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Benzenesulfenyl chloride adds diaxially to Sa-cholest-2-ene (1) yielding 28-chloro-3e-(phenylthio)-
Sa-cholestane (3). Assuming that the reaction proceeds via the episulfonium ion (2), this allows the
inclusion of these species within the scope of the diaxial opening rule. On heating, 3 undergoes rearrange-
ment to 38-chloro-2a-(phenylthio)-5a-cholestane (4). This reaction is the first instance of a diaxial —

diequatorial rearrangement of g-halothioethers.

Mild oxidation of 3 gives a mixture of the two sulfoxides epimeric at the sulfur atom (16az and 165).
On heating, both sulfoxides suffer pyrolytic elimination, without any sign of diaxial — diequatorial
rearrangement. A major product of the elimination, evidently 2-chloro-5«-cholest-2-ene (18), was found
to be formed a little more readily from the S-sulfoxide (16b) than from the R-isomer (164). This observa-
tion is in accord with the conclusion of previous investigators that the elimination of the sulfenic acid
from an alkyl sulfoxide involves bond formation between the hydrogen and sulfinyl oxygen during the

rate determining stage (cf. 19).
Canadian Journal of Chemistry, 46, 1 (1968)

The diaxial — diequatorial rearrangement (1)
has been shown to take place with dihalides
(2-4), and carboxylic (1, 5) and sulfonic esters
(6) of halohydrins. Our interest in this reaction
has led us to consider the possibility of such
rearrangement with other types of compounds,
not only to discover the full scope of the reaction
but also with an eye to elucidating details of its
mechanism (cf. (7)). From the examples already
known it appeared that a sufficient—though not
necessarily exclusive—requirement for the re-
arrangement was the presence in a 1,2-diaxial
relationship of a good leaving group and a
function capable of neighboring group partici-
pation. We therefore expected that g-halo-
thioethers should be capable of undergoing the
diaxial — diequatorial rearrangement. In addi-
tion, these species possess structural features
which we hoped would be helpful to us in our
general study (and which are discussed, in part,

1Fellow of the Alfred P. Sloan Foundation, 1966-1968.

2Holder of a Dow Chemical of Canada Limited Post-
graduate Fellowship, 1961-1962, and a National Research
Council of Canada Studentship, 1962-1963. Present ad-
dress: Dow Chemical Co., Midland, Michigan, U.S.A.

in the following paper), and we set out to make
2B-chloro-3a-(phenylthio)-5a-cholestane (3) as
an appropriate substrate with which to test these
notions. This account describes the preparation
of this compound, its thermal rearrangement,
and the proof of structure of these materials,
together with some observations on the corres-
ponding sulfoxides. The following paper outlines
experiments designed to shed light on the
mechanism of this reaction, and upon the
diaxial — diequatorial rearrangement in general.

Electrophilic attack on S5e-cholest-2-ene is well
known to take place preferentially from the «
face, which is presumably less hindered than the
8 face because of the absence of angular methyl
groups. As it is believed that sulfenyl chlorides
react with simple olefins with initial formation

-of an episulfonium ion (8-10), it was therefore

anticipated that the reaction of 5a-cholest-2-ene
with benzenesulfenyl chloride would lead first to
the episulfonium ion (2). It would further be
expected that 2 would open according to the
“diaxial opening rule” giving the corresponding
diaxial compound, 28-chloro-3e-(phenylthio)-
Se-cholestane (3). This expectation is based on
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analogy with the observed behavior of other
three-membered ring species, such as epoxides
(11), halonium ions (12), and ethylenimines (13),
and not on any direct evidence from episulfonium
ions themselves. Therefore, when the reaction
was in fact found to yield a 1:1 adduct, the
compound was subjected to careful scrutiny in
order to be entirely certain the structure was
indeed 3.

As the usefulness of the compound to us
depended on whether or not it would undergo
diaxial — diequatorial rearrangement, it was
immediately subjected to the appropriate con-
ditions and found to isomerize. Among the
dozen examples of diaxial — diequatorial re-
arrangement reported with 2,3-disubstituted
S5a-cholestane derivatives {4-7), the molecular
rotation difference ([¢]gq — [¢]ax) varies from
—290° to —730°, with most in the range of
roughly —400° to —550°. The difference in the
present instance is —410°, in excellent agreement
with the expectation that the Sa-cholest-2-ene -
benzenesulfenyl chloride adduct is in fact diaxial,
and rearranging to a diequatorial isomer.

Comparison of the nuclear magnetic resonance
(n.m.r.) spectra of the two compounds confirmed
this, The diaxial isomer showed bands centered
near 4.4 and 3.75 p.p.m. and assigned to the
methine protons on C-2 and C-3 respectively.3
Both bands showed as unresolved humps with
widths measured at one-half their heights
(“half-widths™’) of less than 9 c.p.s. Hassner and
Heathcock (15) have examined the spectra of a
number of analogous steroids and have found
that such methine hydrogen atoms when equa-
torial have half-widths of from 5 to 12 c.p.s.,
whereas axial protons, presumably because of
the greater coupling with vicinal axial protons,

3This assignment, rather than the reverse, is made on
the basis of (i) the greater deshielding effect of chlorine
as compared with sulfur (14), and (if) the observation that
the band at 3.75 p.p.m. is shifted to 3.95 p.p.m. in the
p-nitro analogue of 3 (see J. F. King and K. Abikar, Can.
J. Chem. This issue.) while the 4.4 p.p.m. band is
unchanged.
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show much broader bands, viz. from 15 to
30 c.p.s. The rearranged compound (4) showed
only a single broad band (half~width > 40 c.p.s.)
around 4.4 p.p.m. but the picture was somewhat
clearer with the sulfone (12), obtained by oxida-
tion of 4. The spectrum of 12 has broad bands
centered around 3.9 and 3.25 p.p.m. with half- -
widths of about 15 and 20 c.p.s. respectively,
clearly indicating that the protons at C-2 and C-3
in the sulfone (12) and hence in the rearranged
thioether (4) are axial.

The above argument establishes that the S5e-
cholest-2-ene — benzenesulfenyl chloride adduct
is diaxial and rearranges thermally to a diequa-
torial isomer. No data, however, have been
presented to show that the compound is in fact
3, and not the diaxial compound in which the
positions of the substituents are reversed, i.e.
3a-chloro-28-(phenylthio)-5«-cholestane, The re-
quired evidence was obtained from a sequence
of reactions beginning with the oxidation of 3
to the corresponding sulfone (5). Hydrogenation
of 5 in the presence of Raney nickel gave the
dechloro-sulfone (6), together with a somewhat
larger amount of S5e-cholestane, The structure
of the dechloro-sulfone was established by
independent synthesis from S5a-cholestan-38-yl
phenylmethanesulfonate (8) as in the reaction
scheme. The assignment of the stereochemistry
of 7 (and hence of 6) follows from the well-known
predilection of thiophenoxide ions to attack with
inversion of configuration at carbon atoms
bearing easily displaced groups, as in the closely
related example of the 4-r-butylcyclohexyl
tosylates studied by Eliel and Ro (16). As a
check on this point Sa-cholestan-3a-yl mesylate
(11) was treated with sodium thiophenoxide and
the product (10) oxidized to the sulfone (9). This
material was clearly different from 6 but could
be obtained from 6 by treatment with strong
base, which allows the phenylsulfonyl group to
epimerize to the less compressed equatorial
position.

As a final check that the diaxial compound (3)
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was in fact, undergoing a diaxial — diequatorial
rearrangement, the product (4) was oxidized to
12 which was then hydrogenolyzed giving
2a-(phenylsulfonyl)-5q-cholestane (13). Sulfone
13 was synthesized from Sca-cholestan-23-yl
tosylate (15) via the sulfide (14) in a manner
similar to the preparation of 6 and 9. In agree-
ment with the assigned stereochemistry, 13 was
stable to the conditions under which 6 isomerized
to 9.

The above results, coupled with the recent
discovery of neighboring group participation by
sulfinyl groups (17), prompted us to determine
whether or not the corresponding pS-chloro-
phenylsulfoxides would undergo diaxial — di-
equatorial rearrangement. Accordingly sulfides
3 and 4 were subjected to mild oxidation to
yield the corresponding sulfoxides. The material
from 3 was found to be a roughly 2:1 mixture of
the two sulfoxides epimeric at the sulfur atom,
and which proved to be separable on thin-layer
chromatography. The major component melted
at 125° and showed a strong positive Cotton
effect (a = +300). Following the work of
Mislow and co-workers on optically active aryl
alkyl sulfoxides (18, 19), it was assigned the R
configuration at the sulfur atom, as in 16a. The
other diaxial sulfoxide (m.p. 160°) showed a very
strong negative Cotton effect (¢ = —1432) and
was accordingly formulated as the S-isomer
(165). Further oxidation of the original mixture
of the two epimeric sulfoxides gave a virtually
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quantitative yield of sulfone 5. The diequatorial
chloro-sulfide (4) was also oxidized under mild
conditions giving what appeared from its sharp
melting point and chromatographic behavior to
be a single product (17), though no very serious
attemipts were made to determine whether or not
the product was in fact composed of epimeric
materials.

On heating, neither 16a nor 1656 gave any
detectable quantity of 17. The major isolated
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product (in 40-509%; yield) from the sulfoxide
mixture was evidently derived from pyrolytic
elimination of the elements of benzenesulfenic
acid (PhSOH). The presence of one olefinic
hydrogen (at 5.7 p.p.m.) and the known pro-
pensity of sulfoxides to undergo cis elimination
(20) indicate the vinyl chloride structure (18) for
the pyrolysis product.

Kingsbury and Cram (20) have suggested that
such eliminations proceed via a transition state
in which the hydrogen becomes bonded to the
oxygen atom of the sulfinyl group rather than the
sulfur atom, and two recent papers supply
stereochemical support for this idea (21, 22). For
the pyrolysis of 16a and 165, these transition
states may be formulated as in 192 and 195,
respectively. On such a basis it would be expected
that the S-sulfoxide (165) would form 18 more
readily than the R-sulfoxide (16a), because 195
lacks the non-bonding repulsion between the
phenyl group and the Sa-hydrogen present in
194 (and which is probably not present in the
starting material (16a)). This expectation was,
in fact, realized. Upon heating a toluene solution
of each sulfoxide at 95° for a number of hours,
taking samples at intervals for assay by thin-layer
chromatography, we found in each sample that
the S-sulfoxide (165) produced more 18 than did
the R-isomer (16a). Accompanying 18 in the
pyrolysis and running at only slightly slower rate
on the chromatogram, was a second material
which appeared to be formed in larger amount
from the R-sulfoxide than from the S-compound.
No attempt was made to characterize this
material owing to the small quantities at hand.
The observation, however, raises the interesting
possibility that the material is 2-chloro-5a-
cholest-3-ene, an allylic isomer of 18, which for
a reason similar to that given for the relative
ease of forming 18, might be expected to be
produced more readily from 164 than from 165.

Experimental

Melting points were determined on a Kofler hot stage
and are uncorrected. Infrared spectra were obtained with
a Beckman IR-7 instrument equipped with sodium
chloride optics. Nuclear magnetic resonance spectra were
measured on a Varian A-60 instrument with tetramethyl-
silane as internal standard. Optical rotations at the D line
were determined with a Rudolph model 80 polarimeter
using approximately 19/ solutions in chloroform; all
other rotations were obtained using a Jasco ORD /UV-5-
CD spectropolarimeter.

Petroleum cther refers to the fraction of boiling range

35-60°. Thin-layer chromatography was carried out on
Camag Kieselgel DF 5. A multiple development technique
was employed to separate compounds with very similar
R; values. In these cases the plate was developed using
solvent which gave a low Ry value, then air-dried and
redeveloped, the procedure being repeated until the
desired separation had been achieved.

2B-Chloro-3a-( phenylthio)-5e-cholestane (3)

Sa~Cholest-2-ene was prepared by the method of Alt
and Barton (4), and benzenesulfenyl chloride by chlorina-
tion of diphenyl disulfide (23). A solution of 5a~cholest-2-
ene (1) (2.7 mmole) in methylene chloride (60 ml) was
cooled in an ice bath. Benzenesulfenyl chloride (3.0
mmole) in methylene chloride (30 ml) was added with
stirring over a period of 15 min. The brownish-red color
of the sulfenyl chloride disappeared rapidly as long as
there was any unreacted cholest-2-ene; the conversion of
all of the olefin was marked by persistence of the color.
The reaction mixture was quickly washed with two 50 ml
portions of water, the methylene chloride layer dried with
sodium sulfate, and the solvent evaporated under reduced
pressure. The product (1.35 g, 90%) crystallized in the
flask immediately. Recrystallization from acetone gave
needles melting at 109-110°, [«]p +20.5°.

Anal. Caled. for C;3HsSCl: C, 76.92; H, 9.98;
S, 6.22; Cl, 6.88. Found: C, 76.98; H, 9.96; S, 6.29;
Cl, 6.87.

3B-Chloro-2a~( phenylthio)-3a-cholestane (4)

28-Chloro-3a-~(phenylthio)-5«-cholestane (3) (0.90 g)
was dissolved in 1-butanol and heated at 80° for 1% h. The
solvent was removed under reduced pressure and the
residue chromatographed on silica gel. The fraction
(651 mg) eluted with petroleum ether was recrystallized
from ether-methanol; m.p. 74°, [a]p —57°.

Anal. Calcd. for C33HsSCl: C, 76.92; H, 9.98; S, 6.22;
Cl, 6.88. Found: C, 76.94; H, 10.01; S, 6.38; Cl, 6.63.

2B-Chloro-3a-(phenylsulfonyl)-5a-cholestane (5)

28-Chloro-3a-(phenylthio)-5e-cholestane (3) (100 mg)
in acetic acid (10 ml) was heated at 91° with excess 30%;
hydrogen peroxide (~1 ml) for 2 h. The reaction mixture
was poured into water and extracted with chloroform.
The chloroform extract was washed successively with
dilute NaOH, dilute HCI, and water. The solvent was
removed under reduced pressure leaving a product
(96 mg) which was then recrystallized from acetone.
The compound melted at 154°, solidified and melted again
at 165°; [a]p +53°.

Anal. Calcd. for C33H5;SO,Cl: C, 72.43; H, 9.40;
S, 5.86; Cl, 6.48. Found: C, 72.62; H, 9.38; S, 6.08;
Cl, 6.62.

3a-(Phenylthio)-5a-cholestane (7)

Sa-Cholestan-33-yl phenylmethanesulfonate (8) was
prepared by the reaction of cholestan-38-0l, phenyl-
methanesulfonyl chloride, and triethylamine, as described
by Durst (24). A portion (250 mg) of the sulfonate was
added to a solution prepared by mixing benzenethiol
(0.50 g), metallic sodium (40 mg), 95% ethanol (2 ml)
with tetrahydrofuran (10 ml), and the mixture refluxed
in a nitrogen atmosphere for 9 h. The reaction mixture
was then poured into dilute aqueous NaOH and extracted
with chloroform. The extract was washed with dilute
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HCI and water and dried over Na;SO4. The crude prod-
uct (256 mg) obtained on evaporation of the solvent
was purified by thin-layer chromatography giving a
material (174 mg, 81 %) which on recrystallization from
ether—ethanol melted at 105-106°, [«]p +19.5°.

Anal. Caled. for C33Hs,S: C, 82.44; H, 10.90; S, 6.66.
Found: C, 82.18; H, 10.65; S, 6.94.

3a-(Phenylsulfonyl)-5a-cholestane (6)

3a-(Phenylsulfonyl)-5«-cholestane was prepared by
oxidation of 3a-(phenylthio)-Sa-cholestane (7) with
hydrogen peroxide as already described in the preparation
of 2B-chloro-3a-(phenylsulfonyl)-5a-cholestane (see
above). The yield was virtually quantitative. The analy-
tical specimen was obtained by recrystallization from
ether—ethanol, m.p. 159-160°, {a]p --17.5°.

Anal. Caled. for C33HsSO,: C, 77.29; H, 10.22;
S, 6.24, Found: C, 77.17; H,9.79; S, 6.24.

Hydrogenation of 28-Chloro-3a-( phenylsulfonyl )-5¢-
cholestane
2B-Chloro-3a-(phenylsulfonyl)-5«-cholestane (5) (157
mg) was dissolved in 2-methoxyethanol and shaken with
hydrogen at atmospheric pressure in the presence of
Raney nickel catalyst {ca. 3.3 g) and calcium carbonate
(200 mg). The crude product obtained after filtration and
evaporation of the solvent from the filtrate, was separated
by thin-layer chromatography into two components. The
major component (85 mg) was shown to be cholestane
and the minor component (23 mg) to be 3a-(phenyl-
sulfonyl)-5a-cholestane (6), in each case by comparison
of specific rotation, infrared spectrum, melting point, and
mixture melting point with that of an authentic specimen.

3p-( Phenylthio)-5a-cholestane (10)

38-(Phenylthio)-5a-cholestane was prepared in 76 %
yield from Sa-cholestan-3e-yl methanesulfonate (11) by
the method given for 3a-(phenylthio)-5a-cholestane (see
above), m.p. 79-80° [a]p -18°. The reaction mixture
also contained a small amount (12%) of 5a-cholest-2-ene.

Anal. Caled. for C33Hs2S: C, 82.44; H, 10.90; S, 6.66.
Found: C, 82.23; H,11.21; S, 7.05.

38-( Phenylsulfonyl)-5c-cholestane (9)

Oxidation of 38-(phenylthio)-5a-cholestane (10) with
hydrogen peroxide as described above in the preparation
of 2g-chloro-3e-(phenylsulfonyl)-5a-cholestane gave a
70% yield of crude 3g-(phenylsulfonyl)-Sa-cholestane.
Recrystallization from methylene chloride — ethanol gave
the pure material, m.p. 132°, [a]p +20.5°.

Anal. Caled. for C33Hs,SO;: C, 77.29; H, 10.22;
S, 6.24. Found: C, 77.54; H, 9.88; S, 6.59.

Epimerization of 3a-( Phenylsulfonyl)-5a-cholestane

3a-(Phenylsulfonyl)-5«-cholestane  (6) (25 mg) was
heated with potassium hydroxide (135 mg) in distilled
dimethyl sulfoxide at ~75° for 16 h. The reaction mixture
was poured into water and extracted with chloroform.
The extract was washed with dilute hydrochloric acid and
water, dried, and the solvent evaporated. The material
(21 mg, 84%;), melting at 182-183°, obtained on recrystal-
lization from ether-ethanol, was shown by infrared
spectrum and mixture melting point to be identical to
38-(phenylsulfonyl)-5a-cholestane obtained by hydrogen
peroxide oxidation of 38-(phenylthio)-S«-cholestane
(see above).

2a~(Phenylthio)-5a-cholestane (14)

Benzenethiol (2.0 ml) and tetrahydrofuran (80 ml) were
added to a solution (5 ml) of sodium ethoxide (from 300
mg of sodium) in ethanol. 54-Cholestan-23-yl tosylate
(865 mg) was added and the mixture refluxed under
nitrogen for 6 h. It was then poured into dilute NaOH,
extracted with methylene chloride, and the extract washed
with dilute HCl and water, and dried over sodium sulfate.
The crude product, which was contaminated with phenyl
disulfide, was subjected to thin-layer chromatography
using cyclohexane—ether (9:1) and developing two or
three times. The purified material (136 mg) so obtained,
was recrystallized from ether—methanol and acetone—
methanol; m.p. 85-86°.

Anal. Caled. for C33Hs:S: C, 82.44; H, 10.90; S, 6.66.
Found: C, 82.15; H, 10.66; S, 6.90.

2a-( Phenylsulfonyl)-5a-cholestane (13)

2a-(Phenylthio)-5a-cholestane was oxidized in good
yield with hydrogen peroxide as in the preparation of
2B-chloro-3a-(phenylsulfonyl)-5a-cholestane (see above).
The product was chromatographed and then recrystallized
from ether-methanol giving an analytical sample melting
at 167-168°; [a]p +9°.

Anal. Calcd. for C33H520_7_S: C, 77.29; H, 10.22; S,
6.24. Found: C, 77.47; H, 10.15; S, 6.39.

Hydrogenation of 38-Chloro-2a-( phenylsulfonyl) -5q-
cholestane

38-Chloro-2a-(phenylsulfonyl)-5e-cholestane (12) (317
mg) was dissolved in 2-methoxyethane (50 ml) and shaken
with hydrogen in the presence of Raney nickel catalyst
(~1.0 g) and lithium carbonate (0.2 g) for 46 h. On thin-
layer chromatography the crude product (270 mg) was
separated into unreacted 12 (116 mg), cholestane (72 mg,
539 yield, on the basis of unrecovered starting material),
and 2a-(phenylsulfonyl)-5«a-cholestane (13) (45 mg, 24 %
yield, on the basis of unrecovered starting material)
identified by melting point, mixture melting point, and
specific rotation. -

2B-Chioro-3a-(phenylsulfinyl)-5a-cholestane
( R- and S-isomers, 16a and 16b)

283-Chloro-3a-(phenylthio)-Sa-cholestane (3) (682 mg,
1.32 mmoles) was suspended in glacial acetic acid (200 ml)
and 309 hydrogen peroxide solution (2.0 ml) added. The
solid particles were scratched with a glass rod to aid
dissolution, and the reaction mixture was then let stand
for 2h at room temperature. The material was then
poured into water (ca. 300 ml) and the mixture extracted
with methylene chloride. The extracts were washed
successively with dilute NaOH, water, dilute HCI, and
water again. The methylene chloride layer was then dried
with anhydrous MgSO4 and the solvent evaporated
giving the crude product (701 mg). On recrystallization
from ether-methanol a crystalline product (591 mg)
melting from 115 to 130° was obtained. This material was
used directly in both the preparative pyrolysis forming 18,
and the oxidation to sulfone 5. It showed only one spot
on thin-layer chromatography with a number of soivents,
but was found to be resolved into two components with
cyclohexane-ether (3:1). A portion (200 mg) of the
recrystallized sulfoxide mixture was placed on thin-layer
plates and developed two or three times with the cyclo-
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hexane—ether mixture. The front-running material (63 mg)
melted at 160° after recrystallization from ether—
methanol. The n.m.r. spectrum showed unresolved peaks
at 3.1 and 4.9 p.p.m. with widths at half-heights of
8 ¢.p.s. each. The optical rotatory dispersion (o.r.d.)
curve of an ethanol solution showed a trough at 270 my,
[¢] —9202°, and a peak at 221 mg, [¢] +20770°,
([e]lp —4° in chloroform); on the basis of the work of
Mislow er al. (18), it was assigned the .S configuration at
the sulfur atom.

Anal. Calcd. for C33H5,CIOS: C, 74.61; H, 9.68;
Cl, 6.68; S, 6.04. Found: C, 74.33; H, 9.64; Cl, 6.72;
S, 5.91.

The slower-running component (139 mg) was recrystal-
lized from ether-methanol, m.p. 125°. The n.m.r. spec-
trum showed humps at 3.0 and 4.1 p.p.m., half-widths
roughly 10 c.p.s. each. The o.r.d. curve (ethanol) showed
a peak at 270 my, [¢] +24 980°, and a trough at 221 mgu,
[¢] —118 200° ([alo +118° in chloroform); it was
assigned the R-configuration at the sulfur atom.

Anal. Caled. for Cj33HsCIOS: C, 74.61; H, 9.68;
Cl, 6.68; S, 6.04, Found: C, 74.60; H, 9.86; Cl, 6.45;
S, 6.01.

Pyrolysis of 28-Chloro-3a-(phenylsulfinyl)-5a-
cholestane (16)

The diaxial sulfoxide (16, mixture of epimers at the
sulfur atom) (250 mg) was heated in a mixture of nitro-
methane (8 m!) and chloroform (2 ml) for 21 hat 98 + 2°.
The solution was evaporated to dryness. Thin-layer
chromatography of the residue showed no material
corresponding to either the starting material (16) or the
diequatorial sulfoxide (17); most of the product appeared
to run near the front and only slightly more slowly than
Sa-cholest-2-ene. A benzene solution of the residue was
filtered through silica gel and the solvent evaporated.
This material was chromatographed on alumina (gradeI);
elution with petroleum ether yielded 80 mg of a product
which after four recrystallizations from ether-methanol
melted at 122°; [«]p +71°. The n.m.r. spectrum showed
unresolved humps at ~5.7 p.p.m. and 2.1 p.p.m. in
addition to the complex absorption from 0.5 to 2.0 p.p.m.

Anal. Caled. for C,7H4sCl: C, 80.04; H,11.19; Cl, 8.75.
Found: C, 80.47; H, 11.21; Cl, 8.44.,

To determine the relative ease with which each of the
two sulfoxides (164 and 16b) formed the compound
melting at 122° (18), 6 mg samples of each sulfoxide were
dissolved in dry toluene (5 ml) and each solution divided
into five ampoules. Each ampoule was flushed with dry
nitrogen, sealed, and heated in a water bath at 95°. An
ampoule of cach sulfoxide was opened after 1 h, 2 h, and
4 h and the remaining two after 10% h. In each case the
solvent was removed with a stream of nitrogen, and a
portion of the residue analyzed by thin-layer chromatog-
raphy. Development with cyclohexane-ether (3:1)
showed the reaction to be nearly complete after 10% h,
and that there was no detectable amount of material
running at the same rate on the chromatogram as
38-chloro-2a-(phenylsulfinyl)-5a-cholestane (17) in any
of the samples. Development with petroleum ether
showed a material from each sulfoxide with the same R;
value as 18; for each pair of samples the intensity of that
spot from the S-sulfoxide (165, m.p. 160°) was distinctly
greater than that from the R-sulfoxide (164, m.p. 125°).

In the chromatogram of each reaction product there
appearcd another spot immediately following that
corresponding to 18. The intensity of this spot in the
material from the R-sulfoxide was greater than that of the
corresponding spot from the S-sulfoxide. From the
R-sulfoxide the spots due to 18 and the slower moving
material appeared to be of very similar intensities,
whereas from the S-sulfoxide the spot due to 18 was a
good deal more intense than that of the slower moving
material.

Oxidation of the 28-Chloro-3e~( phenylsulfinyl) -5~
cholestane Mixture (16)

The crystalline mixture of the two sulfoxides epimeric
at the sulfur atom (100 mg) was dissolved in glacial acetic
acid (10 ml). Hydrogen peroxide solution (30%, 1.0 ml)
was added and the mixture hecated for 2 h at 91°. It was
then poured into water and extracted with chloroform.
The extract was washed with dilute NaOH, water, dilute
HCl, and water, respectively, and dried over MgSOy.
The solvent was evaporated giving the crude product
(96 mg). Recrystallization from acetone gave the pure
product, melting at 165° with a transition at 154°, JIts
infrared spectrum was identical to that of the material
obtained directly by oxidation of the diaxial chloro-
sulfide (3).

3B-Chloro-2a-( phenylsulfinyl)-5c-cholestane (17)

38-Chloro-2e-~(phenylthio)-5a-cholestane (4) was oxi-
dized in good yield with hydrogen peroxide in glacial
acetic acid in a manner similar to that used in the prepara-
tion of 28-chloro-3a-(phenylsulfinyl)-5e-cholestane (16).
On recrystallization from methylene chloride — methanol
the product melted at 201-202°; [a]p —184°.

Anal. Caled. for C;33Hs5CIOS: C, 74.61; H, 9.68;
Cl, 6.68; S, 6.04. Found: C, 74.56; H, 9.65; Cl, 6.78;
S, 6.18.
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Reaction mechanism studies. 5. The mechanism of the diaxial — diequatorial
rearrangement of g-chlorothioethers

J. F. KinG! AND K. ABIKAR
Department of Chemistry, University of Western Ontario, London, Ontario
Received August 23, 1967

p-Methoxy- and p-nitro substituted analogues (16 and 1c¢) of the diaxial B-chlorothioether 2p-chloro-
3a-(phenylthio)-5«-cholestane (1a), have been prepared and found to undergo the diaxial — diequatorial
rearrangement. The rates of rearrangement of these compounds show the sequence p-methoxy > H > p-
nitro. It is concluded that the transition state for the rearrangement is polarized in the sense of a sulfonium
chloride (3). The rearrangement of 1a is 1600 times faster in butanol than in decalin (at 110°). There is
thus no inherent insensitivity to solvent change in a rearrangement in which there may be a “four-atom
arrangement’’ in the transition state, a conclusion relevant to previous work on the diaxial — diequatorial
rearrangement of 1,2-dibromides (1). It was further found that the nitro group slowed the rearrangement
(at 110°) more in butanol than in decalin, an observation regarded as consistent with, but not requiring,
the incursion of a merged ion-pair, cyclic concerted mechanism.

Canadian Journal of Chemistry, 46, 9 (1968)

The previous paper (2) describes the synthesis
of a diaxial g-halothioether (1a) by the action
of benzenesulfenyl chloride on Sa-cholest-2-ene,
and the thermal rearrangement of this product
to its diequatorial isomer (2a). In the present
account we outline experiments which provide
some definition of the mechanism of this
transformation.

From what is known of the relative capacities
of chlorine and arylthio groups to function as
leaving groups and as participating functions at
neighboring centers, it seemed highly likely that
ionization of 1a would proceed in the sense of a
sulfonium chloride (3), rather than a chloronium
sulfide (4). To obtain experimental evidence on
the point we prepared the corresponding
p-methoxy and p-nitro derivatives, 16 and 1ec,
respectively, and found that both of these
materials rearrange on heating.

The structures of these compounds follow
from the close similarities between them and the
unsubstituted compounds (la and 2a), both in
method of synthesis and in properties. The
nuclear magnetic resonance (n.m.r.) spectra of
all of the sulfenyl chloride adducts (la—c) are
very similar except, of course, for those differences
expected as a result of the substitution in the
aromatic ring; the spectra of the rearrangement
products are also correspondingly similar. In
addition, the change in molecular rotation
accompanying the transformation 1-— 2 was

1Fellow of the Alfred P. Sloan Foundation, 1966-1968.

found to be ca. —600° for 15 — 242 and —830°
for 1¢ — 2¢, as compared with —410° for the
reaction of the unsubstituted compound.

Measurement of the rates of rearrangement
indicated the reactions to be first order. As may
be seen in Table I, in all of the solvents and at all
of the temperatures at which the rates were
studied, the rate constants followed the sequence
p-methoxy > the unsubstituted compound >
p-nitro, This is readily interpreted in terms of
charge separation in the transition state in the
sense of a sulfonium chloride (3), and not that
of a chloronium sulfide (4).

