [1.3.6].

S = RB. k derived
using k; = *1.0 X 10°
s'[1.3.6). E, =

2.1 kJ mol ™.

S = MB, A' = DPBF. k
derived using k; =
*1.0 X 10° s [1.3.6].

S = MB, A’ = DPBF,
ruby laser (694 nm).
S=A"=Rub. k
derived using k,, =

5.3 X 10" dm’ mol™ s™!
[3.63.3)1and k, =

1.67 x 10*s7' [1.5].

S = RB, A’ = hexa-

methylenedithiocarbamate.
Measured k/(k; + Kk, [A']) =

270 at [A"] = 2.8 X 10°*
mol dm~, k derived using
ks = 1.5 X 10* dm® mol™
s'[I142)and &k, =

1.0 X 10* (*7.9 X 10%

s [1.10.3].

Higg..68F292

Higg..68F292

Higg..68F292

Higg..68F292

Rous..78F430

Goll62F005

Koch68F288

Youn..71F398

Merk.71M325

Monr78A005

Yama..72F116
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
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No. Substrate (A)

Solvent k
/dm?® mol™! s

B (ky/k) t
/mol dm™? /°C

Method

Comments

Ref.

2.35.6

2,357

2.35.8
2.35.9

2.35.10

2.35.11

2.35.12

2.35.13

2.35.14

2.35.15

2.35.16

2.35.17

EtOH 1.4 x 10°

54 x 107
*4.3 X 10

(Me),CO

n-BuOH 1.2 x 10’

+~BuOH 1.0 x 10’

CHN 1.6 x 107

CHN 45 x 10

C.H, 5.2 % 107

CH, 3.3 x 107

C.H, 3.2 x 10

C.H; 5.6 x 107

CH,CH, 42 x 10’

MeOH 3.4 x 107
/t-BuOH  (est)

(1:1) viv

For more relative rates see

5.6 x 107! rt

(72 +£02) x 10* 15

(4.4 + 0.5) x 107 23

2.9 +03) x 103 23

~10

1.3 x 10° 12

7.7 x 107 25

12 x 10 25

1.25 x 107 25

7.14 x 107 25

rt

(23 +03) x 107 1t

Ad-15

A'd-16

A'd-16

A’'d-16

A'd-20

Pa-20

A'd-23

S = MB. k derived
using k, = *7.9 x 10*
57! [1.10.3]. Reported
values are suspect since
7., depends on [O,] and
B value was determined
from nonlinear data plots.
S =RB, A’ = DPBF. k
derived using k; =

3.8 X 10* (*3.1 x 10%
s [1.22).

S = MB, A’ = DPBF.
k derived using k, =
5.2 x 10*s7' [1.24].

S = MB, A’ = DPBF.
k derived using k, =
3.0 X 10*s7'[1.25].

S = A’ = DPBF.
Measured (k/k,) =

2.6 X 1072, k derived
using k,. = *6.3 X 10°
dm® mol' 57! [43.17).

S = thionine, MB,DMA
A’ = DMA. k derived
using k; = 5.9 X 10
s [129.1]. B is the
same for all 3 S.

S = A’ = DMA. k derived

using B, = 3.0 x 10™

. mol dm™ [3.53.21] and

ky = *4.0 x 10*
s [1.32.9]

A'd-23 S =A'=DMBA. k

A'd-23

A'd-23

A'd-5

A'd-16

derived using B, =
7.1 X 10 mol

dm™ [3.61.2] and k, =
*4.0 X 10* s [1.32.9].
S =A"= Tetr. k
derived using 8, =
1.7 X 107 mol

dm™ [3.62.4] and ky =
*4.0 x 10*s7'[1.32.9].
S=A'"=Rub. %
derived using B8, =
3.0 X 10™* mol
dm™[3.63.15] and k, =
*4,0 x 10*s7'[1.32.9).
S = Naph, A’ = DPBF.
Sensitizer excited with
pulsed electron beam
(10 MeV).

S = RB, A’ = DPBF.
k estimated using k; =
7.9 x 10*s™ (calc).

2.3.2,2.12.3, 2.33.9-13, 2.42.1-2, 2.58.1, 2.86.2-4,
2.91.5-6, 3.35, 3.35.1, 3.43, 3.43.1, 3.53.15, 3.53.26,
3.56.5, 3.63.10-11, 4.16, 4.16.1, 5.29.15-17, 5.36.89,
6.21, 6.21.1-8, 7.1, 7.1.1, 11.31.4, 14.32.6.

Brki...76F041

Fale77F876

Youn..71F398

Youn..71F398

Wils66F014

Kram.73F202

Alga.70E079

Alga.70E079

Alga.70E079

Alga.70E079

Gorm..78E263

Youn..71F398

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A)

Solvent

k B (ky/k) t
/dm® mol™ s /mol dm™ /°C

Method

Comments

Ref.

2.36

2.37

2.38

2.39

2.40

2.40.1

2.40.2

2.40.3

2404

2.40.5

2.40.6

2.40.7

2.40.8

2.40.9

2.40.10

2.40.11

2.40.12

2-cyclopropyl-
3-methyl-2-butene

(Me),CO

i-pentene
CH;(CH,),CH= CH, (96:4) v:v
cis-2~pentene

trans-2-pentene
CH,CH,CH = CHCH, (96:4) v:v
2-methyl-2- MeOH(?)
pentene (2M2P)
CH;CH,CH=C(CH,),

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

CHCY,

cs,

CH,CN

CH,CN

CH,I

CCl,/MeOH (1.0 + 0.4) X 10°

CCi/MeOH (40 + 1.5) X 10°
CH,CH,CH= CHCH, (96:4) v:v
CCl/MeOH (2.0 + 0.8) X 10°

k., =99 x 10° 1t

5.6 X 10° 1.8 x 10 rt

7.7 X 10° 1.3 x 107! 20

6.25 X 10° (1.6 £0.3) x 107 25

7.7 X 10° (13 £0.1) x 100 25

50 X 10° 20+ 08) x 10" 25

6.7 x 10° (1.5+02) x 10 25

53 X 10° (L9 = 0.4) X 107

6.25 X 10° 1.6 X 107!

(1.9 £ 0.3) X 10°

6.25 x 10* @BOoL1O)x 102 0

1.8 x 10 1.4 x 102 rt

14 x 10° 1.8 X 107 rt

2.3 x 10°
(est)

(11 x+03) x 10" 25

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

Ad-17
A'd

A'd-8

A'd-8

A'd-8

0d-15

Pa-15

Pa-15

Pa-15

A'd-16

Pa-15

0Od-14

27

A'd-33

Pa-15

Pa-15

0d-15

Pa-15

S = Eos, A' = (dicyclo-
propylmethylidene)-
cyclobutane. Measured
k/k2) = 0.76. k,
derived using kA =

1.3 X 10° dm’ mol s
[2.19.41.

S = MB, A’ = DPBF,
ruby laser (694 nm).

S = MB, A’ = DPBF,
ruby laser (694 nm).

S = MB, A’ = DPBF,
ruby laser (694 nm).
Method not given. k
derived using k,
*1.0 X 10° s {1.3.6).
S = RB. k derived
using k, = *1.0 X 10°
s'[1.3.6)L. E, =

8.4 kJ mol™.

S = RB. k derived
using k; = *1.0 X 10°
s [1.3.6].

S = chlorophyll-b.

k derived using k; =
*1.0 X 10°s' [1.3.6].
S = chlorophyll-a.

k derived using k; =
*1.0 X 10° s [L3.6).
S = RB, A’ = DPBF.
k derived using k, =
*1.0 x 10°s™[L3.6).
S = ZnTPP. k derived
using k, = *1.0 X 10°
s'[L3.6).

S = RB, A’ = a-terpinene.

k derived using k,
*1.0 X 10°s! [1.3.6].
S=A"=Rub. &k
derived using k.. =

53 x 10

dm’® mol™ s [3.63.3]

and &, = 1.67 X 10*
stL5)

S = ZnTPP. k derived
using ky; =

5.0 X 10°s7'[19).

S = RB. k derived
using k, = *2.55 x 10*
s'[1.17.2).

S = RB. k derived
using k; =

*2.55 X 10*s7'[1.17.2).
S = ZnTPP. k estimated
using k, = 2.5 x 10°

s [1(a).0.

Rous..78F430

Bort...77F162
Bort...77F162
Bort...77F162

Goll62F005

Koch68F288

Foot.71F356

Foot.71F356

Foot.71F356

Youn..71F398

Foot.71F580

Chai.76F909

Monr78A005

Foot.71F356

Foot.71F580

Smit..75F166

Foot.71F356
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm? mol™' 5! /mol dm™ /°C
2.40.13 (Me),SO 7.4 x 10° (7.0 £ 1.0) X 102 25  Pa-15 S = RB. k estimated Foot.71F356
(est) using kg = 5.2 X 10*s™!
[1(a).1].
2.40.14 (Me),SO 9.5 x 10° (5.5 +0.1) x 1072 Tt A'd-16 S = RB, A’ = DPBF. Guir.76E072
(est) k estimated using k, =
5.2 x 10°s' [I(a).1}.
2.40.15 methyl 53 x 10° (4.0 £ 2.0) x 107 25 Pa-15 S = RB. k estimated Foot.71F356
acetate (est) using ky(ethyl acetate) =
2.1 X 10*s7' [1.28].
2.40.16 (Me),CO 3.9 x 10° (8.0 = 1.0) x 10 25 Pa-15 S = RB. k derived Foot.71F356
using k,; =
*3.1 x 10*s'[1.22.2].
2.40.17 t-BuOH 3.7 x 10° (8.1 +08)x 102 25 A'd-16 S =RB, A’ = DPBF. Youn..71F398
k derived using
ky =30 x 10*s!
[1.25].
2.40.18 CH.N 1.2 x 10° (5.0 = 1.0) x 107 25 Pa-15 S = RB. k derived Foot.71F356
using k; =
5.9 x 10* s [1.29.1].
2.40.19 C,H,N 1.4 x 10° 4.3 x 107 rt 0Od-15 S = RB. k derived Smit..75F 166
using ky =
5.9 x 10*s! [1.29.1).
2.40.20 CH,;OH 9.0 x 10° (70 £ 1.0) X 107 25  Pa-15 S = RB. k derived Foot.71F356
using ky; =
6.3 x 10*s' [1.31].
2.40.21 C.H, 1.7 x 10° .3+ 12) x 107 rt Pa-15 S = ZnTPP. k derived Foot.71F580
using k, = *4.0 x 10*
s'[1.32.9]
2.40.22 CeH, 4.0 x 10° (1.0x01) X 10" 25 Pa-15 S = ZnTPP. k derived Foot.71F356
using k; = *4.0 X 10*
s'[1.32.9).
2.40.23 CH; 7.5 % 10° 53 x 107? rt 0Od-15 S = azine. k Smit..75F166
derived using k;, =
*4.0 X 10*s7'[1.32.9].
24024 CHBr 2.6 X 10° (5.0 + 3.0) X 107 25 Pa-15 S = ZnTPP. & derived Foot.71F356
using ky, =
1.3 X 10*s7 [1.34).
2.40.25 methoxy- 3.1 X 10° (13+02) X 10" 25  Pa-15 S = ZnTPP. kestimated  Foot.71F356
benzene (est) using k(C,H,CH;) =
4.0 x 10*s™' [1.36). :
2.40.26 1,3-di- 27 x 10° (1.5 + 04) x 107 25 Pa-15 S = ZnTPP. k estimated Foot.71F356
methoxy-  (est) using k(CsH;CH,) =
benzene 4.0 X 10* s [1.36}.
2.40.27 MeOH &k, = 1.1 X 10° 30 Pa-17 S = RB, A’ = 2-methyl- Higg..68F292
/t-BuOH P'a 2-butene. Measured
(I:) viv kA/k) = 1.32. &,
derived using k,* =
*1.5 X 10° dm’® mol™ ™!
[43.1).
2.40.28 MeOH  k, = 1.2 X 10° 25  Pa-17 '0,* from H,0,/NaOC], Higg..68F292
/t-BuOH P'a A’ = 2-methyl-2-butene.
(1:D) viv Measured (kA /k,) =
1.28. k, derived using
kA = *1.5 x 10°dm’
mol™ s7' [43.1].
2.40.29 MeOH 6.6 x 10° (1.2 +0.2) x 10! rt A'd-16 S = RB, A’ = DPBF. Youn..71F398
/t-BuOH  (est) k estimated using ky =
(1:1) vav 7.9 x 10*s7! (calc).

