2056

1-methylthymine \-methyluracil

H CH3 H\ /H
= - 19° e=q
CH;—N/ C=0 CH3 = N C=Omp 0% 0r +7°
/ \c /
C —N —
/7 \
O// \H o] H
cytosine
H H
\ /
H— C —NHy
\ + 14°
//C——-N
[o]

Figure 2. Transition moment directions for the longest wave-
length # — #* transition in I-methylthymine (all vibronic com-
ponents),® 1-methyluracil (0,0 band),? and cytosine monohydrate
(0,0 band) as derived from polarized single-crystal absorption
measurements. The angles are measured from the N\-C, direction,

like a so-called oriented gas. The absolute intensities
and the small Davydov splittings support such a treat-
ment. Assuming that all the intensity in the c-axis
spectrum is polarized parallel to the molecular planes,
the polarization ratio for each vibronic component
is consistent with two possible in-plane molecular direc-
tions for the transition moment. These two possible
molecular directions are expressed in Figure 1 as the
angles, ¢; and ¢,, measured relative to the N,-C,
direction. Callis and Simpson! chose ¢; as the correct
alternative on the basis of their results on the 1-methyl-
cytosine crystal. ¢, calculated from the ratio of the
b- to c-polarized intensities for all the vibronic com-
ponents of the first transition (37,000 to about 41,000
cm™Y), is 4+10°, in excellent agreement with the +9°
value estimated from their reflectance data on the
(001) face of cytosine monohydrate. However, the
best experimental value to be compared with the results
of theoretical calculations is ¢; = 414 = 1° (Figure 1)
for the 0,0 band, since this region of the spectrum
should be least influenced by intermolecular interactions
and molecular vibrations which can “mix”’ Born-Op-
penheimer free-molecule electronic states.

The second transition, centered at about 44,000
cm™! in aqueous solution,'® dominates the absorption
above 42,000 cm~! in the crystal, where the polariza-
tion ratio levels off at about 8.5:1. This polarization
ratio corresponds to a ¢; of —5 £ 3°, again in good
agreement with the Callis and Simpson result of —1 =+
10°.

Figure 2 summarizes the experimentally determined
transition moment directions for the first = — =*
transition in the three common nucleic acid pyrimidines.
Theoretically predicted directions for uracil and thy-
mine, 7—2! including a recent ab initio calculation on
thymine,?? are generally within about 10° of the ob-
served directions for 1-methyluracil? and 1-methylthy-
mine.? However, w-electron calculations on cytosine,

(16) H. Morita and S. Nagakura, Theoret. Chim. Acta, 11, 279 (1968).

(17) H. DeVoe and I. Tinoco, J. Mol. Biol., 4, 518 (1962).

(18) T. A. Hoffman and J. Ladik, Advan. Chem. Phys., 7, 84 (1964).

(19) H. Berthod, C. Giessner-Prettre, and A. Pullman, Theoret.
Chim. Acta, 5, 53 (1966).

(20) H. Berthod, C. Giessner-Prettre, and A, Pullman, In1. J. Quantum
Chem., 1, 123 (1967).

(21) J. Ladik and K. Appel, Theoret. Chim. Acta, 4, 132 (1966).

(22) L. C. Snyder, R. G. Shulman, and D. B. Neumann, J. Chem.
Phys., 53, 256 (1970).
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which require more extensive parameterization than
uracil or thymine because of the greater variety of
chemical bonds, predict directions which generally differ
from experimental values by about 60°;'6-21L.23 the
maximum possible difference between theory and ex-
periment is 90°.

The good agreement between the transition moment
directions calculated from the reflectance data for the
(001) crystal face, which is nearly parallel to the molecu-
lar planes, and our absorption data for the (100) crys-
tal face support the assumption in the previous analysis
that all of the c-axis intensity is polarized parallel
to the molecular planes. Unlike the case of 1-methyl-
uracil, where we obtained a spectrum polarized almost
exactly perpendicular to the molecular planes,? we
cannot locate n —~ 7* transitions below 44,000 cm—!
in cytosine monohydrate. Rich and Kasha found an
n— 7* transition at about 36,000 cm~! in polycytidylic
acid from polarized absorption measurements on
oriented films.?¢ If an n — #* transition in cytosine
monohydrate were of comparable energy, intensity,
and polarization we would have observed it as a distinct
band in the c-axis polarized spectrum.

(23) C. Nagata, A. Imamura, Y. Tagashira, and M. Kodama, Bull.
Chem. Soc, Jap., 38, 1638 (1965).