As mentioned at the beginning of the previous
paper (2), the reason for investigating this
reaction was to gain information relevant to our
general study of the diaxial — diequatorial
rearrangement. We had found (1) that the rates
of rearrangement of 5a, 5b, 6a, and 6b were
much more sensitive to a change in solvent than
was the rate of rearrangement of the analogous
dibromide (5¢). Though the exact positions of
the rearranging atoms in the transition states of
these reactions are not known, it could have been
argued that the difference between the dibromide
reaction on the one hand and that of the bromo-
hydrin esters on the other, derived from a differ-
ent geometrical arrangement in the transition

2Compound 25 was not obtained in a pure, crystalline
state, but was characterized as the sulfone. The molecular
rotation change quoted is that for the conversion of 15
into the equilibrium mixture of 15 and 24, which is prob-
ably at least 90 9, 2b.
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1 2
a R=H
b) R = CH;30
¢) R =NO,

state. Thus perhaps C-2, C-3, and the two
bromine atoms of the dibromide form a four-
center arrangement in the transition state,
whereas C-2, C-3, the bromine, the two oxygens,
and the sulfur (or carbon) of the esters become
ordered in a six-membered ring pattern. It is
further at least conceivable that such six-atom
transition states would (by some unspecified
process) be more susceptible to interaction with
solvent, and hence lead to a greater sensitivity
of the rate of reaction to change in solvent. In
the system under discussion in the present study,
C-2, C-3, and the chlorine and sulfur atoms are
the only atoms directly involved in bond breaking
and forming processes. Therefore, if the geo-
metrical effect of the type just indicated were
significant, it would be expected that the rate of
rearrangement of the S-chlorothioethers would
be as insensitive to change in solvent as that of
the dibromide (5¢). We have previously shown
that on changing the solvent from nitromethane
to decalin (at 99°), the rate of rearrangement of
the dibromide 5¢ decreased 22-fold, whereas
those of the bromohydrin esters (5a, 5b, 6a, and
6b) decreased 100- to nearly 300-fold. The
B-chlorothioethers (1) in this study were not
sufficiently soluble in nitromethane for the rate
to be measured in that solvent. However, the
rate was measured in a mixture of nitromethane
and chloroform (60:40) and also in butanol
(both at 60°) and the rates were found to be very
similar in these solvents (see Table I). As may be
further seen in Table I, the rate of rearrangement
of 1a is reduced about 1600-fold on changing
from butanol to decalin (at 110°). It is therefore
concluded that the “four-atom arrangement” in
the transition state has no intrinsic features
rendering it significantly less responsive to a

change in the reaction medium, and that the
smaller change in sensitivity to solvent change
shown by the dibromide rearrangement com-
pared with that of the bromohydrin esters, does
not have its origin in differences in geometrical
arrangement of the atoms in the transition state.

The question of whether or not the diaxial —
diequatorial rearrangement proceeds under any
circumstances via a merged ion-pair, cyclic
concerted mechanism was taken up in Part 3
of this series (1). After a discussion of some
length it was concluded that the data available
at that time were consistent with the incursion
of a “merged” mechanism, but that it was also
at least conceivable that the reaction was
proceeding in all cases via an ion-pair mechanism
in which the ratio of ion-pairs returning to
starting material to ion-pairs giving product was
varying with changes in medium and substrate.
In the course of the present study we wondered
if the p-chlorothioether system might not be
used to obtain evidence on the question.

In particular we were interested to see if the
presence of a p-nitro group, especially in a
solvent of very low ionizing power such as
decalin, might lead to a manifestly “merged-
mechanism” process. We found that the intro-
duction of a nitro group had a smaller effect on
the rate of rearrangement in decalin solution
than in butanol. Thus the ratio kyo./ky is 0.11
in decalin and 0.053 in butanol (at 110°). This
change in the kyo./kg ratio, though small, is
qualitatively what would be expected from a
“merged” reaction. In such a process complete
lonization to an ion-pair would not occur in less
polar media. Thus when the reaction is carried
out in decalin, the magnitude of the charge on
the sulfur atom in the transition state would be
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Rate constants for the diaxial — diequatorial rearrangement of the 28-chloro-3e-(phenylthio)-cholestanes (1)
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Temperature
Solvent &) kequn® (s-1) klky T
28-Chloro-3a-(phenylthio)-5a-cholestane (1a) Nitromethane- 60 1.51x10-4 (1.00)
chloroform (3:2)
28-Chloro-3a-(phenylthio)-5a-cholestane (1a) 1-Butanol 4.7x10-5 (1.00)
28-Chloro-3a-(phenylthio)-5a-cholestane (1) 1-Butanol 60 1.55x10-4 (1.00)
2B-Chloro-3e~(phenylthio)-5a-cholestane (1a) 1-Butanol 80 9.2x10-4 (1.00)
28-Chloro-3a-(phenylthio)-Sa-cholestane (1a) 1-Butanol 110 1.36x10-2 (1.00)
(estimated) I
28-Chloro-3a-(phenylthio)-3a-cholestane (1a) Decalin 110 8.5x10-6 (1.00)
28-Chloro-3e-(p-methoxyphenylthio)-5a- Nitromethane— 60 4.5x10-4 3.0
cholestane (15) chloroform (3:2)
2B8-Chloro-3a-(p-nitrophenylthio)-5a~ Nitromethane— 60 5.1x10-6 0.034
cholestane (1¢) chloroform (3:2)
28-Chloro-3a-(p-nitrophenylthio)-Se- 1-Butanol 110 7.3 x10-¢ 0.053
cholestane (1c)
28-Chloro-3a-~(p-nitrophenylthio)-5a«- Decalin 110 9.3x10~7 0.11
cholestane(1c¢)

#feequit is the first order rate constant for the rate of formation of the equilibrium mixture of 1 and 2.
1The ratio of kequii for the compound to kequiy for 14 under the same conditions.
+Estimated by extrapolation of the plot of log kequii for the other three temperatures vs. 1/T.

Ci~
AN s
C C
NS
i
Ph
3

a) X=CH3
b) X=CH;0
¢y X=Br

less than in butanol. Accordingly in decalin the
presence of the nitro group would have a smaller
effect on the reaction rate than in butanol. It
must be pointed out, however, that the above
experimental result is in effect a small change in
the Hammett p value accompanying a change in
solvent. In view of the difficulties generally
associated with determining the origin of small
variations in p, there seems little point in
elaborating the discussion any further than
merely pointing out that the results qualitatively
agree with what would be expected of a ““merged-

Cl
~ /N -
C
/ N
?~
Ph
4

Do

COO

mechanism”, but can probably be accounted for
in other ways as well.

Experimental

The general techniques, apparatus, and terminology
are the same as in the previous paper (2).

The solvents used in the kinetic measurements were
purified as follows. 1-Butanol (British Drug Houses
“Analar’® grade was shaken with 109 sulfuric acid,
5% sodium bisulfite, and 5 %; sodium hydroxide solutions,
respectively. It was then washed with two portions of
water and dried over anhydrous sodium carbonate;
final drying was effected by refluxing over calcium hydride
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followed by distillation under reduced pressure. Fisher
“spectranalyzed’” grade chloroform was washed five times
with water, dried over anhydrous magnesium sulfate, and
refluxed over calcium hydride and distilled. Fisher reagent
grade nitromethane was distilled from calcium hydride.
Decalin was purified as described previously (1).

28-Chloro-3a-{ p-nitrophenylthio)-5a-cholestane ( Ic)

Freshly crystallized p-nitrothiophenol (462 mg, 2.98
mmole) was chlorinated in methylene chloride at 0°. The
solvent and excess chlorine were evaporated quickly. The
resulting sulfenyl chloride was dissolved in methylene
chloride and added to 5qe-cholest-2-ene (1.0 g, 2.7 mmole)
in methylene chloride little by little with shaking. The
mixture was washed quickly three times with water. The
solvent was removed after drying over anhydrous mag-
nesium sulfate. The crude product was crystallized from
ether—-methanol; vyield 1.01g (67%), m.p. 55-60°.
Recrystallization from methylene chloride — petroleum
ether yielded pure product, m.p. 129°, [a]lp +28.5°. The
nuclear magnetic resonance (n.m.r.) spectrum showed
bands at 3.95 and 4.35 p.p.m., each with “haif-width” of
8 ¢.p.s. and each corresponding in area to one hydrogen.

Anal. Calcd. for C33HsoNO,SCl: C, 70.73; H, 9.00;
N, 2.50; S, 5.73; Cl, 6.33. Found: C, 70.88; H, 8.82;
N, 2.67; 85, 5.95; Cl, 6.45.

28-Chloro-3c-( p-methoxyphenylthio)-5a-cholestane (1)

A saturated solution of chlorine in carbon tetrachloride
at 0° was added slowly and with shaking to a well-cooled
solution of p-methoxythiophenol in carbon tetrachloride
until a permanent deep red color was obtained. The
excess chlorine and solvent were removed quickly by
evaporation under reduced pressure. The residue was
distilled under reduced pressure; b.p. 118° at 5 mm.

A solution of 5a-cholest-2-ene (500 mg, 1.35 mmole) in
methylene chloride was cooled to —5° and the similarly
cooled solution of the sulfenyl chloride in the same solvent,
was added gradually with shaking until the mixture
acquired permanent yellow color. The mixture was
washed twice with water. The solvent was removed after
drying over anhydrous magnesium sulfate. The residue
was crystallized from methylene chloride — petroleum
ether; yield 448 mg (60%;), m.p. 109-113°. After further
crystallization from ether-methanol, the compound
melted at 113-115°; [a]p +16.0°. The n.m.r. spectrum
showed bands at 3.53 and 4.33 p.p.m., each with “half-
widths™ of 10 c.p.s., and each corresponding in area to
one hydrogen.

Anal. Calecd. for CisHs3SOCI: C, 74.89; H, 9.98;
S, 5.88; Cl, 6.50. Found: C, 75.34; H, 9.54; S, 6.16;
Cl, 6.53.

38-Chloro-2a-( p-nitrophenylthio )-5a-cholestane (2c)

23-Chloro-3«-(p-nitrophenylthio)- Sa-cholestane was
heated for about 2 h (ca. 8 half-lives) in 1-butanol at 110°.
The solvent was removed under reduced pressure. The
residue was dissolved in benzene and filtered through
silica gel; yield 170 mg (85%). Recrystallization from
acetone yielded a product melting at 131°; [a]p —120°.
The only absorption in the n.m.r. spectrum between 2.5
and 7.3 p.p.m. was a broad band from 3.2-4.2 p.p.m.
having an area consistent with the presence of two
hydrogen atoms.

Anal. Caled. for C33HsoINO,SCl: C, 70.73; H, 9.00;

N, 2.50; S, 5.73; Cl, 6.33. Found: C, 71.07; H, 8.89;
N, 2.64; S, 5.91; Cl, 6.68.

38-Chloro-2a-(p-methoxyphenylthio )-5a-cholestane (2b)

28 - Chloro-3e-{p -methoxyphenylthio) -5a.-cholestane
(300 mg, 0.55 mmoles) was heated in nitromethane—
chloroform (3:2) for 4 h at 60°. The solvent was evapor-
ated to dryness. Thin-layer chromatography showed only
one major spot. The n.m.r. spectrum indicated diaxial
methine protons showing a broad band from 2.8 to
3.9 p.p.m. partly obscured by the methoxyl peak at
3.75 p.p.m. The compound was not obtained in the crys-
talline state and for the purposes of characterization was
oxidized by heating with hydrogen peroxide in acetic
acid as described in the previous paper, whereupon the
sulfone was obtained in 779 yield. Crystallization from
ether-methanol yielded a compound melting at 181°;
[elo —30.5°. The n.m.r. spectrum showed the broad
absorption band from 3.1-4.1 p.p.m., again partly
obscured by the methoxyl peak at 3.83 p.p.m.

Anal. Caled. for C34H53503Cl: C, 70.73; H, 9.25;
S, 5.55; Cl, 6.14. Found: C, 70.78; H, 9.16; S, 5.45;
Cl, 6.05.

Rate Measurements and Deterinination of the Composition
of the Pyrolytic Equilibrium Mixtures

The rate measurements were carried out in sealed Pyrex
ampoules in the manner previously described (1, 3)
except that the samples were heated in an ethylene glycol
bath maintained at the specified temperature +0.1°. The
extent of reaction was determined polarimetrically, the
rotation being measured in the solvent of the reaction
together with an equal volume of chloroform.

The equilibrium values for the p-nitro and unsubstituted
materials in nitromethane-chloroform (3:2) were deter-
mined by pyrolyzing two or three samples each of the
diaxial and diequatorial compounds for a period corres-
ponding to 8 half-lives and averaging their optical
rotations, For the equilibrium 1 = 2a, the [«]p values
starting from la were —57, —51, and —60°, and those
from 2a, —57, —58, and —58°; the average (—57°)
corresponds to an equilibrium mixture containing
98 &+ 2% 2a. For the equilibrium 1¢ = 2¢, the [aln
values from 1c¢ were —99 and —106, and from 2¢, —112,
—108, and —114°; the average (—110°) corresponds to an
equilibrium mixture with 93 + 59 2¢. In the p-methoxy
series the diequatorial isomer (2b) was not obtained pure.
To obtain a reasonable approximation of the equilibrium
rotation, six samples of the diaxial isomer (16) were
pyrolyzed as above. The [alp values so obtained were
—36, —30, —32, —38, —35, and —33°; the average,
—34°, In butanol the pyrolyses were accompanied by a
larger measure of decomposition. The samples were
accordingly heated for relatively short times and the
equilibrium rotation found by plotting the [«]p values
vs. time and visually estimating the convergence point of
the curves. In this way the following values were obtained :
la 2 2a, —44 £ 3° (corresponding to 87 + 4% 2a),
and le =22¢, —97 + 15° (corresponding to 87 £+ 109
2¢). As in our previous study of the halohydrin esters (1),
the direct determination of the equilibrium rotation in
decalin was found to be impracticable, owing to de-
composition accompanying the long reaction times. As
before (1), it was assumed that no important error would
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be introduced by taking the same equilibrium composition
as in another solvent; in this case the data from nitro-
methane-chloroform were used.
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The alkaloids of Lycopodium alopecuroides L. have been examined and seven alkaloids isolated.
These include the known alkaloids lycopodine, lycodoline, and clavolonine, and three previously un-
reported alkaloids, alopecurine, debenzoylalopecurine, and alopecuridine. Anhydrolycodoline, previously
obtained as a degradation product of lycodoline, was also isolated. The properties of the new alkaloids

are described.
Canadian Journal of Chemistry, 46, 15 (1968)

The members of the genus Lycopodium (family
Lycopodiaceae) thus far examined have proved
to be a rich source of alkaloids (1). To date,
however, only 16 species and varieties have been
examined in any detail, although there are pos-
sibly well over 400 species (2). The presence of
alkaloids in L. alopecuroides L. has been noted
previously (3) but no detailed study appears to
have been carried out. We have now examined
the alkaloids of this species in some detail and
have isolated a total of seven alkaloids, four of
which have not been obtained previously from
natural sources.

The separation of the alkaloids was achieved
by adsorption chromatography on alumina. A
preliminary separation was carried out by eluting
with solvents of increasing polarity, and the
fractions thus obtained were further separated
by “dry-column” chromatography (4) and by
crystallization. The progress of the separation
was monitored by thin-layer chromatography
(t.1.c.). In order to facilitate the presentation, the
alkaloids will be discussed in order of decreasing
R, value.

The first substance eluted was an oil, somewhat
unstable in air, which was best isolated as its
crystalline hydrochloride. The mass spectrum of
the free base was almost identical with that of
anhydrolycodoline (1) (5) and comparison of the
melting point and infrared spectrum of the
hydrochloride with those of authentic anhydro-
lycodoline hydrochloride confirmed the identity.
The natural occurrence of anhydrolycodoline
has not been noted previously.

One of the most abundant alkaloids present

was lycopodine (2), the most widely distributed
of the Lycopodium alkaloids (1). Lycopodine
was closely followed by a compound, m.p.
244-245°, which could be separated from
lycopodine by virtue of its slight solubility in cold
acetone. The properties of this compound (vide
infra) do mot correspond to any previously
reported Lycopodium alkaloid, and we suggest
the name alopecurine for this substance.

Alopecurine was assigned the molecular for-
mula Cp3H903N on the basis of the analytical
and mass spectral data. The presence of a
benzoyloxy group was indicated by the infrared,
ultraviolet, and mass spectra. The infrared
spectrum (Fig. 1) showed bands at 1705, 1595,
1580, 1270, and 1110 cm~! characteristic (6) of
benzoates, the ultraviolet spectrum showed
typical (7) benzoate absorption at 230, 272, and
280 my, and the mass spectrum showed strong
peaks at m/e 245 (loss of benzoic acid), 122, 105,
and 77 (8). The third oxygen of alopecurine is
present as part of a hydroxyl group as shown by
the presence of OH absorption in the infrared
spectrum and by the formation of a mono O-
acetyl derivative on acetylation. Lack of NH
absorption in the infrared spectrum of O-acetyl
alopecurine indicates that the nitrogen is
tertiary.

Alkaline hydrolysis of alopecurine yielded ben-
zoic acid and debenzoylalopecurine, C(5H,50,IN,
m.p. 230-232°, which does not seem to be
identical with any known Lycopodium alkaloid
or derivative of the same molecular formula.
Debenzoylalopecurine was also isolated in small
amounts directly from the plant extract, but
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whether it occurs as such or is formed by
hydrolysis of alopecurine during the isolation
procedure is not known. Since debenzoyl-
alopecurine does not seem to contain a carbon-—
carbon double bond (attempted catalytic hydro-
genation, nuclear magnetic resonance (n.m.r.)
and infrared evidence) it appears that the
molecule is pentacyclic. Although acetates are
quite common among the Lycopodium alkaloids
(1), alopecurine is the first benzoylated Lyco-
podium alkaloid to be reported.

CH;_ _H CH,_ _H CH,_ _H
X
N ¢ N 0 AN 0
1 2X=Y=H 5
3X=H,Y=OH
4X=OH,Y=H

Alopecurine was followed off the column by
lycodoline (3) (5) and then clavolonine (4) (9),
both of which were identified by comparison
with authentic samples. Further elution provided
another new alkaloid, m.p. 171-172°, which we
have called alopecuridine. Analytical and mass
spectral data indicated the molecular formula
C16H,503N for alopecuridine. The infrared
spectra of this substance were unusual. The
spectrum determined in chloroform (Fig. 2)
showed strong OH absorption at 3575 cm~1 and
weak absorption at 3330 cm—1 (NH?). In the
carbonyl region there was strong absorption at
1740 cm~1, medium intensity absorption at
1690 cm—1, and weak absorption at 1595 cm—1.
The spectrum (Nujol mull, Fig. 3) of alo-
pecuridine which had been crystallized from

acetone exhibited a series of bands in the OH,
NH region, as well as carbonyl absorption at
1730 (strong) and 1640 cm~! (medium inten-
sity). The Nujol spectrum of a sublimed sample
of alopecuridine (Fig. 4) showed a sharp band at
3480 cm~! and a single carbonyl band at 1710
cm~!. Both of these crystalline forms exhibited
the solution spectrum mentioned above. The
infrared spectra of the hydroperchlorate and the
hydrobromide (Nujol) showed a single carbonyl
band at 1750 cm—!. Acetylation of alopecuridine
yielded a neutral N-acetyl derivative C;gH ;04N
(Fig. 5) which showed hydroxyl absorption, as
well as carbonyl absorption at 1740, 1685, and
1620 cm™! (both in solution and in Nujol mull).
We feel that these spectra are best interpreted on
the basis of a transannular interaction (10)
between a secondary amino group and a carbonyl
group of alopecuridine.

The results may be summarized in terms of the
part structures A and B. The chloroform
spectrum of the base and the nujol spectrum of
the crystallized material represent form A or an

| N\ | N
—C—OH (=0 —C-OH C=0
| / l /
N |
NH C= N—C—OH
/ /
A B

equilibrium mixture of A and B, whereas the
sublimed sample must be entirely in form B. The
salts are of form B, but the acetyl derivative is of
form A. The fact that the non-interacting
carbonyl group absorbs at different positions
(e.g. 1730 cm~! in the crystallized base, 1710
cm~! in the sublimed base) may be due to
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varying degrees of intermolecular hydrogen-
bonding in the crystal. The possibility that one
of the carbonyl groups in part structure A is an
aldehyde carbonyl is excluded by the fact that
the nuclear magnetic resonance (n.m.r.) spec-
trum of N-acetylalopecuridine shows no absorp-
tion below 7 6.0. The n.m.r. spectrum does show
the presence of a secondary C-methyl group

(3-proton doublet at + 8.92) as well as the acetyl
methyl (singlet at + 7.91). It thus appears that
alopecuridine has two ketonic carbonyl groups,
one of which is present in an 8-10-membered ring
which contains a transannular secondary amino
group (10). The other keto group gives rise to
absorption at 1740 cm~! in the infrared and
hence may be located in a five-membered ring.
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The hydroxyl group in alopecuridine is not
readily acetylated and thus is either tertiary or
highly hindered, or both. Since there does not
appear to be a carbon-carbon double bond in
alopecuridine, the molecule is tricyclic.

Many of the properties of alopecuridine are
similar to those described for fawcettimine (11,
12) which has been shown to possess structure 5.
Alopecuridine contains one oxygen more than
fawcettimine and it seems possible that alo-
pecuridine is a hydroxylated fawcettimine.

Chemical and x-ray crystallographic studies
aimed at the elucidation of the structures of
alopecurine and alopecuridine are in progress.

Experimentall
Plant Collection
The material used was collected by Drs. R. K. Godfrey
and S. McDaniel in pine flatwoods near Tallahassee,
Florida, during September, 1964, and a voucher specimen
(No. 5255) is on file in the Florida State Univcrsity
Herbarium.

Isolation of the Crude Alkaloids

The ground whole plant of Lycopodium alopecuroides L.
(6.8 kg) was extracted for three days with 10:1 ethanol-
methanol in a large Soxhlet apparatus. The extract was
concentrated at atmospheric pressure and any remaining
solvent was removed by agitation with a stream of air.

IMelting points were determined on a hot stage and are
uncorrected. Infrared spectra were measured on a
Perkin-Elmer model 441 spectrophotometer; ultraviolet
spectra with a Cary model 14 spectrophotometer; nuclear
magnetic resonance spectra with a Varian Associates
model A-60 spectrometer; mass spectra with an AEI
MS2-H mass spectrometer. Thin-layer chromatograms
were carried out on 0.25 mm layers of Alumina G (Re-
search Specialties Co., Richmond, California) which
were dried for several hours at 100° and were developed
with Dragendorff’s reagent or with iodine vapor. The
solvent systems used were benzene:ether (1:1) (solvent
system a) and chloroform:methanol (49:1) (solvent
system b). Microanalyses are by C. Daessle, Montreal.

The residue was treated with ethyl acetate (4 1) and con-
centrated aqueous ammonia (20 ml) and the mixture
stirred and refluxed for 2 h. The solution was filtered and
the separated solid washed with additional ethyl acetate
(2 x 500 ml). The combined organic layers were extracted
with dilute sulfuric acid (5%, total of 2.8 1), which was
then washed with benzene (3 x 500 ml, discarded). The
acidic solution was cooled and taken to pH 9 with con-
centrated agueous ammonia; the alkaline mixture was
extracted with chloroform until further extracts gave a
negative test with Mayer’s reagent. The combined chloro-
form layers were washed with saturated salt solution,
dried over Na2SQy, and concentrated in vacuo to yield
the total, non-quaternary bases (12.9 g).

Separation of the Alkaloids

The crude alkaloid (4.5 g) was placed on a column of
basic alumina (150 g, Activity III) and eluted in 13
fractions as shown in Table 1.

TABLE I
Weight of
Volume fraction
Fraction Eluant (ml) (2)
1 benzene 150 0.02
2 benzene 150 0.06
3 benzene 150 0.16
4 benzene 150 0.15
5 benzene—ether (4:1) 150 0.16
6 benzene—ether 150 0.23
7 ether 150 0.10
8 ether 150 0.43
9 chloroform 450 0.31
10 chloroform-methanol 200 0.25
(99:1)
11 chloroform-methanol 200 1.06
49:1)
12 chloroform-methanol 200 0.91
24:1)
13 chiorof orm-methanol 300 0.29
9:1)

Fractions 1 and 2 contained non-basic material and
were not further investigated. Fraction 3 showed two
spots, R;0.9 and 0.5 (solvent system a), on t.1.c. Fraction 3
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was combined with similar material from another
chromatogram (total, 0.5 g), dissolved in benzene (5 ml),
and applied to the top of a dry-packed alumina (250 g)
column (4). The chromatogram was developed with cther
(200 ml), the column extruded and the components
located by t.l.c. of appropriate aliquots washed off the
alumina with methanol. The component of R¢ 0.9 was
obtained as a yellow oil (0.1 g) which slowly turned dark
on exposure to air. This material was converted to the
hydrochloride and crystallized from methanol-acetone to
yield off-white crystals of anhydrolycodoline hydro-
chloride, m.p. 274-276° (decomp.). Identity was estab-
lished by comparison of the infrared spectrum of the salt
with that of an authentic sample, and by mixture melting
point determination. The mass spectrum of the free base
was identical to that of anhydrolycodoline (5). The com-
ponent of R; 0.5 was lycopodine (determined by infrared).

Fractions 4, 5, and 6 contained mainly lycopodine.
Fraction 7 contained five components (t.l.c.) none of
which could be isolated in pure form.

Fraction 8 showed three spots (R¢'s 0.98, 0.90, 0.82,
solvent system b) on t.l.c., the first of which is probably
lycopodine. The material was dissolved in hot acetone
and allowed to cool. Colorless crystals of alopecurine
(0.10 g) separated which, after recrystallization from
acetone, melted at 244-245°, Spectral details are described
in the text, R; 0.90.

Anal. Caled. for C33H2903N (mol. wt., 367): C, 76.17;
H, 7.95; N, 3.81. Found (mol. wt., mass spectrometry,
367): C, 75.52; H, 7.94; N, 3.67.

Concentration of the acetone mother liquors obtained
above yielded crystalline lycodoline, m.p. 179-180°,
identical (t.l.c. behavior, infrared spectrum, mixture
melting point) with an authentic sample.

Fraction 9 showed two spots corresponding to lyco-
doline (R; 0.82) and clavolonine (R¢ 0.58) on t.lc.
(solvent b). These two components were separated by dry
column chromatography as described above except that
chloroform:methanol (49:1) was used as developing
solvent.

Fractions 10, 11, and 12 all showed the presence of a
component of R;0.29 (solvent ») which crystallized from
acetone and acetone—ether solutions of these fractions. A
total of 0.75 g of alopecuridine, which melted at 171-172°
after recrystallization from acetone, was obtained in this
way. Further small amounts of alopecuridine were
obtained by rechromatography of the mother liquors, but
the bulk of the remaining material, which was a dark
brown resin and which did not move from the origin on
t.l.c. (solvent b), could not be separated into pure com-
ponents. The nuclear magnetic resonance spectrum of
alopecuridine (pyridine solution) showed a doublet at
7 9.12 (CH—CH,;) as the only clcanly resolved peak. The
mass spectrum showed intense peaks (percentage of base
peak in brackets) at mje 279 (3, parent peak), 223 (20),
220 (21), 165 (70), 150 (100), 127 (97), 98 (69), and 97 (47).
The remaining spectral properties are discussed in the text,

Anal. Caled. for C14H2503N: C, 68.79; H, 9.02; N.
5.01. Found: C, 68.63; H, 8.88; N, 5.31.

Crystallization of fraction 13 from acetone yielded a
small amount (20 mg) of material R; 0.08 (solvent b),
m.p. 230-232° which proved to be identical with the
debenzoylalopecurine described below. The remainder of
the fraction could not be separated into pure components.

Acetylation of Alopecurine

Alopecurine (50 mg) was dissolved in acetic anhydride —
pyridine (6 ml. of 1:1) and the solution kept at room
temperature for 24 h. The solvents were then removed at
the pump, the residue dissolved in chloroform, and the
resulting solution washed first with sodium bicarbonate
solution, then with water. Evaporation of the chloroform
left a glassy material which could not be crystallized but
which yielded a crystalline hydroperchlorate, m.p. > 300°,
from aqueous acetone. Infrared spectrum (Nujol mull):
3175 (+NH), 1725 (O-acetyl), 1700 (O-benzoyl), 1595,
1580, 1500 (phenyl), 1275 (O-benzoyl), 1250 (O-acetyl),
1100 cm~1 (ClOy). The infrared spectrum of the free base
showed no OH or NH absorption.

Anal. Caled. for C,sH3,04NHCIO4: C, 58.87; H,
6.32, Found: C, 59.59; H, 6.11.

Hydrolysis of Alopecurine

Alopecurine (100 mg) was dissolved in alcohol (9 ml)
and 4%, aqueous KOH (6 ml) added. The resulting solu-
tion was refluxed for 14 h, then concentrated at the pump,
diluted with water, and extracted with chloroform.
Evaporation of the chloroform left a solid (50 mg) which
was purified by sublimation and then crystallization from
acetone. The debenzoylalopecurine thus obtained melted
at 230-232°, Infrared spectrum (Nujol): 3350 (broad OH
absorption). No bands in the 1500 to 1800 cm™! region.
The mass spectrum showed a parent peak at m/fe 263
corresponding to C;sH250,N and a base peak at mi/e 216.

Acidification of the aqueous hydrolysis solution and
extraction with chloroform afforded benzoic acid (13 mg),
identical in melting point and infrared spectrum with an
authentic sample.
Acetylation of Alopecuridine

Alopecuridine (55 mg) was dissolved in acetic an-
hydride — pyridine (6 ml of 1:1) and heated on the stcam
bath for 24 h (the same result was obtained at room
temperature). The solvent was removed at the pump and
the residue dissolved in chloroform and washed with
bicarbonate solution, dilute hydrochloric acid, and water.
Evaporation of the chloroform left a solid which was
crystallized from acetone to give colorless, fine needles
(50 mg), m.p. 223-224°, Details of the infrared and
nuclear magnetic resonance spectra are described in the
text.

Anal. Caled. for C;3H»7;04N (mol. wt., 321): C,67.26;
H, 8.47; N, 4.36. Found (mol. wt., mass spectrometry,
321): C, 67.01; H, 8.75; N, 4.18.
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Hydrogen bonding and conformation in cis- and
trans-2-alkoxy-3-hydroxytetrahydrofurans
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Infrared spectra show both free and hydrogen bonded hydroxyl absorption in several trans-2-alkoxy-3-
hydroxytetrahydrofurans. The extent of non-bonded hydroxyl is greater than that of bonded hydroxyl.
Suggestions are made of possible conformations which might account for the infrared data.
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Introduction

Relatively little consideration has been given
to the correlation of conformation with physical
and chemical properties in cyclopentane and even
less to the saturated five-membered ring hetero-
cycles (1,2). Having previously synthesized a
series of 2-alkoxy-3-hydroxytetrahydrofurans
(3), we undertook an investigation of the con-
formations of these compounds. Of the physical
methods available, infrared spectroscopy (4) and
proton nuclear magnetic resonance are particu-
larly well-suited for the conformational studies
of 2-alkoxy-3-hydroxytetrahydrofurans. The
present paper reports the results of an examina-
tion of the hydrogen bonding in these molecules
to obtain information concerning their confor-
mation. Proton magnetic resonance studies will
be presented in a later paper.