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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k, derived using kA" =
*1.5 X 10° dm® mol!' ™!
[43.1].

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm’® mol™' s /mol dm"? /°C
© 2.40.30 CH,/MeOH 7.6 X 10° (5.0 £ 0.5) X 1072 rt Pa-15 S = MB. k derived Foot.71F356
4:1) viv using k; =
3.8 X 10*s7' {1.49).

For more relative rates see 2.45, 2.45.1, 2.46, 2.46.1, 2.56.12-13, 2.119, 2,121, 2.123,
2.126, 2.126.1, 2.130.9, 2.132, 4.7.2, 4.7.8-9, 4.9.1,
4.12.4.

2.41  2-methyl-2-pent- MeOH 1.2 x 10* 8.4 -20 Od-14 S = RB, A’ =a-terpinene. Chai.76F909
ene-4-ol 27 k derived using kg =
CH,;CH(OH)CH=C(CH,), *1.0 X 10*s! [1.3.6].

242  cis-3-methyl-2-  CHCI, (2.0 +£0.3) x 10° rt A'd-33 S=A'=Rub. k Monr78A005
pentene derived using k,. =
CH,CH,C(CH,)=CHCH, 53 x 107

dm® mol™' 57! [3.63.3]
and k, = 1.67 X 10*s7' [15].
2421 MeOH k, = 83 x 10° rt Ad-17 S =RB, A’ = TME. Higg..68F292
/t-BuOH Ad Measured (k,*/k,) =
(1:1) viv 36. k, derived using
kA = *3.0 X 10" dm’
mol™! 57! [43.2].
2422 MeOH k, = 1.2 x 10 rt Ad-17 'O,* from H,0,/NaQC], Higg..68F292
/t-BuOH Ad A’ = TME. Measured
(1:1) viv (kA/k) = 25. k,
derived using k* =
*3.0 X 10’ dm’ mol™ 5™
[43.2). N
2423 MeOH k., = 83 x 10° rt Ad-17 S = RB, A’ = 2-methyl- Higg..68F292
/t-BuOH Ad 2-butene. Measured
1:1) viv (kA/k) = 1.8k,
derived using k» =
*1.5 X 10° dm® mol™' ™'
[43.1).
2424 MeOH k. = 60 x 10° rt Ad-17 '0O,* from H,0,/Ca(0OCl),, Higg..68F292
/t-BuOH A'd A’ = 2-methyl-2-butene.
(1:1) viv Measured (k,*/k,) = 2.5.
k, derived using k* =
*1.5 X 10° dm® mol™ 57!
[43.1.
2425 EtOH 1.3 x 10° 50 x 10 19 Od-14 S =RB, A’ = DMF. k Schu..78F464
/i-PrOH (est) 27  estimated using
(1:1) viv ky = 6.7 X 10*s™! (calc).

243  trans-3-methyl-2- CHCI, (1.5 £0.3) x 10 rt A'd-33 S=A'=Rub. k Monr78A005
pentene derived using k,. =
CH,CH,C(CH,)=CHCH, 5.3 X 10" dm® mol™' 5!

[3.63.3]and k; =
1.67 X 10*s7' [1.5].
2.43.1 MeOH k. =12 x 10° rt Ad-17 S = RB, A’ = 2-methyl- Higg..68F292
/t-BuOH A'd 2-butene. Measured
(1:1) viv kA7k) = 1.2. k,
derived using k' =
*1.5 X 10° dm® mol™' s™!
{43.1).
2432 MeOH . k = 1.1 X 10 rt Ad-17 'O,* from H,0,/Ca(OCl),,  Higg..68F292
/t-BuOH . A'd A’ = 2-methyl-2-butene.
(1:1) viv Measured (k*/k,) = 1.4.
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No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm?® mol ™ s~ /mol dm™ /°C
2433 MeOH £ = 4.4 X 10° it Ad-17 S =RB, A’ = l-methyl- Higg..68F292
/t~-BuOH Ad cyclohexene.
(1) vev Measured (k/k*) = 22.
k, derived using k' =
#2.0 X 10° dm’® mol™ 5!
[43.5).
2434 MeOH k.= 1.4 x 10° rt Ad-17 'O,* from H,0,/Ca(OCl),, Higg..68F292
/t-BuOH A'd A’ = I-methylcyclohexene.
(1) viv Measured (k,/k*) = 7.
k, derived using k* =
#2.0 X 10° dm® mol™' 5™
[43.5].
2.43.5 EtOH 1.1 x 10° 6.0 x 10 19 Od-14 S = RB, A’ = DMF. Schu..78F464
/i-PrOH (est) 27  k estimated using k; =
(1:D) viv 6.7 x 10*s™' (calc).

244  3-methyl- CH,Cl 1.0 x 10° 1.6 X 107 25  Ad-15 S = TPP. k estimated Carl..74F341
2-pentene (est) using £, = 1.6 X 10*

(cis,trans mix) s [I(a).5).

2.45  cis-4-methyl- MeOH & = 1.1 x 10° 30  Pa-17 S =RB, A’ =2M2P. Higg..68F292
2-pentene /t~-BuOH Pa Measured (k,/k*) =

(1:1) viv 1.4 X 102 k, derived
(CH,),CHCH=CHCH, using k4 = *8.1 X 10°
. dm’® mol™' s [43.3).
2.45.1 MeOH & =89 x 10° 3-4  Pa-17 'O,* from H,0,/NaOCl, Higg..68F292
/t~BuOH Pa A’ = 2M2P. Measured
(:) vy k/k) = 11 x 1072
k, derived using k* =
*8.1 X 10° dm® mol ™' &
[43.3].
2.45.2 MeOH 9.9 x 10° 8.0+ 08 rt A'd-16 S = RB, A’ = DPBF. Youn..71F398
/t~-BuOH  (est) k estimated using k; =
(1:1y vev 7.9 x 10* s (calc).
For more relative rates see 2.54.2.
246  rrans-4-methyl- MeOH  k, = 2.0 X 10° 30  Pa-17 S =RB,A’ = IM2P. Higg..68F292
2-pentene /t+~-BuOH P'a Measured (k,/k,*) =
(1:1) viv 2.5 X 107, k, derived
(CH,),CHCH =CHCH, using k£, = *8.1 X 10°
dm’ mol™ 571 [43.3].
2.46.1 MeOH k& = 1.6 X 10° 3-4  Pa-17 'O,* from H;,0,/NaOCl,  Higg..68F292
/1~BuOH P'a A' = 2M2P. Measured
(1:1) vev (k/k™) = 2.0 x 107,
k. derived using k* =
*8.1 X 10° dm® mol™ 5!
[A3.3].

247  2,4-dimethyl- MeOH(?) 7.7 x 10° 1.3 rt ? Method not given. &k Goll62F005
2-pentene derived using ky =
(CH,),CHCH=C(CH,), *1.0 X 10°s7' (L3.6).

2.47.1 CHCIl, 43 +07) x 10° rt A'd-33 S=A'"=Rub. k Monr78A005

derived using k,. =
5.3 X 10" dm® mol™' s
[3.63.3] and k, =

1.67 x 10* s [1.5].

2.48 2,3,4-trimethyl- CHCl, (3.9 +0.6) x 10 rt A'd-33 S=A'=Rub. % Monr78A005
2-pentene derived using k. =

(CH,),CHC(CH,)=C(CH)),

5.3 X 10’ dm® mol' s
(3.63.3] and k, =
1.67 x 10* s [1.5).

J. Phys. Chem. Ref. Data, Vol
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No. Substrate (A) Solvent k B (ky/k)

/dm’® mol™! s /mol dm™

t
/°C

Method

Comments

Ref.

2.49

2.50

2.51

2.52

2.52.1

2.52.2

2.52.3

2.52.4

2.52.5

2.52.6

2,4,4-trimethyl- MeOH(?) 2.4 X 10* 4.2
2-pentene

(CH,),CCH=CH(CH,),

cyclopentene MeOH k&, =70 X 10*

For more relative rates see 2.53.

3,5-dioxacyclo- Me),CO 1.2 x 10 (3.28 = .04) x 1073
pentene *9.5 X 10°

O

0

1-methyl- MeOH k& =21 X 10°
cyclopentene

&
CHCl, 2.7 £ 0.4) x 10°

CH,CN &, = 1.5 x 10°

C.H, 2.3 x 10° 1.75 X 107
C.H, 2.5 x 10° 1.6 X 107
CH; 23 x 10 1.75 x 107

CH, 2.2 X 10° 1.8 X 107

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

rt

15

rt

rt

25

25

25

25

Ad-17
Ad

A'd-16

Ad-17
Ad

A'd-33

A'd-23

A'd-23

A'd-23

A'd-23

Method not given. &
derived using k; =

*1.0 X 10° s {1.3.6).