(24) A. Rich and M. Kasha, J. Admer, Chem. Soc., 82, 6197 (1960).
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Reversible Addition of Benzoyloxy
Radicals to Benzene

Sir:

Irradiation of benzoyl peroxide or benzil in benzene
in the presence of oxygen gives phenyl benzoate!?
in yields which increase with oxygen concentration.
These observations have been accounted for by as-

suming that the addition of benzoyloxy radicals to
benzene is reversible, Scheme I.? This reversible

Scheme 1. The Fate of Benzoyloxy Radicals in Benzene
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addition provides the only analogy in free-radical chem-
istry for the suggestion that the major path of deactiva-
tion in benzene of carbonyl triplet states with n,m*
electronic character involves reversible formation of
adduct biradicals.*¢ In the following, evidence is pre-

(1) T. Nakata, K. Tokumaru, and O. Simamura, Tetrahedron Lett.,

3303 (1967).
(2) J. Saltiel and H. C. Curtis, Mol, Photochem., 1, 239, 461 (1969).



Table I. Product Yields from the Photochemical
Decomposition of Benzoyl Peroxide in Benzene at 30° @
Phenyl Benzoic
Oy, M X 103 Biphenyl benzoate acid

0 66° 13 46
1.5 31 40 29
3.6 14 54 40
7.2¢ 10 58 40
7.2¢ 7.6 48 a8

o Yields are reported as (100 mol of product)/(moles of peroxide
consumed); benzoyl peroxide concentrations are 4.1 X 1073 M
unless otherwise noted. 2 Sum of biphenyl and dihydrobiphenyls.
Biphenyl/dihydrobiphenyl = 2.98. < Average of three independent
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cordingly, step 4 is the rate-determining step for bi-
phenyl formation, and the do/d;s ratio in the product
should reflect the deuterium isotope effect in k; and
should be independent of the oxygen concentration,
eq 1. The data in Table I give k,%/k.P values at

k® _ [C5H6]<d_5 _ [CeHDs])

kB [CeDs\dy  6[CeHy]

ey

30° of 1.15 and 1.27 at the low and high oxygen con-
centration, respectively. The two values are within
experimental error of each other and can be compared

determinations. ¢ Benzoyl peroxide concentration 2.2 X 10~2 M. with kH/k,L = 1.06 obtained at a higher temperature
Table II. Isotopic Compositions of Phenyl Benzoate and Biphenyl Obtained Using CsHe—CsDs as Solvents
Isotopic composition, %¢
Product 0O, M X 103? do ds ds dio

Phenyl benzoate 1.54 84.2 + 0.7 1.2 &+ 0.1 14.6 £ 1.1

Biphenyl 53.1 = 0.3 2.6 = 0.2 43.8 £ 0.4 0.6 £ 0.1

Phenyl benzoate 7.2 75.7 £ 0.1 1.4 = 0.1 22.9 £ 0.1

Biphenyl 53.9 £ 0.7 2.3 £ 0.2 43.1 £ 0.5 0.7 £ 0.05

s Benzoyl peroxide 0.1 M. ¢ See footnote 8.
considerably higher.

ate, 27%.

sented which substantiates the reversible addition of
benzoyloxy radicals to benzene.

The variations of biphenyl and phenyl benzoate
yields with oxygen concentration are shown in Table
17 Phenyl benzoate is formed at the expense of bi-
phenyl as is required by the proposed mechanism.®
Benzoic acid yields remain relatively constant at 40 =
10%. In this respect our observations differ signifi-
cantly from those in ref 1, where the data indicate
that formation of phenyl benzoate is at the expense
of benzoic acid.

The photolysis of benzoyl peroxide in the presence
of oxygen was also carried out in ~1:1 mixtures of
benzene-d, and benzene-d;, The deuterium distribu-
tions of phenyl benzoate and biphenyl, determined
by mass spectrometry, are shown in Table II. Phenyl
benzoate formation shows large apparent deuterium
isotope effects at both oxygen concentrations, in con-
trast with the much smaller isotope effect for biphenyl
formation under the same conditions.

The addition of phenyl radicals to benzene, step 4,
has been shown not to be freely reversible.!%14 Ac-

(3) E. J. Baum and R, O. C. Norman, J. Chem. Soc., 749 (1968).

(4) J. Saltiel, H, C. Curtis, L, Metts, J. W. Miley, J. Winterle, and
M. Wrighton, J. 4mer. Chem. Soc., 92, 410 (1970).

(5) D. 1. Schuster and D. F. Brizzolara, ibid., 92, 4357 (1970).

(6) J. Saltiel, H. C. Curtis, and B. Jones, Mol. Photochem., 2, 331
(1970).

(7) Irradiations were carried out using 450- and 550-W high-pressure
Hanovia mercury lamps and a Pyrex immersion probe. Reaction ves-
sels and probe were immersed in a water bath thermostated at 30°,
Reaction vessels were provided with fritted disk gas inlets and reflux
condensers. The oxygen concentration was varied by using nitrogen—
oxygen mixtures and rapid gas flow rates to ensure saturation (30 ml/
min).8 Work-up procedures have been described.?