Experimental

Infrared spectra were obtained with a Perkin-Elmer
model 421 grating spectrophotometer. Carbon tetra-
chloride, used as solvent, was dried and distilled from
phosphorus pentoxide. Concentrations of the alcohols
were 0.005 M or less and 1 cm or 2 cm cells were used,
depending upon concentration of the solutions. Generally,
successive dilutions were made to ensure that intra-
molecular and not intermolecular hydrogen bonding was
being observed. The instrument was calibrated in the
3600 cm™! region with carbon dioxide. Spectra for
ethylene glycol were also obtained. The values for free and
bonded hydroxyl agreed with literature values to +2
cm™ (5).

The 2-alkoxy-3-hydroxytetrahydrofurans were pre-
pared according to published directions. The remaining
compounds listed in Table I were prepared as described in
the accompanying references.

3-Hydroxytetrahydrofuran (item 3, Table I) was pre-

10n leave during 1965-1966 from Villanova Univer-
sity, Villanova, Pennsylvania.

2Doctoral candidate in the Department of Chemistry,
University of Alberta, Edmonton, Alberta.

pared by a more productive route than previously
reported (8, 9). 2-Chloro-3-hydroxytetrahydrofuran was
obtained in 62, yield according to published directions
(18) by addition of hypochiorous acid (19) to 2,5-dihydro-
furan (Aldrich Chemical Co.); b.p., 80° at 4 mm, 101° at
14 mm; np23, 1.4789 (lit. b.p., 102-103° at 14 mm (18);
99-103° at 12 mm, #p20, 1.4883 (20)).

The above chlorohydrin (9.5 g, 0.078 mole) was dis-
solved in 50 ml of dry 1,2-dimethoxyethane (distilled from
lithium aluminium hydride) contained in a 200 ml round
bottom flask equipped with a magnetic stirrer, reflux
condenser, and drying tube. To this was added slowly
3.97 g (0.093 mole) of sodium hydride (a 56 % dispersion
in mineral oil) while the flask was kept at 0-5° with an ice
bath. After hydrogen evolution had ceased the mixture
was refluxed for 12 h, during which time sodium chloride
precipitated. The mixture was cooled and diluted with
ether to complete precipitation of the chloride and excess
sodium hydride and then filtered by gravity. The filtrate
was freed from solvents on a spinning band column and
the residue was distilled giving 6.3 g (94 %) of 3,4-epoxy-
tetrahydrofuran; b.p., 45° at 14 mm; sp?3, 1.4439; (lit.
b.p., 143-145°; np20, 1.4442 (20)). This was shown to
contain only one component when subjected to gas-liquid
chromatography using a Burrell model K-2 Kromo-Tog
equipped with a 2.5 m column packed with 20 % butane-
diol succinate on Gas-Chrom P (60-80 mesh); column
temperature, 125°; helium carrier gas at a flow rate of
60 ml/min.

The above epoxide (2.0 g, 0.023 mole) in 25 ml of dry
ether was added slowly to a mixture of 0.40 g (0.01 mole)
of lithium aluminium hydride in 50 ml of ether at room
temperature. After addition was complete (~30 min), the
solution was diluted with 25 ml of ether and the mixture
stirred overnight at room temperature. The mixture was
then cooled to about —10° with a dry ice — acetone bath
and the complex decomposed by the successive addition
of 1 ml of water, then 3 ml of 15% aqueous sodium
hydroxide, followed by 1 ml of water. The mixture was
filtered free of solids, and the solid washed with ether,
then with chloroform. The combined filtrate and washings
were dried over MgSO4 and freed from solvent by
fractional distillation and the residue was distilled to give
1.9 g 96%) of 3-hydroxytetrahydrofuran boiling at 87° at
24 mm; np24, 1.4482; (lit. b.p., 84-88° at 24 mm, np20,
1.4507 (8); 82-88° at 24 mm, np25, 1.4497 (21)). Gas—
liquid chromatography showed that this alcohol con-
tained a trace of impurity which was not unreacted
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TABLE I
Infrared spectral data

/ . o
. FoH=-----~ O inA
vop N cm™1 AN
Ttem Compound Free (¢) Bonded (¢) Av¥ Ref. 57 Ref. 12f Reference
1 HO R = CH; 3628 (30) 3604 (24) 24 2.5 2.9 This work
3,10 R = C:H;5 3628 (43) 3604 (32) 24 2.5 2.9 This work
R = CH(CH;), 3629 (43) 3604 (35) 25 2.5 2.9 This work
OR R = C(CHj3)s 3628 (40) 3604 (35) 24 2.5 2.9 This work
K O .
2 HO 3620 (<5) 3565 (80) 55 2.0 2.2 This work
OCH;
HO,
3 18] ,10 3628 8
3625 3612 13 2.9 3.9 9
HO 3624 (60) 3599 (32) 25 2.5 2.9 This work
4 OCH,3 3627 — 10
HO
5 ]i 3620 — 5
OH
6 HOQ — 3570 59 1.9 2.1 10
OCH;
7 Hoé:‘ 3633 3572 57 1.9 2.1 5
OH

#Ap = pfree — vhonded: »free taken as 3 629 c-1 (13).
tCalculated from Ay = (250/r) — 74.
ICalculated from Ay = [42.5/(r — 1.4)] — 3.5,

epoxide. Pure 3-hydroxytetrahydrofuran was obtained by
gas-liquid chromatography using an Aerograph Autoprep
model A-700 with a 20 ft x 1/4 in. (0.D.) column filled
with 259% Carbowax 20 M on Gas-Chrom P (60-80 mesh)
with helium as the carrier gas at a flow rate of 110 ml/min.

Results and Discussion

The infrared spectra were obtained in carbon
tetrachloride at concentrations below 0.005 M,
conditions which suppress intermolecular hydro-
gen bonding (4-7).

In Table I are recorded the infrared absorption
frequencies in the hydroxyl stretching region.
Also included are the literature data for 3-hy-
droxytetrahydrofuran (8, 9), cis- and trans-
cyclopentane-1,2-diol (5) and cis- and frans-2-
methoxycyclopentanol (10). The data (items 1

and 2, Table I), clearly show that both the cis-
and trans-2-alkoxy-3-hydroxytetrahydrofurans
have an hydroxyl group which is intramolecularly
bonded to oxygen. Although the extinction co-
efficients are good only to 410%, the figures
show a somewhat higher proportion of the
conformer with a free hydroxyl group in the
trans compound, while the cis isomer is essen-
tially devoid of unbonded hydroxyl.

It has been established that no intramolecular
hydrogen bonding occurs in either frans-2-
methoxycyclopentanol (10) or in trans-cyclo-
pentane-1,2-diol (5), the minimum distance
between hydroxyl hydrogen of one substituent
and oxygen of the second substituent being too
large for such bonding (3.3 A). Yet in our
trans-2-alkoxy-3-hydroxytetrahydrofurans con-
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ScHEME 1

siderable bonding does occur. Since the 3-
hydroxyl and 2-alkoxy groups are trans, no
bonding is possible between them. Accordingly,
hydrogen bonding must occur between the
hydroxyl group at position-3 and the ring
oxygen.

Barker et al. (8) have reported only free
hydroxyl absorption for 3-hydroxytetrahydro-
furan (item 3, Table I) whereas Eugster and
Allner (9) detected both free and bonded
hydroxyl absorption for this compound. We have
obtained the infrared spectrum of 3-hydroxy-
tetrahydrofuran and found both free and bonded
hydroxyl absorption in roughly the same propor-
tion as found by Eugster and Allner.3 There is a
discrepancy between the value reported by the
latter authors (9) for bonded hydroxyl (3612
cm—1) and that found in our work (3599 cm—t),
This we have been unable to resolve. It is note-
worthy that our value gives a Av of 25 cm™!
which is consistent with the Ay values found for
the trans-2-alkoxy-3-hydroxytetrahydrofurans.

Comparison of the extinction coefficients
for 3-hydroxytetrahydrofuran and the trans-2-
alkoxy-3-hydroxytetrahydrofurans shows that
introduction of the alkoxy group at position-2
causes an increase in the proportion of the
conformer having a bonded hydroxyl (free/
bonded = 60/32 in the former vs. 30-43/24 in
the latter).

Kuhn (5) has shown that the hydrogen bond is
stronger the larger the difference (Av) between
the non-bonded and bonded absorption fre-
quencies. Comparison of Ay for each pair of
cis-trans isomers listed in Table I shows that Ay
is greater for the cis- than for the trans-2-
alkoxy-3-hydroxytetrahydrofuran. This further
corroborates the original assignment of con-
figuration made for these compounds based on
nuclear magnetic resonance data (3). Using
either the equation derived by Kuhn (5) or the

3Both free and bonded hydroxyl absorption has been
found for the analogous heterocycle, 3-hydroxytetra-
hydrothiophene and some of its derivatives (11).

modified equation by Brutcher and Bauer (12)
relating the Ay to the hydrogen bonded distance
between H and O, it is seen that these distances
are greater in the frans compounds than they are
in the cis isomers. These are in reasonable agree-
ment with the distances found in accurate scale
models. For these simple calculations we chose
3629 cm~! as the absorption frequency of the
non-bonded secondary hydroxyl group as sug-
gested by Cole and Jeffries (13).

To account for the free and bonded hydroxyl
absorption found for the trams-2-alkoxy-3-
hydroxytetrahydrofurans, two possible situa-
tions arise. In the first of these we envisage two
molecular conformations4—one in which the
hydroxyl group is in a position which permits
hydrogen bonding (a in Scheme I) and one in
which such bonding is not possible (b in Scheme
I). Each of these two conformations can be
obtained by rotation about the C;—C, bond.
Clockwise rotation5 of C; (sighting from C; to
C,), which is accompanied by anticlockwise
rotation of C;, removes the hydrogen—oxygen
eclipsing interaction and both the hydroxyl and
alkoxy groups assume a quasiaxial (or axial)6
orientation (g in Scheme I). Hydrogen bonding
with the ring oxygen is possible in this conforma-
tion. The reverse rotation about C;—C,, which
also decreases eclipsed hydrogen-oxygen inter-
action, places the two substituents in a quasi-
equatorial (or equatorial) arrangement (b in
Scheme I). In this conformation no intra-
molecular hydrogen bonding can occur. One

4Nuclear magnetic resonance data suggests that the
molecule is probably not in the simple envelope con-
formation.

SFor convenience in this part of the discussion we have
numbered the tetrahydrofuran as shown in Scheme I with
the carbon atom adjacent to the oxygen, and bearing the
alkoxy group, labelled C; and the vicinal carbon (bearing
the OH group) as C,, etc. Names and numbering of the
ring atoms of compounds in Table I follow the normal
rules.

6We assume the half chair conformation. The infrared
data do not permit one to discern between the axial and
quasiaxial arrangement. The same is true for the equa-
torial and quasiequatorial conformation.
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might expect the latter conformation to be less
stable because of gauche oxygen—oxygen inter-
action at C; and C, which is about 0.35 kcal/
mole in the cyclitols (14). Furthermore, the
anomeric effect (15) should tend to stabilize the
former conformation (a4 in Scheme I) in which
the substituents are quasiaxial (or axial). Hence
conformer a should be more stable than con-
former b. Use of the extinction coefficients for
the bonded and non-bonded hydroxyl groups
(item 1, Table I) to calculate the proportion of
the two conformers suggested above is not justi-
fied since it is known that bonded hydroxyl has a
higher extinction coefficient than does free
hydroxyl (16, 17). However, it is clear from the
extinction coefficients that if one assumes that
free and bonded hydroxyls are due only to the
two conformers above, conformer b (free
hydroxyl) is in greater proportion.

The alternate possibility, which might account
for the hydrogen bonding data, assumes that
essentially one conformer exists (i.e. @, Scheme I)
because of the reasons cited above (gauche O,0
interaction ; anomeric effect). Rotation about the
C,—O bond would then permit both free and
bonded hydroxyl (¢ and ') with the conformer
a’ in greater abundance. It should be pointed out
that the OH - - - O distance (Table I) of 2.5 A to
2.9 A indicates no particularly strong hydrogen
bond. If this second alternative (¢ and a’) is the
one which is responsible for the observed bonded
and free hydroxyl, then it follows that the
hydrogen bonding in the #rans-2-alkoxy-3-hy-
droxytetrahydrofurans is a consequence of the
conformational preference for 4, which in turn
is due to the anomeric effect and minimization of
0,0 gauche interaction.
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Preparation and base-catalyzed reactions of some g-halohydroperoxides
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Thereaction between olefins, N-chloroacetamide or 1,3-dibromo-5,5-dimethylhydantoin, and hydrogen
peroxide affords g-halohydroperoxides in good yields. These compounds react extremely rapidly in
basic solution to give products which depend upon their structure. The 3-halo-2,3-dimethyl-2-butyl
hydroperoxides form 2,3-dimethyl-3-hydroperoxy~1-butene and from the 2-halo-1,2-dimethylcyclohexyl
hydroperoxides 1-methyl-2-methylene-cyclohexyl hydroperoxide is obtained. No allylic hydroperoxide
can be detected from the reaction between base and 3-bromo-2-methyl-2-butyl hydroperoxide. Mainly
cleavage products, acetone and acetaldehyde, are formed together with some 2,3-epoxy-2-methylbutane.
The reaction between base and 2-bromo-1-phenylethyl hydroperoxide gives styrene oxide, benzoic acid,
and some benzaldehyde. From frans-2-bromocyclohexyl hydroperoxide, trans-2-bromocyclohexanol,
cyclohexene oxide, and some trans-1,2-cyclohexanediol are obtained upon reaction with base. Noevidence
for the formation of the allylic hydroperoxide was obtained.

Canadian Journal of Chemistry. 46, 25 (1968)

Introduction

The dye-photosensitized oxidation of olefins
affords a unique route to allylic hydroperoxides
of definite structure (1, 2). The hydroperoxy
group is always introduced at one of the origi-
nally olefinic carbon atoms and a shift of the
double bond always occurs, eq. [1], so that the
reaction is very useful from a synthetic point of
view.

O—OH
AN | he | /
[1] Cl=C2—C3— +0; — —Cl—C2=C3
/ 1'{ dye | | N

While the reaction proceeds well with tetra-
substituted olefins and somewhat less so with
trisubstituted olefins, disubstituted and mono-
substituted olefins are oxidized very slowly (3).
The latter require very long irradiation times for
significant yields of products so that other re-
actions of the olefins and further reactions of the
product become important. This led to a con-
sideration of other routes which would be as
specific and more generally useful for the con-
version of olefins to allylic hydroperoxides. It
appeared that a reaction between base and
B-halohydroperoxides could yield allylic hydro-
peroxides. Thus, conversion of an olefin to the
B-halohydroperoxide and then the elimination
of the elements of halogen acid would constitute
a simple, two step, chemical transformation of
the olefin to an allylic hydroperoxide. This

1Holder of a National Research Council of Canada
Studentship, 1964-1967 and a University of Alberta
Dissertation Fellowship, 1967.

transformation could introduce the hydroperoxy
group and relocate the double bond of an olefin
into the same positions as is observed in the
photosensitized oxidation, eq. [2].

OH
i
O
AN [ HO, | | | base
R CO=C—Cl —— 2 —>
/ [ oexer | ]|
H X H
O—OH
| /
—Cl_C2=(3
([ BN

This paper reports some of the results obtained
in the study of this approach. After work had
begun there appeared several reports on the
reactions of §-halo- and S-cyanohydroperoxides
with base (4-6). It is reported that l-chloro-2-
methyl-2-propyl hydroperoxide is rapidly decom-
posed by base to acetone and formaldehyde (4),
while other workers report that upon treatment
with base the bromo analogue, 1-bromo-2-
methyl-2-propyl hydroperoxide is converted
partly to isobutylene oxide as well as to acetone
and formaldehyde (5). A similar cleavage reac-
tion was observed when 2-methyl-2-hydroper-
oxypropionitrile was treated with base (6). Ace-
tone and cyanate ion are produced. The above
B-halohydroperoxides have halogen on the
terminal carbon atom and a simple elimination
route is not available to these materials.

Results and Discussion

Preparation of 3-Halohydroperoxides
B-Halohydroperoxides have been prepared by



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
‘ For personal use only

26 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

autoxidation of halogenated hydrocarbons (7,
8), by the acid-catalyzed addition of hydrogen
peroxide to allylic halides (4), by the reaction
between olefins, hydrogen peroxide, and #-butyl
hypochlorite (9), and by the addition of bromine
or chlorine to olefins in the presence of hydrogen
peroxide (5, 10). In the present study it has been
found that B-halohydroperoxides can be pre-
pared conveniently and in good vyield by the
rcaction between olefins, N-haloamides, and
excess 98 94 hydrogen peroxide in ether solution.
The reaction appears to be general and gives
essentially no dihalogenated adducts, which are
major by-products in Rieche’s method (5, 10).

B-Chlorohydroperoxides were prepared by
the reaction between equivalent amounts of
N-chloroacetamide and olefin and a 10-fold
excess of 989 hydrogen peroxide in ether
solution. The reaction was very slow at room
temperature; however, a very vigorous, exo-
thermic reaction occurred when a trace of p-
toluenesulfonic acid was added to the reaction
mixture at 0° The p-bromohydroperoxides
were prepared by the reaction between equivalent
amounts of 1,3-dibromo-5,5-dimethylhydantoin
and olefin and a 5-fold excess of hydrogen
peroxide in ether. This reaction proceeded very
rapidly at 0°, but some coloring occurred and
some dibromide was produced. Dibromide
formation could be entirely eliminated by adding
the brominating agent to a solution of olefin
and hydrogen peroxide in ether at —40°. Excess
hydrogen peroxide and amide were removed by
washing the reaction mixtures with water.

The g-halohydroperoxides prepared are listed
in Table I. The 3-halo-2,3-dimethyl-2-butyl
hydroperoxides, 1z and 15 (10), could be isolated
as crystalline solids. This was done by concentra-
tion of the ether solution and crystallization from
pentane. Several attempts at isolation of 2-
chloro-1,2-dimethylcyclohexyl  hydroperoxide,
2a, resulted in explosions, so that neither 2a nor
2-bromo-1,2-dimethylcyclohexyl hydroperoxide,
25, were isolated or characterized. The remaining
compounds, 3-bromo-2-methyl-2-butyl hydro-
peroxide (3), trams-2-bromocyclohexyl hydro-
peroxide (4), and 2-bromo-1-phenylethyl hy-
droperoxide (5), were isolated as liquids which
gave clean nuclear magnetic resonance (n.m.r.)
spectra and had 80-90 %; of the theoretical active
oxygen content. These materials were isolated
by removing the ether under 0.5 mm pressure at

TABLE 1
Yield of p-halohydroperoxides from olefins

Halogen $-Halo-
Olefin source* hydroperoxide % yieldt

OH
'

=AW

1a 60%
15 768

2a 571

26 86

80

73

/:
CeHs C[)HS Br

5 55

*A, N-chloroacetamide; B, 1,3-dibromo-5,5-dimethylhydantoin.

tYields based on starting olefin and determined by iodometric titra-
tion unless otherwise indicated.

T Also isolated as a solid in 30% yield.

§1solated yield of erystalline product.

|| By difference from unreacted starting material as determined by
gas chromatography.
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TABLE 1I
Products from reaction between g-halohydroperoxides and base

p-Halohydroperoxide Total ¢; yield Product composition % yield*
OH
/
O
1a 70 H 70t
6
1h 77 6 77+
O0—OH O—OH
2a 33 Ct + O: 331,1
~N
Tt 8
2h 66 71 8 66(421), 2
CH;
/_O + CH3;CHO + 76,77
CH;
3 87
0
>A\ 10
0 OH
Cﬁ + g trace, 27
Br “Br
4 58
OH
E}O + . 29,2
‘OH
5 94 ? R ?I) 451,45,4
C—OH + (= + cH -4
CeHs CeHs  CeHs

*As determined by gas chromatographic analysis unless otherwise indicated.

TYield of isolated product.
tCharacterized as the alcohol 9 after rcduction,

30°. g-Bromohydroperoxides are formed in
higher yields than 8-chlorohydroperoxides.

All of the §-halohydroperoxides isolated were
characterized by iodometric titration and by
their nuclear magnetic resonance spectra. All
showed broad singlet absorption of relative peak
area ca. 1 in the range = 1 to 2 in the n.m.t.
spectrum. This is the characteristic region for
the absorption of the hydroperoxy proton (11).
Other features of the n.m.r. spectra of these
compounds are straightforward and will not be

discussed. In addition 1a, 4, and 5 were further
characterized by reduction to the corresponding
halohydrins which proved in each case to be
identical with authentic material.

Reaction of B-Halohydroperoxides with Base

It was found that all the 8-halohydroperoxides
reacted extremely rapidly with base. The products
formed are listed in Table II. The reactions were
carried out by mixing the B-halohydroperoxide
in methanol or ether solution with a methanolic
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solution of base at temperatures ranging from 0°
to 30°. After about 1 to 2 h the reaction mixtures
were poured into water and extracted with ether,
except in the reaction of 2a. In this reaction
sodium borohydride was added to the reaction
mixture prior to workup to reduce the allylic
hydroperoxide. The yields of products obtained
from 14, 15, 2a, and 2b are yields of products
actually isolated by distillation. The yields of
products from the other reactions were deter-
mined by gas-liquid chromatography (g.l.c.)
using internal standards.

The product from 1a and 15 was identical in
every respect with authentic 2,3-dimethyl-2-
hydroperoxy-1-butene (6), prepared by photo-
sensitized oxidation of 2,3-dimethyl-2-butene
(12).

The allylic hydroperoxides, 2-methylene-1-
methylcyclohexyl hydroperoxide (7) and 1,2-
dimethyl-2-cylohexeny! hydroperoxide (8) were
reduced to the corresponding alcohols, 2-methyl-
ene-1-methylcyclohexanol (9) and 1,2-dimethyl-
2-cyclohexen-1-ol (10), and characterized as
such. Essentially the same ca. 97-3 mixture of
alcohols was produced in 80 9 yield by the photo-
sensitized oxidation of 1,2-dimethylcyclohexene
followed by reduction of the hydroperoxides
formed. The product (9), always the major one,
was identified by its n.m.r. spectrum and by
comparison with authentic material (13) which
was prepared by the Grignard reaction between
methyl magnesium iodide and 2-methylene-
cyclohexanone. The n.m.r. spectrum showed two
one proton absorptions at 7 5.15 and 5.39
characteristic of a terminal olefin.

Compound 10 was present in such a small
amount in every case that it appeared not to

_affect the spectral properties of 9 and was only

detectable by gas chromatography. It was identi-
fied in the reaction mixtures only by comparison
of its gas chromatographic retention time with
that of an authentic sample of 10 (14) prepared
by reaction of methyllithium with 2-methyl-2-
cyclohexenone. It is estimated that only ca. 3%
to 5% of 10 was present in any of the product
mixtures from 2a or 2b or from the photo-
oxidation-reduction sequence.

Thus, the addition-elimination sequence out-

OH OH
L X
9 10

lined in eq. [2] can, in fact, be used to transform
2,3~-dimethyl-2-butene and 1,2-dimethylcyclo-
hexene to the corresponding allylic hydro-
peroxides in good yield. The products are the
same as those obtained from the photosensitized
reaction, and in the case of 1,2-dimethylcyclo-
hexene even the selectivities of the two processes
are similar. The photosensitized reaction of 1,2-
dimethylcyclohexene is rather selective when
compared with other examples in which more
than one product is possible (1, 2).

However, the situation in the case of 2-methyl-
2-butene and cyclohexene is quite different.
Although a rapid reaction took place, no evi-
dence was found for the formation of any allylic
hydroperoxide from the base-catalyzed reactions
of 3 and 4. Portions of the reaction mixture were
reduced with sodium borohydride and analyzed
by gas chromatography for the products of
reduction of the allylic hydroperoxides, 3-methyl-
l-butene-3-0l (11) and 2-methyl-1-butene-3-ol
(12) in the case of the reaction mixture from 3,
and cyclohexene-3-ol (13) in the case of the
reaction mixture from 4. In neither case was any
of the allylic alcohol detectable. Less than 0.5%,
of any of these compounds could have been
detected.

OH
OH OH
Py & oy %
! OH 0 Br
11 12 13 14 15

Instead, the products from 3, found in the
unreduced reaction mixture, consisted mainly
of acetone and acetaldehyde, together with
2,3-epoxy-2-methylbutane (14). Thus, cleavage
of the 2,3-carbon — carbon bond was the pre-
dominant reaction. This is the same type of
reaction previously reported for the 1l-bromo-
and l-chloro-2-methyl-2-propyl hydroperoxides
(4, 5). It has been suggested (4, 5) that the cleav-
age proceeds via a four-atom cyclic peroxide.
The oxide (14), must have resulted from ring
closure of the intermediate bromohydrin, 15.
The bromohydrin could have resulted from a
base-catalyzed reduction of the bromohydro-
peroxide, a reaction which is known to occur
with tertiary hydroperoxides (15). Another,
more likely, mode of formation of 15 is dis-
cussed below.

The predominant reaction of frans-2-bromo-
cyclohexyl hydroperoxide (4) in the presence
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of base appears to be reduction to the bromo-
hydrin which, in turn, is partly converted to
cyclohexene oxide. A small amount of the latter
is further converted to trans-1,2-cyclohexanediol.
A search was made for adipaldehyde which might
result from ring cleavage, and possible products
derived from it, but no such material could be
identified. Also, a search was made for 2-bromo-
cyclohexanone, which would be expected to be
formed by base-catalyzed elimination of hy-
droxide ion from the secondary hydroperoxide,
4, (16). Again, although traces of a strongly
lachrymatory substance were produced, no
further evidence of it or products derived from it
was obtained. The material balance in this
reaction is not satisfactory, however, and some of
the latter reactions may have occurred (see
below).

Both reduction and carbon-carbon bond
cleavage reactions were observed in the reaction
between 2-bromo-1-phenylethyl hydroperoxide,
(5), and base. An elimination pathway is not
available to 5. Products identified were styrene
oxide, 2-bromo-l-phenylethanol, and benzoic
acid. The latter may have resulted from a
Cannizzaro reaction between formaldehyde and
benzaldehyde which would be the primary prod-
ucts of carbon—carbon bond cleavage.

However, the benzoic acid may also be formed
from oxidation of benzaldehyde by unreacted
bromohydroperoxide, 5. The other product of
this reaction would be the bromohydrin, 2-
bromo-1-phenylethanol, which, in turn, could
be converted to styrene oxide under the reaction
conditions. Such a sequence also seems to be a
more plausible route to the oxides formed in the
base-catalyzed reactions of 3 and 4 rather than
the base-catalyzed reduction (15) of the hydro-
peroxy group mentioned in discussing the prod-
ucts formed from 3. Such reactions, in the case
of tertiary hydroperoxides without other func-
tional groups (15), seem to require much higher
temperatures than those used here, and it is not
obvious that halogen substitution should speed
the reaction.

The reactions between B-halohydroperoxides
and base may take a variety of paths and the
products of these reactions depend upon struc-
ture. Although it is probably too early to general-
ize, it appears that g-halohydroperoxides formed
from tetrasubstituted olefins give almost ex-
clusively elimination products, allylic hydro-
peroxides, when treated with base. Only trace

amounts of cleavage product, acetone, were
detected from reaction of the tetrasubstituted
B-halohydroperoxides, 1a and 15. Nor could the
yield of any cleavage products from 24 have
been significant, since a 66 % yield (by analysis)
of elimination product was formed. Also, g-halo-
hydroperoxides of tetrasubstituted olefins suffer
little, if any, reduction with base. No evidence
for the formation of any halohydrin or epoxide
from 1a, 15, 2a, or 2b was found.

In contrast, neither 3 or 4, which have, in
principle, elimination pathways available to
them, gave any trace of elimination product with
base. The difference in behavior toward base
between 1a or 15 and 3 is striking since the only
difference between these materials is a methyl
group.

The addition—elimination sequence outlined in
eq. [2] is thus seen to lead to the desired allylic
hydroperoxide only with tetrasubstituted olefins
where it works very well.

The conversion of a trisubstituted or a gem-
disubstituted olefin to the g-halohydroperoxide
followed by the reaction of the latter with base
may be a useful process for the cleavage of
olefinic bonds.

Experimental

Melting points and boiling points are uncorrected.
Infrared spectra were recorded on Perkin-Elmer model
421 and model 337 spectrophotometers. Nuclear mag-
netic resonance (n.m.r.) spectra were determined with a
Varian A-60 analytical spectrometer with tetramethyl-
silane as internal standard. Gas-liquid chromatography
(g.l.c.) was carried "out on Aerograph 202 and A-90-P3
gaschromatographs. Quantitative g.l.c. analyses were made
with calibrated internal standards. Microanalyses were
determined by Mrs. D. Mahlow of these laboratories.
Solutions were dried using anhydrous magnesium
sulfate.

All preparations of g-haloperoxides were carried out
behind shields. Apparatus containing these compounds
was manipulated with the aid of tongs and hands were
protected with heavy canvas gloves.

N-Chloroacetamide was prepared according to the
method of Orton (17), m.p. 111°. Reported (18) m.p.
110°. Todometric analysis showed 38.18%; Cl; required
37.97% ClL

The 1,3-dibromo-5,5-dimethylhydantoin used was
obtained from Matheson, Coleman, and Bell and con-
tained 989, of the theoretical amount of active bromine
by iodometric analysis.

3-Chloro-2,3-dimethyl-2-buty! Hydroperoxide, 1a

The 2,3-dimethyl-2-butene was prepared from 2,3-
dimethyl-2-butanol by dehydration over 85%; phosphoric
acid. The crude product was fractionally distilled through
a Nestor—-Faust annular teflon spinning band distillation
column. The product had b.p. 70-71° (700 mm), np?s
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1.4075. Reported (19) b.p. 73°, np25 1.4094. Analysis by
g.c. using a 5 ft X 1/4 in. FFAP column indicated that
the material was > 99 % pure.

To a solution of 9.0 g (107 mmole) of 2,3-dimethyl-
2-butene, 9.45 g (101 mmole) N-chloroacetamide and
50 ml ether in a three-necked flask, fitted with a thermom-
eter and reflux condenser and cooled in an ice bath, was
added 15 g (400 mmole) of 98% hydrogen peroxide
(FMC Corp.) at a rate to keep the temperature from rising
above 10°. After the resulting solution had cooled to 0°
ca. 1 g of p-toluenesulfonic acid was added. The tempera-
ture rose rapidly and the solution began to boil. It was
stirred in the ice bath for 1 h. (Usually, the solution ceased
boiling after a few minutes. However, in some reactions
the reaction was so exothermic that all the ether was
driven out and temperatures of up to 150° were observed
in the reaction flask.) The reaction mixture was then
washed with several portions of water and with 10%
sodium bicarbonate solution. In separate exeriments it
was determined that four washings with water were
sufficient to remove all the hydrogen peroxide and 5,53-
dimethylhydantoin or acetamide from ether.