S = MB, A' = 2,3-di~
methylcyclohexene.
Measured (k,*/k,) =
3.0 = 0.1. k, derived
using kA = *2.1 X 10°
dm® mol™ s (2.59).

S = RB, A’ = DPBF.
derived using k; =

3.8 X 10* (*3.1 x 10%
st [1.22).

S = MB, A' = 1,2-di-
methylcyclohexene.
Measured (k,*/k,) =
7.5 = 0.7. k, derived
using kA = 1.6 X 107
dm® mol™' s [2.58.1].

S=A"=Rub. k
derived using k,, =
5.3 X 10’ dm® mol™' s
[3.63.3)and k, =

1.67 X 10*s7' [1.5].

S = MB, A’ = 1-methyl-

cyclohexene. Measured
(k/k>y = 1.1, k,
derived using &% =
*2.0 X 10° dm® mol™
s [43.5).

S = A’ = DMA. k derived

using 8, = 3.0 X 10
mol dm™ [3.53.21) and
ky = *4.0 X 10*s™
[1.32.9).

S =A' = DMBA. k
derived using 8, =
7.1 X 10™* mol
dm™(3.61.2) and k,=
*40 X 10*s7 [1.32.9].
S=A"=Teir. k
derived using 8, =
1.7 X 107 mol

dm™ [3.62.4] and k, =
*4.0 X 10*s7'[1.32.9].
S =A’=Rub. k
derived using B, =
3.0 X 10™* mol dm™
[3.63.15) and kg =
*4.0 % 10*s' [1.32.9).

Goll62F005

Kope.65F028

Fale77F876

Kope.65F028

Monr78 A005

Jeff....73F664

Alga.70E079

Alga.70E079

Alga7OE079

Alga.70E079
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No. Substrate (A) Solvent k B (ky/k)
/dm® mol™' 57! /mol dm™

t  Method
/°C

Comments

Ref.

2.52.7 MeOH k =15 x 10
/t-BuOH
(1:1) viv

2.52.8 MeOH k. =94 x 10°
/t-BuOH
(1:1) viv

2.52.9 ? k.= 12 x 10°

i

For more relative rates see 2.56.1-5.
2.53  2-hexene MeOH k, =39 x 10
CH,(CH,),CH=CHCH;

For more relative rates see 2.54.1.
2.54  cyclohexene MeOH(?) 3.8 X 10° 26

&

2.54.1 MeOH &, = 4.6 X 10°

2.54.2 MeOH &k, =20 X 10°
/t-BuOH
(L) viv

2.54.3 CHy/MeOH 2.0 X 10* 3.1
B:) vy

For more relative rates see 2.28, 2.57, 2.85.
2,55  3,6-dioxacyclo- (Me),CO 3.6 X 10°
hexene *1.4 % 10°

@

o}

2.55.1 (Me),CO 2.2 x 10° (1.76 + .02) x 10"
*1.8 x 10°

rt Ad-17
A'd

It Ad-17
A'd

It ?

15 Ad-17
Ad

rt ?

15 Ad-17

A'd

30 Pa-17

Pa

25 Ad-15

15 A'd-16

S = RB, A’ = 2-methyl-
2-butene. Measured

kA /k) = 1.0k,
derived using k' =

*1.5 X 10* dm® mol™ 5!
[43.1).

'0,* from H,0,/Ca(OC)),,
A’ = 2-methyl-2-butene.
Measured (kK /k,) = 1.6.
k, derived using &, =
*1.5 X 10° dm® mol™' s
{43.1].

Experimental method
unclear, A’ = l-methyl-
cyclohexene. Measured
k/k) = 62. k,
derived using k,* =

#2.0 X 10° dm’ mol™

5! [43.5).

S = MB, A’ = cyclo-
pentene. .
Measured (kA /k,) =
1.8 £+ 0.4. k, derived
using kA = 7.0 x 10*
dm’® mol™ 5! [2.50.

Method not given. &
derived using k; =
*1.0 X 10° s [L.3.6].

S = MB, A’ = 2-hexene.
Measured (k2 /k,) =

8.5 + 0.2. k, derived
using kA = 3.9 x 10*
dm’® mol™ s7! [2.53].

S = RB, A’ = cis-4-
methyl-2-pentene.
Measured (k,*/k,) = 5.4.
k_derived using k* =
1.1 X 10* dm’ mol™ 5™
[2.45].

S = MB. k derived
using k; = 6.25 X 10
sl

S=7?%A"= Car
Measured (k/k,) =

1.2 X 107 k derived
using k, = 3 x 10%°
(*1.2 X 10'%) dm’ mol™' s

S =RB, A’ = DPBF. &k
derived using kg =

3.8 X 10* (*3.1 X 10%
s [1.22).

For more relative rates see 2.1,2.1.2,2.2.1, 2.3-4, 2.56.7, 2.63, 3.24, 15.12.

Higg..68F292

Higg..68F292

Foot.71F580

Kope.65F028

Goll62F005

Kope.65F028

Higg..68F292

Kret.78F586

Bart..70F733

Fale77F876
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No. Substrate (A)

Solvent

k

/dm?® mol™' s

B (ky/k)
/mol dm™

t  Method

/°C

Comments

Ref.

2.56

2.56.1

2.56.2

2.56.3

2.56.4

2.56.5

2566

2.56.7

2.56.8

2.56.9

l—methylcbyclo—
hexene ,

ChHy

O

MeOH(?)

MeOH

MeOH

MeOH

MeOH

MeOH

CHCl,

(Me),CO

CH,

CeH,{

8.3 x 10*

x~
Il

.= 2.0 x 10°

k, =16 x 10°

X
i

= 17 X 10°

k. =20 x 10°

k.= 1.9 x 10°

(3.6 + 0.6) X 10°

k,=2.1x 10°
*1.7 X 10°

30 X 10°

33 % 10°

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

1.2

1.3 x 10

1.2 x 107!

rt 0 ?

15 Ad-17
A'd

15 Ad-17
Ad

15 Ad-17
A'd

15 . Ad-17
A'd

15 Ad-17

t A’d-33

25 A'd-23

25 A'd-23

Method not given. k
derived using k; =
*1.0 X 10° s [1.3.6].

S = MB, A’ = 1-methyl-
cyclopentene. Measured
kA/k) = 8.6 £ 09.
k. derived using k* =
*1.8 X 10° dm’ mol™' 5!
[43.4).

S = RB, A’ = 1-methyl-
cyclopentene. Measured
(kA/k) = 11.5 + 1.9,
k, derived using k* =
*1.8 X 10° dm® mol' ™'
[A3.4].

S = Eos, A' =
1-methylcyclopentene.
Measured (kA /k,) =
10.8 * 1.4, k, derived
using k» = *1.8 x 10°
dm’® mol' s [43.4).

S = erythrosin-B, A’'=
1-methylcyclopentene.
Measured (k,*/k,) =
8.8 = 1.6. k, derived
using kA = *1.8 x 10°
dm® mol™ s! [43.4].

S = hematoporphyrin, A’
= l-methylcyclopentene.
Measured (k,*/k,) =
9.4 = 1.8. k, derived
using k4" = *1.8 x 10°
dm® mol™' s7' [43.4].
S=A"=Rub. k
derived using k,. =

5.3 X 107 dm® mol™' 5!
[3.63.3]and k4 =

1.67 X 10*s' [L.5].

S =7, A’ = p-dioxene.
Measured (k,/k,*) =
9.6 X 10", k, derived
using £ = 2.2 X 10°
(*1.8 X 10°) dm® mol™*
st[2.5s5.1.
S=A'"=DMA.k
derived using B8, =

3.0 X 10™* mol
dm>[3.53.2I1and k; =
*4.0 x 10* s [1.32.9).
S=A"=DMBA.k
derived using 8, =

7.1 X 10™* mol
dm™[3.61.2) and ky =
*4.0 X 10* s [1.32.9).

Goll62F005

Kope.65F028

Kope.65F028

Kope.65F028

Kope.65F028

Kope.65F028

Monr78 A005

Bart..70F733

Alga.T0E079

Alga.70E079
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No. Substrate (A) Solvent -k B (ky/k) t  Method Comments Ref.
/dm? mol™' s /mol dm™ /°C
2.56.10 CH 2.9 X 10° 1.4 x 107! 25 A'd-23 S=A"=Tetr. k Alga.70E079
derived using 8, =
1.7 x 107 mol

dm™{3.62.4) and k, =
*4.0 X 10°s7' [1.32.9].
2.56.11 C.H, 2.7 X 10° 147 x 107 25 A'd-23 S=A"=Rub. k Alga.70E079
derived using 8, =
3.0 X 10 mol
dm™[3.63.15] and k, =
*4.0 X 10*s7'[1.32.9].

2.56.12 MeOH k, =18 x 10° 30 Pa-17 S = RB, A’ = 2M2P. Higg..68F292
/t-BuOH Pa Measured (k*/k) = 4.5.
(1:1) viv k, derived using k' =
*8.1 X 10° dm’ mol™' 5!
: [43.3].
2.56.13 MeOH  k, = 2.1 x 10° 3-4 Pa-17 'O,* from H,0,/NaOC], Higg..68F292
/t-BuOH P'a A’ = 2M2P. Measured
(1:1) viv (k*/k) = 39k,

derived using k% =
*8.1 X 10’ dm® mol™' 5™

[43.3).
2.56.14 MeOH K, = 65 X 10* it Ad-17 S =RB, A’ = 2-methyl- Higg..68F292
/t-BuOH A'd 2-butene. Measured
(L) vev (kA/k) = 23.

k_derived using k* =
*1.5 X 10° dm’ mol! 5!

[43.1.
2.56.15 MeOH &k =75 x 10* rt Ad-17 '0,* fromH,0,/Ca(OCl),, Higg..68F292
/t-BuOH A'd A’ = 2-methyl-2-butene.
(1:1) viv Measured (k" /k) = 20.

k_ derived using k* =
*1.5 x 10° dm’ mol™' s
{43.1).
For more relative rates see 2.5,2.7,2.43.3-4,2.52.2,2.52.9, 2.59, 2.64, 2.71, 2.74.6,
2.75.1, 2.77, 2.84, 2.90.1-6.
2.57  4-methylcyclo- MeOH k, = 3.1 x 10° 15 Ad-17 S = MB, A’ =cyclohexene. Kope.65F028

hexene . A'd Measured (k,*/k) =
1.5 £+ 0.2. k, derived
using £~ = 4.6 x 10°
dm® mol™ s [2.54.10.

