zene solution, the quantum yield is 200 times smaller®
(®=14X10"%.

Since dimerization is a bimolecular process, increased
concentration should increase the quantum yield.
Therefore, since both reactions pass through the same
triplet, the inefficiency following excitation to S, de-
mands that there be an earlier deactivation step by a
concentration dependent mechanism.

A similar observation was made with respect to the
cycloaddition with ethyl vinyl ether to give the thi-
etane.® Both the reaction at 250 nm (quenched with
1,1’-azoisobutane) and that at 500 nm (quenched with
9-methylanthracene?) proceed through the same triplet.
But at the same olefin (2.0 M) and 1 (0.2 M) concen-
tration the quantum yields were 1.6 X 10-2 (250 nm)
and 4.6 X 10~¢ (500 nm), respectively, a ratio of 35.

These observations appear to require the following
processes

hy
So —_— Sl or Sz
Sy —>» —> T (®n)
52 — Sl (‘Pm)
kd

S; —> S

ke
Si—> So + v’

ksa
Sl + So ~—> ZSo
kine
S; ~—>» T1 —> products
The quantum yields of triplets (T,) from excitation to
S; (®1) and S; (®1/) are given by the expressions 1 and
2.

®,.k;
@ ,y = @n mivisc 1
T ey - h
@T, kisc (2)

T Ka + ki + ki + KoqlSo]

Since the lifetime* of T, is of the order of 10-¢ sec
it follows that even for the dimerization in dilute solu-
tions (> 10—% M) essentially all triplets must be trapped
since this is occurring at a diffusion-controlled rate.*
The quantum yields of dimer must then reflect the
quantum yields of triplets; i.e., ®r./®r = 200, where
®1risat 6.46 X 102 M and $1+is at 0.2 M. Thus

ko | ki, ksl02] _ 200
kisc + kisc + kisc qDT”

1+ 3)

Similarly, we may obtain for the quantum yield of
fluorescence the expression 11!

Kise | ks[5 X 1077] 1
B L M EANLAAEE S, S 108 (4
ks + ks $; T TX10° @

Further information is available from cycloaddition
studies. Since the yield of triplets at 500 nm (0.2 M 1)
is !/a0oth that at 250 nm, then the quantum yield per

(9) Irradiation at 500 nm of a solution (1.0 M) of 1 in n-hexane gave
the dimer (® = 1.7 X 1074. The choice of benzene as solvent was
dictated by relative solubility problems for quenching and sensitization
studies.

(10) The value of k¢ (3 X 104 sec!) was calculated from the oscil-
lator strength of the absorption band. &; was shown to be less than
3.6 X 10—+ (A excitation 531 nm; [So] = 5§ X 10-3 M), the lowest de-
tectable level, by comparison with rhodamine B used as a standard.!!

a (11; G. Weber and F. W. I, Teale, Trans. Faraday Soc., 53, 646

957).

ka
1+E+
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unit triplet, i.e., quantum yield of product per molecule
in the triplet state, for cycloaddition is given by the ex-
pression (4.6 X 10=¢ X 200)/®r”. However, both
olefin and 1 compete for these triplets, and the com-
petition from the thione may be corrected for.

The usual steady-state treatment for the addition to
the olefin gives the expression 5, where kq- is the uni-

&1 = constant X {1 + &d_lj_‘y_ffE_on%s_d} )

molecular decay rate constant of the triplet, kain is the
rate constant for trapping of the triplet by thione, and
Keyclo 18 the rate constant for trapping by olefin (in con-
centration [O]). A plot of ®-! against [O]! gives the
intercept and slope from which the parenthetical term in
(5) can be extracted. Since k4 and kgin are known
from independent experiments* the value of (Kaim[So]/
Keye1o[O]) at [So] = 0.2 M and [O] = 2.0 M can be found
and has the value 6. This represents the competition
for the triplet and so the quantum yield of adduct per
unit triplet in the absence of competition by the thione
would be seven times larger than (4.6 X 10-* X 200)/
(®1), ie., (0.64/®1). This imposes the limits 1 <
&1, € 0.64 since no quantum yield may exceed unity.
Inserting this range of values into eq 3 requires that
(kso/kise) ~ 103 M—! (where [So] = 0.2 M) since the
other terms must be small. Inserting the value of k;1
and [Sg] = 5 X 10~%in eq 4 gives ksq ~ 1010 M~ sec?,
i.e., that quenching of S is near diffusion controlled.