Twenty per cent of the dried ethereal solution was con-
centrated on a bath at 40° and the residue taken up in
15 ml pentane. The pentane solution was cooled to —65°.
The precipitate, which formed over several hours, was
filtered in a low-temperature filtration apparatus, This
material, (1.0g, 30%), m.p. 72-73° (decomposition),
appeared to be hygroscopic. The n.m.r. spectrum (CCly)
showed absorption at + 1.9-2.1 (broad singlet) for the
hydroperoxy proton and at - 8.38 (singlet) and 8.60
(singlet) for the protons of the two gem-dimethyl groups
with relative peak areas 0.9:6.4:6.0, required 1:6:6. A
satisfactory elemental analysis could not be obtained on
this material, but it had 999 of the theoretical active
oxygen content as determined by iodometric titration.
The p-nitrobenzoate ester was prepared, m.p. 104.5-105°,
The n.m.r. spectrum (benzene) showed absorption at
7 2.40 (singlet) for the aromatic protons and at -~ 8.43
(singlet) and 8.68 (singlet) for the protons of the two
gem-dimethyl groups with relative peak areas 4.28:6.0:
5.65, required, 4:6:6.

Anal. Calcd. for Ci3H,(NOsCl: C, 51.75; H, 5.35.
Found: C, 51.25; H, 5.56.

Ten per cent of the ether solution of 1z was added to a
stirred slurry of 0.3 g of lithium aluminium hydride in 20
ml ether at 0°. The mixture was hydrolyzed after 10 min
with 15% potassium hydroxide. Gas-liquid chromato-
graphic analysis using a 5 ft % 1/4 in. column of 109
DEGS on Chromosorb W at 70° showed the presence of
only one product in addition to some 2,3-dimethyl-2-
butene. The product, 3-chloro-2,3-dimethyl-2-butanol, was
collected from the effluent stream of the g.l.c. and had
n.m.r. and infrared spectra identical with those of an
authentic (20) sample.

2,3-Dimethyl-3-hiydroperoxy-1-butene (6) from 1a

Sixty per cent ol the solution of 1z prepared above was
added to a solution of 4.0 g sodium hydroxide in 100 ml
methanol at 0° and the resulting mixture was stirred for
1 h. The reaction mixture was then poured into ice-water.
This mixture was extracted twice with ether. The combined
ether layers were washed several times with water and
dried. After careful distillation of the ether through a
4 ft Podbielniak column the residual oil was distilled to

yield 3.6 g (48%;) of 6, b.p. 56-57° (16 mm), np25 1.4390.
Reported (12) b.p. 55° (12 mm), np,2° 1.4428. The n.m.r.
spectrum (CCly) showed absorption at - 1.6-1.8 (broad
singlet) for the hydroperoxy proton, r 5.1-5.2 (multiplet)
for the vinyl protons, » 8.22 (multiplet) for the protons
of the allylic methyl group, and - 8.70 (singlet) for the
protons of the gem-dimethyl groups with relative peak
areas 1.05:1.88:3.0:5.8, required, 1:2:3:6. This material
was identical (n.m.r. and infrared spectra) with a sample
of 6 prepared by the photosensitized oxidation (12) of
2,3-dimethyl-2-butene.

Another solution of 1a prepared as described above
from 5.0 g of 2,3-dimethyl-2-butene was shown by iodo-
metric titration to contain a 609 yield of chlorohydro-
peroxide, 1a. Four-fifths of this solution was reacted with
methanolic base and the product isolated as described
above. There was obtained 2.3 g (429 overall, 70%, based
on la formed) of 6, np?5 1.4385, identical (n.m.r. and
infrared spectra) with authentic 6.

Gas-liquid chromatographic analysis of the reaction
mixtures containing 6 before distillation indicated only
traces of material with the retention-time of acetone. No
evidence for the formation of any chlorohydrin or oxide
was obtained.

3-Bromo-2,3-dimethyl-2-butyl Hydroperoxide, 1b

To a solution of 4.8 g (57 mmole) of 2,3-dimethyl-2-
butene and 9.0 g (260 mmole) of 98 % hydrogen peroxide
in 50 ml ether stirred at —40° was added 8.1 g (57 mmole)
of 1,3-dibromo-5,5-dimethylhydantoin in small portions
over a 10 min period. The reaction mixture, protected
with a calcium chloride tube, was allowed to warm to
room temperature, washed with 25 ml cold, saturated
sodium bicarbonate solution and several times with water.
Ether was distilled from the dried organic layer through a
2 ft Podbielniak column using a 40° water bath. The
residual oil crystallized when the remainder of the ether
was removed under vacuum. Two recrystallizations from
pentane gave 8.5 g (76 %) of constant melting product,
m.p. 93-94°, Reported (5) m.p. 93°, Two iodometric
titrations indicated 96.77 % and 96.75 % of the theoretical
amount of active oxygen. The n.m.r. (CCly) spectrum
showed absorption at = 1.8-2.3 (broad singlet) for the
hydroperoxy proton and at + 8.19 (singlet) and 8.55 (sing-
let) for the protons of the two gem-dimethyl groups with
relative peak areas of 0.7:6.0:6.1, required 1:6:6.

The reaction as carried out above gave colorless solu-
tions. No dibromide and no gas evolution could be
detected. Addition of the brominating agent at 0°
resulted in a vigorous reaction with the evolution of gas
and the generation of a bromine color. Considerable
amounts of dibromide were also produced.

2,3-Dimethyl-3-liydroperoxy-1-butene from 1b

Four grams of 15 gave 1.8 g (77 %) of the allylic hydro-
peroxide 6, np25 1.4385, when treated with base in the
manner described for la. The product was identical
(n.m.r. and infrared spectra) with authentic 6.

I1-Methyl-2-methylenecyclohexanol, 9
(a) From 2-Bromo-1,2-dimethylcycloliexy! Hydro-
peroxide, 2b
The method due to Hammond (21) was used to prepare
1,2-dimethylcyclohexene. The product was fractionally
distilled through the annular teflon spinning band dis-
tillation column and had b.p. 133° (700 mm), np24 1.4573.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
For personal use only

KOPECKY ET AL.: BASE-CATALYZED REACTIONS 31

Reported (21) b.p. 136.2° (745 mm), np?> 1.4587. Gas
chromatographic analysis usinga 5 ft % 1/4 in. column of
dinonylphthalate on Chromosorb P at 110° showed that
less than 19 of the isomeric olefins were present in the
fraction collected.

A solution of 2b in ether was prepared from 2.0 g
(18.2 mmole) 1,2-dimethylcyclohexene, 2 ml (82 mmole)
of 98% hydrogen peroxide and 2.6 g (9.1 mmole) of 1,3-
dibromo-5,5-dimethylhydantoin in 20 ml ether using the
procedure described above for the preparation of 1b.
Todometric titration of an aliquot of the solution showed
that 86 9, of hydroperoxide had formed. The solution was
added to a solution of 2 g sodium hydroxide in 100 ml
methanol at 0°. After stirring for 90 min at 0° the reaction
mixture was poured into 200 ml ice-water. The resulting
mixture was extracted twice with 100 ml ether and the
combined organic layers were washed three times with
100 m} water. The dried solution was added slowly to a
stirred slurry of 1.5 g lithium aluminium hydride in 35 ml
ether. This mixture was heated under reflux for 1 h and
then a solution of 15% potassium hydroxide was added
dropwise until the organic layer became clear. The organic
layer was decanted and the precipitate slurried several
times with ether and the combined organic solutions were
dried. An aliquot of the solution was analyzed by g.l.c.
onasft x 1/4in.column of 10%, FFAP on Chromosorb
W at 120°. There were present 129/ 1,2-dimethylcyclo-
hexene and 66 %, of product, 9, based on the hydroperoxide
yield. Also present was ca. 2% of a material with the same
g.c. retention time as the isomeric alcohol, 1,2-dimethyl-2-
cyclohexenol (10).

Ether was distilled from the solution and the residual
oil was distilled to give 0.85 g (429, based on the hydro-
peroxide content of the starting solution) of 9, b.p.
58-61° (15 mm), 7?5 1.4799. Reported (13) b.p. 58°
(10 mmy). The n.m.r. spectrum (CCly) showed absorption
at 7 5.15 (multiplet) and 5.39 (multiplet) for the olefinic
protons, 7 7.6 to 8.6 (broad) for the ring and hydroxyl pro-
tons and = 8.72 (singlet) for the protons of the methyl
group with relative peak areas of 1.0:0.92:9.2:2.84, re-
quired: 1:1:9:3. The infrared spectrum (neat) showed
hydroxyl absorption at 3660 (sharp) and 3550 to 3200
(broad) cm~! and absorption characteristic of a terminal
olefin at 1640 (strong) and 990 (strong) cm~1. There was
no absorption at 7 4.68 in the n.m.r. spectrum where
the olefinic proton of the isomeric alcoho! 10 absorbs.

This product was identical (g.l.c. retention time, n.m.r.
and infrared spectra) with authentic 9 (13) prepared by
the addition of methylmagnesium iodide to 2-methylene-
cyclohexanone as described below.

(b) From 2-Chloro-1,2-dimethylcyclohexyl Hydro-
peroxide, 2a

The procedure described for the preparation of 1a
was used to prepare a solution of 2a from 9.6 g (86 mmole)
of 1,2-dimethyleyclohexene, 11 g (500 mmole) of 989
hydrogen peroxide, and 8.4 g (86 mmole) of N-chloro-
acetamide. An aliquot of the dried solution, after removal
of hydrogen peroxide and acetamide, was analyzed by
g.c. on the FFAP column using chlorobenzene as an
internal standard. It was found that 43 % of the original
1,2-dimethylcyclohexene had not reacted. The solution
containing 2a was then added to 4 g sodium hydroxide
in 100 ml methanol at 0° and the resulting mixture was
stirred at 0° for 1 h. To this mixture was added 0.25 g
sodium borohydride dissolved in a little methanol. After

1 h at room temperature the reaction mixture was poured
into ice-water, The resulting mixture was extracted twice
with ether, The combined ether extracts were washed
several times with water and dried. The ether was dis-
tilled and the residual oil adsorbed on a 2.5 x 30 cm
column of basic alumina, The column was washed with
200 ml pentane to remove the unreacted 1,2-dimethyl-
cyclohexene and then the product was eluted with 200 ml
ether. The ether was removed and the residual oil dis-
tilled to give 1.1 g (199 based on reacted olefin) of 9,
np?3 1.4813. This material was identical (n,m.r, and infra-
red spectra) with authentic 9. The n.m.r. spectrum showed
no absorption at r 4.68 where the olefinic proton of
the isomeric alcohol 10 absorbs, Gas-chromatographic
analysis indicated the presence of ca. 1% of a material
with the same retention time as the isomeric alcohol 10.
Several attempts to isolate 2 resulted in explosions.

(c) From Sensitized Oxidation of 1,2-Dimethylcyclo-

hexene

The photolysis cell consisted of a 2.5 cm x 25 c¢cm
water-jacketed test tube fitted with a ground glass stopper
containing an outlet tube and an inlet tube with a fritted
disk which reached to the bottom of the test tube, The
inlet tube was connected to the exhaust port of a Dynaport
air pump. The outlet tube was connected to a T-tube
which was, in turn, connected to an oxygen buret and to
the inlet port of the air pump.

A solution of 3.0 g 1,2-dimethylcyclohexene and 30 mg
of methylene blue in 30 ml methanol was placed in the
photolysis cell. The pump was turned on and after pres-
sure equilibrium was reached the cell was illuminated
with two 100 W frosted light bulbs placed against the cell
on either side. Aluminium foil was placed around the
apparatus, Oxygen uptake became very slow after 70 min
when 610 ml (STP) had been consumed (theoretical 570
ml). This solution was poured into 100 ml ice-water and
the resulting mixture extracted twice with 30 ml pentane.
The combined pentane extracts were washed with water
and with saturated sodium chloride. The dried solution
was added slowly to a slurry of 1 g lithium aluminium
hydride in 50 ml ether. The mixture was heated under reflux
for 2 h and then worked up as described under A. The
product was separated from olefin on alumina as described
under B. The product was distilled to give 2.4 g (71 %) of
an oil, b.p. 88-90° (85 mm), 125 1.4786. The product was
identical (n.m.r. and infrared spectra) with authentic9. The
n.m.r. spectrum showed no absorption at - 4.68 where the
vinylic proton of the isomeric alcohol 10 absorbs. Gas—
liquid chromatographic analysis indicated the presence of
ca. 5% of a material with the same retention time as 10.

(d) From 2-Methylenecyclohexanone

The 2-methylenecyclohexanone was prepared accord-
ing to the procedure of Mannich (22). A mixture of 9 g
37% formaldehyde solution, 9 g dimethylamine hydro-
chloride, and 48 g cyclohexanone was heated on the
steam bath, Water (50 ml) was added to the cooled
mixture and the aqueous layer extracted several times with
ether. The aqueous layer was concentrated using a rotatory
evaporator. The crystals which formed were recrystallized
from acetone-alcohol to give 10 g (549 of salt, m.p.
150-151° (reported (22) m.p. 152°).

This salt (5 g) was pyrolyzed under vacuum (0.15 mm).
The pyrolysate was caught in a trap at —70°, redistilled
and stored at —70” until a solution of methylmagnesium
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iodide made from 0.5 g magnesium and 3 g methyl iodide
in 50 ml ether was added. The reaction mixture was
allowed to warm to room temperature and then hydro-
lyzed with water. The ether layer was dried and the sol-
vent removed. The small amount of residual oil had two
high-boiling components in a 60:40 ratio which were
isolated by trapping theeffluent from g.l.c. (FFAP column).
A sufficient quantity of each was isolated for spectral
analysis. The major component had a g.l.c. retention time
and n.m.r. and infrared spectra which were identical with
9 prepared by methods (a)-(c) above. The second
component was not identified. It had hydroxyl but no
olefinic absorption in the infrared spectrum and no absorb-
tion in the n.m.r. spectrum below r 6.

1,2-Dimethyl-2-cyclohexene-1-o0l, 10

The procedure of Warnhoff and Johnson (23) was used
for the preparation of 2-methylcyclohexenone, b.p. 95—
100° (75 mm), 7p25 1.4820. Reported (23) b.p. 98-101
(77 mm), np25 1.4836.

2-Methylcyclohexenone (1 g) in 5 ml ether was added
to 4 ml of 0.24 M methyllithium at —40° under a nitrogen
atmosphere. The reaction mixture was allowed to warm
to roomn temperature and was then hydrolyzed with 109,
potassium hydroxide solution. The organic layer was
dried, the ether was removed, and the residual oil was
distilled to give 0.4 g material b.p. 82-85° (25 mm).
Reported (14) for 10, b.p. 132° (180 mm). Gas chromato-
graphic analysis on the FFAP column at 120° showed two
components in a ca, 60:40 ratio in addition to a small
amount of starting material. The two products were
collected from the effluent of the g.l.c. The major product,
np26 1.4764 (reported (14) for 10, np20 1.4844), had the
same g.c. retention time as the minor product formed with
9 in the various oxidations of 1,2-dimethylcyclohexene
described above. Its n.m.r. spectrum (CCly) showed
absorption at = 4.68 (multiplet) for the olefinic proton,
7 7.9-8.6 (b) for the ring, hydroxyl, and allylic methyl
protons and r 8.80 (singlet) for the protons of the other
methyl group with relative peak areas of 1:11.3:3.5,
required: 1:10:3, consistent with the structure of 10.
The infrared spectrum (CClyg) showed hydroxyl absorp-
tions at 3600 (sharp) and 3500-3300 (broad) cm1 as
well as olefinic CH stretching absorption at 3160-3120
cmL.

The minor product, np25 1.4616, showed hydroxyl
absorptions but no absorption characteristic of an olefin
in the infrared spectrum and had no absorption in the
n.m.r. spectrum below r 6. It was not investigated further.

trans-2-Bromocyclohexyl Hydroperoxide, 4

The procedure described for the preparation of 1b
was used to prepare an ether solution of zrans-2-bromo-
cyclohexyl hydroperoxide from 8.2 g (100 mmole) of
redistilled cyclohexene, 14,3 g (50 mmole) of 1,3-dibromo-
5,5-dimethylhydantoin, and 17 g (500 mmole) of 989,
hydrogen peroxide. The dried solution was concentrated
under aspirator pressure using a rotary evaporator on a
water bath at 30°. The crude product, 19.8 g, contained
72% of the theoretical amount of hydroperoxide by
iodometric titration. It was taken up in 100 ml pentane
and the resulting solution was cooled to —78°. The pen-
tane was decanted from the crystals which formed. These
melted at ca. —20°. The hydroperoxide content of this

oil was 88 %; of the theoretical. The n.m.r. spectrum (CCly)
showed absorption at r 1.04 (broad singlet) for the hydro~
peroxy proton, r 5.80 (multiplet) for the methine protons,
and 7 7.4-9.0 (broad) for the methylene protons of the
ring with relative peak areas 0.89:2.0:8.1, required 1:2:8.

Hydrogenation of 1.95 g (0.01 mole) of this oil in
25 ml ether over platinum oxide at 0° and one atmosphere
resulted in the rapid uptake of 178 ml (STP), 809 (based
on weight of starting material) of hydrogen. The reaction
mixture was filtered, the filtrate dried, and the ether
removed. Gas-liquid chromatographic analysis of the re-
sidual oil on a 5ft X 1/4 in. column of 10% QF-1 on
Chromosorb W at 150° showed the presence of a trace of
dibromocyclohexane in addition to the major product
which had a retention time identical with authentic
trans-2-bromo-cyclohexanol (24). The p-bromobenzene-
sulfonyl ester was prepared, m.p. and mixture melting
point with authentic material 90.0-90.5°; reported (24)
m.p. 90-90.5°.

Reaction of trans-2-Bromocyclohexyl Hydroperoxide with
Base

A solution of 5.6 g potassium hydroxide in 25 ml
ethanol was added to a solution of 19.5 g #rans-2-bromo-
cyclohexyl hydroperoxide (809 hydroperoxide) in 100 ml
ether at 25°. The resulting mixture began to boil and
deposit a precipitate. Boiling continued for ca. 30 min,
and the solution was allowed to stir overnight at 25°.
Titration of an aliquot showed that 959, of the hydro-
peroxide had been consumed. The mixture was filtered
and the filtrate stirred vigorously with 50 ml of 2 M
sodium sulfite for 1 h. The organic layer was then washed
twice with water, dried, and the ether was removed
through a vigreaux column.

The residual oil had a pungent odor. The infrared
spectrum (neat) showed broad, strong absorption in the
region 3600-3200 cm~! and a medium intensity absorp-
tion with several maxima at 1735-1715 cm~1. The major
volatile components were found by g.l.c. analysis to be
cyclohexene oxide and trans-2-bromocyclohexanol. These
compounds were identified by comparison of their reten-
tion times with authentic cyclohexene oxide (25) and
trans-2-bromocyclohexanol (24) on the QF-1 column
and on a 5 ft X 1/4 in. column of 20% DEGS on
Chromosorb W. Quantitative g.1.c. analysis using the QF-1
column showed that 299, cyclohexene oxide and 279
trans-2-bromocyclohexanol had been formed (based on
the hydroperoxide content of the starting material).
No trace of any material with the retention time of
authentic cyclohexen-3-ol could be found.

Attempted distillation of a portion of the oil resulted in
decomposition soon after boiling began (pot temperature
100°, 10 mm). A small amount of material which had
collected in the condenser was taken up in carbon tetra-
chloride. The infrared spectrum of this material was
identical with that of authentic cyclohexene oxide.

The combined aqueous extracts were extracted several
times with ether and the combined ether extracts were
concentrated. The viscous oil, 0.3 g which remained
crystallized on standing, and was recrystallized from
benzene, m.p. 96.0-97.5°. The mass spectrum of this
material showed a parent peak at m/e 116.0835 corre-
sponding to a molecular formula of CgH;,0, which
requires 116.0837. It was identified as trans-1,2-cyclo-
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hexanediol by its melting point behavior, mixture melting
point with authentic trans-1,2-cyclohexanediol (26)
96-101° and mixture melting point with authentic cis-1,2~
cyclohexanediol2 (27) 65-74°. The authentic diols had
m.p. 98-101°, reported (26) m.p. 104°, and 96-98°,
reported (28) m.p. 98°, respectively.

The precipitate obtained on filtering the initial reaction
mixture was taken up in a small amount of water. The
resulting solution was made acid with 6 N hydrochloric
acid and extracted with chloroform. The organic layer
was dried and the solvent was removed to leave 0.8 g of a
viscous oil. A thin-layer chromatogram of this material
using silica gel G.F. 254 as adsorbent and ether as eluent
indicated that at least six components were present. The
material was not investigated further.

Several other reactions between trans-2-bromocyclo-
hexyl hydroperoxide and base were carried out. The reac-
tion temperature and time, concentrations of reactants, and
method of reduction (sodium borohydride, lithium alu-
minium hydride) of the crude reaction mixture were varied.
In no case was any trace of cyclohexen-3-ol found.

Cyclohexen-3-ol

A solution of 8 g (0.05 mole) 3-bromocyclohexene
(29) and 4.1 g (0.05 mole) of sodium acetate in 50 ml acetic
acid was heated on the steam bath for 5 min. The resulting
mixture was filtered and the filtrate was slowly poured into
an aqueous slurry of sodium carbonate. The resulting
mixture was extracted with 100 ml ether. The dried ether
solution was added to a slurry of 1 g lithium aluminium
hydride in 50 ml ether. The reaction mixture was hydro-
lyzed by dropwise addition of saturated potassium car-
bonate until the organic layer became clear. The solution
was decanted, the precipitate washed with a little ether,
and the combined ether solutions were concentrated.
Distillation of the residue gave 2.0 g, 45%, of colorless
oil, b.p. 53° (6 mm). Reported (30) b.p. 63-65° (12 mm).
The n.m.r. spectrum (neat) showed absorption at 7 4.32
(multiplet) for the olefinic protons, r 4.97 (singlet) for the
hydroxyl proton, r 5.89 (b) for the methine proton and
7 7.8-8.8 (b) for the ring methylene protons with relative
peak areas 2.0:0.96:0.96:6.3, required 2:1:1:6.

2-Bromo-1-phenylethyl Hydroperoxide, 5

The procedure described for the preparation of 15
was used to prepare an ethereal solution of 5 from 10.4 g
(0.1 mole) of purified styrene, 14.3 g (0.05 mole) of 1,3-
dibromo-5,5-dimethylhydantoin, and 17 g (0.5 mole) of
989 hydrogen peroxide. The dried solution was con-
centrated to constant weight under 0.5 mm pressure on a
water bath at 30° using a rotary evaporator. The residual
oil, 14.1 g, and 869% of the theoretical hydroperoxide
content. The n.m.r. spectrum (CCly) showed absorption
at 7 1.00 (b) for the hydroperoxy proton, r 2.80 (singlet)
for the phenyl protons, r 5.07 (triplet, J = 6.5 c.p.s.)
for the methine proton, and r 6.48 (doublet, J = 6.5
c.p.s.) and r 6.53 (doublet, J = 6.5 c.p.s.) for the non-
equivalent methylene protons. The relative peak areas
were 0.57:5.0:0.85:1.8, required 1:5:1:2. A mixture of
13.0 g of this material in 100 ml ether and 31 g sodium
bisulfite was stirred vigorously overnight. The organic
layer was separated, dried, and concentrated. Distillation
of the residual oil yielded 9.2 g, 879 (based on hydro-

2Kindly donated by Mr. S. Evani.

peroxide content) of 2-bromo-1-phenylethanol, b.p.
78-79° (0.3 mm), #p26 1.5763. Reported (31) b.p. 120-123°
(5§ mm), npl® = 1,5785. The n.m.r. and infrared spectra
were identical with those of an authentic sample (31).

Reaction of 2-Bromo-1-phenylethyl Hydroperoxide with
Base

A solution of 4 g sodium hydroxide in 15 ml methanol
was added to 20.6 g of 5, 789 hydroperoxide content,
in 100 ml methanol at 0°. A white precipitate soon began
to form. The mixture was stirred at 0° for 2 h. Water
(200 ml) was added and the mixture extracted four times
with 100 ml pentane. The aqueous layer was concentrated
to a small volume and made acidic with 6 N hydrochloric
acid. An oil separated which began to crystallize. The
mixture was extracted with 100 ml ether and the ether
was dried. Evaporation of the ether left an oil which
crystallized on standing, 4.3 g. The solid, recrystallized
from methanol, had m.p. and mixture melting point with
benzoic acid 119-120°, The yield was 459 based on the
hydroperoxide content of the starting material,

The dried organic layer was concentrated to a small
volume through a 4 ft Podbielniak column. The odor of
benzaldehyde was detected in the concentrate. 1,2-Di-
anilinoethane (2 g) (32) in 20 ml methanol was added to
219 of the concentrate. The solution was left at 0° over-
night. The crystals which separated were filtered to give
0.133 g, 2.9% (based on the hydroperoxide content of the
starting material 5), of 1,2,3-triphenyltetrahydroimidazole,
melting point and mixture melting point with authentic
(32) material 131-131.5°, Reported (32) m.p. 137°.

The remainder of the concentrate was adsorbed on a
1.5 x 30 cm column of neutral alumina. The column was
washed with 100 ml pentane and with 200 ml ether. The
eluents were analyzed by gl.c. on a 9.5 ft X 1/4 in.
column of 109 Ucon-50-HB-5100 on Chromosorb W
at 158°, The pentane eluent contained only styrene and
the ether eluent only benzaldehyde and styrene oxide.
Further elution of the column with 200 ml ether gave no
more product. Quantitative g.1.c. analysis showed that 4 %
benzaldehyde and 459, styrene oxide (based on the
hydroperoxide content of the starting material) had been
formed in the reaction.

Concentration of 63 % of the ether eluent and distilla-
tion of the residual oil yielded 1.34 g, 33%, of styrene
oxide, b.p. 53° (2.8 mm), np26 1.5312. Reported (31)
b.p. 65° (5 mm), 1120 1,5340. The n.m.r. spectrum of this
product was identical with authentic (31) material as was
the infrared spectrum except for a weak absorption at
1700 cm—1.

3-Bromo-2-methyl-2-butyl Hydroperoxide, 3

The procedure described for the preparation of 15
was used to prepare an ether solution of 2 from 7.0 g
(0.1 mole) of 2-methyl-2-butene, 14.3 g (0.05 mole) of
1,3-dibromo-5,5-di-methylhydantoin, and 17 g (0.5 mole)
of 98 9, hydrogen peroxide. The dried solution was con-
centrated to constant weight under 0.5 mm pressure on a
water bath at 30° using a rotary evaporator. The residual
oil, 16 g, had 929 of the theoretical hydroperoxide
content. The n.m.r. spectrum (CCly) showed absorption
at 7 1.40 (b) for the hydroperoxy proton, r 5.56 (quartet,
J =17 c.p.s.) for the methine proton r 8.32 (doublet,
J =7 c.p.s.) for the terminal methyl protons, and - 8.63
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and 8.72 for the protons of the non-equivalent gem-
dimethyl groups. The relative peak areas were 0.77:
1.0:3.3:5.9, required 1:1:3:6.

Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide with
Base

A solution of 4,4 g sodium hydroxide in 16 ml methanol
was added slowly to a well-stirred solution of 18 g of 3
in 100 ml ether kept at 0°. The solution was stirred at 0°
for 1% h after addition was complete. Gas-liquid chro-
matographic analysis of an aliquot on a 5 ft x 1/4 in.
column of 109 Carbowax 1500 on Chromosorb W at 50°
indicated that 76 % acetone and 77 % acetaldehyde had
been formed. Acetaldehyde and acetone were identified by
comparison of their retention times on the Carbowax col-
umn and ona 5 ft X 1/4in. column of 109 glycerol on
Chromosorb W. Thin-layer chromatography on silica gel
GF-254 using benzene as eluent of a mixture of 2,4-dini-
trophenylhydrazones obtained from an aliquot of the
reaction mixture gave two partially resolved spots. The R
values were equal to those of the 2,4-dinitrophenylhy-
drazones of acetone and acetaldehyde.

The reaction mixture was poured into 200 ml water and
the mixture was extracted with ether. An aliquot of the
dried organic layer analyzed by g.l.c. on the Carbowax
column at 50° showed that 109 of 2,3-epoxy-2-methyl-
butane had been formed.

The organic layer was carefully concentrated through a
4 ft Podbielniak column. From the residuval oil 2,3-
epoxy-2-methylbutene was isolated by trapping it from the
effluent of the g.l.c. column. Its n.m.r. and infrared spectra
were identical with those of authentic (33) material.
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Cyclohexane compounds. VII. Nucleophilic scission of the stereoisomeric
3-methoxycyclohexene oxides!
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The mode of scission of c¢is- and trans-3-methoxycyclohexene oxides by hydrogen chloride, hydrogen
bromide, ammonia, acetic acid, and methanol (under both acidic and alkaline conditions) has been
examined using vapor-phase chromatography to detect and isolate minor isomers. Approximately 10 %
of the product from opening of the frans oxide is formed by attack at position-2 with each of these
nucleophiles, whereas opening of the cis oxide proceeds exclusively by attack at position-1. The results
are interpreted as reflecting very similar transition states for all of these reactions, with differences in
product distributions for the two oxides being governed by the inductive effect of the methoxyl group and

by steric factors in the corresponding transition states.

Canadian Journal of Chemistry, 46, 35 (1968)

For the past several years we have been
interested in finding a reasonable, quantitative
explanation for the product distribution and
differences in reaction rates for the scission and
formation of the oxirane ring in the stereoiso-
meric oxides of 3-methoxycyclohexene (1 and 2).
We have attempted to utilize measurable steric
and electronic data from the formation step to
explain the product distribution found experi-
mentally for the oxide scission. In the early
stages of the investigation progress was hampered
by the difficulty of separating the oxides in a
pure condition and in establishing their struc-
tures (1-3). Similar separation and structural
identification problems arose each time the
behavior of a new nucleophile was examined.
Nevertheless, investigations by McRae, Moir,
and co-workers (1), Lemieux, Kullnig, and
Moir (2), and by Bannard and Hawkins (3)
made it evident that under alkaline conditions
these oxides are attacked by nucleophiles such
as methanol, water, and ammonia predomin-
antly, if not exclusively, at position-1. More
recently (4, 5), examination of the scission of
these compounds by hydrobromic and hydro-
chloric acids again demonstrated an over-
whelming preference for attack at position-1
and showed that there is apparently no marked
tendency toward a change in the direction of
opening of the oxirane ring in these alicyclic
epoxides under acidic conditions as has fre-

Issued as DCBRL Report No. 541.

quently been observed for unsymmetrical ali-
phatic oxides (6-8).

OCH,
—
O
1
P
2

A major step forward in the analysis of product
mixtures from the halogen hydracid scission of
the oxides was made possible by the application
of preparative vapor-phase chromatography to
the purification and elucidation of structure of
the chlorohydrins and bromohydrins, which are
formed by the action of aqueous N-chloro- and
N-bromosuccinimide on the two conformers 3
and 4 of 3-methoxycyclohexene as shown in
Fig. 1. In connection with the latter work,
Bannard, Casselman, and Hawkins (9) inter-
preted the distribution of bromohydrin isomers
(5b-8b) obtained by assuming the formation of
bromonium ion intermediates from the two
conformers of 3-methoxycyclohexene which then
underwent scission with hydroxide ion in a
manner analogous to the opening of the corre-
sponding oxides. It was assumed (@) that the
electron-withdrawing effect of the methoxyl




Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

36 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

TABLE 1
Nucleophilic scission of frans-oxide

Percentage yield of products

OCH;

tal
X

HO percentage
Nucleophile X 6 5 yield
a Cl 84.9 8.1 93.0
b Br 86.6 10.2 56.8
¢ OAc* 76.5 10.9 87.4
d OMe 69.4 8.1 77.5
e NH, 80.2 9.0 9411
d OMe 82.1 8.4 90.5

*1solated as diacetyl derivative.
T4.99, secondary aminealso formed.