CHy

2.58  1,2-dimethyl- MeOH(?) 3.3 x 10° 3.0 x 107 rt ? Method not given. k Goli62F005

cyclohexene derived using k; =
*1.0 X 10°s7' [1.3.6].
CHy

Chy

2.58.1 MeOH k. = 1.6 x 107 15 Ad-17 S = MB, A’ = TME. Kope.65F028
A'd Measured (k,*/k,) =

1.9 £ 0.2. k, derived
using k,* = *3.0 X 10’
dm® mol™' s [43.2].

2.58.2 MeOH (1.0 = 0.25) x 10 rt A'd-5 S = MB, A’ = DPBF, Merk.72F260
ruby laser (694 nm).

2.58.3 CHCl, (3.0 £0.5) x 107 rt A'd-33 S=A'"=Rub. £ Monr78A005
derived using k. =
5.3 x 10’ dm’ mol™' 5!
[3.63.3]and k; =
1.67 x 10*s7' [1.5}.

For more relative rates see 2.52.

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm® mol™ s /mol dm™ /°C
2.59  2,3-dimethyl- MeOH k, = *2.1 x 10° 15 Ad-17 S = MB, A' = I-methyl- Kope.65F028
cyclohexene Ad cyclohexene. Measured
(k/k™) = 1.07 + 0.03.
Chy k, derived using k* =
C[ *2.0 X 10° dm® mol™' ¢!
Gy {43.5\.
For more relative rates see 2.50.
2.60  carvomenthene MeOH =~ 1.0 x 10° = 1.0 20 Od-15 S = MB. k derived Koch68F288
using k; = *1.0 X 10°
CHy s'[L3.6} E, =
@ 13 kJ mol™.
HL Oy
2.61  terpinolene MeOH ~20 X 10° =~ 5.0 x 107 20 Od-15 S = RB. k derived Koch68F288
using k; = *1.0 X 10°
s'[1.3.6]. E, =
1.7 kJ mol™.
OH
HiC Oy
2.62  3,6-endoperoxy- MeOH 6.7 x 107 150 20 0Od-15 S = RB. k& derived Koch68F288
cyclohexene using k, = *1.0 X 10°
s'[1.3.6} E, =
26 kJ mol™".
263  1,2-diphenyl- (Me),CO k, = 1.3 x 10' 8 ? S =7, A’ = p-dioxene. Bart..70F733
3,6-dioxacyclohexene *1.0 X 10 Measured (k,/k,*) = 58.
k, derived using kA =
2.2 X 10° (*1.8 X 10%)
O/Qrcﬁ dm’ mol™' s [2.55.1].
0
2.64  2-methylnorborn- CH,CN k, = 2.8 x 10* rt ? S = MB, A’ = l-methyl- Jeff....73F664
2-ene cyclohexene. Measured
k /K>y = 0.14. k,
CHy derived using &, =
@/ *2.0 X 10° dm® mol™ 5™
[43.5].
2.64.1 CH,CN k, = 4.0 x 10* rt Ad-17 S = MB, A’ = 2-methyl- Jeff.74F647
A'd idenenorbornane.
Measured (k/k*) =
3.1. k, derived using
k* = 1.3 x 10* dm?
mol™ s [2.71].
2.64.2 CH,CN &, =49 x 10 0 Ad-17 S = MB, A’ = 2-methyl- Jeff..78F149
Ad idenenorborn-5-ene.

J. Phys. Chem. Ref. Data, Vol. 10, No, 4, 1981

Measured (k,/k*) =
13.5. k, derived using
k* = 3.6 x 10 dm’
mol™ s7' [2.94b).
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm* mol™' 57! /mol dm™ /°C
2.65  2-(trimethyl- CDCl,  (k/k*) = 84 Tt Ad-17 S = meso-TPP, A’ = 7,7- Jeff.78F290
siloxy)norborn- A'd dimethyl-2-(trimethyl-
2-ene siloxy)norborn-2-ene.
Kjfsucn,)3
For more relative rates see 2.67.
2.66  2,7,7-trimethyl- MeOH(?) 1.2 x 10* 8.2 ? ? Method not given. k Goll68F289
norborn-2-ene derived using k; =
*1.0 X 10° s [1.3.6].
g
2.66.1 CH,CN & = 10x 10° rt Ad-17 S = MB, A’ = 2-methyl- Jeff.74F647
A'd idenenorbornane.
Measured (k,/k,*) =
7.7 X 107 k, derived
using k* = 1.3 x 10°
dm’® mol™' s™ [2.71).
2.66.2 CH,CN k, =12x 10 0 Ad-17 S = MB, A’ = 2-methyl- Jeff..78F149
A'd norborn-2-ene. Measured
(kX 7k) = 40.0.
k. derived using
k* =49 x 10*dm’
mol” 57 [2.64.2].
2.67  1,7-dimethyl-2-  CDCI, k/k? )y = 0.12 rt Ad-17 S = meso-TPP, Jeff.78F290
(trimethylsiloxy)- Ad A’ = 2-(trimethyl-
norborn-2-ene siloxy)norborn-2-ene.
@/os“%)s
For more relative rates see 2.65, 2.95, 2.96.
2.68 A’_carene MeOH(?) 5.9 X 10° 1.7 x 107 rt ? Methed not reported. Goll68F289
k derived using k; =
CH * S o1
He 3 1.0 X 10°s™ [1.3.6].
CHy
2.69  A’-carene MeOH(?) 2.5 x 10° 40 x 10! rt ? Method not reported. Goll68F289
k derived using k; =
CHa *1.0 X 10°s7' [1.3.6].
HiC
CHy

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A)

Solvent k
/dm® mol™ 57!

B (ky/k)
/mol dm

t
/°C

Method

Comments

Ref.

2.70 A'—carene

CHz
HaC

CHg

271  2-methylidene-
norbornane

o

2.71.1

2.71.2

272 exo-2- _
methylidene-
norbornane-3-d

D
273  endo-2-

methylidene-
norbornane-3-4

2.74  a-pinene

CH3

HaC
2.74.1

2.74.2

2.74.3

MeOH(?) 4.8 x 10°

CH,CN &, = 1.3 x 10*

CH,CN k, = 1.5 x 10*

CH,CN k = 1.6 X 10°

For more relative rates see
CH,CN k, = 15 x 10*

CH,CN &, =13 x 10*

MeOH(?) 1.2 x 10*

MeOH 2.0 x 10*

MeOH

2.6 x 10

MeOH 2.0 x 10°

J. Phys. Chem. Ref. Dataq, Vol. 10, No. 4, 1981

2.1 x 107

rt

rt

Ad-17
A'd

Ad-17
A'd

2.64.1,2.72,2.73, 2.74.7, 2.75.2.

8.2

5.0

3.8

5.0 x 107!

It

It

It

20

20

20

Ad-17
A'd

Ad-17
A'd

0Od-15

Od-15

Od-15

Method not reported.
k derived using k; =
*1.0 X 10°s7' [1.3.6].

S = MB, A’ = 1-methyl-
cyclohexene. Measured
(k/k™)y = 0.65. k,
derived using k' =

*2.0 X 10° dm® mol™' 57!
[43.5].

S = MB, A’ = 2-methyl-
idenenorborn-5-ene.
Measured (k/k*) =

4.3. k, derived using

kA = 3.6 X 10° dm’
mol™ s7' [2.94b).

S = MB, A’ = 2,7,7-tri-
methylnorborn-2-ene.
Measured (k/k*) =
13.0. k, derived using
kA =12 % 10° dm’
mol™ s (2.66.2].

S = MB, A’ = 2-methyl-
idenenorbornane.
Measured (k,/k*) =

1.14 + 0.01. &, derived
using k' = 1.3 x 10*
dm® mol™' s [2.71].

S = MB, A’ = 2-methyl-
idenenorbornane.
Measured (k,/k,*) =

1.02 + 0.01. &, derived
using £* = 1.3 x 10°
dm’® moi! s [2.7]].
Method not reported.

k derived using k; =

*1.0 X 10°s7' [1.3.6).

S = RB. k derived
using k; = *1.0 X 10°
s [13.6]. E, =

19 kJ mol™.

S = tetrachloroeosin.
k derived using k, =
*1.0 X 10°s7[1.3.6].
E, = 17 kJ mol™.

S = tetrachloro-
fluorescein. k&
derived using &k, =
*1.0 X 10°s™' [13.6].
E, = 17 kJ mol ™.

Goll68F289

Jeff....73F664

Jeff..78F149

Jeff..78F 149

Jeff.74F 647

Jeff.74F647

Goll68F289

Koch68F288

Koch68F288

Koch68F288
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
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No. Substrate (A)

Solvent

k

/dm’® mol ™' s!

B (ky/k)
/mol dm™

t  Method
/°C

Comments

Ref.

2.74.4

2.74.5

2.74.6

2.75

2.75.1

2.75a

2.75a.1

2.76

2.77

2.78

2.79

B-pinene

CH,

o)

HsC

7,7-dimethyl-2~
methylidene-
norbornane

: ;CHZ

[-heptene

CH,(CH,),CH=CH, (96:4) v:v

I-methylcyclo-
heptene

o
trans-4-methyl-
4-octene

MeOH

MeOH

CH,CN

MeOH

CH,CN

CH,CN

CH,CN’

1.4 x 10*

3.6 x 10*

k. =50 x 10*

= 1.0 X 10°

k =38 x 10

k = 3.4 x 10°

x~
Il

=41 x 10°

CCiy/MeOH (1.5 + 0.5) x 10°

?

MeOH

k. =19 x 10°

5.0 X 10°

CH,(CH,),CH=C(CH,)(CH,),CH,

cis-4-methyl-
4-octene

MeOH

3.3 % 10°

CH,(CH,),CH =C(CH;)(CH,),CH;

7.0

2.8

~ 1.0

2.0 X 107!

3.4 x 10

20 0Od-15

20 0d-15

rt ?

20 Od-15

rt Ad-17

rt Ad-17
A'd

0 Ad-17
A'd

rt A'd-8

rt ?

=20 0Od-14
27

-20 Od-14
27

S=MB.k

derived using &k, =

*1.0 X 10°s7' [1.3.6].
E, = 20 kJ mol™.

S = binaphthalene-
thiophene. k

derived using k, =

*1.0 X 10°s7' [1.3.6].
E, = 21 kJ mol™.

S = MB, A’ = l-methyl-
cyclohexene. Measured
(k/k™) = 0.25. k,
derived using k,* =
*2.0 X 10° dm® mol™' 5!
[43.5)

S = RB. k derived
using k, = *1.0 X 10°
s'[L3.6l.E, =

21 kJ mol™.