(8) Oxygen concentrations at 30° were calculated using the absorp-
tivity coefficient of oxygen in benzene 0.1905 atm-l, determined at
25°,% and the partial pressure of benzene, 119.3 mm at 30°.

(9) J. Livingston, R, Morgan, and H. R. Pyne, J. Phys. Chem., 34,
2045 (1930).

(10) The biphenyl yield is expected to pass through a maximum at
low oxygen concentration.1l>12

(11) M. Eberhardt and E. L. Eliel, J. Org. Chem., 27, 2289 (1962).

(12) K, Takumaru, K, Horie, and O. Simamura, Tetrahedron, 21,
867 (1965).

< Ranges indicate reproducibility. The actual errors in the minor components can be
4 Benzene composition 50.0 &= 0.5% do, 3.1 & 0.4% ds, 46.9 = 0.8 9 ds; product yields biphenyl, 329%; phenyl benzo-
¢ Benzene composition 48,9 += 0.3% do, 1.9 &= 0.1% ds, 49.2 = 0.3% ds; product yields biphenyl, 139; phenyl benzoate, 46 %.

from the thermal decomposition of phenylazotriphenyl-
methane in benzene.'* Were step 4 partially reversible
under our reaction conditions, eq 1 would have given a
lower apparent k./k.® value at the higher oxygen
concentration. Since this is not the case, our ob-
servations support the notion that step 4 is not re-
versible.!314  Since step 4 involves sp? — sp3 rehy-
bridization, an inverse secondary isotope effect had
been expected as has been observed for the addition
of methyl radicals to styrene!s and the free-radical
polymerization of styrene.’®1” The normal isotope
effect suggests a weakening of the C-H bonds at the
other positions of the benzene ring in the transition
state, 1819

With toluene, p-xylene, or chlorobenzene as solvents
the yield of phenyl benzoate from the photochemical
decomposition of benzoyl peroxide in the presence
of oxygen is 119.' This observation as well as the
formation of a comparable amount of phenyl benzoate
in benzene in the absence of oxygen, Table I and
ref 1, can be accounted for if a significant fraction of
excited peroxide molecules decompose by two-bond
cleavage followed by cage recombination of phenyl
and benzoyloxy radicals, eq 2 and 3.! The deuterium

hy
PhCO,0.CPh H PhCO;- + Ph: + CO, (2)
T
PhCO:: + Ph. —»> PhCO:Ph 3)

(13) E. L. Eliel, S. Meyerson, Z. Welvart, and S. H. Wilen, J, Amer.
Chem, Soc., 82, 2936 (1960).

(14) E. L. Eliel, M. Eberhardt, O. Simamura, and S. Meyerson,
Tetrahedron Lett., 749 (1962).

(15) M. Matsuoka and M. Szwarc, J. Amer. Chem. Soc., 83, 1261
(1961).

(16) W. A, Pryor, R. W, Henderson, R. A. Patsiga, and N. Carroll,
ibid., 88, 1199 (1966).

(17) Cf. also A. P, Stefani, L.-Y. Y. Chuang, and H. E. Todd, ibid.,
92, 4168 (1970).

(18 A. Streitwieser, Jr., R. H. Jagow, R. C. Fahey, and S. Suzuki,
ibid., 80, 2326 (1958).

(19) J. E. Baldwin and J. A. Kapecki, ibid., 91, 3106 (1969).
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distributions for phenyl benzoate reported in Table II
include d, phenyl benzoate from the cage reaction. As-
suming that the cage reaction contributes an absolute
yield of 119 to the observed phenyl benzoate yields,
Table 11, the calculated do/d; ratios for phenyl benzoate
produced from free benzoyloxy radicals are 3.00 and
2.28 for 1.5 X 10-% and 7.2 X 10-* M oxygen, re-
spectively.? The magnitude of these ratios can only
be consistent with considerable C-H bond breaking
in the rate-determining step for phenyl benzoate for-
mation. The mechanism in Scheme I yields eq 4,

1 + ﬂ[O]
kEKE (G T kT
k:® Ki®  [CsHe]

(@ _ [CGHDi]>—1

D

: +kaD[021 dy  6[CsHa]
-1

4

which relates the ds/d, ratio of the phenyl benzoate
formed outside the cage with the oxygen concentration,
the solvent composition, and the rate constants.
Equation 4 can be used to solve for (k,"K:®/k,PK;P)
by assuming different values of k™/kP. A value of
(k2K H/k,PK,P] = 3.1 at 30° is obtained, which is
insensitive to small deviation of k;¥/k,® from unity.
Since K;F/K,P is not expected to be significantly different
from unity, the ratio reflects mainly the normal isotope
effect in the rate constant for the abstraction step, k».%!
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(20) For example, in the case of 7.2 X 1073 M oxygen 11% of the
phenyl benzoate is produced by the cage process and the remaining 35 %
by the noncage process. If x is the fraction of phenyl benzoate-do
produced outside the cage, then (do/ds)opsg = (0.11 + 0.35x)/0.35(1 —
x), and using the observed do/ds ratio in Table 11, x = 0.695. 1t follows
that in this case the do/ds ratio of the phenyl benzoate produced outside
the cage is 2.28.