The same conclusion may be reached by another
route. If triplet 1 is trapped by the olefin, and a frac-
tion p of the biradical or complex gives product, then
the constant in eq 5 may be expressed as shown in eq 6.

ke | ke kal02) | _
<1 + kisc+ kisc+ K P constant  (6)

This has, from the intercept of the plot referred to above,
a value of 580 = 80. Since p must be close to unity
because of the limits set on ®1.. (and thus of the corre-
sponding value of the quantum yield of adduct per unit
triplet, 0.64/®1), eq 6 becomes close in value to eq 3,
the left-hand terms now being identical.!21?

(12) Some evidence is available, and will be discussed in our full
paper, that at high concentrations of thione at 250 nm an additional
mechanism of dimerization may be available.

(13) If intersystem crossing may occur without self-quenching from
a high vibrational level of Si, then we are unable to distinguish such a
process from crossing at S: by the present experiments,

A. H. Lawrence, P. de Mayo*

Photochemistry Unit, Department of Chemistry
The University of Western Ontario
London N6A4 3K7, Ontario, Canada
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Evidence for the Existence of a Long-Lived 1,4-Biradical
Intermediate in the Intramolecular ~-Hydrogen
Abstraction Reaction of 3,y-Unsaturated Ketone
Excited Singlet States

Sir:
B,v-Unsaturated ketones in which competitive intra-

molecular allylic y-hydrogen abstraction and a-cleavage
photoprocesses are possible have been reported to give
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good yields of cyclobutanols!—® accompanied to a sig-
nificant extent in acyclic cases by radical coupling
products apparently arising from initial « cleavage to
acyl and allyl radicals.»? Engel and Schexnayder®
have very recently shown that the cyclobutanol forma-
tion,” at least for enone 1, is an excited singlet-state
reaction. There have, however, been no studies to date
which allow determination of whether cyclobutanol
formation from intramolecular +y-hydrogen abstrac-
tion in B,y-unsaturated ketones is concerted or occurs
through the intermediacy of a biradical such as 10.
We would like to report here our results on the photo-
chemistry of 8,y-unsaturated ketones, 2, 3, and 4, which

T O Oy oY

clearly demonstrate the intermediacy of a relatively
long-lived 1,4-biradical in cyclobutanol formation from
the enone excited singlet state.?

Irradiation of a solution of 1-cyclohexenylacetone
(2) in benzene (1.5 M) through quartz using a 450-W
medium-pressure mercury lamp for 20 hr gave a 677
yield of two products, 5 and 6, in a ratio of 2.5:1.0.¢
An identical product ratio was obtained from photol-
ysis of 2 in hexane, although the rate of product forma-
tion was slower than in benzene.® Nmr, ir, and mass
spectra and elemental analyses indicated that both 5
and 6 are unsaturated alcohols isomeric with 2.1
The nmr spectra of both products have multiplets (13
H) in the region of & 1-3 with a sharp singlet (3 H) at
§ 1.35 for 5 and 1.17 for 6.

2 hy + H,
—_ —
—CH, —oH

H OH H CH,
5 6
HO_ CH, H,C. ,OH
\~H + \SH (D
7 8

(1) N.C.Yangand D.-M, Thap, Tetrahedron Lett., 3671 (1966).

(2) E. F. Kiefer and D. A. Carlson, Tetrahedron Lett,, 1617 (1967).

(3) T. Matsui, A. Komatsu, and T, Moroe, Bull, Chem. Soc. Jap., 40,
2204 (1967).

(4) R. C. Cookson, J. Hudec, A, Szabo, and G. E, Usher, Tetra-
hedron, 24,4353 (1968).

(5) R.C.Cookson and N, R, Rogers, J. Chem. Soc., Chem, Commun.,
809 (1972).

(6) P.S.Engel and M. A, Schexnayder, J. Aner. Chem. Soc., 94, 9252
(1972).

(7) We have also observed cyclobutanol formation from photolysis of

(8) For a preliminary communication of this work, see: H.-F. Chan
and J. C. Dalton, Abstracts, 164th National Meeting of the American
Chemical Society, New York, N, Y., Sept 1972, ORGN 97.

(9) All product analyses were carried out by glpc using a 10 ft X
0.25 in. or 6 ft X 0.25 in. 67 Carbowax 20M on Chromosorb W 45/60
column,

(10) The faster reaction in benzene may have been due to singlet
sensitization by solvent.