S = MB, A’ = 1-methyl-
cyclohexene. Measured
(kJk™) = 0.19. k,
derived using k' =

*2.0 X 10° dm® mol™' 5!
[43.5].

S = MB, A’ = 2-methyl-
idenenorbornane.
Measured (k./k>) =

2.6 X 107", k, derived
using k' = 1.3 x 10*
dm® mol™' s [2.71].

S = MB, A' = 2,7,7-tri-
methylnorborn-2-ene.
Measured (k./k*) =
3.4. k, derived using

kA =12 x 10’ dm’
mol™ s [2.66.2].

S = MB, A' = DPBF,
ruby laser (694 nm).
Experimental method
unclear, A’ = |-methyl-
cyclohexene. Measured
k/k*) =94k,
derived using k% =
*2.0 X 10° dm’ mol™

s [43.5).

S =RB, A’ = a-terpinene.

k derived using
.= *1.0 x 10°
s [1.3.6].

S =RB, A’ = a-terpinene.

k derived using &, =
1.1 X 10° s [1.3.4].

Koch68F288

Koch68F288

Jeff....73F664

Koch68F288

Jeff....73F664

Jeff.74F647

Jeff..78F 149

Bort...77F162

Foot.71F580

Chai.76F909

Tani.79F074
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k)
/dm® mot™' 5™ /mol dm™

t

/°C

Method

Comments

Ref.

2.80  4-methyl-4-octene MeOH 3.7 X 10° 2.7 x 107
{46% trans,54% cis)

2.81 4-methyl-4-octene MeOH 3.4 x 10° 2.9 x 107
(25% trans, 15% cis)

2.82  3,7-dimethyl-6- MeOH  6.25 x 10° 1.6 x 10
octen-1-ol
(CH,),C=CHCH,CH,CH(CH;)CH,CH,0H

2.82.1 MeOH 6.25 x 10° 1.6 x 107!

2.82.2 MeOH 6.7 X 10° 1.5 x 10
2.82.3 n-BuOH 4.7 x 10° 11 x 107
2.82.4 n-BuOH 43 x 10° 12 x 107
2.82.5 MeOH/H,0 3.5% 10° 6.0 X 107

(7:3) viv (est)

2.82.6 MeOH/H,0 3.5 10° 6.0 x 107
(7:3) viv (est)

2.83  cyclooctene EtOH (k/k>) =

1.43 x 107

2.84  l-methylcyclo- 7 k, = 3.0 x 10°
octene

Hy

2.85  l-nonene MeOH &, = 4.6 x 10
CH,(CH,)(CH=CH,

2.86 cyclopentadiene @ MeOH 2.3 x 10’ 4.4 x 107

&

2.86.1 MeOH 24 x 10 4.1 x 107

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

-20

20

20

20

20

20

20

20

rt

rt

15

20

20

Od-14
27

Od-14
27

Pa-15

Pa-15

Pa-15

Pa-15

Pa-15

Pa-15

Pa-15

Ad-17
A'd

Ad-17
A’d

0d-15

0d-15

S =RB, A’ = a-terpinene.

k derived using
ky = *1.0 X 10°
s [1.3.6].

S =RB, A’ = a-terpinene.

k derived using
k, = *1.0 x 10°
s [1.3.6].

- § = RB. k derived

using kg = *1.0 X 10°
s'[13.6]

S = Ery. k derived
using ky = *1.0 X 10°
s [1.3.6].

S = Eos. k derived
using k; = *1.0 X 10°
s [1.3.6].

S = RB. & derived
using kg = 5.2 X 10*
s [1.24].

S = FEos. k derived
using k, = 5.2 X 10*
s [1.24].

S = RB. k estimated
using ky = 2.1 X 10°
s7! (calc).

S = Eos. kestimated

using k; = 2.1 X 10°s™

(calc).
S =MB, A" = 1,5-
cyclooctadiene.

Experimental method

unclear, A’ = l-methyl-

cyclohexene. Measured
Kk /k™) = 1.5. k,
derived using k,*" =
*2.0 X 10° dm® mol!
s [43.5).

S =MB, A’ = cyclohexene.
Measured (kA/k;) = 10.

k, derived using k* =
4.6 X 10° dm* mol™ ™!
[2.54.1].

S = RB. k& derived
using k; =

*1.0 X 10° s [13.6].
E, = 1.3 kJ mol™.

S = MB. & derived
using k; =

*1.0 X 10°s' [1.3.6].
E, = 0.84 kJ mol™.

Chai.76F909

Chai.76F909

Goll62F005

Goll62F005

Goll62F005

Goll62F005

Goll62F005

Goll62F005

Goll62F005

Mats...71F581

Foot.71F580

Kope.65F028

Koch68F288

Koch68F288
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm’® mol™' 5™ /mol dm™ /°C ‘
2.86.2 MeOH k, = 3.6 x 10 rt Ad-17 § = RB, A’ = TME. Higg..68F292
/t-BuOH A'd Measured (k,/k*) = 1.2.
1:) vy k. derived using k% =
*3.0 X 10’ dm’
mol ' s! [43.2).
2.86.3 MeOH Kk, = 60 X 10’ rt Ad-17 '0,* from H,0,/NaOCl,  Higg..68F292
/t~-BuOH A'd A’ = TME. Measured
(L:1) viv k/k™) = 2.0. k,
derived using k% =
*3.0 X 10" dm’
mol™' s [43.2].
2.86.4 MeOH =21 x 10 It Ad-17 'O,* from H,0,/Ca(OCl),, Higg..68F292
/t-BuOH Ad A’ = TME. Measured
1:D) viv k/k™y = 0.7. k,
derived using k,* =
*3.0 X 10’ dm’
mol™' s7!' [43.2].
287  6,6-dimethyl- MeOH ~ 4.0 x 10* =~ 25 20 0Od-15 S = RB. k& derived Koch68F288
fulvene endoperoxide using k, =
*1.0 X 10° s [1.3.6].
NP E, = 14 kJ mol ™.
0-0
2.88 1,5-hexadiene CCl,/MeOH (2.0 + 1.0) x 10° rt A'd-8 S = MB, A’ = DPBF, Bort...77F162
(96:4) v:v ruby laser (694 nm).
CH, = CH(CH,),CH = CH,

2.89 trans,trans—2,4— CCl,/MeOH (2.0 % 0.7) x 10* rt A’'d-8 S = MB, A’ = DPBF, Bort...77F162
hexadiene (96:4) v:v ruby laser (694 nm).
CH,;CH=CHCH=CHCH,

290  2,5-dimethyl-2,4- MeOH (2.0 = 0.5) x 10° rt A'd-5 S = MB, A’ = DPBF, Merk.72F260
hexadiene ruby laser (694 nm).
(CH,),C=CHCH=C(CH,),

2.90.1 MeOH k. =56 x 10° rt Pa-17 S =7 A’ = l-methyl- Hast.73F662

Pa cyclohexene. Measured
(k/k™) = 28.0. k,
derived using k* =
*2.0 X 10° dm’ mol™!
s [43.5]
2.90.2 CHCl, &, =10 x 10° rt Pa-17 =? A’ = l-methyl- Hast.73F662
P'a cyclohexene. Measured
(k/k™) = 5.0. k,
derived using kA =
*2.0 X 10° dm® mot™!
s [43.5).
2.90.3 (Me),CO k, = 6.4 x 10° rt Pa-17 =7 A’ = l-methyl- Hast.73F662
Pa cyclohexene. Measured
(ke /ky = 3.2. k,
derived using k£,* =
*2.0 X 10° dm® mol'
s [43.5].
2.90.4 CH,CN k= 13 x 10 rt Pa-17 S =1? A' = l-methyl- Hast.73F662
Pa cyclohexene. Measured

k/k*) = 6.3. &,
derived using k* =
*2.0 X 10° dm® mol™
s [43.5].

J. Phys. Chem. Ref. Data, Vol
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A)

Solvent k

/dm’ mol™! 5!

B (ky/k)
/mol dm™

t

/°C

Method

Comments

Ref.

2.90.5

2.90.6

2.91

2.91.1

2.91.2

2.91.3

2914

2915

2.91.6

2.92

1,3-cyclohexa-
diene

®

a-terpinene

CH3

MeOH/H,0 k. = 5.8 X 10°
(7:3)

(Me),CO  k, — 2.6 X 10°
/H,0
(3:1)

MeOH 2.2 x 10°

MeOH 4.0 x 10

MeOH 2.5 x 10°

MeOH 1.4 x 10* -

MeOH 9.1 x 10°

MeOH  k, =23 X 10°
/t-BuOH
(1:) viv

MeOH
/t-BuOH
(1:1) viv

k, =10 x 10

MeOH 1.0 x 107

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981

4.5 x 102

2.5 x 102

4.0 x 107

7.3 x 107

1.1 x 1072

1.0 x 102

re

rt

20

20

20

20

20

rt

rt

Pa-17
Pa

Pa-17
P'a

0d-15

Od-15

0Od-15

Od-15

QOd-15

Ad-17
A'd

Ad-17
A'd

0Od-15

S =? A’ = l-methyl-
cyclohexene. Measured
(k/k ™)y = 29.0. k,
derived using kA =
*2.0 X 10° dm® mol™
s [43.5).

=? A’ = l-methyl-
cyclohexene. Measured
k/k™) = 13.0. k,
derived using k,* =
*2.0 X 10° dm® mol"!
s7' [43.5].
S = RB. k derived
using k, =
*1.0 x 10°s7' [1.3.6].
E, = 5.0 kJ mol™".

S = tetrachloroeosin.
k derived using

ks = *1.0 X 10°
s'[13.6] E, =

5.4 kJ mol™".

S = tetrachloro-
fluorescein. k

derived using k,=
*1.0 X 10°s™ [L3.6).
E, = 59kJ mol\.

S = MB. k derived
using k; =

*1.0 X 10° s [1.3.6].
E, = 5.0 kJ mol™".

S = binaphthalene-
thiophene. £

derived using k, =
*1.0 X 10° s [1.3.6].
E, = 5.9kJ mol™,

S = RB, A’ = TME.
Measured (k,*/k,) = 13.
k, derived using kA =
*3.0 X 10’ dm®

mol™' 57! [43.2].

'0,* fromH,0,/Ca(OCl),,
A’ = TME. Measured
(kr/k) = 3.k,
derived using kA =
*3.0 X 10’ dm?

mol™' s [43.2].

S = RB. k derived using
kg = *1.0 X 10°

s’ [1.3.6].