(21) The much smaller deuterium isotope effect observed for an intra-
molecular attack of the o-phenylbenzoylogy radical to give the cor-
responding lactone suggests that cyclization is rate determining in that
case,2?

(22) D. B. Denney and P. P. Klemchuk, J. Amer. Chem. Soc., 80,
3289 (1958).
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Bis(hexamethyldisilylamino)cobalt(II), a
Two-Coordinated Cobalt Compound
Sir.

Recently tris(hexamethyldisilylamino)iron(III) was
shown to be a monomer giving rise to the unusual co-
ordination number of three for the iron atom.!

As part of a continuing study of low-coordination

metal-nitrogen compounds we have investigated bis-
(hexamethyldisilylamino)cobalt(11) which had previously

(CHa);Si Si(CHy)s
NCoN

(CH;),Si Si(CHj)s

(1) D. C. Bradley, M. B, Hursthouse, and P. F. Rosesiler, Chem.
Commun.,, 14 (1969).

been prepared by Wannagat and Biirger,? but not
completely characterized.

The high volatility (bp 101° (0.6 mm)), the high
solubility in nonpolar solvents, and the reactivity to
water and oxygen suggested that this compound was
possibly monomeric with cobalt exhibiting the unusual
coordination number of two.

We have determined its molecular weight both in
cyclohexane (cryoscopically) and mass spectroscopi-
cally. It is monomeric in solution and gave a parent
ion at mje 379 which is consistent with a monomer
in the gas phase.

The uv and visible spectra were obtained in dilute
hexane solution, in the crystalline state, and in the
liquid phase, Attempts are being made to obtain a
gas-phase spectrum. All the spectra were very similar
indicating that the coordination number probably re-
mains the same in each state. The results are shown
in Table I and are compared with those obtained for

Table I. Ultraviolet and Visible Spectra
(Absorption Maxima cm™!)

Dilute CoCl, Assignment
soln Solid Liquid (gas) for CoCl,
31,300
24,400 20,600 24,400 19,000 42— tm(P)
17,100 17,200 17,000 14,500 ¢~ — ‘Z,~(P)
14,600 14,700 14,700 10,300 42— ALE)
6,500 4,000 4Ty — trF)

gaseous cobalt chloride. The uv and visible spectra
of gaseous cobalt chloride have been interpreted as-
suming D., symmetry in a ligand field formalism.?*

Comparing the ligand field strengths in vanadium-
(IV) compounds has shown that the ligand field strength
of the NR; group is much larger than that of Cl.5 As-
suming this also to be the case for cobalt, then the
assignments shown in Table I seem reasonable on the
basis of a linear NCoN system.

The corresponding compounds of zinc, cadmium,
and mercury have been shown (by a normal coordinate
analysis of the liquid ir and Raman spectra) to have
linear NMN systems.® The ir spectrum of the carbon
tetrachloride solution of the cobalt silylamide is shown
in Table II and compared with the spectrum of the

Table II. Ir Spectra®

Co, cm™! Zn Assignments

1258 vs 1268 s (sh) 5:(CH3)

1247 vs 1257 vs 5s(CHy)
995-985 vs 985 vs vas( NSiz)
840~830 vs 835 vs o(CH,)
672 s 674 s (SiCy)
615 m 612 m »WSiCy)
362's 436s vas( MN2)

eys = very strong, s = strong, m = medium, », = symmetric
bending, v,s = asymmetric stretching, o = rocking mode, sh =
shoulder, §; = symmetric deformation,

(2) H. Biirger and U. Wannagat, Monatsh. Chem., 94, 1007 (1963).

(3) J. T. Hougen, G. E, Leroi, and T. C, James, J. Chem. Phys., 34,
1670 (1961).

(4) C. W. DeKock and D. M, Gruen, ibid., 44, 4387 (1966).

(5) E. C. Alyea and D. C. Bradley, J. Chem. Soc. A, 2330 (1969).

(6) H. Biirger, W. Sawodny, and U, Wannagat, J. Organometal.
Chem., 3, 113 (1965).
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