(11) Compound 5 has the following properties: o0il; mass spectrum
(70 eV), m/e (rel intensity) 138 (M®, 11), 95 (99), 67 (50), and
43 (100); ir (CCls) 3500, 1615 cm~1; nmr (CCls) 6 1.0-2.95 (13 H, m,
with singlet at 1.35), 5.3 (1 H, m). 6: oil; M+ 138; ir (CCls) 3500, 1615
cm~!; nmr (CCls) 6 1.0-3.0 (13 H, m, with singlet at 1.17), 5.3 (1 H, m).

Catalytic reduction of a 2.5:1 mixture of 5 and 6
over palladium on carbon resulted in formation of two
saturated alcohols, 7 and 8, in a ratio of 2.5:1. These
products, 7 and 8, were shown to be trans- and cis-7-
hydroxy-7-methylbicyclo[4.2.0]Joctane, respectively, by
independent synthesis (eq 2). Addition of methyl
magnesium iodide to bicyclo[4.2.0]octan-7-one'? (9)
yielded the two cyclobutanols, 7 and 8, in a 15: 1 ratio.!?
It is assumed that the major product, 7, results from
attack of the Grignard reagent on the least hindered
side of the bicyclo[4.2.0]Joctan-7-one.'* In either con-
formation, this would result in favored formation of
trans-7-hydroxy-7-methylbicyclo[4.2.0Joctane (7). The
methyl singlet in the nmr of 7 appears at § 1.32 while
that in 8 is found at & 1.26 shifted slightly upfield by the
increased shielding from the adjacent carbon-carbon
bond. !

0

CH, Mgl
~H ——> 7+8 @)

9

The efficiency of cyclobutanol formation from irradi-
ation of 2 in benzene at 313 nm was measured using
benzophenone-benzhydrol actinometry.!®* Quantum
yields for formation of 5 and 6 were determined to be
0.055 and 0.02, respectively.

Production of 5 and 6 could occur either in a con-
certed process or with the intermediacy of the biradical,
10, obtained by intramolecular hydrogen abstraction
from the allylic v carbon of 2. If such a biradical in-
termediate exists and has a sufficiently long lifetime
relative to the rate of bond rotation, then one would
expect to observe closure at either end of the allylic
system. In order to test for the intermediacy of 10 we
have studied the photochemistry of 6-methyl-1-cyclo-
hexenylacetone (3) and 2-methyl-1-cyclohexenylace-
tone (4).”" If cyclobutanol formation is concerted
then irradiation of 3 should result in formation of only
cyclobutanols 11 and 12, while photolysis of 4 would
lead exclusively to 13 and 14.

Irradiation of a solution of 3 in benzene (0.4 M)
through quartz yielded three unsaturated cyclobutanols
tentatively assigned as 13, 14, and 11 or 12, in a ratio
of 7.8:2.4:1.0, as well as 4. Similar photolysis of 4
gave the same unsaturated alcohols in approximately
the same ratio, 7.6:3.5:1.2%8 The assignment. of the
cyclobutanol structures is based on the nmr, ir, and

(12) L. Ghosez, R. Montaigne, A. Roussel, H. Vanlierde, and P.
Mollet, Tetrahedron, 27, 615 (1971).

(13) 7: oil; mass spectrum (70 eV), m/e (relative intensity) 140
(M*, 3), 97 (20), 59 (100); ir (CCls) 3550 cm=*; nmr (CCls) & 0.8-1.2
(15 H, m, with singlet at 1.32), 2.54 (1 H, s, varies with concn), 8:
oil; mass spectrum 140 (M+, 3), 97 (17), 59 (100); ir (CCls) 3550
cm—!; nmr (CCls) 6 1.0-1.5 (15 H, m, with singlet at 1.26), 2.8 (1 H, s,
varies with concn).

(14) See, for example, A. V. Kamernitzky and A. A. Akhrem, Tefra-
hedron, 18, 705 (1962).

(15) L, M. Jackman and S. Sternhell, **Applications of Nuclear Mag-
netic Resonance Spectroscopy in Organic Chemistry,”” Pergamon Press,
Oxford, 1969, Chapter 3-8.

(16) W. M. Moore and M. Ketchum, J. Amer. Chem. Soc., 84, 1368
(1962).

(17) Compounds 3 and 4 were prepared by reaction of methyl-
lithium with the appropriate carboxylic acid or nitrile.