Hast.73F662

Hast.73F662

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Higg..68F292

Higg..68F292

Sche.58F004
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
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No. Substrate (A)

Solvent

k
/dm® mol™! s

B (ky/k)
/mol dm™?

t
/°C

Method

Comments

Ref.

2.92.1

2.92.2

2.92.3

2924

2.92.5

2.92.6

293  a-phellandrene
CHs

CHy CHs

294  2,2-dimethyl-
cyclohexa-

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

3,5-diene-1-one

9
| ¢

CHy

2.94a
2,5-diene

2.94b
norborn-5-ene

o

2-methylnorborna-

2-methylidene-

CH,CN

CH,CN

3.2 x 107

3.0 x 10

1.7 x 10

2.5 X 10

7.1 x 107

7.7 X 107

1.0 X 10

~ 5.3 x 10*

k.= 1.2 x 10°

k, = 3.6 X 10°

3.1 x 107

33 x 107

6.0 x 107

40 % 107

1.4 x 107

1.3 x 107

1.0 x 107

~ 19

20

20

20

20

20

20

20

20

0d-15

0d-15

0d-15

0Od-15

0d-15

0Od-15

0d-15

0Od-15

Ad-17
A'd

Ad-17
A'd

S = RB. k derived
using k; =
*1.0 X 10°s7' [1.3.6].
E, = 1.7kJ mol™.
S = tetrachloroeosin.
k derived using
ky=*1.0 X 10°
s'[13.6).
E, = 1.3 kJ mol™.
S = tetrachloro-
fluorescein. k
derived using k,=
*1.0 X 10°s7'[1.3.6].
E, = 0.84 kJ mol™.
S = MB. k derived
using k, =
*1.0 x 10°s7' [1.3.6].
E, = 1.7kJI mol™.
S = binaphthalene-
thiophene. &
derived using k,=
*1.0 X 10°s7! [1.3.6).
E, = 1.3 kI mol™.
S = acridine orange.
k derived using

¢ = *1.0 x 10°
s!(L3.6]. E, =

1.7 kJ mol™.
S = RB. k derived
using k; =
*1.0 X 10° s [1.3.6].
E, = 42kJ mol™.

S = RB. k derived
using k, =

*1.0 X 10°s7' [1.3.6]
E, = 15kJ mol™.

S = MB, A’ = 2-methyl-

idenenorborn-5-ene.
Measured (k/k>) =
34.0. k, derived using
kA = 3.6 X 10° dm®
mol™' s! [2.94b].

S = MB, A’ = 1-methyl-

cyclopentene.
Measured (k2 /k,) =
507. k, derived using
kA = *1.8 x 10° dm’
mol s [43.4].

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Koch68F288

Jeff.78F149

Jeff.78F149

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981



854

F. WILKINSON AND J. BRUMMER

TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm?® mol™ s~ /mol dm™ /°C

295  2-(trimethyl- CDCl, k/kD) = rt Ad-17 S = meso-TPP, A’ = 7,7- Jeff.78F290
siloxy)norborna~ 1.7 x 10 Ad dimethyl-2—(trimethyl-
2,5-diene siloxy)norborn-2-ene.

@osﬂcn,),

2.96 7,7-dimethyl-2- CDCl, (k,/k,A') = 4.2 rt Ad-17 S = meso-TPP, A’ = 7,7- Jeff.78F290
(trimethylsiloxy)- A'd dimethyl-2—-(trimethyl-
norborna-2,5-diene siloxy)norborn-2-ene.

@,osi(cug),
297  limonene MeOH(?) 5.9 x 1¢* 1.7 rt ? Method not given. k Goll62F005
derived using ky =
i ’ *1.0 X 10°s7' {1.3.6}.
HC \cuz
297.1 MeOH 5.9 x 10 1.7 20 Od-15 S = MB. k derived Koch68F288
using k; =
*1.0 X 10° s [1.3.6].
E, = 8.4 kJ mol™.. )
298  nopadiene MeOH =~ 5.0 x 10 ~ 20 20 Od-15 S = RB. & derived Koch68F288
using k; =
*1.0 X 10° s [1.3.6].
E, = 16 kJ mol™.

2.99  hexamethyl- CHCl, (1.1 £0.2) X 107 rt A'd-33 S=A'"=Rub. k Monr78A005
bicyclo[2.2.0]- derived using k,. =
hexa-2,5-diene 5.3 X 10’ dm* mol ' s™!

[3.63.3] and k, =
HC CHy 1.67 X 10*s7' [1.5].
HC CHy
Chy

2.100 2,7-dimethyl- MeOH k(total) = 2.7 x 107! -20 Od14 S = RB, A’ = a-terpinene, Tani.78A357
7-hydroperoxy- 4.2 x 10° Pa- P, = 2,7-dimethyl-2,7-
2,5-octadiene k(P) = 1.9 x 10° Ad 27 dihydroperoxide-3,5-

k(P) = 2.3 x 10° octadiene, P, = 2,7-
dimethyl-2,6-dihydro-
(CH;),C(OOH)CH =CHCH,CH=C(CH,), peroxide-3,7-octadiene.
k derived using k, =
1.1 X 10° sV [1.3.4).

2.101  3,7-dimethyl- MeOH *kA7k) = rt Ad-17 S = RB, A' = 2,6-di-+- Mats...72F520
1,6-octadiene-2-ol 7.3 x 107 Ad butylphenol.
(CH,),C=CH(CH,),C(CH;)C(OH)=CH,

2.101.1 CH,Cl, (k*/k) = rt Ad-17 '0,* from (PhO),PO, Mats...72F520

4.2 x 1072 A'd decomposition, A’ =

J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued
No. Substrate (A) Solvent k B (k./k) t  Method Comments Ref.
/dm® mol™' s /mol dm™ /°C
2.102  cis-2,6-dimethyl- MeOH 1.11 x 10% -20 Od-14 S = RB, A’ = a-terpinene. Tani.78A344
2,6-octadiene 27  kderived using
ky= 1.1 X 10°s!
CH,CH=C(CH,)(CH,),CH=C(CH,), (1.3.4].
2.103  trans-2,6-dimethyl- MeOH 1.85 x 10° -20 0Od-14 S = RB, A’ = a-terpinene. Tani.78A344
2,6-octadiene 27  k derived using
ky=11x 10°s"
CH,CH=C(CH,)(CH,),CH=C(CH,), [1.3.4].
2.104 mixture of all MeOH 7.4 x 10° -20 Od14 S = RB, A’ = a-terpinene. Tani.78A344
monohydroperoxides Ad- k derived using k, =
obtained from photo- Pa27 1.1 X 10°s7{1.3.4].
sensitized oxygenation
of trans-2,6-dimethyl-
2,6-octadiene.
2.105  2,7-dimethyl-~ MeOH k(total) = 6.5 x 107 -20 0Od14 S = RB, A’ = a-terpinene. Tani.78A357
2,6-octadiene 1.7 x 10° Pa- P, = 2,7-dimethyl-7-
Ad 27 hydroperoxide-2,5-
k(P) =9.0%x10° octadiene, P, = 2,7-
k(Py) = 8.1X10° dimethyl-6-hydroperoxide-
(CH;),C=CH(CH,),CH=C(CH,), 2,7-octadiene. k derived
using k; = 1.1 X 10°s”!
. [13.4].
2.106 2,7-dimethyl~ MeOH k(total) = 1.9 x 107! -20 Od14 S = RB, A’ = a-terpinene. Tani.78A357
6-hydroperoxy- 6.0 x 10° Pa- P, = 2,7-dimethyl-2,6-
2,7-octadiene Ad 27 dihydroperoxide-3,7- -
k(P)=19x10° octadiene, P, = 2,7-
k(P =4.1X10° dimethyl-3,6-dihydro-
CH,=C(CH;)CH(OOH)(CH,),CH=C(CH,), peroxide-1,7-octadiene.
k derived using k; =
1.1 X 10°s7 [1.3.4].
2.107  trans-2,6,9-tri- EtOH 8.4 x 10° 8.0 X 107 19 0d-14 S =RB, A’ = DMF. Schu..78F464
methyl-1,6— /i-PrOH (est) 27  k estimated using k; =
decadiene (1:1) vev 6.7 X 10*s™ (calc).
(CH,),CHCH,CH = C(CH,)(CH,),C(CH,)=CH,
2.108  cis-2,6,9-tri- EtOH 6.1 x 10° 1.1 x 107! 19 0Od-14 S = RB, A’ = DMF. Schu..78F464
methyl-1,6- /i-PrOH (est) 27  k estimated using k3 =
decadiene 1:1) v 6.7 X 10* s (calc).
(CH,),CHCH,CH =C(CH,)(CH,),C(CH,)=CH,
2.109  trans-2,6-di- EtOH 6.7 x 10° 1.0 x 107 19 0d-14 S =RB, A = DMF. Schu..78F464
methyl-1,6- /i-PrOH (est) 27  k estimated using k; =
undecadiene (LD vy 6.7 X 10* s (calc).
CH,(CH,);CH=C(CH;)(CH,),C(CH;)=CH,
2.110  cis-2,6-dimethyl- EtOH 52 x 10° 1.3 x 10" 19 0Od-14 S = RB, A’ = DMF. Schu..78F464
1,6-undecadiene /i-PrOH (est) 27  k estimated using ky =
(1:D) vy 6.7 X 10*s™ (calc).
CH,(CH,),CH =C(CH,}(CH,);C(CH;)=CH,
2.111  (-)-caryophyllene MeOH *k,/k")=5.1 20 Ad-17 S = BP, triphenylene, Goll...70F735
/CeHeg A'd quinoline,Naph, Py,
(1:1) v:v RBMB; A’ = (-)-
isocaryophyllene.
CH
HaC CHy
CHy
2.112  trans~-trans-4,8- MeOH 1.11 x 10° -20 0Od-14 S = RB, A' = a-terpinene. Tani.78A344
dimethyl-4,8- 27 Kk derived using k; =