OCHj; OCH;
3
NXSlHZO NXSlHZO
= OCH
Wi = LT
X OCH, X
5 6
X =Cl 51% X=Cl0%
X = Br 67% X =Br 0%
+ +
OH HO X
OCH;
7 8
X=Cl11% X = ClI 38%
X=Br 7% X = Br 26%

Fic. 1. The action of aqueous N-chloro- and N-
bromosuccinimide on conformers 3 and 4.

group establishes a very strong preference for
nucleophilic attack at position-1 by exerting a
greater inhibitory influence on the development
of carbonium ion character at position-2 in the
transition state of a “borderline Sy2’° mechanism
(2, 7); (b) that the ring opens with a great
preference for the initial formation of diaxially-
oriented products in chair forms (10, 11), and (¢)
that the reaction rates of conformers of the
bromonium ions may be adversely affected by

steric interference in the transition state., Lang-
staff, Hamanaka, Neville, and Moir (5) examined
an almost identical interpretation for the dis-
tribution of the chlorohydrin isomers (5a-8a)
involving chloronium ion intermediates. Both
groups of workers (5, 9) agreed that the observed
differences in the distribution of the isomers in
the two series might be ascribed to the well
known low participation energy of chlorine (12)
relative to bromine, but also that the apparently
exclusive formation of 1-substituted derivatives
during scission of the oxides (1-5, 9) constitutes
rather strong evidence against the analogy
suggested (5, 9) between the oxide scissions and
the N-haloimide — olefin reactions. With the
object of clarifying the situation, it was decided
to reexamine the oxide cleavage reactions with
a variety of nucleophiles under both acidic and
basic conditions, this time using vapor-phase
chromatography to detect, isolate, and identify
any minor products formed by attack at
position-2.

The hydrochloric acid cleavages were con-
ducted in anhydrous ether at —50° and the
hydrobromic acid experiments in the same
solvent at —15°. Acetolyses were conducted
at 70° in the presence of a catalytic amount of
sulfuric acid and the methanolyses were per-
formed at room temperature and under reflux
conditions respectively in the presence of cata-
lytic quantities of sulfuric acid or sodium meth-
oxide. Ammonolyses were performed in aqueous
ethanolic ammonia at 110°. In connection with
these experiments, it should be pointed out that
the minor products from the acetolysis, methanol-
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TABLE II
Nucleophilic scission of cis-oxide

Percentage yield of products

OCH;
OCH;
OH X Total
X HO percentage
Nucleophile X 7 8 yield
a Cl 100 * 100
b Br 97.3 * 97.3
¢ OAct 86.2 * 86.2
d OMe i ®
e NH> 92.0 * 96.7%
d OMe 82.0 * 82.0
*Not detected.

TIsolated as diacetylderivative.

tHigh (see Experimental Section).

§4.7%, secondary amine also isolated.
ysis, and ammonolysis of the #rans oxide had
not been obtained nor characterized previously.
The structures of these compounds were readily
established from their nuclear magnetic reso-
nance (n.m.r.) spectra after the preparation of
suitable derivatives to remove extraneous hy-
droxylic proton resonances.

Considering the ¢rans oxide scissions first, it is
clear from Table I that although there is a very
great preference for attack at position-1,
approximately 109/ of the product results from
reaction at position-2. Yields are, in general,
quite high and the product distribution remains
relatively constant regardless of the size and
strength of the nucleophile and the acidity or
basicity of the reaction medium, In relation to
the ammonlyses it is noteworthy that in addition
to the primary amines, 4.9 % of secondary amine
is also formed, This result agrees with the
observation made by Hawkins and Bannard (13)
that 3-59 of secondary amine is formed during
the ammonlysis of cyclohexene oxide under
identical conditions.

In the cis oxide ring openings summarized in
Table II, exclusive attack occurs at position-1
to within the limits of detection of the minor pro-
ducts 8a-8e by vapor-phase chromatography.2

2Experiments on the bromohydrins and aminoalcohols
indicated that the lower limit of detectability was approxi-
mately 0.5-1.09%. In the scission of the cis oxide 2 by
acetic acid (followed by acetylation) in addition to 7c,
2.29% of an unidentified product was obtained. This sub-
stance cannot be the compound arising from abnormal
opening at position-2 since this would furnish 8¢ identical
with the major isomer 6c¢ isolated from the similar scission
of the trans oxide 1.

The results from all these oxide scissions indicate
that the transition states in all these kinetically
controlled reactions are equivalent about the
reactive centers, although they differ in gross
structure due to the position and orientation of
the methoxyl group. Assuming as before (2, 7)
that the electron-withdrawing effect of the
methoxyl group exerts a constant inductive
influence in favor of attack at position-1 in a
“borderline Sy2”’ mechanism in both isomers,
and that preference is shown for initial diaxial
opening to yield chair forms (10, 11), it follows
that the transition states for the opening of the
trans oxide approximate to structures 9 and 10
and those for the ¢is oxide approximate to struc-
tures 11 and 12. In these transition states, the
presence or absence of a proton on the leaving
group seems immaterial for transition-state

X6~ OCH, X8~
M A oca
“o5- 570
9 10
X5~ X5~
MO% %
05~ 5-0"  OCH,
11 12

geometry in view of the results just reported. If
it is assumed that the inductive effect of the
methoxyl group is constant, the difference
observed in the product distribution from the
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trans and cis oxides must be the result of steric
factors such as the presence of axially-oriented
substituents, gauche substituent interactions, and
1,3-diaxial interactions in the transition state.3
Kinetic studies of the reverse reaction suggest
that the transition states must be much more
product-like than oxide-like. For both oxides
scission at position-1 is favored by a very large
inductive effect.4 Qualitatively it would be
anticipated that 9 would have a higher energy
content than 10 because of the extra axial group
and the 1,3-diaxial interaction in the former.
Consequently, scission at position-1 in the trans
oxide would be less favored to this extent, i.e.
unfavorable steric interactions in the transition
state 9 impede the normally favored opening at
position-1. In the cis oxide openings, 12 would be
expected to have a higher energy content than 11
because of the same unfavorable steric factors
mentioned above, Steric interactions in transition
state 11 therefore reinforce the inductive effect
which already favors opening at position-1. It is
therefore not surprising that the #rans oxide
leads to two products by a competition process
involving 9 and 10, and that the scission of the
cis oxide leads to only one product because no
such competition is involved since the formation
of 11 is overwhelmingly favored over 12. It is
noteworthy that a complete qualitative corre-
spondence exists between the products from the
epoxide scissions just described and those from
the reactions between aqueous N-haloimides
and 3-methoxycyclohexene (5, 9). This can be
construed as strong evidence in favor of the
bromonium and chloronium ion intermediates
suggested earlier for the N-haloimide ~ olefin
reactions.

In connection with these studies on the dis-
tribution of products from the oxide ring open-
ings, the reverse reactions were studied kinetically
for the chlorohydrins and bromohydrins to place
the qualitative interpretation just presented on a
firmer foundation, and the results of these
investigations will be reported in detail else-
where. With these kinetic data in mind, we are

3Ground state effects have no influence on the product
ratio since the ground state may be taken as common to
both modes of scission of a given oxide. It is true that
different conformations are involved, but they are in
rapid equilibrium, so that either one, or the equilibrium
mixture of both, may be used in expressing the rate law
for both scissions.

4We use this term in its most general sense to include
electrostatic effects transmitted though single bonds as
well as directly through space.

now convinced that the product distribution
from these reactions is governed by an intricate
but predictable interplay of substituent inversion
effects (A-factors), gauche substituent inter-
actions (G-factors), and 1,3-diaxial interactions
(Z-factors), together with an inductive parameter
involving the methoxyl substituent and the
nucleophile in the transition states 9 to 12.
Clearly it is now important to examine the
influence of other substituent groups at position-3
on the nature of the products formed during the
scission of alicyclic epoxides.

Experimental.6.7

DL-trans-3-Methoxycyclohexene Oxide (1)

The trans oxide was prepared by the addition at 20-32°
over a 30 min period of 12.0 g (0.30 mole) of sodium
hydroxide dissolved in 30 ml of water, to a mechanically-
stirred suspension of bpL-(1,3/2)-1-bromo-2-hydroxy-3-
methoxycyclohexane (6b) (4) (41.8 g, 0.200 mole) in
30 ml of water, followed by heating at 50° with stirring
for 30 min. Extraction with ether (5 X 50 ml), followed
by drying over anhydrous magnesium sulfate and dis-
tillation in vacuo, gave 24.9 g (97.3 %) of colorless fragrant
oil, b.p. 56.5-57.0° at 10 mm; np25 1.4516 (3).

DL-cis-3-Methoxycyclohexene Oxide (2)

The cis oxide was prepared in exactly the same manner
as the trans oxide except that br-(1/2,3)-1-bromo-2-
hydroxy-3-methoxycyclohexane (7b) (4) was used as the
starting material, and the addition of the alkali was
completed over a period of 12 min. Stirring was continued
at 28° for a further 15 min, following which the oxide was
immediately extracted and isolated as described for its
isomer. The yield of colorless fragrant oil was 24.8 g
(97.0%), b.p. 74-75° at 10 mm, np?5 1.4582 (3). The purity
of both isomers was verified by comparison of their
infrared spectra with those of authentic samples (3) and
by vapor-phase chromatography (v.p.c.) in the Wilkens
Autoprep model A-700 gas chromatograph at 150°
(10 ft 3/8 in. diameter aluminium column, Anakrom 60 /70
mesh, impregnated with 309/ diethyleneglycol succinate).
The retention times for the trans and cis oxides respectively
were 2 and 4 min.

Hydrochloric Acid Scission of DL-trans-3-Methoxycyclo-
hexene Oxide (1)

DL-trans-3-Methoxycyclohexene oxide (16.7 g, 0.130
mole) was weighed into a long-necked flask and 30 m! of
anhydrous diethyl ether was added. The resultant solution
was cooled to —50° and saturated with anhydrous hydro-
gen chloride, then allowed to warm to room temperature
(11 h). Most of the ether and hydrogen chloride was
removed by bubbling air through the solution and the
remainder was removed by evaporation in vacuo on the
rotary evaporator. The residual thick yellow oil (19.8 g,
93.0%) was subjected to v.p.c. analysis on a 109%
Versamid-900 column (5 ft 3/8 in. diameter, 150°) and

SAll melting points are uncorrected.

6 Analyses by J. Helie of these laboratories.

7THelium flow rates in v.p.c. experiments were 300 ml/
min unless otherwise specified.
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found to consist of 84.9 % pr-(1,3 /2)-1-chloro-2-hydroxy-
3-methoxycyclohexane (64) (5) and 8.1% bpr-(1/2,3)-1-
hydroxy-2-chloro-3-methoxycyclohexane (5a), the un-
expected isomer. Both compounds were identified by
comparison of the retention times and peak enhancement
found for the mixture with those of previously synthesized
and identified samples of the same compounds.

Hydrochloric Acid Scission of DL-cis-3-Methoxycyclo-
hexene Oxide (2)

DL-cis-3-Methoxycyclohexene oxide (30.2g, 0.236
mole) was treated in the same manner as described for
the trans oxide. After the removal of excess reagent and
solvent there remained 38.9 g, (100%) of yellow oil,
which when analyzed by v.p.c. on a neopentyl glycol
sebacate (4 ft) column at 70 °C. and 40 pounds per square
inch (p.s.i.) proved to be pure pL-(1/2,3)-1-chloro-2-
hydroxy-3-methoxycyclohexane (7a) (5). The compound
was identified by comparison of its retention time and
peak enhancement with an authentic sample, and proven
to be free of the minor product 8a by the same means, i.e.
the column used was shown to be capable of separating
mixtures of the two isomers prepared from authentic
samples.

Hydrobromic Acid Scission of pL-1rans-3-Methoxycyclo-
hexene Oxide (1)

DL-trans-3-Methoxycyclohexene oxide (6.40 g, 0.500
mole) was transferred in 30 ml of anhydrous ether to a
500 ml three-neck flask equipped with a magnetic stirrer,
thermometer, reflux condenser, and pressure-cqualizing
dropping funnel. A solution of anhydrous hydrogen
bromide in anhydrous ether (350 ml, 0.21 N) was added
to the stirred solution at —10° to —15° over a period of
35 min. Stirring was continued while the temperature
of the clear solution was allowed to rise spontanecously
to room temperature (4 h). The solution was heated at
35° with stirring for another hour, following which the
ether was removed in vacuo, furnishing 11.4 g of crystalline
solid. Recrystallization from ether and ether—-pentane
gave 8.17 g of colorless stout needles, m.p. 67.5-69°,
which was identified as pL-(1,3/2)-1-bromo-2-hydroxy-3-
methoxycyclohexane (6b6) by a mixture melting point
determination and by comparison of infrared spectra.
The residual oil, 2.18 g, was analyzed by v.p.c. in the
Wilkens Autoprep model A-700 gas chromatograph at
150° (5 ft column, Chromosorb P, 45/60 mesh, impreg-
nated with 10% Versamid-900). The chromatogram
showed two peaks with retention times of 17 and 22 min
respectively8 which were identified as 656 (4) (m.p.
67.5-69°) and pr-(1/2,3)-1-hydroxy-2-bromo-3-methoxy-
cyclohexane (56) (9) (np®3 1.5148) respectively by actual
recovery and comparison of their properties with authen-
tie samples. The relative proportions were found to be 1:1
by peak area measurements after calibration experiments
had been performed with the authentic compounds, Thus,

8A shoulder on this peak at 13 min was subsequently
shown to owe its origin to a reproducible isomerization
of 6b to pr-(1,2/3)-1-bromo-2-hydroxy-3-methoxycyclo-
hexane on the chromatographic column as described
below. Tt was, therefore, necessary to confirm the relative
proportions of 65 and 5b by chromatography at 150°
on Anakrom impregnated with 309 diethyleneglycol
succinate, under which conditions no isomerization of 65
oceurs,

the yields of 66 and 56 are 9.26 g (86.6%;) and 1.09 g
(10.29,) respectively.

Isomerization of DL-(1,3[2)-1-Bromo-2-hydroxy-3-
methoxycyclohexane (6b). Vapor-phase Chromatog-
raphy on Versamid-900 at 170°

Vapor-phase chromatography of a 609, methanolic
solution of pr-(1,3/2)-1-bromo-2-hydroxy-3-methoxy-
cyclohexane (6b) at 170° in the Wilkens model A-700 gas
chromatograph using a 5-ft, 3/8 in. diameter, aluminium
column packed with Chromosorb P which had been
impregnated with 159 Versamid-900 gave a broad peak
with retention time 18—48 min together with a broad
shoulder at 9-18 min. Serial injections of 150 ul of the
methanol solution were made and collected as one frac-
tion with a retention time of 9-48 min ; recovery was 41 9.
Serial injections of a 45 9 methanol solution of the recov-
ered oil were made employing the same apparatus at 150°,
but substituting an Anakrom column impregnated with
30 9 diethyleneglycol succinate. The two fractions, which
had retention times of 15 (55 %) and 25 min (45¢%), were
collected separately; recovery was 65%. The slower-
moving fraction crystallized and was identified as 65 by
comparison of the melting points and infrared spectra.
The faster-moving fraction was a colorless oil isomeric
with the starting material but different from the other
three methoxybromocyclohexanols described previously
“4,9).

Anal. Caled. for C;H,;30,Br: C, 40.22; H, 6.27; Br,
38.22. Found: C, 40.05; H, 6.08; Br, 38.05.

Acetylation of 250 mg of this substance in the usual
manner furnished 265 mg (88.3 %) of colorless oil which
was purified by preparative v.p.c. at 150° (retention time
15 min) using a 5 ft Fluoropak 80 column which had been
impregnated with 109 SE30.9

Anal. Caled. for CoH;503Br: C, 43.04; H, 6.02; Br,
31.82. Found: C, 43.23; H, 5.92; Br, 31.81.

Hydrobromic Acid Scission of DL-cis-3-Methoxycyclo-
hexene Oxide (2)

The reaction conditions and method of isolation were
identical with those used for the trans oxide. The product
was a liquid and was distilled i vacuwo using a micro
‘“Bantamware’” distillation assembly, yielding 104 g
97.3%) of bL-(1/2,3)-1-bromo-2-hydroxy-3-methoxy-
cyclohexane (7b) (4), b.p. 59° at 0.005 mm pressure;
np?5 1.5082. The compound was identified by comparison
of its infrared spectrum with that of an authentic sample
and showed only 1 peak on v.p.c. at 150° in the Autoprep
model A-700 gas chromatograph (10 ft column Anakrom
60/70 mesh, impregnated with 30%; diethyleneglycol
succinate) with a retention time of 13.5 min. An authentic
sample of bL-(1,3 /2)-1-hydroxy-2-bromo-3-methoxycyclo-
hexene (85) (9) had retention time 18.0 min under identical
conditions and synthetic mixtures were resolvable.

9The nuclear magnetic resonance spectrum of this
substance in deuteriochloroform (15 %, solution) showed
an acetoxyl methyl at = 7.90, methoxyl methyl at » 6.65,
and methine protons at 7 6.55, 5.50, and 5.15. The methine
proton resonance at lowest field clearly must be due to
the proton attached to the carbon atom which bears the
acetoxyl group (14). The multiplet pattern for this proton
Is a quartet with Jy,» = 3.0 c.p.s. and J,3 = 6.7 c.p.s.
From these data the structure of the isomeric bromo-
hydrin is concluded to be pr~(1,2/3)-1-bromo-2-hydroxy-
3-methoxycyclohexane,
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Acetolysis of DU-cis-3-Methoxycyclohexene Oxide (2)

pL-cis-3-Methoxycyclohexene oxide (10.5 g, 0.082 mole)
was treated with glacial acetic acid (100 ml) and concen-
trated sulfuric acid (0.10 g) at 70° for 6 h. Acetic anhydride
(25 ml) was added and the solution was kept for 36 h at
room temperature. The acid and excess anhydride were
largely removed in vacuo on the rotary evaporator and
the residue was neutralized with sodium bicarbonate and
potassium carbonate to pH 8. The resultant solution was
extracted with ether (6 % 30ml) and dried over anhydrous
magnesium sulfate. Removal of the ether furnished 16.3 g
(86.2%) of an oil, analysis of which by v.p.c. at 85° on a
6 ft column of Chromosorb P impregnated with 109
neopentyl glycol sebacate showed it to consist of a single
diacetate isomer. The structure of the diacetate was
established as pr-(1/2,3)-1,2-diacetoxy-3-methoxycyclo-
hexane (7¢) by its n.m.r. spectrum.

Anal. Calcd, for C;;H;305: C, 57.35; H, 7.88. Found:
C,57.31; H, 7.81.

A small quantity of a second product (2.2 %) was sepa-
rated from 7¢ by preparative v.p.c. This substance was not
identified but it cannot be the minor isomer 8¢ formed by
opening at position-2 since its v.p.c. characteristics differ
markedly from those of the latter substance which is
identical with the major isomer 6¢ obtained by scission
of the trans oxide at position-1 (see below).

Acetolysis of DL-trans-3-Methoxycyclohexene Oxide (1)

DL-trans-3-Methoxycyclohexene oxide (60.8 g, 0.475
mole) was treated with acetic acid as described for its
isomer except that the addition of acetic anhydride was
omitted, After isolation in the manner indicated above,
78.0 g (87.49,) of a mixture of oil and crystals was ob-
tained. Vapor-phase chromatographic analysis of this mix-
ture under the same conditions as mentioned in the scission
of the cis isomer indicated the presence of two isomers
in the ratio 87.5:12.5. Fractional distillation of the mixture
at 75-90° at 0.02 mm pressure gave 7.60 g of an oil which
was further acetylated and redistilled in a Spéth tube (air-
bath temperature 90~100°) at 0.02 mm yielding 8.85 g of
oily product. Analysis of the latter material by v.p.c. at
85° as described above gave two peaks with retention
times of 15.75 and 20 min respectively. When pure
DpL~(1/2,3)-1,2-diacetoxy-3-methoxycyclohexane (5¢) was
added to a sample of the oil, the first peak was reinforced,
strongly suggesting that the first peak is 5¢10 formed by
attack at position-2. Analysis of the oil showed it to con-
sist solely of diacetate so that the second peak must be
pr-(1,3/2)-1,2-diacetoxy-3-methoxycyclohexane (6¢)
formed by normal opening at position-1.

Anal. Calcd. for C;1H,50s: C, 57.36; H, 7.88. Found:
C, 57.47,57.43; H, 8.13, 8.04.

The crystalline compound recovered from the pot
residue from the first distillation was recrystallized twice
from ligroin, had m.p. 73.5-75.0°, and was identified as
pL-(1,3/2)-1-acetoxy-2-hydroxy-3-methoxycyclohexane by
its n.m.r. spectrum.

Anal. Calcd. for CoH604: C, 57.41; H, 8.57. Found
C, 57.29,57.43; H, 8.43,8.27.

Methanolysis of DL-cis-3-Methoxycyclohexene Oxide (2)
Basic Conditions
DL-cis-3-Methoxycyclohexene oxide (9.63 g, 0.075 mole)

10This material was identical with the diacetylated
compound 7c¢ obtained from scission of the cis oxide
with acetic acid followed by subsequent acetylation.

was heated under reflux for 48 h in methanol (35 ml)
containing sodium (0.651 g). The solution was then kept
at room temperature for 5 days, acidified with acetic acid,
and distilled through an 8 in. Vigreux column until a
colorless mushy solid remained in the pot. The latter was
collected by filtration, washed with ether, and the filtrate
and washings were fractionated yielding 1.55 g of color-
less oil, b.p. 45° at 0.03 mm pressure, np25 1.4558,
identified by v.p.c. as unreacted cis oxide (5); and 8.28 g
(82.0%,) of colorless oil, b.p. 45-53° at 0.03 mm, np23
1.4592, identified as pr-(1/2,3)-1,3-dimethoxy-2-hydroxy-
cyclohexane (74) by the n.m.r. spectrum of its p-nitro-
benzoate. Vapor-phase chromatographic analysis at 85°
on a 6-ft column of Chromosorb P impregnated with 109
neopentyl glycol sebacate indicated the fraction to consist
of only one isomer.

Acidic Conditions

DL-cis-3-Methoxycyclohexene oxide (3.00 g, 0.0234
mole) was added to anhydrous methanol (15 ml) con-
taining one drop of concentrated sulfuric acid. The
solution warmed spontaneously to 60°, and was allowed
to cool to room temperature and kept overnight. The
methanol was removed iz vacuo on the rotary evaporator
and the residue was distilled yielding 3.98 g!l of pL-
(1/2,3)-1,3-dimethoxy-2-hydroxycyclohexane (7d) as a
colorless oil, b.p. 42-48° at 0.02 mm. Identification was
made as described above and v.p.c. analysis again indi-
cated that 7d was the only isomer formed.

Methanolysis of DL-trans-3-Methoxycyclohexene Oxide (1)

Basic Conditions

DL-trans-3-Methoxycyclohexene oxide (25.2g, 0.197
mole) was treated with a solution of sodium methoxide as
described for its stereoisomer. After neutralization with
acetic acid, the solution was distilled yielding 2.51 g of
unreacted oxide identified by v.p.c. analysis, and 25.7 g
(90.5%) of colorless oil, b.p. 80-85° at 0.01 mm, np?S
1.4585, which by v.p.c. analysis proved to be a mixture of
pr-(1,3 /2)-1,3-dimethoxy-2-hydroxycyclohexane (64) and
pL-(1/2,3)-2,3-dimethoxy-1-hydroxycyclohexane (5d) in
the ratio 90.7:9.3. Several attempts were made to separate
this mixture on the Fisher Preparative Partitioner but only
6d was obtained pure by this means, #p25 1.4584. This
compound was identified by its n.m.r. spectrum (2).

The second isomer was isolated only in an enriched
form and was further purified by conversion to the p-nitro-
benzoyl derivative, followed by fractional crystallization.
The pure derivative had m.p. 71.2-71.8° and was identi-
fied by its n.m.r. spectrum. 12

Anal. Calcd. for CisHioO6N: C, 58.22; H, 6.20; N,
4.53. Found: C, 58.25; H, 5.99; N, 4.54.

Acidic Conditions

DL-trans-3-Methoxycyclohexene oxide (16.0g, 0.125
mole) was subjected to acidic methanolysis in the same
manner as described for its stereoisomer. Isolation by
distillation in vacuo afforded 15.5 g (77.5%) of colorless

11The % yield was high but indeterminate due to error
in weights.

12The n.m.r. spectrum of this substance did not show
the expected quartet for the C-2 methine proton of 54
because of overlap with another peak. However, it did
show two non-equivalent methoxyl methyl proton reso-
nances at = 6.60 and 6.52 respectively in contrast to that
of 64 which showed only one methoxyl methyl proton
resonance equivalent to 6 protons at 7 6.64.
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oil, b.p. 80-85° at 0.01 mm pressure, np25 1.4593, Vapor-
phase chromatographic analysis revealed it to contain
the same two compounds as the product from the basic
cleavage of the same oxide but in the ratio 89.5:10.5.

Ammonolysis of pL-trans-3-Methoxycyclohexene Oxide (1)

The procedure was identical with that reported by
Bannard and Hawkins (3) except that 20.5 g (0.160 mole)
of oxide was used and heating was conducted at 110°.
Removal of the excess ammonia and ethanol in vacuo
followed by recrystallization from absolute methanol,
with addition of decolorizing charcoal, furnished 21.3 g
of pale-yellow crude crystalline material together with
1.74 g of dark residue. Recrystallization of the former
from absolute methanol furnished 18.3 g of pr-(1,3/2)-1-
amino-2-hydroxy-3-methoxycyclohexane (6e) (3), as
colorless platelets, m.p. 111.5-112.5°13 alone, and in
admixture with an authentic sample. The dark residue,
on heating at 10-3 mm pressure furnished two sublimates,
one a colorless crystalline solid at 40-60° (m.p. 60-95°),
and the other a more waxy solid at 80-100° (m.p. 95—
125%). Similar treatment of the residue obtained on
evaporation to dryness in vacuo of the mother liquor from
the recrystallization of the major product yielded identical
sublimates. Recombination of corresponding fractions
followed by resublimation and fractional recrystallization
of the lower-melting sublimate from anhydrous ether
gave a further 700 mg of 6e as colorless leaflets, m.p.
111.5-112.5° and 1.75g of the previously unreported
pL-(1/2,3)-1-hydroxy-2-amino-3-methoxycyclohexane (5¢),
as long thick leaflets, m.p. 89.5-90.5°.14

Anal. Caled. for C;H;50.N: C, 57.90; H, 1041; N,
9.65. Found: C, 57.78; H, 10.42; N, 9.73.

The residue (680 mg) recovered by evaporation to
dryness of the mother liquors was analyzed by v.p.c. at
165° in the Autoprep A-700 gas chromatograph (10 ft
column, Chromosorb P 45/60 mesh, impregnated with
5% potassium hydroxide and 25¢; polyethylene glycol
20 000) after suitable calibration experiments with the
pure 1-amino (55.5 min) and 2-amino (66 min) isomers in
question. The relative amounts were found to be 33.6%
and 66.4%, respectively. Thus, the yields of 1-amino-
and 2-amino derivatives were 19.2 g (80.29;) and 2.20 g
(9.0%) respectively.

The higher-melting sublimate was recrystallized from
anhydrous ether, yielding 1.10g (4.99%) of colorless
crystalline substance, m.p. 95-125°, which was concluded
to be a mixture of sterecisomeric secondary amines,
judging from its analysis and chromatographic properties.
This mixture was not eluted from the above-mentioned
chromatographic column at temperatures up to 195°
and similar behavior was exhibited by an analogous

13The m.p. of this compound was erroneously reported
carlier (3) as 107-108°.

14The structure of 5e was established by deetherification
to pr-(1/2,3)-2-amino-1,3-cyclohexanediol, m.p. 112-
113°, in 95%; yield (15) and conversion of the latter to a
triacetyl derivative, m.p. 144-146°, in 989 yield, which
was identical with an authentic specimen of pr-(1/2,3)-2-
acetamido-1,3-diacetoxycyclohexane kindly provided by
Prof. S. Ogawa. Confirmation of the structure was
obtained from the 60 Mcycle/s n.m.r. spectrum of
pL-(1/2,3)-1-acetoxy-2-acetamido-3-methoxycyclohexane.
The spectrum exhibited a double quartet at = 4.07 due to
the methine proton at C-2 which was collapsed to a
quartet (J2,3 = 2.8 c.p.s. and Jy,2 = 9.3 c.p.s.) by spin
decoupling the proton attached to nitrogen.

secondary amine obtained previously by Hawkins and
Bannard (13) from the ammonolysis of cyclohexene oxide.
The primary and secondary amines could be separated,
however, by paper chromatography on Whatman No. 1
paper using n-butanol:acetic acid:water (4:1:5). Under
these conditions, the l-amino derivative, the 2-amino
derivative and the secondary amine mixture had R
values 0.50, 0.60, and 0.70 respectively (chromogen,
bromcresol green). Consequently, paper chromatography
was used to check for the presence of secondary amine in
the primary amines.

Anal. Calcd. for C14H2704N-1/2 HzOI C, 59.56;
H, 10.00; N, 4.96. Found: C, 59.40; H, 10.12; N, 4.75.

DL-(1/2,3)-1-Acetoxy-2-acetamido-3-methoxycyclohexane

This substance was obtained in quantitative yield by
heating pr-(1/2,3)-1-hydroxy-2-amino-3-methoxycyclo-
hexane (5¢) under reflux for 1h with a large excess of
acetic anhydride as described previously (16). Recrystal-
lization from anhydrous ether gave colorless rosettes,
m.p. 108-108.5°.

Anal. Calcd. for C11H1904NZ C, 57.62; H, 835;
N, 6.11. Found: C, 57.52; H, 8.46; N, 6.10.

DL-(1/2,3)-2-Amino-1,3-cyclohexanediol

pr-(1/2,3)-1-Hydroxy-2-amino-3-methoxycyclohexane
hydrobromide, m.p. 234-235.5°, (248 mg, 1.1 x 1073
mole) and 68 % aqueous hydrobromic acid (1.0 ml) were
heated together in a Carius tube at 68° for 1.5 h. The
pale-yellow solution was evaporated to dryness in vacuo
and the crystalline residue was pumped at a pressure of
1.0 x 103 mm to remove traces of excess hydrogen
bromide. The residual tan-colored rosettes (221 mg) were
dissolved in water (10 ml) and the solution was passed
through Amberlite IRA-400 (OH) resin (5 ml), after which
the resin was washed with water (50 ml). Evaporation
of the combined eluates to dryness in vacuo furnished a
colorless crystalline residue, sublimation of which at
60-65° at 1.0 X 1073 mm pressure gave 151 mg (95.0 %)
of prL-(1/2,3)-2-amino-1,3-cyclohexanediol, as colorless
crystals, m.p. 112-113°. Suami and Ogawa (15) report
112-113°for this compound. Acetylation of the aminediol
(136 mg) gave 260 mg (97.4%) of a crystalline triacetyl
derivative (sublimes at 110-120° at 1.0 X 1073 mm pres-
sure), which had m.p. 144-146° alone and in admixture
with an authentic sample of pr-(1/2,3)-2-acetamido-1,3-
diacetoxycyclohexane (15). The infrared spectra of the
two specimens were also identical.