(18) Ketones 3 and 4 do not photoequilibrate under the conditions of
the experiment,
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H,C OH
10 il 12
CH3 CHS
——CH, —OH
H OH H CH,
13 14

mass spectra.’® The nmr of 13 and 14 show no vinyl
hydrogens, while the third product has absorpion for
one vinyl hydrogen at § 5.3. Each product has two
methyl singlets in the nmr with the position being as
follows: for 13, & 1.52 and 1.35; for 14, 1.52 and
1.14; and for 11 or 12, 1.35 and 1.18. The 1.52 singlet
in 13 and 14 is assigned to the vinylic methyl. The
structures of compounds 13 and 14 are then assigned
on the basis of the upfield shift of the remaining CH,
singlet in 14 relative to 13, in analogy with the chemical
shifts for the methyls in 5 and 6.

The production of nearly identical ratios of the three
cyclobutanols upon photolysis of both 3 and 42 clearly
rules out a concerted mechanism for cyclobutanol for-
mation and requires the intermediacy of a biradical,
15, whose lifetime is long relative to the rate of rotation
about the g bond (see eq 3).

e . . .
3— == «~— 4 3
OH OH
15

l
3,411 12 13 14

This leaves the question of whether the intramolec-
ular hydrogen abstraction is occurring from the excited
singlet or the excited triplet state of these 8,y-unsatu-
rated ketones. Irradiation of a benzene solution (0.5
M) of 2 at 313 nm with added 1,3-pentadiene (1 M)
resulted in no quenching of cyclobutanol formation,
suggesting that the reaction occurs either from the
singlet state or from a short-lived triplet state.?0 Ir-
radiation of solutions (0.5 M) of 2 and 4 in acetone at
313 nm yielded mostly polymer and only small amounts
of cyclobutanols. The sensitized product ratios differed
from those in the direct irradiation, implying that in the
direct irradiation cyclobutanol formation is occurring
predominantly through the excited singlet state in
analogy with the results of Engel and Schexnayder.®
This interpretation is further verified by our observa-
tion that the fluorescence efficiencies of 2, 3, and 4 are
all very low, at leat ten times lower than that of methyl
allyl ketone, a B,y-unsaturated ketone containing no
allylic v hydrogens.

(19) 13: oil; mass spectrum (70 eV), m/e (relative intensity) 152
M+, 9), 109 (100), 67 (45), 43 (61); ir (CCly) 3500, 1670 cm™};
omr (CCl) & 1.0-2.25 (13 H, m, with singlets at 1.35 and 1.52), 2.52
(3 H, m). 14: oil; mass spectrum 152 (M*, 11), 109 (100), 67
(46), 43 (53); ir (CCls) 3500, 1670 ¢cm-'; nmr (CCly) 6 0.9-2.2
(12 H, m, with singlets at 1,14 and 1.52), 2.6 (3 H, m), 2.8 (1 H, s, OH).
11 or 12: oil; mass spectrum 152 (M+*, 7), 109 (100), 67 (39), 43
(81); ir (CClLy) 3500, 1660 cm~!; nmr (CCls) § 1.0-2.8 (14 H, m,
with singlets at 1,18 and 1.35), 4.55(1 H, s), 5.3 (1 H, m).

(29) The lack of 1,3-pentadiene quenching also rules out any triplet
sensitization by benzene,
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Thus, we conclude that cyclobutanol formation is
occurring from the n,r* excited singlet state of 3,vy-
unsaturated ketones 2, 3, and 4 with the intermediacy
of a relatively long-lived biradical, 15. This is quite
different behavior from that observed for intramolec-
ular y-hydrogen abstraction reactions from the S; state
of saturated alkanones for which the evidence to date
rules out a biradical intermediate with a lifetime long
relative to the time required for bond rotation?%2? al-
though there is some evidence that relatively short-
lived biradical intermediates may exist.2®®¢ It may
be that allylic stabilization of the biradical generated
from B,y-unsaturated ketones leads to a substantial in-
crease in its lifetime. 23
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Reversible Binding of Nitric Oxide and Carbon Monoxide
to Iron Porphyrins. Assessment of the Role of the
Protein in Hemoglobin

Sir:

Iron porphyrins provide one model for the active
heme group in hemoglobin (Hb). However, the por-
phyrins differ in some important respects from the
active site in hemoglobin. In the deoxy protein the
iron exists as five-coordinate high-spin Fe(II) which
reversibly binds one molecule of O, per iron.! Out-
side the protein, six-coordinate low-spin Fe(II) por-
phyrins may be obtained;»3 these do not bind oxygen
reversibly but rather are rapidly oxidized to Fe(III)
in aqueous media.*® While iron porphyrins do not
bind O, reversibly, we find that they do bind NO and
CO reversibly. The binding of CO to heme has been
reported in aqueous solution,” and the influence of py-
ridine on the extent of CO binding has been described.®
The only report of the interaction of NO with hemes
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