dodecadiene
CH,(CH,),CH = C(CH,)(CH,),CH = C(CH,)}(CH,),CH,

1.1 X 10°s[1.3.4].
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm’ mol™' s~ /mol dm /°C
2.113  4,8-dimethyl-4,8- MeOH 6.94 x 10° -20 0Od-14 S = RB, A’ = a-terpinene. Tani.78A344
dodecadiene 27 k derived using k; =
(cis-cis:cis- 1.1 X 10°s" [1.3.4}
trans + trans-
cis:trans-trans)
24:52:24
2.114 mixture of all MeOH 3.82 X 10° -20 Od14 S =RB, A’ = a-terpinene. Tani.78A344
monohydroperoxides Ad- k derived using k; =
obtained from photo- Pa27 1.1 x 10°s'[13.4]
sensitized oxygenation
4,8-dimethyl-4,8-
dodecadiene
2.115  6,6-dimethyl- MeOH 1.7 x 10 6.0 x 107 20 Od-15 S = RB. k derived Koch68F288
fulvene using ky =
Y *1.0 X 10°s7'[1.3.6].
: E, = 1.3kJ mol™.
2.116  alloocimine-A MeOH 1.4 x 10 7.0 X 10 20 Od-15 S = RB. & derived Koch68F288
using ky; =
CH,CH=C(CH,)CH=CHCH=C(CH,), *1.0 X 10°s [1.3.6].
E, = 8.4 kI mol™.
2.117 cyclooctatetraene MeOH =~ 33 x10° ~ 3.0 x 107 20 Od-15 S = RB. k derived Koch68F288
dibromide using k, = *1.0 X 10°.
s'[13.6]. E, =
E:E[B' 11 kI mot™.
Br
2.118 sarcina phytoene  CH,/ MeOH<1.9X107 >53x 107 rt A’'d-22 S = MB, A’ = Rub. Math...74F042
(3 conj. bonds) (3:2) viv (est) k estimated using k, =
‘ 1.0 X 10° s (calc).
2.119  all trans-retinol C.Hy/MeOH < 7.3 X 10°¢ rt Pa-20 S = MB, A’ = 2M2P. Foot...70F188
4:1) viv Measured (k/k,.) )
< 9. k derived using
W%OH ky = *8.1 x 10° dm’
mol™' s [43.3].
2.120 sarcina CHy/MeOH < 1.0 x 10° > 1.0 x 107 rt A’'d-22 S =MB, A’ = Rub. k Math...74F042
phytofluene (3:2) viv (est) estimated using k; =
1.0 x 10°s7! (calc).
=z S T T W Z
2.121 C-30 carotene CH¢/MeOH 4.6 X 107 It Pa-20 S = MB, A’ = 2M2P. Foot..70F188
analog @:1) viv Measured (k/k,) =
(57 £ 86). k derived
using k,. = *8.1 X 10° dm’
D mol™ 57! [43.3].
2122 P-422 CHy/MeOH 1.2 x 10" 8.3 x 10°* Tt A'd-22 S = MB, A’ = Rub. k& Math...74F042

(8 conj. bonds) (3:2) viv (est)
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
. /dm’® mol™' 5! /mol dm™ /°C
2.123  C-35 carotene CH/MeOH 1.5 x 10° it Pa20 S = MB, A’ = 2M2P. Foot..70F188
analog 4:1) viv Measured (k/k,) =

(1900 =+ 2850). k derived
using k,. = *8.1 x 10’ dm’

AR mol ™ s™! [43.3}.

2.124 P-438 CH/MeOH 3.1 x 10" 32 x 10° rt A’'d-22 S =MB, A’ = Rub. k Math...74F042
(probably (3:2) viv (est) estimated using k; =
sarcina-xanthin— 1.0 X 10° s (calc).

9 conj. bonds)

2.125 B-apo-8'- CH, (1.4 +£0.2) x 10° It Ad-12 S = An, ruby laser Wilk.78F276
carotenal (347 nm).
ij[\\)\/\)\/vacm

2.126 B—apo—S;— CH¢/MeOH =~ 1.5 X 10° rt P'a-20 S = MB, A’ = 2M2P. Foot..70F188
carotenol (4:1) viv Measured (k/k,) = 1900.

k derived using
k, = *8.1 x 10°

S P dm’ mol ' s [43.3].
2.126.1 CH,/MeOH 1.2 x 10% 25 P'a-20 S= MB, A’ = 2M2P. Foot....70F734
“4:1) viv Measured (k/k,)) =~

1.5 X 10% k derived
using k,. = *8.1 x 10°
dm® mol™ s7' [43.3].

2.127 ethyl-B-apo-8-  C/H, (1.2 +0.2) x 10" Coort Ad-12 S = An, ruby laser Wilk.78F276
carotenoate (347 nm).
?
WC'“WC%
2.128 lutein CHy/MeOH 2.1 x 10° 4.8 x 10°* It A'd-22 S =MB, A’ = Rub. k& Math...74F042
(3:2) viv (est) estimated using k; =
1.0 X 10° s (calc).
OH
HO
2.129 isozeaxanthin CHy/MeOH 2.9 x 10'° 3.4 x 107 rt A'd-22 S =MB, A’ = Rub. & Math...74F042
(3:2) viv (est) estimated using k; =
™ 1.0 X 10°s7! (calc).

R N R R Ry TR

HO
2.130  B-carotene MeOH 1.6 x 10 6.1 +06) x 10° rt A'd-16 S = RB, A’ = DPF. Youn..71F398
Car ) k derived using
ky = *1.0 X 10°
s [1.3.6].
RS > S X S = R = S
2.130.1 cql, (7.0 = 2.1) x 10° rt Ld-13 S =7? kderived using Kras79A010
: L= 3.5 % 10'
s [1.8.3].
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A)

Solvent

k B (k/k)
/dm® mol”' 5! /mol dm™

t
/°C

Method

Comments

Ref.

2.130.2

2.130.3

2.130.4

2.130.5

2.130.6

2.130.7

2.130.8

2.130.9

2.130.10

2.130.11

2.130.12

2.130.13

2.130.14

2.130.15

CH,Cl,

CH,CY,

CH,C,

CH,Cl,

CH,Cl,

cs,

CFCl,-
CF,Cl

n-BuOH

t+~-BuOH

CH,N

CeH,

CeH,

CH,

CiH,

8.5 x 10°
(est)

1.3 x 10"

(est)

1.7 x 10

44 x 10°

1.9 x 10"

3.3 x 10 1.5 x 107

14 x 10°

9.5 x 10° (5.5 + 0.6) x 107

7.9 x 10° (3.8 = 0.4) x 10

6.5 x 10°

(1.3 + 02) X 10°

(2.0 £ 0.5) X 10"

(1.1 = 0.1) X 10

(1.25 = 0.2) x 10"
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rt

25

30

30

30

rt

rt

rt

rt

25

rt

25

rt

A'd-23

A'd-23

0d-23

0d-23

0d-23

P'a-20

Ad-36

A'd-16

A'd-16

A'd-23

S=A'=Rub. k
estimated using k,, =

7 X 10" dm® mol! s and
ky=173 % 10°s",
S=A"=Rub.k
estimated using k, =

7.3 X 10" dm® mol™! 5™
ar:d ky = 8.0 x 10°

s

S =MB,A' = TME. k
derived using k, =

*3.0 X 10" dm’ mol™
s'[43.2] and ky =

*1.2 X 10*s7[1.4.2).

S = MB, A’ = 1,3—cyclo-
hexadiene. k derived
using &k, = *3.5 X 10°dm’
mol™' s7' [43.8] and

k, = *1.2 x 10*
s'[1.4.2)

S =MB, A’ = Rub. &k
derived using k,. =

*42 % 10" dm® mol™' ™!
[43.14) and k,; =

*1.2 X 10°s7' [1.4.2).

S = TPP, A’ = 2M2P.
k derived using

ky = 5.0 x 10°s™!

1.9}

'0,* from Nd/YAG laser
(1065 nm). Measured
(k/ko) = (1.1 £0.2) X 10%
k derived using k;, =

1.3 X 10* dm® mol ™' s™!
(gas phase value).

S = RB, A’ = DPF.

k derived using

ky=52 % 10°s

[1.24).

S = RB, A’ = DPF.

k derived using

kg = 3.0 X 10*s™!

[1.25]).

S=A'"=Rub. k
derived using k, =

4 X 10’ dm® mol™' 57 and
ky = *6.0 X 10*s”
{1.29.1.

S = An, A’ = DPBF,
ruby laser (694 nm).

S = MB, A’ = DPBF, ruby
laser (694 nm). Solvent
contained 2% MeQOH.

S = An, ruby laser

(347 nm).

S = An, ruby laser

(347 nm).

Carl..73P066

Carl..74F341

Taim.76F901

Taim.76F921

Taim.76F921

Foot..72F028

Math.72M077

Youn..71F398

Youn..71F398

Fahr...74R112

Farm.73F438

Merk.72F260

Farm.73F438

Wilk.78F276
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TABLE 2. Rate constants for the interaction of singlet oxygen with olefinic substrates — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm® mol™' s™! /mol dm™ /°C

2.130.16 CHBr 34 x 10° 0 A’d-33 'O,* from microwave Guil.73F333
(est) discharge, A’ = Rub. ,
Measured k/[(k,/[A']) +
ko) = 33.7at{A"} =
1.5 X 10 mol dm>.
k estimated using k; =
1.3 x 10*s™ [1.34] and
ko = 4.0 X 10" dm’
mol ™' s,
2.130.17 CH,CH, 3.0 x 10" rt A'd-25 S = A’ = Rub. k Zwei.75P063
(est) estimated using k; =
1 X 10° 57! (calc) and
ko = 1.7 X 10° dm®
mol ™' s,
2.130.18 cq, 62 x 10° rt A’d-23 S = A’ = Rub. Measured Hrdl...74F645
/CHCI, (est) k/(kp[A'] + kg) =
©9:1) viv 3.5 X 10° dm® mol™ at
[A'l =5 X 10 mol dm™.
k estimated using k,. =
7 X 10’ dm® mol™' s! and
. ky = 143 X 10°s7' [1.8].
2.130.18a EtOH/H,0(2.2 + 0.5) x 10° rt Ld-13 'O,* from pyrogallol Slaw78F605
(95:5) viv autooxidation by O,/KOH.
k measured by monitoring
the quenching of
chemiluminescence by A,
2.130.19 C¢H/MeOH 1.2 x 10" 25 Pa-20 S=MB,A =2M2P. Foot....70F734
4:1) viv Measured (k/k,) =
1.5 X 10% k derived
using k,. = *8.1 X 10°
dm’® mol™' s [43.3].
2.130.20 CH/MeOH 9.7 x 10° (3.9 +04) x 10° rt A'd~16 S = RB, A’ = DPF. Youn..71F398
4:1) viv k derived using
ky = 38 x 10*s™
[1.49).
2.130.21 CHy/MeOH 2.3 x 10 43 % 10 Tt A'd-22 S = MB, A’ = Rub. k Math...74F042
(3:2) viv (est) estimated using k; =
1.0 X 10° 5! (calc).
2.130.22 CHy/EtOH 1.3 x 10" ' 22 Pa-13 S =RB, A’ = TMHP, Ivan....75F445
8:1) v:iv (est) P’ = nitroxy radicals.
k estimated using kg =
, 3 X 10*s7! (calc).
2.130.23 CH/EtOH 1.65 x 10" rt A'd-19 S = RB,A' = Koka.78F404
(2:1) viv (est) chlorophyll-a.
k estimated using
ky=1x10°s"
(calc).
For more relative rates see 2.55, 4.7.6.
2.131  canthaxanthin C.H, (145 + 0.2) x 10 rt Ad-12 S = An, ruby laser Wilk.78F276

0 (347 nm).