Ammonolysis of DL-cis-3-Methoxycyclohexene Oxide (2)
The procedure was the same as described for the trans
oxide except that 2.05 g (0.0160 mole) of cis oxide was
used. Removal of the ethanol and excess amumonia in
vacuo from the pale-yellow solution left an almost color-
less residue, heating of which at 65° at 10~3 mm pressure
furnished 2.21 g(92.0 %) of colorless crystalline sublimate,
m.p. 95-97°, which was identified as pr-(1/2,3)-1-amino-
2-hydroxy-3-methoxycyclohexane (7¢) (3) by mixture
melting point determination with an authentic specimen,
and by comparison of infrared spectra. Vapor-phase
chromatographic analysis on the Autoprep A-700 gas
chromatograph at 165° (10 ft column, 45/60 mesh
Chromosorb P impregnated with 5%, potassium hydroxide
and 25% polyethylene glycol 20 000) gave a single peak
with retention time 49 min. Its R value in paper chro-
matograms on Whatman No. 1 paper using n-butanol:
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acetic acid : water (4:1:5) was 0.52 (chromogen, bromgcre-
sol green). No indication of the presence of a minor pro-
duct was observed in any of these experiments.

The residue from the sublimation on heating at 80-100°
at 1073 mm pressure, furnished an oily base, 106 mg
(4.7%), which was concluded to be the corresponding
secondary amine mixture, judging from its analysis and
chromatographic behavior.

Anal. Caled. for Cy4H»704N-1/2 H,O: C, 59.56; H,
10.00; N, 4.96. Found: C, 59.73; H, 10.31; N, 4.70.

This substance, like its counterpart from the frans oxide
was not eluted from the column during v.p.c. analysis as
described above using temperatures up to 195°, It was,
however, separable from the primary amine by paper
chromatography using the above-mentioned solvent
system, (R; 0.70, chromogen, bromcresol green).
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Photochemical rearrangement and dimerization of 1,1-disubstituted indenes
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The photochemical behavior of 1,1-diphenylindene and 1,1-dimethylindene has been studied. The
former undergoes eflicient rearrangement on direct irradiation or on acetophenone sensitization, forming
2,3-diphenylindene and 1,2-diphenylindene. In contrast, 1,1-dimethylindene gave no detectable products
of methyl migration but formed dimeric cyclobutanes on sensitized and direct photolysis. The structures
of the two dimers formed in the sensitized reaction were assigned from their nuclear magnetic resonance
spectra. It was also demonstrated that hydrogen, like methyl, migrated inefficiently if at all in this system.
This difference in migratory aptitudes is discussed in terms of orbital symmetry of the indene system.

Canadian Journal of Chemistry. 46, 43 (1968)

Introduction

Indene is capable of reacting by several
photochemical pathways. For example, on sensi-
tized photolysis, with light absorbed by aceto-
phenone or Michler’s ketone, the cis-anti-cis
cyclobutane dimer (1-4), with head-to-head ori-
entation (4) is formed in high yield. However,
on direct irradiation in which the light is
absorbed by indene, extensive polymerization
occurs. Cyclobutanes can also be obtained by
sensitized cross-addition reactions of indene
with coumarin (1, 4) or acrylonitrile (5). Photo-
lysis of indene and acrylonitrile with no sensitizer
results in the formation of 2-(1-indenyl)-propio-
nitrile as the major product (5).

In order to obtain further information on the
photochemical behavior of the indene system, a
study of 1,1-diphenylindene and 1,1-dimethyl-
indene was undertaken. In these two cases there
were the following a priori possibilities. First, the
compounds could dimerize, rearrange,! poly-
merize, or give products of all three reactions.
If rearrangement or dimerization occurred, there
was the question as to what the products would
be. Second, it was of considerable interest to
make a comparison of the reactions with and
without a sensitizer, since the parent compound
behaves differently in the two reactions.

Results
Synthetic and Structural Aspects
The two model compounds for photolysis,
1,1-diphenylindene and 1,1-dimethylindene were

prepared by similar routes from the appropriate

IPhotolysis of 1,1,3-triphenylindene leads to phenyl
migration; see ref. (13).

indanones. For example, 3,3-diphenyl-1-
indanone obtained by cyclization of 3,3,3-tri-
phenyl propionic acid with stannic chloride, was
reduced by sodium borohydride in ethanol, and
the 3,3-diphenyl-1-indanol was dehydrated on
treatment with p-toluenesulfonic acid in acetic
acid at reflux to give 1,1-diphenylindene m.p.
89-90° (lit. 91-92°, (6)); the route is essentially
that of Brown and Jackman (6). The method of
Bosch and Brown (7) was followed in obtaining
1,1-dimethylindene, and the nuclear magnetic
resonance (n.m.r.) spectrum of the product was
identical with the published spectrum (7).

On photolysis in hexane or ethanol, 1,1-di-
phenylindene gave products of phenyl and
hydrogen migration which were identified as
2,3-diphenylindene (1) and 1,2-diphenylindene
(2). These were formed in the ratio 75:25 as
determined by gas chromatography (Column A,
220°) and were isolated by chromatography on
alumina. Reduction of 2,3-diphenylindenone
with zinc and hydrochloric acid as described by
Shriner and Knox afforded 1,2-diphenylindene,
m.p. 175° (8). The reactions are shown in
Scheme 1.

This had Amay(hexane) 237, 305 mu log € 4.11
and 4.28 respectively. The n.m.r.2 was in accord
with this structure and had a rather broad singlet
at 4.90 (1 proton, benzylic) as well as a multiplet
centered at 7.10 (15 protons, aromatics and viny]
proton).> This synthetic material was identical
in all respects, with the minor photolysis product
of 1,1-diphenylindene. On treatment of 1,2-di-
phenylindene with dimethylamine (9) in pyridine

2Chemical shifts are given in p.p.m., see experimental.
. 3There is at least one precedent for this n.m.r. pattern
in the 2-substituted indene system (24).
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the 2,3-isomer m.p. 108° was formed in quanti-
tative yield.4The latter, which was themajor prod-
uct of the photolytic migration, had Ap.(hex-
ane) 237 and 305 my, log €4.30 and 4.26 respec-
tively, and showed n.m.r. peaks at 3.75, (two-
proton singlet, methylene group) and at 7.15 and
7.25 (14 protons, aromatics).

These same rearrangement products were
obtained on photosensitization with aceto-
phenone. A dimer was also obtained, m.p.
160-162°, the n.m.r. of which showed that it was
not derived directly from 1,1-diphenylindene,
but from one of the rearrangement products.

The photochemical behavior of 1,1-dimethyl-
indene was quite different. No products of methyl
migration could be detected. These were sought
for by gas chromatography (Column A, 110°)
and by n.m.r. spectroscopy. No peaks of reten-
tion time similar to 1,1-dimethylindene were
observed, and no trace of allylic methyl reso-
nance was seen in the n.m.r. spectra of aliquots
taken at all stages of the reaction. Gas chroma-
tography (Column B, 200°) did show that several
compounds, presumably dimers were formed.

As in the case of indene (1-4) the mixture of
products of photosensitization was simpler. Two
dimers (Scheme II) formulated as the head-to-
head isomer (4) and the head-to-tail compound
(5) were isolated by alumina chromatography.

4In our hands, use of potassium hydroxide in ethanol to
effect isomerization gave intractable material.

The former was non-crystalline and was the
major product; the latter had m.p. 92-95° and
was the only other significant product. The above
structures for these dimers are derived from
infrared and n.m.r. spectra. Both compounds had
two bands of equal intensity at 1362 and 1383
cm~! in the infrared, showing that the gem-
dimethyl system (10) was intact, The n.m.r. of
the major, low-melting dimer showed singlets at
1.31 and 0.95 (6 protons per peak, methyl group)
and a multiplet at 7.15 (8, protons, aromatic).
The methine protons of the cyclobutane system
appeared as two doublets at 3.47 (2 benzylic pro-
tons) and 2.52 (2 protons), the splitting for each
doublet being 4.5 Hz. Although these protons
belong to an AALIXX! system, there is only one
large coupling constant between protons of
different chemical shifts. Inspection of a related
case, the head-to-head dimers of coumarin (11),
leads to the conclusion that the A and X portions
could appear as doublets.

The crystalline dimer of dimethylindene shows
singlets at 1.14 and 1.57 (6 protons per peak,
methyl protons) and at 7.18 (8 aromatic protons).
The methine protons gave rise to two quartets
centered at 3.76 (2 benzylic protons) and at 2.42
(2 protons), which had an object-image relation-
ship. This pattern is consistent with the head-to-
tail orientation, since the corresponding cou-
marin dimer (11) has an AA1XX!1 spectrum with
a similar appearance.

Support for the above assignment of structures
to the dimethylindene dimers derives from the
n.m.r. of the photo-dimer of indene itself. The
latter was shown to be the head-to-head com-
pound (4), and in the n.m.r. the signal from the
benzylic methines appears as a doublet, centered
at 3.64, with a splitiing of 5.4 Hz. The corre-
sponding protons of the major, low-melting dimer
of dimethylindene give rise to a similar doublet
at 3.47 (vide supra). The signal at 3.76 from the
crystalline dimer is a quartet. These facts point
to the head-to-head structure for the low-melting
dimer of dimethylindene.

In order to determine whether photolytic
hydrogen migration occurs in the indene system,
1,1,3-trideuterioindene was prepared by the
method of Bergson (12). This was photolyzed to
809 polymerization, and the residual indene
recovered by distillation. Nuclear magnetic
resonance spectroscopy showed that no change
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CHj; CH;
@Q PhCOCH; O.'O +
CH, CH; CH,CH; CH, CH, CH; CH,
4) 83% (5)17%

ScHeME 1

in deuterium distribution had occurred. It was
also found that the 1,2- and 2,3-diphenylindene
isomers did not interconvert on irradiation.

Discussion
Mechanistic Aspects

There are a number of reports in the recent
literature of photolytic migration of hydrogen,
methyl, and phenyl groups in unsaturated hydro-
carbon systems. Specifically, Griffin and co-
workers have found that all three of the above
groups migrate in suitably substituted alkenes
(13-15) and Jones and Jones reported similar
migrations of methyl and hydrogen in the tri-
methylcycloheptatriene system (16).

In this work it has been demonstrated that
while rearrangement is the exclusive photo-
chemical process of 1,l-diphenylindene, no
rearrangement products of the 1,1-dimethyl
derivative could be found, nor could evidence
for hydrogen migration in indene be produced.
The low migratory aptitudes of hydrogen and
methyl relative to phenyl cannot be an inherent
quality in the former two, since all three groups
migrate readily in other systems (13-16).

The difference in migratory aptitudes can be
understood if the selection rules for sigmatropic
reactions (17) are applied to the indene system. A
model for the transition state for migration (see
Fig. 1), following the suggestion of Woodward
and Hoffmann (17), would consist of an indenyl
radical and a methyl radical, hydrogen atom, or
phenyl radical. The symmetry of the lowest
unoccupied molecular orbital of the indenyl
radical then determines whether migrations in
the excited state are permitted. This radical has
9  electrons, hence the orbital in question is yg
which has the symmetry shown in (6) and (7).
It can be seen that the coefficients at the migra-
tion start and terminus are of opposite sign (18),
and suprafacial migrations from C, to C, of
groups which interact with the indene = system
only through o orbitals, such as methyl or
hydrogen, are forbidden. In considering the same

(6) Q)]

Fig. 1. Models for transition states for phenyl and
methyl migration.

migration of aryl groups, the = system of the
migrating group must be taken into account. In
this case the p-orbitals of the = system are of the
correct symmetry for positive overlap with ¢ at
C, and C,, as shown in (6). Also, the lowest
antibonding orbitals of benzene have nearly the
same energy (—1.008) as s of the indenyl
radical (—0.908) (18) hence the overlap will
cause a significant energy lowering in the transi-
tion state, resulting in the facile migration of a
phenyl group.5

Migration of a phenyl group would result in
the formation of an o-quinodimethane, or iso-
indene structure. Such species intervene in several
reactions including photochemical (19-21), ther-
mal (22-24), and elimination (24, 25) processes.
The isoindeneé (3) could undergo a hydrogen
shift to form the products, (1) and (2). This shift
probably occurs in the ground state of (3), since
the photochemical process, which is just the
reverse of photo-migration of hydrogen in
indene, is symmetry forbidden. On the other
hand, the ground state process is well known;

5Woodward and Hoffmann (17) have pointed out that
for migrating groups with = systems, reversal of the
selection rules from those for ¢-bonded groups can be
envisaged.

6Griffin er al. (13) suggested these same steps in a
mechanism for the rearrangement of 1,1,3-triphenyl-
indene, but did not discuss the mechanism in any detail.
We have been unable to trap the isoindene intermediate
using dienophiles as trapping agents.
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Roth (22) found that deuterium scrambling
occurred on heating deuterioindene and Alder
and Fremery (25) generated isoindene by a de-
bromination reaction to obtain indene as the
product. The mixture of diphenylindenes is not a
photostationary state, for the products do not
interconvert on irradiation, The ratio is therefore
that of kinetically controlled hydrogen shift,
which of course can occur in either of two senses
giving (1) and (2).

The sensitized dimerization of 1,1-dimethyl-
indene gives two products, while the same
reaction of indene yields a single dimer (1-4).
The major dimer in both cases is the head-to-
head compound, formed via the more stable
diradical intermediate (27). Steric interaction
between methyl groups may be responsible for
the formation of some head-to-tail product in the
dimethylindene dimerization.

Experimental

The nuclear magnetic resonance (n.m.r.) spectra were
obtained with a Varian A-60 spectrometer. The chemical
shifts are & values measured against tetramethylsilane
(5 = 0) as internal standard. Infrared spectra were run on
a Beckman IR 5 or on a Perkin-Elmer 521 instrument.

Gas chromatography was performed with a Varian-
Aerograph 202B instrument, with 60-70 ml/min of
helium, using Column A (5 ft X 1/4 in, 20% SE 30 on
Chromosorb W) or Column B (5 ft x /4 in. 15%
carbowax on Chromosorb W). Melting points were taken
on a Kofler hot stage and are uncorrected.

Nitrogen was Canadian Liquid Air certified grade and
was further purified by passage through vanadous sulfate
(26) solution, concentrated sulfuric acid, and then over
potassium hydroxide pellets.

Alumina used was Adsorption Fisher Alumina and the
Ethanol (95%) was distilled before use.

Microanalyses were by the Spang Micro-analytical
Laboratory, Ann Arbor, Michigan.

Photolysis of 1,1-Diphenylindene

A solution of 1,1-diphenylindene (1.054g; 0.00393
mole) in ethanol (400 ml) was photolyzed through quartz
with a type L450W Hanovia lamp in the usual water-
cooled immersion apparatus. The vessel was fitted with a
magnetic stirrer, an inlet and capillary outlet for nitrogen,
and a means of withdrawing aliquots by a syringe. The
solution was purged with purified nitrogen for 1 h prior
to and during the photolysis. Aliquots were removed and
monitored by ultraviolet absorption and by gas chroma-
tography. The ultraviolet spectrum showed considerable
absorption at 305-325 my after 10 min photolysis. By gas
chromatography (Column A, 220°) the 1,2-diphenyl-
indene peak (retention time, 20 min) was seen to decrease,
while the two product peaks (28 min and 34 min)
increased. When the 1,1-diphenylindene had all reacted
(2 h), the solvent was removed and the mixture chroma-
tographed on a 4.0 X 90 cm column of alumina slurry

packed in hexane. The column was eluted with 109
benzene-hexane, and 250 ml fractions were collected.
Fractions 7-10 contained 2,3-diphenylindene (700 mg,
m.p. 95-105°). The m.p. was raised to 108-110°, lit. 108°
(8), by one crystallization from light petroleum, b.p.
80-100°. Fractions 11-15 were mainly 1,2-diphenylindene
(200 mg, m.p. 100-125°). Crystallization from light
petroleum gave material of m.p. 175-176°, lit. 175-177°
(8).

Sensitized Photolysis of 1,1- Diphenylindene

Acetophenone (26.75 g, 0.222 mole) and 1,1-diphenyl-
indene (0.9454 g, 0.00353 mole) in ethanol (400 ml) were
photolyzed as above except that a Vycor sleeve was used.
The reaction was essentially complete after 3 h as shown
by the absence of the 1,1-diphenylindene peak on gas
chromatography, in which the same products in the same
ratio as in the direct photolysis were observed. After
distillation of solvent and acetophenone, chromatog-
raphy as described above gave 2,3-diphenylindene
(fractions 10-17) 180 mg, m.p. 105-110°. Fractions 25-30
contained dimer, 400 mg, m.p. 156-160° (160-162° from
cthanol-benzene).

Anal, Caled. for C4oHzo: C, 93.99; H, 6.01. Found:
C, 94.09; H, 5.86.

The n.m.r. spectrum (CDCl3) was simple, having a
sharp singlet at 4.0 (4 protons) and a series of multiplets
between 7.2 and 8.2 (28 protons, aromatic). This spectrum
shows that the dimer is not formed directly from 1,1-
diphenylindene since such a dimer would not give a
singlet from the methine protons (cf. dimethylindene
dimers).

Irradiation of 2,3-Diphenylindene

2,3-Diphenylindene (138.9 mg, 4.86 x 10-4 mole as
above) in ethanol (350 ml) was irradiated for 2 h, aliquots
being taken at 30 min intervals. No peak corresponding to
1,2-diphenylindene was observed on gas chromatography.
On terminating the photolysis the solvent was removed
and the residue, in benzene solution, was filtered through
alumina. The benzene was evaporated to give 110.9 mg of
oil which crystallized m.p. 100-115° on adding light
petroleum b.p. 80-100°. The n.m.r. of the crystalline
material showed no peak at 4.90, which would have been
present if isomerization to 1,2-diphenylindene had
occurred.

Irradiation of 1,2-Diphenylindene

1,2-Diphenylindene (140 mg, 5.24 x 10~4 mole) in
ethanol (300 ml) was irradiated (quartz) with the usual
apparatus. Aliquots were taken and checked by gas
chromatography for 2,3-diphenylindene; none of the
Jatter was detected, after short (30 min) or longer (6 h)
photolysis times.

Base-catalyzed Isomerization of 1,2-Diphenylindene to
2,3-Diphenylindene

1,2-Diphenylindene (66.0 mg) was treated with
dimethylamine (0.5 ml) in pyridine (3.0 ml) for 12 h at
25°. Benzene and water were added, the organic layer was
separated, washed with 2 N H,SO4 and water, and dried
(MgSOy). The residue on evaporation of the solvent was
crystalline m.p. 102-108°, 60 mg (91 %). Recrystallization
from light petroleum b.p. 80-100° raised the m.p. to
108-109°,
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Sensitized Photolysis of 1,1-Dimethylindene
1,1-Dimethylindene (2.083 g, 0.0144 mole) and aceto-
phenone (19.425 g, 0.0162 mole) in z-butyl alcohol
(380 ml) and methanol (20 ml) were photolyzed in the
usual apparatus for 5 h using a Vycor filter. Aliquots were
withdrawn at 30 min intervals and analyzed for products
of rearrangement (Column A, 110°) and dimerization
(Column B, 220°). The latter showed a major peak,
retention time 7 min, accounting for about 909, of the
total peak areas. The solvent and acetophenone were
removed and the residue chromatographed on a 4.0 x 90
cm column of alumina, slurry-packed in hexane. The
column was eluted with 250 ml fractions of this solvent.
Fractions 6-11 contained 900 mg of material which
declined to crystallize and gave a single peak on gas
chromatography (Column B, 220°). This was shown by
n.m.r. to be the head-to-head dimer of 1,1-dimethylindene.
Anal. Calcd. for Ca5Hay: C, 91.61; H, 8.29. Found: C,
91.45; H, 8.57.
Fractions 13-17 contained 150 mg of the head-to-tail
dimer, m.p. 50-70° (92-95° from aqueous cthanol).
Anal. Calcd. for Cy2Ha4: C, 91.61; H, 8.39. Found: C,
91.68; H, 8.43.

Direct Irradiation of 1,1-Dimethylindene

Photolysis of 2.0 g of 1,1-dimethylindene in ethanol
(400 ml) as described for 1,1-diphenylindene resulted in
disappearance of starting material. No allylic proton
signals were observed in the n.m.r. of aliquots taken at
20 min intervals; these aliquots showed one peak on gas
chromatography (Column B, 110°) corresponding to
1,1-dimethylindene. Several peaks were observed on this
column at 220°, one of which had the same retention time
as the head-to-head dimer from the sensitized reaction.

Irradiation of 1,1,3-Trideuterioindene

1,1,3-Trideuterioindene (5.363 g, 909, deuterium sub-
stituted) in ethanol (400 ml) was irradiated until about
809 of the indene had reacted, as estimated by gas
chromatography. The solvent was removed, and the
indene distilled at 1 mm, b.p. 35°. About 0.5 g of deu-
terated indene was recovered, and the n.m.r. was identical
with that of starting material, demonstrating that hydro-
gen migration had not occurred.

Acknowledgments

The author thanks Mr. C. W. Huang for help
in obtaining the n.m.r. spectra. Financial support
from the National Research Council of Canada
is gratefully acknowledged.

1. G. O. ScHENCK, W. HARTMANN, S. P. MANNSFELD,
vlv. N)[ETZNER, and C. H. Kraucs. Ber. 95, 1642
(1962).

2. C. H. Krauch, W. METZNER, and G. O. SCHENCK.
Naturwiss. 50, 710 (1963).

3. ?elg. )Pat. 630,110 (1963); Chem. Abstr. 60, 15801
1964).

4. J. Bowver and Q. N. PorTER. Australian J. Cliem.
19, 1455 (1966).

5. 1. J. McCurrougH and C. W. Huang. Chem.
Commun. 815 (1967).

6. R. F. BRownN and L. M. JackmaN. J. Chem. Soc.
3147 (1960).

7. A. Boscu and R. K. BrowN. Can. J. Chem. 42,
1718 (1964).

8. R. L. Suriner and W. R, Knox. T, Org. Chem. 16,
1064 (1951).

9. G. BErGsoN., Acta Chem. Scand. 17, 2691 (1963).

10. L. J. Berramy. The infrared spectra of complex

molecules. Methuen and Co., Ltd., London. 1959.
p. 13.

11. C. H. KrRAUCH, S. FARID, and G. O. ScCHENCK. Ber.
99, 625 (1966).

12. G. BERGSON. Acta Chem. Scand. 18, 2003 (1964).

13. G. W. GrIFFIN, A. F. MarcaNTONIO, H. H. KRISTINS-
soN, R. C. PertersoN, and C, S. IrvING. Tetra-
hedron Letters, 2951 (1965).

14. G. W. Grrrrin, J. Caverr, R. C. PETTERSON, R. M,
Dopson, and G. Krose. J. Am. Chem. Soc. 87,
1410 (1965).

15. H. KrisTiNssoN and G. W. GrIFFIN. J. Am, Chem.
Soc. 88, 378 (1966).

16. L. B. Jones and V. K. Jones. J. Am. Chem. Soc.
89, 1880 (1967).

17. R. B. WoopwarDp and R. HoremaNN.,  J. Am. Chem.
Soc. 87, 2511 (1965).

18. C. A. CouLsoN and A. STREITWIESER. Dictionary of
m-¢lectron calculations. W. H. Freeman and Co.,
San Francisco. 1965. p. 210.

19. N. C. Yang and C. Rivas. J. Am. Chem. Soc. 83,
2213 (1961).

20. G. QuUINKERT. Pure Appl. Chem. 9, 607 (1964);
G. QUINKERT, W. W. WIERSDORF, M. FINkE, and K.
Oritz. Tetrahedron Letters, 2193 (1966).

21. H. A. Staas and J. IpaktscHL Angew. Chem.
Intern. Ed. Engl. 5, 321 (1966).

22. W. R. RotH. Tetrahedron Letters, 1009 (1964).

23. J. A. BErsoN and M. PoMERANTZ. J. Am. Chem.
Soc. 86, 3896 (1964).

24. C. F. HueBNER, P. L. STRACHAN, E. M. DONOGHUE,
N. CaHoon, L. DorrMAN, R. MARGERISON, and E.
WEeENKERT. J. Org. Chem. 32, 1126 (1967).

25. K. ALper and M. Fremery. Tetrahedron 14, 190
(1961).

26. L. M)EITES and T. MEeiTes. Anal. Chem. 20, 984
(1948).

27. N. J. Turro and P. D, BartLETT. J. Org. Chem.
30, 1849 (1965).



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
Lo For personal use only.

Low molecular weight carbohydrates from potato (Solanum tuberosum)
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An investigation was made of the low molecular weight carbohydrates of potato, Netted Gem variety.
The material soluble in 80 % alcohol was fractionated and separated by a combination of charcoal-Celite
column and paper chromatography. Fifteen major components were isolated and characterized, and five
minor components were detected. The major components were galactose, glucose, fructose, myoinositol,
and eleven oligosaccharides, namely, sucrose, melibiose (Gal, 1 — 6 G;), maltotriose (G, 1 -4 G, 1 —
4 G,), digalactosyl glycerol (Gal, 1 — 6 Gal, 1 — 1 Glyc), glucosyl — myoinositol, raffinose (Gal, 1 —
6 G, 1 — 2 Fruy), planteose (Gal, 1 — 6 Fru; 2 — 1 G,), galactinol (p-1-0-a-D-galactopyranosyl-
myoinositol), manninotriose (Gal, 1 — 6 Gal, 1 — 6 G}), stachyose (Gal, 1 -6 Gal, 1 -6 G, 1 —
2 Fruy), and trigalactosyl glycerol (Gal, 1 —6 Gal, 1 — 6 Gal, 1 — 1 Glyc). The five components
detected in small amounts were: three disaccharides, ribosyl-glucose, xylosyl-glucose, and arabinosyl-
glucose, and two trisaccharides both made up of fructose and glucose units in the ratio of 2:1.

Canadian Journal of Chemistry, 46, 49 (1968)

The carbohydrates of low molecular weight
present in potato, as exemplified by the Netted
Gem variety, were studied in this investigation,
The potatoes were harvested at Fredericton, New
Brunswick, in October, 1966. The purpose of the
investigation was to determine the nature of the
mono- and oligosaccharides found in potato.

In the literature (1-3), potato carbohydrates of
low molecular weight were considered to be a
mixture of xylose, fructose, glucose, mannose,
sucrose, maltose, raffinose, heptulose, melezi-
tose, inositol, and fructan. The evidence for the
presence of these sugars was based solely on the
paper chromatography technique and the reac-
tion of the sugars to various spray reagents.

In this study, a mixture of neutral carbo-
hydrates was obtained by extracting the raw
potato with 809 aqueous alcohol. The mixture
was fractionated on a carbon/Celite column and
subfractionated by paper chromatography and
thin-layer chromatography. The isolated oligo-
saccharide material was divided into four groups
of compounds based on their composition.

The first group of oligosaccharides contained
sucrose and members of the raffinose family. The
latter occurs, probably as reserve carbohydrate, in
a wide variety of plant sources, notably seeds and
roots (4). The members of the family isolated in
this study were melibiose, raffinose, planteose,
manninotriose, stachyose, and two trisacchar-
ides made up of fructose and glucose units in a
ratio of 2:1 but whose structure was not com-
pletely defined due to lack of material.

1Issued as Contribution No. 61 of the Food Research
Institute,

The second group of oligosaccharides con-
tained myoinositol, p-1-0-a-D-galactopyranosyl-
myoinositol (galactinol), and glucopyranosyl-
myoinositol,

Myoinositol occurs widely in nature in both
free and bound forms. The bound form has a
varied composition but the phosphate esters are
a major component. This form can be easily
hydrolyzed by strong acid and partially hydro-
lyzed by phosphatases and glycosidases. Structural
studies on inositol containing phosphatides
indicate that the myoinositol is chemically
joined in these compounds through glucosidic
bonds and phosphate ester links. It is quite
possible, therefore, that galactinol and newly
isolated glucosyl-myoinositol represents one of
the building units present in the phosphoino-
sitides.

Methylation of the galactinol showed that
this compound has the same structure as the
compound found earlier in sugar beet juice (5,
6). The glucopyranosyl-myoinositol gave glucose
and myoinositol on hydrolysis. Its structure was
further investigated, particularly with respect to
the point of attachment of the glucosidic linkage
to the myoinositol. Exhaustive methylation
failed to give nonamethylated ether. Hydrolysis
of the methylated glucosyl-myoinositol gave
three products. The glucose unit was identified
as crystalline 2,3,4,6-tetra-Q-methyl-N-phenyl-p-
glucosylamine. There was insufficient material to
separate the fraction containing pentamethyl and
tetramethyl myoinositol. Only myoinositol was
present on demethylation of the mixture. Until
enough material becomes available to elucidate
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its structure completely, this naturally occurring
glycoside of myoinositol is tentatively assigned
the structure §-p-glucopyranosyl-nmyoinositol.

The third group of compounds contained
digalactosyl glycerol and trigalactosyl glycerol.
Monogalactosyl and digalactosyl glycerol occur
widely in plants and glycolipids. They constitute
a major class of lipids in photosynthetic tissues
and algae. Monogalactosyl and digalactosyl
glycerol, as glycolipids, have recently been
reported in potato by Lepage (7, 8). A higher
member of this homologous series, trigalactosyl
monoglyceride, was reported by Benson ez al. (9)
in the lipids of Chlorella. As far as the author is
aware, the free carbohydrate moiety of these
glycolipids has not as yet been reported, although
Sastry and Kates (10) isolated specific enzymes
from runner-bean leaves which catalyze the
hydrolysis of monogalactosyldilinolenin and
digalactosyldilinolenin to corresponding galacto-
sylglycerols and free linolenic acid. This suggests
that the compounds isolated from potato could
be the products of enzymic hydrolysis of the
glycolipids. A methylation study of the digalacto-
syl glycerol showed it to have the structure
galactopyranosyl 1 — 6 galactopyranosyl 1 — 1
glycerol. Thus, this compound in the potato
extract has the same structure as that previously
found for a carbohydrate moiety of known
glycolipids from wheat flour (11, 12) and from
runner-bean leaves (13). On methylation the
trigalactosyl glycerol gave a dodecamethylated
product which on hydrolysis yielded 2,3,4,6-
tetra-O-methyl-p-galactose, 2,3,4-tri-O-methyl-
p-galactose, and 2,3-di-O-methyl glycerol, in the
proportion of 1:2:1. This indicated that the
trigalactosyl glycerol had a straight chain
structure containing two 1 — 6 and one 1 — 1
glycosidic linkages, and was a higher member of
the homologous series of galactosyl glycerols.

The fourth group of oligosaccharides consisted
of three disaccharides: ribosyl-glucose, xylosyl-
glucose, and arabinosyl-glucose, and one tri-
saccharide, maltotriose. The disaccharides were
studied by hydrolysis both with and without
prior borohydride reduction. The products were
then investigated by means of paper electro-
phoresis.

Experimental

Solutions were concentrated on a rotatory-type evap-
orator under reduced pressure and below 40 ° unless
otherwise stated. Melting points were determined on a

Thomas—Kofler micro hot-stage apparatus, and are
corrected. Optical rotations were recorded on a Carl Zeiss
polarimeter with circular scale reading. Glass plates
coated with silica gel G were used for thin-layer chroma-
tography (t.l.c.). The solvent systems used were (i) 6%
methanol in benzene and (i7) 109, methanol in benzene
(14). Paper chromatograms werc run by the descending
method using the following solvent systems (v/v): (a)
butan-1-ol — pyridine — water (10:3:3); (b) ethyl acetate —
pyridine — water (2.5:1:2.5); and (¢) butanonec— water
azcotrope containing ammeonia. Paper clectrophoresis was
done on Whatman 3MM paper in 0.2 M sodium tetra-
borate buffer (15) at 800 V for 2-3 h. Reducing sugars
were detected with aniline hydrogen phthalate (16); keto
sugars with naphthoresorcinol (17); and non-reducing
sugars by alkaline silver nitrate (18).

Isolation of Carbohydrate Fraction

The potatoes, of the Netted Gem variety, were har-
vested at Fredericton, New Brunswick, in October, 1966,
and stored for two months at 4 °, The potato sample (50
kg) was hand-peeled, diced, and ground up by means of an
Urschel dicer and a Fitz-Mill grinder., The slurry was
extracted with 959 ecthanol (2201), filtered, and the
residue washed with 809 ethanol (2 x 20 1). The alcohol
extract was concentrated to a volume of 21 and filtered
through a mat of Celite 545. Methanol (5 1) and chloro-
form (2.51) were added to the filtrate. The solution was
shaken for 5 min and left to stand for 2 h. Addition of
water (2.51) and chloroform (2.51) followed by shaking
and standing gave a two-phase system. The chloroform
phase was discarded and the methanol-water phase was
concentrated to a volume of 800 ml and deionized by
passage through columns of Rexyn 101 (H¥) and Rexyn
AGS5 (OH™) ion exchange resins. The neutral solution was
freeze-dried to yield a crude mixture of carbohydrate
components as a yellow powder (250 g). This was dis-
solved in water (2 1) and fractionated on a charcoal/Celite
column (8 x 50 cm ) by elution with, respectively, water,
2.5% and 409 aqueous ethanol (19).

Paper chromatography of the fraction (200 g) eluted
with water (251) showed that it contained fructose
(40.5%), glucose (45.5 %), myoinositol (0.6 %), galactose
(0.35%), and small amounts of organic and inorganic
material, A portion of this fraction was further separated
by paper chromatography in solvent a.

The fraction (22 g) eluted with 2.5% aqueous ethanol
(12 1) showed by paper chromatography mainly sucrose
with traces of fructose and glucose. This fraction was
purified by crystallization from aqueous ethanol.

The fraction (14 g) eluted with 409, aqueous ethanol
gave definite oligosaccharide material with traces of the
material eluted earlicr. This fraction was separated by a
combination of paper chromatography (solvents @ and b)
for the sugars and t.l.c. (solvent (7)) for their acetylated
products.

The products described below are in the order of their
elution from the carbon/Celite column.

Identified Components

D-Fructose

The syrup showed [a]p?5 —90 ° (¢, 2.2 in water) and
yielded crystalline 1,3,4,6-tetra-O-benzoyl-p-fructofuran-
ose, with m.p. and mixture melting point 122-123 ° (20).
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D-Glucose

The syrup, with [e]p26 4-50° (¢, 1.4 in water), was
identified as crystalline N(p-nitrophenyl)-p-glucopyrano-
sylamine, m.p. 184-186 °, undepressed on admixture with
an authentic sample (21).

D-Galactose

The syrup failed to crystallize and was converted to
crystalline g-p-galactopyranose pentaacetate, m.p. 142 °
and [«]p?5 +25 ° (¢, 3.2 in chloroform) (22, 23).

Myoinositol

This compound was chromatographically and electro-
phoretically indistinguishable from an authentic sample
and had m.p. and mixture melting point 225-226 °, On
acetylation it gave myoinositol hexaacetate with m.p.
218-219 °(24, 25).

Sucrose

This fraction crystallized when kept in a desiccator; it
was recrystallized from aqueous ethanol to yield 19.7 g of
pure material; m.p. and mixture melting point 184—185 °©
and [«]p?2 +66 ° (c, 2.6 in water) (26, 27).

Ribosyl-glucose

This was a reducing sugar (6 mg) having Rayerose 0.79
and 0.81 in solvents ¢ and b respectively. Mild acid
hydrolysis with 0.1 N sulfuric acid gave approximately
equimolar amounts of ribose and glucose. Reduction with
borohydride and hydrolysis of the product yielded ribose
as the only reducing sugar.

Xylosyl-glucose

This reducing disaccharide (5 mg) had Rsyerose 0.82 and
0.84 in solvents @ and b respectively. On hydrolysis it gave
xylose and glucose (1:1). Reduction followed by hydroly-
sis yielded xylose as the reducing sugar.

Arabinosyl-glucose

The syrupy disaccharide (15 mg) had a mobility on
paper chromatograms Rguerose 0.56 and 0.60 in solvents a
and b respectively. Location of glucose as the reducing
end group was established by hydrolysis both before and
after borohydride reduction.

Trisaccharides 1 and 2

These were non-reducing sugars. Compounds 1 (16 mg)
and 2 (20 mg) reacted slowly with alkaline silver nitrate
spray reagent, while with naphthoresorcinol spray re-
agent they gave a purple color characteristic for fructose-
containing sugars. Mild acid hydrolysis (0.1 N sulfuric
acid at 100 ° for 5 min) gave glucose and fructose (1:2).
Emulsin had no effect on the sugars whereas amylo-
glucosidase produced complete hydrolysis to glucose and
fructose.

The mobilities of the sugars on paper chromatograms
were, for compound 1, Ryuerose 0.54 (@) and 0.58 (b), for
compound 2, Rauerose 0.47 (@) and 0.53 (b). M, valucs by
paper electrophoresis were 0.07 for compound 1 and 0.11
for compound 2. Insufficient material for determination
of the linkages precluded further study of these sugars.

Melibiose

This was a reducing sugar (25 mg) which on complete
hydrolysis gave glucose and galactose (1:1). The sequence
of monosaccharides in the sugar was determined by
borohydride reduction, followed by hydrolysis. Paper
chromatography of the products showed galactose and
sorbitol, thus establishing glucose as the reducing sugar
portion of the disaccharide. The mobility of this disac-

charide was the same as melibiose in solvents @ and b. It
was characterized as 8-melibiose octaacetate having [«]p28
+-103.6 ° (¢, 0.9 in chloroform) and m.p. 177-178 ° (28).

Maltorriose

This was a reducing sugar (12 mg) which on partial
acid hydrolysis gave glucose, maltose, and the original
sugar. Complete hydrolysis was achieved both by acid and
amyloglucosidase, giving glucose as the parent sugar. Its
mobilities on paper chromatograms and on a paper
electrophorogram were the same as maltotriose. On
acetylation it gave S-maltotriose hendecaacetate, m.p. and
mixture melting point 134-136 ° (29).

Digalactosyl glvcerol

This component (420 mg) was obtained as an amor-
phous powder. On paper chromatograms it had Rruiiinese
values of 1.0 in solvent 4, and 0.84 in solvent b; on paper
electrophorogram, M, value was 0.52. This component
gave a positive reaction only with alkaline silver nitrate
spray reagent, Partial hydrolysis yielded glycerol, galactose,
reducing disaccharide, and unchanged products, whereas
complete hydrolysis produced galactose and glycerol.

The amorphous product was crystallized and recrystal-
lized by dissolving in a minimum quantity of water,
adding absolute ethanol to turbidity, and allowing to
stand at room temperature overnight. The digalactosyl
glycerol («-p-galactopyranosyl-1,6-8-p-galactopyranosyl-
1-glycerol) crystallized in fine needles, m.p. 194-195 ° and
[a]p?7 +87.7 ° (¢, 1.7 in water). Reported values for m.p.
182-184 °(12), 195-197 ° (30), and 188-189 ° (13).

Anal. Caled. for C;sH»303: C,43.27; H, 6.68; Found:
C, 43.27; H, 6.78.

A portion (250 mg) of digalactosyl glycerol was methyl-
ated in dimethyl formamide (8 ml) with methyl iodide
(5 ml) and silver oxide (2 g), according to Kuhn’s pro-
cedure (31). The syrupy product was then methylated
twice by Purdie’s reagent (32) giving 165 mg of a yellow
oil with [a]p27 465 ° (¢, 2.0 in chloroform).

Anal. Calcd. for C;4H460;3 (mol. wt., 542): OCH3,
51.4. Found (mol. wt., 560): OCH3, 51.4.

The methylated product (150 mg) was hydrolyzed with
N hydrochloric acid (10 ml) for 10h at 100 °, cooled,
neutralized (Ag,CO3), filtered, and concentrated to a
syrup (145 mg). Chromatographic analysis in solvent ¢
showed two methylated sugars which by their mobility
were identified as: 2,3,4,6-tetra-O-methyl-n-galactose and
2,3,4-1ri-O-methyl-p-galactose.

The mixture was fractionated on a silica gel column,
using solvent (¢), and yielded three fractions. The first
fraction (25 mg) was identified as 1-p-nitrobenzoyloxy-
2,3-di-O-methyl glycerol, m.p. 42-44 °, a value in agrec-
ment with that of the p-nitrobenzoic acid ester of 2,3-di-
O-methyl glycerol (33).

The second fraction (60 mg) had the same R, value as
an authentic sample of 2,3,4,6-tetra-O-methyl-p-galactose.
The sugar was further identified as crystalline 2,3,4,6-
tetra-O-methyl-N-phenyl-p-galactosylamine, m.p. and
mixture melting point 193-195 ° (34).

The third fraction (63 mg) had the same mobility by
paper chromatography, solvent ¢, as an authentic 2,3,4-
tri-O-methyl-p-galactose. The sugar was further identified
as a crystalline 2,3,4-tri-O-methyl-N-phenyl-p-galacto-
sylamine and had m.p. 170-172 °, undepressed on admix-
ture with an authentic specimen (m.p. 166-168 ©) (35).
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B-D-Glucopyranosyl-myoinositol

The material (50 mg) had Riatrinose 1.0 (@), and 0.86 ()
on paper chromatograms and on paper electrophoresis
M, of 0.52. It did not react with anijline hydrogen phthal-
ate and naphthoresorcinol spray reagents but gave a
positive reaction with alkaline silver nitrate. On complete
hydrolysis it gave glucose and myoinositol in a ratio of
1:1. It was recrystallized from methanol and had m.p.
264-266 ° and {«]p27 —17.8 ° (¢, 1.4 in water).

Anal. Calcd. for C;,H2201,: C,42.11; H, 6.48. Found:
C, 42.14; H, 7.06.

The above compound (45mg) was acetylated with
sodium acetate and acetic anhydride at 110-120 ° for 2 h.
The reaction mixture was poured into ice water. The solid
acetate was recovered by filtration and recrystallized from
ethanol to yield 102 mg of pure material; m.p. 165-167 °
and [a]p25 —39 ° (¢, 1.2 in chloroform).

Anal. Caled. for C3pH4002¢ (mol. wt., 720): C, 50.00;
H, 5.60; CH3CO, 53.7. Found (mol, wt., vapor pressure,
710): C, 50.20; H, 5.89; CH3CO, 53.3.

The deacetylated product (40 mg) was methylated first
by Kuhn’s procedure then exhaustively by Purdie’s
reagent to give a syrup (30 mg).

Anal. Calcd. for OCHj3: 59.5. Found: 54.02.

Further methylation with sodium and methyl iodide in
ether solution failed to increase the methoxy content (36).
The partially methylated product (30 mg) was hydrolyzed
under reflux with N hydrochloric acid for 4 h, neutralized
(Ag»CO3), and concentrated under reduced pressure.
The syrupy product showed, by paper chromatography in
solvent ¢, a mobility corresponding to 2,3,4,6-tetra-O-
methyl-p-glucose. Examination of the product by t.l.c. in
solvent (i/) showed that, besides 2,3,4,6-tetra-O-methyl-
D-glucose, two additional products were present. They
were not detectable with aniline hydrogen phthalate spray
reagent and could only be detected by spraying the plate
with 5 % sulfuric acid in ethano! and charring. The hydro-
lyzed product (30 mg) was refluxed with aniline (20 mg)
in ethanol (1 ml) for 2 h. The anilide formed was separa-
ted from the tetra- and pentamethyl myoinositols by
t.lc. in solvent (ii). 2,3,4,6-Tetra-O-methyl-N-phenyl-D-
glucosylamine after recrystallization from ether — light
petroleum (1:1) had m.p. 136-137 °, in agrecement with
the reported value (37). Efforts to crystallize or separate
the methylated myoinositol fraction were unsuccessful
duc to lack of material and therefore the fraction was
demethylated with boron trichloride (38) to give myo-
inositol having m.p. and mixture melting point 225-227 °,

Raffinose

This non-reducing sugar (800 mg) on partial hydrolysis
with 0.1 N hydrochloric acid (100 °, 5 min) gave only
melibiose and fructose. Complete hydrolysis afforded
galactose, glucose, and fructose (1:1:1). The mobility of
this trisaccharide in solvents ¢ and 5 was the same as for
raffinose. The product after recrystallization from aqueous
ethanol had m.p. and mixture melting point 134-138 °,
and [a]p?5 +105 ° (¢, 2.62 in water) (39).

Planteose

This was a non-reducing sugar (12 mg) (R ratfinese 1.0 (@)
and 0.85 (b)) which gave a positive test with naphthoresor-
cinol spray reagent indicating that it contained sucrose.
On partial hydrolysis it gave glucose, disaccharide, and
unchanged material, and, on complete hydrolysis it

yielded fructose, glucose, and galactose (1:1:1). Hydroly-
sis by emulsin for two weeks yielded unchanged planteose,
sucrose, galactose, and traces of glucose and fructose. On
the basis of these observations the sugar was identified as
planteose.

Galactino!

This non-reducing component (40 mg) had Rratfinose
0.60 and 0.56 in solvents @ and b, respectively. M, value by
paper electrophoresis was 0.34. On acid hydrolysis it gave
galactose and myoinositol (1:1). The compound was re-
crystallized from water—ethanol and had m.p. 218-222 °,
and [«]p27 +130.5 ° (¢, 1.2 in water).

Methylation of this compound (38 mg) by the Kuhn
and the Purdie procedure, respectively, gave a nona-
methyl ether (30 mg) which was recrystallized from pen-
tane and had m.p. 88-93 °, [a]p27 +115.2° (¢, 0.72 in
water). Reported values for m.p. 96.5-98 ° and [«]p
+119° (5).

The nonamethyl ether of galactinol (30 mg) was hydro-
lyzed with N hydrochloric acid (4 ml) for 10h. The
reaction mixture was neutralized (Ag>CO3), filtered, and
concentrated under reduced pressure to a syrup (30 mg).
The mixture was separated by t.l.c. using solvent (i)
giving equimolar amounts of 2,3,4,6-tetra-O-methyl-p-
galactose and pentamethyl myoinositol.

The 2,3,4,6-tetra-O-methyl-p-galactose was converted
into its anilide derivative which after recrystallization from
ethanol had m.p. 193-195 °, undepressed on admixture
with an authentic specimen. 2,3,4,5,6-Penta-O-methyl
myoinositol was recrystallized from hot pentane to give
fine needles with m.p. 117 °. Reported m.p. 117-117.5°
(6).

Manninotriose

This reducing component (21 mg) with Rratfinese 0.37
(a) and 0.39 (b) gave on complete hydrolysis galactose and
glucose (2:1). On partial hydrolysis it gave galactose,
glucose, melibiose, and an additional disaccharide
having R, value less than melibiose. On reduction with
borohydride, followed by complete acid hydrolysis,
galactose was found as the only reducing sugar, showing
that glucose was the reducing end of the trisaccharide.
The trisaccharide had the same mobility on paper chro-
matograms and paper electrophorogram as mannino-
triose (manninotriose was prepared from stachyose by
hydrolysis with 20 % acetic acid).

Stachyose

This non-reducing component (480 mg) had Riattinose
0.22 in solvent @ and 0.41 in solvent b. M, value for paper
electrophorogram was 0.33. Hydrolysis by emulsin for 10
days yielded fructose, galactose, sucrose, and raffinose.
Complete hydrolysis gave galactose, glucose, and fructose
(2:1:1). Amorphous material obtained after separation
from paper chromatograms was crystallized from 919,
ethanol on seeding and had [«]p27 +132 ° (c, 2.3 in water),
m.p. and mixture melting point 150 ° (40).

Trigalactosyl Glycerol

This compound (98 mg) was isolated as a glass-like
material. It was non-reducing and on paper chromato-
grams had Rumtrinese 0.23 and 0.34 in solvents ¢ and b
respectively. On paper electrophorogram its M, value
was 0.48. Acid hydrolysis gave galactose and glycerol.
The product, «-D-galactopyranosyl-1,6-a-D-galactopyra-
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nosyl-1,6-8-p-galactopyranosyl-1-glycerol, could not be
induced to crystallize and had specific rotation of [«]p23
+114 ° (¢, 2.0 in water).

A portion (80 mg) of trigalactosyl glycerol was methyl-
ated initially by Kuhn’s procedure and then by Purdie’s,
as described before for digalactosyl glycerol. The fully
methylated product (65 mg) was a syrup and had [«]p?5
-+79.8 ° (¢, 1.4 in chloroform).

Anal. Caled. for C33Hg201g(mol. wt., 746): OCH3,49.8.
Found (mol. wt., vapor pressure, 740): OCH3, 49.5.

The methylated product (65 mg) was hydrolyzed with
N hydrochloric acid (5ml) for 10h at 100 °, cooled,
neutralized (Ag>CO3), and concentrated to a syrup (60
mg). Chromatographic analysis in solvent ¢ showed two
methylated sugars whose mobilities were the same as
2,3,4,6-tetra-O-methyl-p-galactose and 2,3,4-tri-O-methyl-
p-galactose (1:2). The mixture was separated by t.lc.
using solvent (if) into three fractions, (a) 2,3-di-O-methyl-
p-glycerol (8 mg), identified as a 1-p-nitrobenzoyl deriva-
tive with m.p. 42-44°; (b) 2,3,4,6-tetra-O-methyl-p-
galactose (17.8 mg), which was converted to 2,3,4,6-
tetra-O-methyl-N-phenyl-p-galactosylamine and had m.p.
and mixture melting point 193-195°; and 2,3,4-tri-O-
methyl-p-galactose (32 mg), identified as an anilide with
m.p. and mixture melting point 170-172 °.
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Photochemical synthesis.! 19. The flash photolysis of unsaturated sultones
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The hypothesis that the irradiation of unsaturated sultones gives the final products, the ketosulfonic
esters, via a sulfene intermediate has been reexamined. In the case of sultone (4), it has been shown that,
if such a species be an intermediate, it must have a lifetime, in cyclohexane solution, of less than 20 ps.

The consequenes of this observation are discussed.

The flashing of sultone (4) in methanol gencrates the enol of the keto ester end product (13) which

decays with a half life of about 20 s
Canadian Journal of Chemistry, 46, 55 (1968)

In a previous paper (1), the possible photo-
chemical generation of sulfenes was discussed.
It was considered possible that since unsaturated
sultones of type (1) contained the homoannular
diene system in a six-membered ring, irradiation
might induce the ring opening, known to occur
in such systems, to give the sulfenes (2). In the
presence of methanol these intermediates would
be expected to react further to give the corre-
sponding esters (3) (and/or isomers).

Z>0 h X X
T _hv Y MeOH o]
(:soz > Uso, — = U _s0,—ome

1 2 3

Upon irradiation, the sultones (4) (5), (5), and
(6) did indeed give the predicted esters in
methanol, whilst in the case of (4) irradiation in
ether containing two equivalents of benzylamine
gave the corresponding sulfonamide, character-
ized as the 2,4-dinitrophenylhydrazone.

@,

O
s~ 3o, ﬁcl) 50,
A G

4 5 6

In view of this evidence, the generation of a
sulfene intermediate seemed probable. Further
evidence in support if this hypothesis was that
irradiation of (4) in diglyme was found to give
up to 23% mole of sulfur dioxide.

The evidence for the existence of the sulfene
intermediate was, mnonetheless, circumstantial

1For the preceding paper in this series, see P. de Mayo
and J. S. Wasson, Chem. Commun. 970, (1967).

and in the intervening years it became clear that
other processes were, in principle, possible. With
the availability of apparatus for flash photolysis
a reexamination of the system was considered
desirable.

Sultone (4) was chosen for examination be-
cause its absorption fell at a convenient wave-
length. Prior to the investigation however, it was
necessary to clarify the isomerism (positional and
geometrical) possible in the photochemical end
products; a matter not clearly resolved pre-
viously (1).

Solutions of sultone (4) in methanolic base
gave a deep blue solution containing, presum-
ably, the anion (7). Simple acidification and
isolation of the product gave a mixture of three
esters (8) which could be separated by thin-layer
chromatography. These were the two isomers
with the double bond exocyclic to the five-
membered ring (82 and 84), and the endo
isomer (8¢). Dissolution of the three esters,
separately, in base followed by re-isolation, gave
the same mixture of all three components,

[
0° ¢ o
¢~ SO3Me SO;Me

s )
@ 9@

7 8a

0 0
$— _ SOsMe ¢ SO;Me

.
@ e

80 8c
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FiG. 1. The ultraviolet spectra of 9 and exo-ester 1 and exo-ester 2.

lending support to the conclusion, based on
analytical data, that they are indeed isomers.

The formation of the esters, directly from the
sultone by the action of methoxide ion must
result from direct substitution on the sulfur. This
is in direct contrast with saturated sulfonic esters
where substitution on the carbon bearing oxygen
would be expected to occur.

The two isomers (8a and 8b) were recognized
by the general resemblance of their ultraviolet
spectra to that of (9), the latter being obtained by
the dehydration of (10) (5) with phosphorus

oxychloride and pyridine. Both had carbony!

absorption at 1660 cm™1, to be compared with
1657 for (9). The stereochemistry about the
double bond is not known in (9) but it is believed
to be a single isomer as the nuclear magnetic
resonance (n.m.r.) exhibits a singlet for the non-
aromatic hydrogens. The stereochemistry of (8«
and 8b) could not be assigned unambiguously
from spectral data.

The endo isomer (8¢) was recognized by its
higher carbonyl absorption (1685 cm~!) and the

2!
O
$C-CO$ s ou
9 10
difference in ultraviolet spectrum. The latter
resembled the spectrum of (11), a substance

previously obtained from the ester mixture (8)

by alkaline hydrolysis (1). The position of the
double bond in (11) had been shown by ozonol-
ysis to the diketone followed by cyclization to
the perinaphthenone (12).

@ SO; Na*

.
Se 9@

11 12

Chemical evidence as to the structure of (8¢c)
was also obtained. Ozonolysis in ethanolic
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solution followed by treatment with base, gave,
after isolation and sublimation, naphthalic
anhydride. The generation of this substance may
be formulated as follows.

@, H®
s ¢]
S
O}MC O3Me
HOOC COOH

With the nature of the methanolysis products
of the sultone clarified, those obtained by
irradiation were now examined. This process was
now facilitated by the use of thin-layer chroma-
tography, a process not employed in the original
study.

By running successive chromatograms of
irradiated methanolic solutions it was found that
addition proceeded rapidly to give, first, exo-
ester 1 followed by the appearance of exo-ester 2
(see Experimental regarding nomenclature). The
endo ester (8¢) could not be detected. Irradiation
of either (8a) or (8b) generated the other exo
ester, but, again, no endo ester was observed.
Prolonged irradiation led to the formation of a
further, non-isomeric substance (which will be
the subject of another communication), and the
further accumulation of other unidentified com-
pounds.

The background chemistry now having been
resolved it was possible to attempt the flash
study. It was found that exposure of solutions of
the sultone (4) to flashes of up to 103 J produced
no transient with absorption at longer wave-
length than that of the sultone itself. However,
it was by no means clear that a sulfene or other
intermediate would necessarily absorb at such
a wavelength.

The only method of detection available then
was by complete annihilation of the starting
sultone. Flashing a 5 X 10=7 M solution of the
sultone in methanol with increasing power
showed that the (rapid) disappearance of the
absorption at 4500 A reached a maximum at
1100 J, increased -power thereafter having on
further effect.

On flashing at 1100 J the decrease in absorp-

tion at 4500 A reached, as stated, a maximum
and was not further reduced with increased
power. Nevertheless, some absorption still re-
mained at this wavelength. Since the exo esters
have no absorption in this region, the absorption
was evidently that of an intermediate. Indeed,
the residual absorption at 4500 A decayed to
near zero within a minute of flashing. Similarly
a band produced at 3370 A on flashing, also
— > slowly decreased in intensity at the same rate.
An approximate rate constant for the disap-
pearance of this transient was obtained by
monitoring the change at 4500 A, and was found
to be 3 min—!, The spectrum of the transient was
obtained both by spectrographic and photo-
electric recording (see Experimental).

The lifetime and nature of the transient
appeared, hopefully, to be compatible with
naive expectation for a sulfene intermediate. It
was soon apparent, however, that such optimism
was unjustified since the formation of the sulfene,
if not its decay, should be essentially independent
of the solvent. In an inert solvent, therefore, the
formation of the same transient was to be ex-
pected, followed by reversion to the original
absorption. In cyclohexane, however, no tran-
sient could be detected down to 20 us after the
initiating flash. From this is was concluded (a)
that the transient in methanol was not the sulfene,
and (b) that if a sulfene were an intermediate, its
lifetime was exceedingly short.

The question then arose as to the nature of the
observed intermediate. The fact that it decayed
under mild conditions to the exo ester limited the
number of possibilities. Further, the absorption
at long wavelength was significant, requiring a
more extended chromophore than found in the
exo or endo esters. The starting sultone (4) was
the only other compound in this series having
significant absorption at this wavelength, A
plausible intermediate fitting all the available
data was the enol (13). The slowness of the
tautomerism in a neutral medium is not sur-
prising, and has recent analogy in the formation
of (15) from (14) (4).

OH
6 7 SO,Me ¢ ¢ OEt
hy/EtOH O

~ OCB P
Pz " ¢
cole G

13 14 15
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If this structure be accepted, then a possible
pathway could involve addition of methanol to
the activated sultone in two steps; the addition
of methoxyl being separated, though briefly,
from protonation. (The addition to a sulfene is
merely a particular instance of the general path-
way.) If the addition of the two moieties were
separated in time, an intermediate carbanion
became a possibility, and this species could be
the same as that observed on dissolution of the
esters in alkali. Since this has high intensity
absorption at 625 mu (e = 104 in 3.3 N meth-
anolic potassium hydroxide) it should be readily
detectable. Experimentally, however, no such
transient could be observed.

It must be concluded, therefore, that the
methanolysis of (4) occurs by either direct
addition of methanol to the excited sultone, or
that any ground state intermediate formed from
the sultone, if there be one, is separated ener-

getically from that sultone by an activation
barrier of less than about 10 kcal/mole.
Exposure of sultones (5) and (6) in concentra-
tions of 6 X 10~5and 6 X 104 M to comparable
flashes revealed no transient of wavelength longer
than 320 mp and lifetime longer than about 20 gs.
The sultam (16) has been found to give the
pyrol on irradiation and the solvent does not
participate. Again a mechanism passing through
a sulfene is conceivable but not obligatory. In
this case, however, the sulfene should have a
greatly extended chromophore, and if formed
should be readily detected. Again, no transient
with a longer wavelength than 3200 A could be
observed. It must be concluded that the participa-
tion of a sulfene in these reactions is improbable.

oy
S0,

16
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Experimental

Flash Apparatus

The technique and general arrangement has been
described by Porter (2) and was modified slightly in the
present study.

Stainless steel O-ring fittings with tungsten inserts were
used for electrodes in the flash lamps. A vacuum con-
nection at the fitting allowed evacuation and filling of the
lamps with Argon (10-100 mm). Both of the capacitor
banks, spectroflash (10.F/10kV, General Electric) and
photoflash (two, 5uF/20kV, General Electric) were
charged by Sorenson high voltage power supplics
(230-6P, 30kV/8 mA). Quartz cells of 20 cm path length
were used with a reservoir to permit degassing. A tungsten
quartz lamp (Phillips 7023F5) was used as the source in
the photoelectric arrangement.

The transmitted beam was passed into a Spex 1700-IT
monochromator. With a swing-away mirror it could be
used as a spectrograph or a recording spectrometer. In
the spectrographic mode, the spectrum was recorded on
Polaroid film (P/N55) and plate densities were recorded
with a Kipps and Zonen densitometer (BDII). A Hilger
and Watts 7-step neutral density filter was used for
calibration. In the photoelectric mode the signal was
monitored with an EMI 6256 B photomultiplier con-
nected directly to a RM 503 Tetronix oscilloscope.
Permanent records of the oscilloscope traces were made
with a Polaroid Tetronix C-27 camera. The delay circuit
used was similar to that of Goodfriend and Woods (3)
and had a range of 2 to 250 us.

The sultone (8.6 x 10~7 M) was flashed with complete
annihilation of the starting material. Flashing a fresh
solution and monitoring the transmittance before and
0.5 s after the flash at intervals of 50A yielded a spectrum
of the intermediate. It was plotted with reference to a
standard spectrum of the sultone by the equation

I
Al —log>= =4
1 gh 2

where A4, is the absorbance of the sultone, 4, is that of
the intermediate, > the transmittance of the sultone before
the flash, and I, is the transmittance of the intermediate
0.5 s after the flash. Using the spectrograph and densitom-
eter similar results were obtained.

Dehydration of Ketol (10)

The ketol (350 mg) was dissolved in pyridine (50 ml)
containing phosphorus oxychloride (10 ml) at 0 °C and
the mixture then heated under reflux for 6 h. After
pouring onto ice the product was isolated with ether, the
solvent washed, and after evaporation the residue was
crystallized from chloroform. About 50 % of the starting
material was recovered. Crystallization of the mother
liquors from methanol-chloroform, and then benzene -
light petroleum gave the conjugated ketone (9) (100 mg)
m.p. 153-156°; Amax (MeOH) 342 (e 13 200), 327 (e
13 700), 249 (e 30 400), 236 (e 29 400) mpu; vmax 1 657
cmL.

Anal, Calcd. for C54H30: C, 89.82; H, 5.25. Found:
C, 90.14; H, 5.24.