TR NIRRT

0

2.132  jycopene CHy/MeOH =~ 1.2 X 101° rt P'a-20 S = MB, A' 2M2P. Foot.70F188
“:1) viv . Measured (k/k,) =

1.5 x 10* k derived

using k,. = *8.1 X 10°

dm’ mol™ 57! [43.3].
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TABLE 3. Rate constants for the interaction of singlet oxygen with aromatic hydrocarbons

No. Substrate (A) Solvent k B (k/k) t  Method Comments Ref.
/dm’ mol™' 5! /mol dm /°C
[Note: k represents the overall rate constant unless &, (chemical reaction rate constant)
or &, (quenching rate constant) is specified; X, is the rate constant for solvent deactivation]
31 benzene CCl, 2215 x 10 t A'd-8 S = MB, A’ = DPBF, Youn.76F903
CH, dye laser (610 nm).
311 CCl,/MeOH(5.0 + 3.0) X 10? Tt A'd-8 S = MB, A’ = DPBF, Bort...77F162
(96:4) viv ruby laser (694 nm).
32 bromobenzene CCl, (1.9 = 1.3) x 10} rt A'd-8 S = MB, A' = DPBF, Youn.76F903
CHBr i dye laser (610 nm).
33 ethylbenzene CCl,/MeOH(5.0 + 3.0) x 10? rt A'd-8 S = MB, A’ = DPBF, Bort...77F162
‘ CH,C,H, (96:4) v:v ruby laser (694 nm).
34 methoxybenzene  MeOH k. <5 % 10° 20 Ad-17 S = RB,and MB, A’ = Sait..72A020
CH,OCH, (est) A'd 1,2,4,5-tetramethoxy-
benzene. No
measurable effect.
35 methyl benzoate CCl, 29 = 1.8) X 10° t A'd-8 S = MB, A' = DPBF, . Youn.76F903
CH;COOCH, dye laser (610 nm).
36 styrene CCl,/MeOH(5.0 *+ 2.0) X 10° rt A'd-8 S = MB, A’ = DPBF, Bort...77F 162
CH;CH=CH, (96:4) v:v ruby laser (694 nm).
3.7 cis-f3-methyl- CCl,/MeOH(5.0 + 1.5) x 10° rt A'd-8 S = MB, A’ = DPBF, Bort...77F162
styrene (96:4) viv ruby laser (694 nm).
CH;CH=CHCH,
38 trans-3-methyl-  CCl,/MeOH(2.0 + 1.0) x 10° rt A’'d-8 S = MB, A’ = DPBF, Bort.77F162
styrene 96:4) viv ruby laser (694 nm).
C,H,CH=CHCH,
3.9 3-methyl-1- MeOH(?) 7.7 x 10° 1.3 x 107! rt ? Method not given. Goll62F005
phenyl-2-butene k derived using
CH,CH,CH=C(CH,), ky = *1.0 X 10°s7' [1.3.6].
39.1 MeOH 6.7 X 10° ‘1.5 x 10” 20 0d-15 S = RB. k derived Koch68F288
using k, = *1.0 x 10°
s'[13.6l. E, = 9.6
kJ mol'.
COMPOUNDS 3.10 - 3.19 :
CICH3) =CICH3),
[ 2
5 3
4
3.10  trimethylstyrene = MeOH k. = 5.0 x 10° rt Pa-17 S= RB, A’ = p-methoxy- Foot.71F577
(TMS) /CHN P'a trimethstyrene.
(98:2) viv Measured (k,/k,*) =
0.51. k, derived using
k* =99 x 10°
dm® mol! s [3.18].
3.10.1 MeOH k, = 48 x 10° rt Pa-17 '0,* from H,0,/NaOCl, Foot.71F577
/t~BuOH Pa A’ = p-methoxytrimethyl-
L) vv styrene. Measured.
(k/k™) = 0.57. k,
derived using k* =
8.4 X 10° dm® mot™
s (3181
3.10.2 MeOH k, =52 % 10° rt Pa-17 'O,* from H,0,/NaOCl, Foot.71F577
/t-BuOH Pa A' = p-methyltrimethylstyrene.
1:) viv Measured (k,*/k,) =
1.20. k, derived using
kA = 6.3 x 10°dm’
mol™ s [3.13.1].
For more relative rates see 2.19, 2.19.1-5.
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TABLE 3. Rate constants for the interaction of singlet oxygen with aromatic hydrocarbons — Continued
No. Substrate (A) Solvent k B (k,/k) t  Method Comments Ref.
/dm® mol™ s~ /mol dm™ /°C
3.11  m-chlorotri- MeOH k, = 2.8 x 10° t Pa-17 S = RB, A’ = p-methyl-  Foot.71F577
methylstyrene /CHN Pa trimethylstyrene.
[R; = -Cl] (98:2) viv Measured (k,/k*) =
0.384. k, derived using
kA =172 x 10°dm’
mol™' s [3.13].
3.111 MeOH k, =27 x 10° rt Pa-17 'O,* from H,0,/NaOC], Foot.71F577
/t~-BuCH P'a A’ = p-methyltri-
(1:1) viv methylstyrene. Measured
(k,/k2) = 0.436.
k, derived using k* =
6.3 X 10°dm® mol™ s
[3.13.1).
3.12  p-chlorotri- MeOH k. = 3.3 x 10° rt Pa-17 8 = RB, A’ = 2-methyl- Foot.71F577
methylstyrene P'a 2-butene. Measured
R, = -C1] k/k2) = 2.23.
k, derived using kA =
*1.5 X 10° dm® mol™
s [A43.1].
For more relative rates see 3.13, 3.13.1, 3.14, 3.14.1.
3.13  p-methyltri- MeOH k. =172 % 10° rt Pa-17 S = RB, A’ = p-cloro- Foot.71F577
methylstyrene /CHN Pa trimethylstyrene.
[R, = -Me] (98:2) viv Measured (kA /k,) =
0.457. k, derived using
kA =33 x 10°dm’
mol™' s7' [3.12].
3.13.1 MeOH k. = 63 x 10° rt Pa-17 'O,* from H,0,/NaQCl, Foot.71F577
/t-BuOH P'a A’ = p-chlorotrimethyl-
(1:1) viv styrene. Measured
(k> /k) = 0.526. k,
derived using k,* =
3.3 X 10* dm® mol™
s [3.12].
For more relative rates see 3.10.2, 3.11, 3.11.1, 3.15, 3.16, 3.16.1, 3.17,
3.17.1, 3.18, 3.18.1.
3.14  m-methyltri- MeOH k, =51 x 10° rt Pa-17 S =RB, A’ = p-chloro- Foot.71F577
methylstyrene /CHN P'a trimethylstyrene.
[R, = -Me] (98:2) viv Measured (k,/k,*) =
1.54. k, derived
using kA = 3.3 x 10°
dm’ mol™ s [3.12]. .
3.14.1 MeOH k, = 4.7 x 10° rt Pa-17 'O,* from H,0,/NaQCl, Foot.71F577
/t-BuOH P'a A’ = p-chlorotrimethyl-
(I:1) viv styrene. Measured
(k/k™) = 1.43. k,
derived using k,* =
3.3 x 10° dm® mol™
s [3.12].
3.15  m-cyanotri- MeOH k, =14 x 10° rt Pa-17 S = RB, A’ = p-methyl-  Foot.71F577
methylstyrene /CHN Pa trimethylstyrene.
[R, = -CN] (98:2) viv Measured (k/k*) =
0.197. k, derived
using k,* = 7.2 X 10°
dm® mol™' s7' [3.13]).
3.15.1 / MeOH k, = 1.6 x 10° rt Pa-17 '0,* from H,0,/NaOC], Foot.71F577
/t-BuOH P'a A’ = p-methyltrimethyl-
(1:D)wv styrene. Measured

(k/k™) = 0.252. k,
derived using £, =
6.3 X 10° dm® mol™
s3I0,
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TABLE 3. Rate constants for the interaction of singlet oxygen with aromatic hydrocarbons — Continued

No. Substrate (A) Solvent k B (ky/k) t  Method Comments Ref.
/dm® mol™ 57! /mol dm /°C
3.16  p-cyanotri- MeOH k.= 12 x 10° rt Pa-17 S = RB, A’ = p-methyl- Foot.71F577
methylstyrene /t-BuOH P'a trimethylstyrene.
[R, = -CN] (98:2) viv Measured (k/k*) =
0.172. k, derived
using k' = 7.2 X 10°
© dm’mol” s [3.13)].
3.16.1 MeOH k.=97x 10 rt Pa-17 '0,* from H,0,/NaOCl Foot.71F577
/t-BuOH Pa A’ = p-methyltrimethyl-
(L:1) viv styrene. Measured
(k/k™) = 0.154. k,
derived using k,* =
6.3 X 10° dm® mol™
s'[3.13.1).
317  m-methoxytri- MeOH k. =48 x 10° it Pa-17 S = RB, A’ = p-methyl- Foot.71F577
methylstyrene /CsHN Pa trimethylstyrene.
[R; = -OMe] (98:2) viv Measured (k,/k,*) =
0.667. k, derived
using k* = 7.2 X 10°
dm’® mol™' s [3.13].
3.17.1 MeOH k, =52 x 10° rt  Pa-17 'O,* from H,0,/NaOCl,  Foot.71F577
/t-BuOH P'a A’ = p-methyltrimethyl-
(1:1) viv styrene. Measured
k/k™) = 0.721. &,
derived using k* =
6.3 X 10° dm® mol™
st(3.13.1].
3.18  p-methoxytri- MeOH k. =99 x 10° rt Pa-17 S = RB, A’ = p-methyl- Foot.71F577
methylstyrene /CHN P'a trimethylstryene.
[R, = -OMe} (98:2) v:v Measured (k/k,*) =
1.38. k_derived
using k' = 7.2 X 10°
dm’® mol™' s [3.13].
3.18.1 MeOH k. = 84 x 10° rt Pa-17 'O