Acetylation of Ketol (10)
The Ketol (350 mg) was stirred in suspension in acetyl
chloride (15 ml) and zinc chloride (50 mg) for 4 h, until

all the starting material was dissolved. The mixture was
then poured onto ice and the product isolated with ether.
The extract was washed with sodium hydrogen carbonate
solution, water, and dried over MgSO4. The residue was
chromatographed on silicic acid (100 g).

Flution with benzene gave the chloride (17; R = Cl)
(100 mg) which, (crystallized from benzene — light petro-
leurn) had m.p. 142 — 145°; vyax 1678 cm™1; Ao (MeOH)
288 (e9200), 276 (¢9700), 255 (e 13 400), 226 (¢ 71 500)
my; nuclear magoetic resonance (n.n.r.) § 7.4 (m), 5.2
(t, 1H), 3.2 (s, 1H), 3.1 (qu, 1H).

Anal. Calced. for CasH9OCl: C, 81.56; H, 5.00; Cl,
9.27. Found: C, 81.64; H, 5.10; Cl, 9.39.

Further clution with benzene then gave the acetate
(17; R = OAc) (50 mg) which, (crystallized from
benzene — light petroleum) had m.p. 186-189°; .«
1740, 1680 cm™1; Amax (MeOH) 280 (e 8900), 290
(€9300) my; n.m.r.: 8 7.7 (m), 5.2 (qu, 1H), 3.7 (m, 2H),
1.7 (s, 1H).

Anal. Calcd. for CpgH,,03: C, 82.73; H, 5.45. Found:
C, 82.65; H, 5.40.

Hydrolysis of the acetate (0.0125 N NaOH in 1:1
aqueous cthanol) at room temperature regenerated the
starting ketol. Pyrolysis of the acetate in the gas phase
(.005 mm) by sublimation through a quartz tube at 400°
gave a mixture. Separation by thin-layer chromatography
(eluant: benzene) gave, as the main component, benzil,
identified by comparison with an authentic specimen.

®
-4

(0]
R

17

Methanolysis of Sultone (4)

The sultone (220 mg) was dissolved in ca. 3 ml dioxane
and this solution added to a methanolic solution of
potassium hydroxide (100 ml; 2.5 N). The solution im-
mediately became dark blue. After 1 min the solution
was acidified with slightly more than one equivalent of
hydrochloric acid in water (250 ml). The yellow solution
was extracted with chloroform, the solvent removed and
the residue separated by preparative thin-layer chroma-
tography. [Eluant: ethyl acetate — light petroleum (1:4)].
In order of increasing R;, the following werc obtained.

(a) Exo-ester 2

Exo-ester 2 was crystallized from chloroform in white
needles, with m.p. 202-204° (decomp.); vmax 1660, 1360,
1170, 995 cm™1; Ao (MeOH) 338 (e 10 900), 328 (e
11 800), 320 (e 12 700), 254 (e 24 000), 233 (e 43 400) mp;
n.m.r.: § 3.3 (8), 6.2 (s), 7.4 (m), 8.2 (m).

Anal. Caled. for Co7H1004S: C, 73.62; H, 4.58: S, 7.28.
Found: C, 73.21; H, 4.50; S, 7.41.

(b) Exo-ester 1

Exo-ester 1 was crystallized from chloroform - ethyl
acetate in yellow needles that had m.p. 179-180.5°
(decomp.); wmax 1660, 1360, 1170, 995 cm™!, Nuax
(MeOH), 353 (e 12 800), 328 (e 10 900), 256 (e 24 300),
231 (e 49 300) mp; n.m.r.: § 3.5 (3), 6.5 (s), 7.5 (m).
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Anal. Caled. for C27H»004S: C, 73.62; H, 4.58; S, 7.28.
Found: C, 73.60; H, 4.65; S, 7.06.

Treatment of the separated esters (1 mg, in 1 ml
dioxane) with base (5 ml 1N KOH in MeOH) and isola-
tion gave in each case a mixture of the three esters as
indicated by thin-layer chromatography (eluant: ethyl
acetate — light petroleum, 1:4). All three esters gave the
same absorption spectrum in base (0.67 N in KOH/
MeOH), Amax 346 (e 10 200, broad), 625 (e 2200) mu.

Ozonolysis of Endo-ester (8¢c)

The ester (27.1 mg) was treated with a stream of ozone
at —20° in ethanolic solution (10 ml) for 70 min. Base
(29 sodium hydroxide; 12 ml) was added and the mixture
heated to 65° for 30 min. The acidic material was isolated
in the usual way and crystallized from methanol (10 mg)
m.p. 264-268°. Sublimation gave needles, m.p. 272-274°,
A mixture melting point with naphthalic anhydride in an
evacuated capillary showed no depression.

Irradiation of Sultone (4) and Exo-esters 1 and 2
Irradiation of a solution of the Sultone (4) (1 mg in
25 cm3 MeOH) proceeded rapidly and gave first exo-

ester 1, followed, more slowly, by exo-ester 2. No endo
ester was detectable on thin-layer chromatograms.
Irradiation of either exo-ester generated, under the same
conditions, a mixture of exo-esters. Again, no endo isomer
was produced.

Prolonged irradiation led to the formation of a new
substance. This material, m.p. 180-183° (from benzene)
was not isomeric with the other substances. Its structure
will be the subject of a later communication.
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Preparation of unsaturated carbohydrates. A facile synthesis of methyl
4,6-0-Benzylidene-p-hex-2-enopyranosides

R. U. Lemieux, E. FrRaGA, aAND K. A. WATANABE!L
Department of Chemistry, University of Alberta, Edmonton, Alberta
Received August 21, 1967

A simple method was explored for the preparation of methyl 4,6-O-benzylidene-hex-2-¢nopyranosides.
Methyl 2,3-anhydro-4,6-0-benzylidene-D-hexopyranosides were converted to diaxial iodohydrins using
sodium iodide in acetone which contained sodium acetate and acetic acid. Treatment of the iodohydrins
with either methane- or p-toluenesulfonyl chloride in refluxing pyridine yielded the 2,3-unsaturated
derivative in excellent yield. The four isomers for methyl 4,6-O-benzylidene-p-hex-2-enopyranoside
were thus prepared. The rotations of the anomeric pairs followed Hudson’s rules of isorotation. Evidence
is provided that, in the absence of strong destabilizing interactions in the product, the epoxide ring of one
of the above-mentioned 2,3-anhydroglycosides is opened by lithium iodide in ether to form the iodohydrin
as the lithium alkoxide in high yield. This observation provides an explanation for the reduction of
methyl 2,3-anhydro-4,6-O-benzylidene-a-D-allopyranoside to 4,6-O-benzylidene-p-allal. Reaction of
methyl 4,6-O-benzylidene-2-deoxy-2-iodo-a-p-idopyranoside with methyl lithium provided 4,6-0-
benzylidene-np-gulal. The conformational properties of a number of the compounds prepared and of
acetylated methyl pentopyranosides, as derived from their nuclear magnetic resonance parameters,
are discussed with particular reference to the role that geminal coupling constants may play in the

determination of configuration and conformational equilibria.

Canadian Journal of Chemistry, 46, 61 (1968)

It has been suggested that 2,3-unsaturated
sugars play significant biological roles in meta-
bolic pathways. For example, ribonucleosides
may be converted into deoxyribonucleosides
through the 2’,3’-unsaturated intermediate (1,
2). The antibiotic cordycepin (3, 4) is formed
from adenosine (5) probably via 2’,3’-dehydro-
deoxyadenosine (6). Unsaturated compounds of
this type occur naturally, for example, ascorbic
acid (7-9) and a nucleoside antibiotic blasticidin
S (6, 10).

Two methods have been used to prepare
derivatives of 2,3-unsaturated sugars. One is the
acid-catalyzed double bond shift in derivatives of
glycals, Thus, already in 1914, Fischer (11)
prepared 4,6-di-O-acetyl-D-erythro-hex-2-eno-
pyranose and the compound has since served as
a precursor to the a-ethyl (12, 13), a-phenyl (14),
a- and B-p-nitrophenyl (15, 16) glycosides and to
the 4,6-di-O-acetyl and 4,6-di-O-benzoyl deriva-
tives of D-erythro-hex-2-enopyranosyl fluoride
(17). The 2-acetoxy derivative of both the
anomers of 1,4,6-tri-O-acetyl-D-erythro-hex-2-
enopyranose was obtained by acid isomerization
of 2-acetoxy-3,4,6-tri-O-acetyl-p-glucal (18, 20).
The a-threo isomer was also prepared from the
corresponding galactal derivative (19). Also, a
derivative of an unsaturated nucleoside was pre-

1University of Alberta Postdoctorate Fellow, 1966-1968.

pared by the acid-catalyzed reaction between
tri-O-acetyl-D-glucal and theophylline (21).

The second method involves direct introduc-
tion of a 2,3-olefinic double bond. Thus, methyl
4,6-0-benzylidene-a-D-erythro-hex-2-enopyrano-
side was first prepared by Bolliger and Prins (22)
from methyl 4,6-O-benzylidene-3-deoxy-2-O-p-
toluenesulfonyl-e-D-mannopyranoside. This
compound has since been prepared in a variety
of other ways including epoxide (23), iodohydrin
(24), episulfide (25, 26), thionocarbonate (26),
sulfonate (26, 27), xanthate (16), thiouronium
(28), and aziridine (29) intermediates. Unsatur-
ated nucleosides have also been synthesized
(30-36).

On repeating the preparation of 4,6-O-benzyl-
idene-p-allal (4, 6-O-benzylidene-1,2-dideoxy-D-
ribo-hex-1-enopyranose) (3b) reported by Feast,
Overend, and Williams (37), which involves
reaction of methyl 2,3-anhydro-4,6-O-benzyl-
idene-a-p-allopyranoside (1) with methyl lithium
in ether (prepared from methyl iodide and
lithium), methyl 4,6-O-benzylidene-2-deoxy-2-
iodo-a-D-altropyranoside (254) (38) was isolated
as the product of the reaction and utilization of
this compound as starting material gave the
product (3b) in higher yield. Evidently, lithium
iodide, in contrast to sodium iodide (39), is
capable of reacting with an epoxide under basic
conditions to yield the lithium alkoxide (e.g., 2a)
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of the iodohydrin. With sodium iodide, acid is
required to neutralize the product. The formation
of the allal derivative (3@) could now be appre-
ciated as involving nucleophilic attack on the
iodine atom of 2 leading to elimination of the
methoxy group.2 On applying the reaction to
methyl 4,6-0-benzylidene-2-deoxy-2-iodo-a-D-
idopyranoside (7), as expected from the above
considerations, 4,6-O-benzylidene-D-gulal (4,6-
O-benzylidene-1,2-dideoxy-p-xylo-hex-1-eno-
pyranose) was formed. Nuclear magnetic reson-
ance (n.n.r.) parameters for this compound and
its 3-O-acetyl derivative and the corresponding
derivatives of p-allal are given in Table I. The
general characteristics of the n.m.r. parameters
for the gulal derivative as compared to those of
the allal compound leave no doubt that the
former compound is also a 4,6-O-benzylidene-
glycal. The magnitude of J,3 requires the
equatorial orientation for H-3. The values for
Jse. and Jsg, require that H-5 be in axial
orientation to be in gauche relationship with
both the neighboring H-6’s. Since H-5 is axial
and weakly coupled (Js,5 = 1.5 c.p.s. for the
monoacetate) with H-4, H-4 must be equatorially
oriented as required for the assigned b-xylo
configuration. The assignments and n.m.r. pa-
rameters in Table I are based on unequivocal
evidence derived from appropriate spin de-
coupling experiments. In the case of the 4,6-O-
benzylidene-p-gulal, the signals for H-3 and H-4
were almost exactly superimposed. For this
reason, the signal for H-2 appeared as a rough
septet of lines and the coupling constant re-

2Sharma and Brown (40) have commented on the
reaction of lithium iodide with 1 and the conversion of
2a to 3a, reactions which were discovered as reported in
this publication.

ported in Table I for J, 3 was derived from the
spacing of the outer strong lines in the quartet
obtained when H-1 was spin decoupled.

The iodohydrin 25 was obtained in quantita-
tive yield from 1 using five molar equivalents of
lithium iodide in ether at room temperature for
30 min, That the reaction leads to the alkoxide
(2a) was apparent from the fact that the addition
of acetic anhydride to the reaction mixture gave
an immediate formation of the 3-O-acetate
(2¢)—a transformation which did not occur at a
comparable rate when acetic anhydride was
added to the iodohydrin dissolved in the solution
of lithium iodide in ether. A compound identical
to the iodohydrin 26 was obtained by iodo-
methoxylation (41) of the allal derivative 3b.

On the other hand, the isomeric methyl
2,3-anhydro-4,6-O-benzylidene-a-p-manno-
pyranoside (4) reacted very slowly with lithium
iodide leading after 9 days to an equilibrium
mixture which appeared (n.m.r.) to contain an
about 3:2 ratio of 4 and the adduct (5a), respec-
tively. The non-bonded interaction in the product
between the axial iodine atom and the axial
methoxy group allows the rationalization of the
results and appears to be present in the transition
state. Since the formation of the iodohydrin (5b)
became quantitative when acetic acid was added
to the reaction mixture, there can be little doubt
that in fact the lithium alkoxide (52) of the
iodohydrin was the product of the reaction in
absence of acid—a matter of considerable
theoretical interest and of possible synthetic
value.

In order to prepare iodohydrins from epoxides,
the conditions prescribed by Cornforth (39),
which employ sodium iodide, sodium acetate,
and acetic acid in acetone, are most convenient.
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TABLE I

Nuclear magnetic resonance parameters for 4,6-0-benzylidene-1,2-dideoxy-hex-1-enopyranoses
and their 3-O-acetyl derivatives

Chemical shifts ()

Compound H-1 H-2 H-3 H-4 H-5 H-6e H-6a Ref.
D-ribo 3.62 5.05 5.81 6.23 5.83 5.57 6.20 40
D-ribo-3-O-acetate 3.54 5.01 4.57 6.05 5.80 5.53 6.18 40
D-xlo 3.45 5.12 6.08 6.08 6.29 5.66 6.03
n-xylo-3-O-acetate 3.37 4.99 5.07 5.95 6.24 5.65 6.01

Coupling constants (c.p.s.)

Compound Ji,2 Ja,3 J3,4 Ja,s Js5.6¢ Js.6a J6a,6e Ref.
D-ribo 6.0 6.0 3.5 9.5 4.5 9.5 —~10.0 40
D-ribo-3-0O-acetate 6.0 5.7 3.5 9.5 4.4 9.5 —9.6 40
D-xylo 6.4 6.8 — — 1.8 1.5 —12.5
D-xylo-3-0O-acetate 5.8 5.6 2.0 1.5 1.8 1.5 —12.5

The known iodohydrins 26 and 5b (23, 38) were
obtained from the epoxides 1 and 4, respectively,
in quantitative yield. Nuclear magnetic resonance
parameters for these compounds are reported in
Table II.

In order to test more extensively the synthetic
methods developed in this research and also to
achieve the synthesis of all the methyl 4,6-0O-
benzylidene-D-hex-2-enopyranosides, the methyl
2,3-anhydro-4,6-0O-benzylidene-glyco-
pyranosides with the 8-p-allo (42), o-D-gulo (43,
44), and B-p-talo (45, 46) configurations were
prepared following the published procedures.
These epoxides all underwent ready conversion
to iodohydrins using Cornforth’s reagent. Except
for the compound with the §-D-allo configura-
tion, as for compounds 2b and 5b, the diaxial
products (6, 7, and 8) were formed in near
quantitative yield as expected on the basis of the
Fiirst-Plattner rule (47). In the case of the
B-p-aillo compound about 209, of 2,3-di-equa-
torial product was formed. The structures of the
iodohydrins were established as follows.

Reaction of the 2,3-anhydro-g-np-allo com-
pound with sodium iodide gave a mixture of
iodohydrins. The B-D-gluco configuration was
required for the higher melting (m.p. 230°)

isomer (9) in view of the coupling interactions
observed in the n.m.r. spectrum of its O-acetyl
derivative. The quartet signal at - 4.62 with
spacings of 10.8 and 7.5 c.p.s. was assigned to the
2-proton since it is coupled with the doublet
signal for the anomeric proton at = 6.28 with the
spacing of 7.5 c.p.s. (deuterated benzene as
solvent). Thus, both H-2 and H-3 must be in
axial orientation. The isomer (6) (m.p. 175-176 ©)
was assigned the B-D-altro configuration on a
similar basis. The O-acetyl derivative (benzene-ds
as solvent) gave signals at = 4.25 (triplet), 5.52
{quartet), 5.87 (quartet), and 6.41 (doublet)
assigned to the protons at positions 3,4,2,and 1,
respectively, on the basis of unequivocal spin
decoupling experiments. First order analysis
indicated coupling constants, J; » = 2.0, J, 3 =
3.1, J3,4 = 3.0, andJ45—92cps Wthh are
compa‘uble with the structure and conformation
indicated in 6 (48, 49). The occurrence of appre-
ciable (about 209%) oxide ring-opening to di-
equatorial product (9) in this reaction is readily
understood since the methoxy group must be
expected to destabilize the transition state leading
to the diaxial product by non-bonded interaction
with the entering iodide ion. The reactions of the
other epoxides all proceeded to diaxial product
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TABLE II

Nuclear magnetic resonance parameters for methyl 4,6-O-benzylidene-2(or 3)-deoxy-2(or 3)-iodo-D-glyco-
pyranosides in benzene-dg and Methyl 4,6-O-Benzylidene-b-hex-2-enopyranosides* in Pyridine-ds

Chemical shifts (7)

Coupling constants (c.p.s.)

Todohydrins H-1 H-2 H-3 H-4 H-5 J1,2 Ja3 J3.4 J4,5
2-O-acetyl-
B8-gluco 6.05 4.61 6.22 6.04 7.5 10.8 10.2
2-O-acetyl-
a-altro 5.48 4.58 5.68 5.85 6.39 1.1 2.2 3.5
3-0-acetyl-
a-altro 5.18 5.57 4.49 5.57 5.70 0.5 2.0 2.5
3-0-acetyl-
B-altro 6.41 5.87 4.24 5.52 6.17 2.0 3.1 3.0 9.0
2-0O-acetyl-
B-ido 4.92 4.76 5.52 6.28 5.93 1.1 2.1 2.5
3-O-acetyl-
6.56 2.9 4.6 2.7 3.0

a-ido 4.93 5.93 4.60 6.36

Chemical shifts ()

Coupling constants (c.p.s.)

Alkenes H-1 H-2 H-3 H-4 H-5 J1,2 J1,3 J1,4 J2,4 Jﬁa’ﬁg
a-erythro (12) 5.05 4.23 3.80 5.70 5.70 2.2 <0.3 1.5 —2.2 -9.9
B-erythro (13) 4.66 4.30 3.81 5.66 5.90 1.3 —-1.2 2.6 —2.5 —9.7
a-threot (14) 4.91 3.88 3.86 5.85 6.16 2.0 <0.3 <0.3 <0.3 —12.5
B-threoi (15) 4.82 3.88 3.86 5.80 6.57 0.75 -0.8 1.7 ~0 —12.5

*a= 10 c.p.s

Thls = 5.0, Js.6 = 2.0, Ji sa = *0.6 C.p.s.
1Jsa= 42, Jis= LT c.ps.

cre
o) Q
QH;&: I
o > —
(ors  OCH;
10
o 0
C“’H& o rEsO)
I~ och
" Cl®
1

in high yield since the n.m.r. spectra of the crude
products were virtually identical with those of
the purified compounds. These results are in
general agreement with considerations based on
conformational analysis.

The a-D-altro iodohydrins 2b and 56 provided
the mono-O-p-toluenesulfonyl derivatives 10 and
11 when the reaction was carried out near 0° for
44 h. At room temperature, the iodo-p-toluene-
sulfonates were reduced to methyl 4,6-O-benzyl-

CEHS)?O O
O

OCH;

12

CGHs/‘YO O
O OCH3
I OH
9

idene-a-D-erythro-hex-2-enopyranoside (12) at an
appreciable rate. After 3 days, the yield of 12 was
near quantitative. Neither the p-toluenesulfonyl
nor methanesulfonyl derivatives of the iodo-
hydrins 6, 7, and 8 could be obtained. Instead
the olefinic compounds 13, 14, and 15, respec-
tively, were produced. The methanesulfonations
gave the better yields which were nearly quanti-
tative. Although the reactions proceeded to com-
pletion at room temperature, several days were



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/05/12
‘ For personal use only. :

LEMIEUX ET AL.: PREPARATION OF UNSATURATED CARBOHYDRATES 65

0] O
0 O, H )?
CsHs)Y I . MsCl CeHs OCH,4
o OCHy 5. idine’ 0 _
OH 13
6
CsHs CeHs
0 O
O
O MsCl o)
I Pyridine
OH OCH; OCH;
7 14
CeH; CeH,
@)
09 o
o) MsCl o
—_
OH OCH; Pyridine OCH;
1
3 15

required. Only several minutes were required at
the boiling point of the mixture to achieve
similar yields.

The p-toluenesulfonate (10) was only very
slowly converted to the olefin 12 when reftuxed
in pure pyridine. However, when an equimolar
amount of tetraethylammonium chloride was
added to 10 dissolved in pyridine, the olefin was
rapidly formed. It is evident, therefore, that the
reaction proceeds by nucleophilic attack by
chloride ion on the iodine as indicated in the
equation 10 — 12. Under the preferred condi-
tions, pyridinium hydrochloride formed in the
course of the sulfonylation is the source of
chloride ion. An attempt to prepare the olefin 12
from either the epoxide 1 or the iodohydrin 24
using Cornforth’s procedures (39) failed. Fur-
thermore, the procedure used by Albano,
Horton, and Tsuchiya (26) to convert methyl
4,6-0-benzylidene-2,3-di-O-p-toluenesulfonyl-a-
D-glucopyranoside to 12 and which involves treat-
ment of the ditosylate with sodium iodide and
zinc dust in dimethylformamide did not, in our
hands, prove useful for the conversion of the
4,6-O-benzylidene-2,3-di-O-p-toluenesulfonyl
derivatives of methyl §-D-glucopyranoside and
methyl a-D-galactopyranoside to the olefins 13
and 14, respectively.

The structures assigned to the olefins 12 to 15
are completely in accord with the compositions

and n.m.r. parameters (see Table II) obtained
for the compounds. The 2-O-methanesulfonyl
derivative of the B-pD-gluco iodohydrin (9) was
highly resistant to attack by chloride ion to form
the olefin 13. This observation is in keeping with
the requirement of an antiparallel arrangement
of the iodine atom and the methanesulfonyldeoxy
group for facile reaction.

The rotations of a number of anomeric pairs of
2,3-unsaturated pyranoid structures are listed in
Table II1. It is of interest to note that Hudson’s
rules of isorotation do not apply when there is
present an acyloxy group at the 2-position.

The signs for the 5Jy_y couplings are reported
as positive in view of the recent publication by
Coxon, Jennings, and MclLauchlan (50) on a
related compound. Hall and Manville (51) have
recently reported on the relative signs of proton—
proton coupling constants in saturated and un-
saturated carbohydrate derivatives. It is of
interest to note that the Jg, 6. geminal coupling
constants for the C-4 epimers reported in Table 1
are larger for the xylo than for the ribo con-
figuration, This finding is in accord with the
suggestion (52) that the 2J;_yx coupling constant
will depend in part upon the relative orientation
of an electronegative vicinal substituent with the
coupling being numerically larger when the
electronegative substituent is gauche to only one
of the geminal hydrogens than when it is in
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TABLE III
Specific rotations of anomeric pairs of 2,3-unsaturated pyranoid structures

Compound [a] Solvent Ref.

Methyl 4,6-O-benzylidene-a-p-erythro-hex-2-enopyranoside -+-129° CHCl;

Methyl 4,6-O-benzylidene-g-p-erytiro-hex-2-enopyranoside -+45° CHCly

Methyl 4,6-0-benzylidene-a-D-tireo-hex-2-enopyranoside —130° CHCl;3

Methyl 4,6-0-benzylidene-g-D-threo-hex-2-enopyranoside —172° CHCl;
p-Nitrophenyl 4,6-di~-O-acetyl-a-p-erythro-hex-2-enopyranoside +174° Benzene 14
p-Nitrophenyl 4,6-di-O-acetyl-8-D-erythro-hex-2-enopyranoside +51° Benzene 14
1,2,4-Tri-O-acetyl-2-hydroxy-a-D-glycero-pent-2-enopyranose -+15° CHCl, 19
1,2,4-Tri-O-acetyl-2-hydroxy-g-D-glycero-pent-2-enopyranose -+169° CHCl3 19
1,2,4,6-Tetra-O-acetyl-2-hydroxy-a-D-erythro-hex-2-enopyranose -+50° CHCl3 18
1,2.4,6-Tetra-O-acetyl-2-hydroxy-S-D-erythro-hex-2-enopyranose -+146° CHCl; 18, 20
1-0-Acetyl-2,4,6-tri-O-benzoyl-2-hydroxy-a-D-erythro-hex-2-enopyranose --52° CHCl; 15
1-0-Acetyl-2,4,6-tri-O-benzoyl-2-hydroxy-g-p-erythro-hex-2-enopyranose --91° CHCl; 15

gauche relationship to both the geminal protons.
Coxon (53) has observed examples with ribo-
pyranose derivatives and Hall and Manville (54)
with 2-deoxyhexopyranose derivatives. It is seen
from Table 11 that this situation is also present
for the Jg, 6. couplings observed for the erytiro
and threo-hex-2-enopyranose derivatives. Dr.
Harold Spedding, in an unpublished work per-
formed in this laboratory in 1962, observed
Jsa,5. coupling constants for the « and g forms
of methyl tri-O-acetyl-D-xylopyranoside in
chloroform of —10.7 and —11.8 c.p.s., respec-
tively. In contrast, for the corresponding « and g
derivatives of L-arabinopyranose wherein the
4d-acetoxy group is gauche to only H-5e¢, the
values for Js, 5, were —13.1 and —13.2 c.pss,,
respectively. As expected, the value of Js, s,
for methyl tri-O-acetyl-a-D-lyxopyranoside was
numerically small, —10.7 c.p.s. However, the
value for this coupling constant was —12.3 c.p.s.
for the 8 anomer. This result may indicate (53)
an appreciable abundance of the compound in
the 1C as well as the C1 conformation. This may
also be the situation for methyl tri-O-acetyl-g-
D-ribopyranoside since Js5, 5. was —12.6 c.p.s.
for this compound. Recently, Holland, Horton,
and Jewell (55) reported Js4 5. to be 12.9 c.p.s.
for tri-O-acetyl-B-D-xylopyranosyl chloride both
in chloroform and in benzene. This result
obviously is in support of their contention, based
on vicinal coupling constants, that the compound
exists to a large extent in the 1C-conformation.
It may be noted in this regard that the value of
11.8 c¢.p.s. observed for methyl tri-O-acetyl-g-
D-xylopyranoside is suggestive of a considerable
abundance of the 1C conformation for this
compound as well. In fact, the value J4 5, = 7.8

c.p.s. is small as compared to that expected
(about 9 c.p.s.) for the C1 conformation. Also,
the value J4 5, = 6.0 c.p.s. is large as compared
to the value expected (about 3 c.p.s.) for protons
in gauche relationship. The role of the anomeric
effect (56) in controlling these conformational
equilibria is apparent.

Experimental

Methyl 4,6-0-Benzylidene-2-deoxy-2-iodo-o-p-altro-
pyranoside (2b)

(a) From Methyl 2,3-Anhydro-4,6-0-benzylidene-o-0-
allopyranoside (1)

Compound 1 (57) (2.64 g, 0.01 mole) was dissolved in
acetone (50 ml) and gently refluxed for 1 h with sodium
iodide (7.5 g, 0.05 mole), sodium acetate (0.41 g, 0.005
mole), and acetic acid (12 ml, 0.2 mole). The mixture was
evaporated to dryness in vacuo and the residue was
dissolved in a mixture of chloroform (70 ml) and water
(100 ml). The aqueous layer was separated and extracted
with chloroform (70 ml). The combined chloroform
solutions were washed with water (100 ml), dried over
sodium sulfate, and evaporated to dryness in vacuo. The
residue was crystallized from ethanol to yield 256 (3.72 g,
95%); m.p. 105-106°, [«]33 +35.0° (c, 2.0 in chloroform).
[Lit. (38), m.p. 105-106°, [«]39 +39.0° (¢, 1.3 in chloro-
form).]

Anal. Caled. for C;4Hy70s1: C, 42.86; H, 4.34.
Found: C, 42.73; H, 4.31.

Compound 1 (0.264 g, 0.001 mole) was added to 50 ml
of 0.1 M lithium iodide in ether (58). After 30 min, a
clear yellow solution was obtained and thin-layer chro-
matography showed the reaction to be virtually complete.
Acetic acid was added to neutralize the solution and
work-up in the usual manner gave 0.390 g (99%,) of 25b.

In a second experiment, 1.2 ml of acetic anhydride was
added to the reaction mixture instead of the acetic acid.
After 2 min water was added and the product was
isolated. The n.m.r. spectrum of the syrup was identical
to that of the acetate 2¢. In a control experiment, the
iodohydrin 26 (0.392 g, 0.001 mole) was treated with 50
ml of 0.1 M lithium iodide in ether. After 30 min 1.2 ml
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of acetic anhydride was added and after 2 min the product
was isolated. The iodohydrin 26 was recovered in near
quantitative yield.

(b) From 4,6-0-Benzylidene-bD-allal (3b)

A mixture of 3b (37), (0.86 g, 0.0036 mole) and silver
acetate (0.71 g, 0.0042 mole) in methanol (50 ml) was
cooled to 0°, Todine (0.5 g, 0.0042 mole) was added over a
period of 5 min. The product, isolated in the usual manner
as a syrup, was found by n.m.r. analysis to be a 1:1
mixture of two isomers. Crystallization from ethanol gave
a 0.33 g (239%) yield of compound 2b.

Reaction of Methyl Lithium with 2b

The ether solution containing 5.25 % of methy] lithium
(32 ml, 0.079 mole) was added to a solution of compound
25 (1.00 g, 0.0025 moale) in ether (100 ml) under stirring.
The reaction mixture, after being gently refluxed for 18 h,
was neutralized with acetic acid (0.9 ml) and was worked
up in usual manner. The product (0.502 g, 859%) was
isolated as colorless, fluffy needles, m.p. 83.5°, [2)}}
-++209.5° (¢, 2.0 in ethanol).

Anal. Caled. for C13H,404: C, 66.68; H, 6.03. Found:
C, 66.51; H, 5.90.

This product was identical with 4,6-O-benzylidene-D-
allal (3) prepared, in a 72 % yield, following the publishcd
procedure (37) by mixture melting point, n.m.r., and
infrared spectra. [Lit. (37), m.p. 84-84.5% [a]?® +210°
(c, 0.44 in ethanol).]

4,6-0-Benzylidene-p-gulal

Compound 7 (0.90 g, 2.3 mmoles) was treated with
methyl lithium (12 ml, 5.25% ether solution) as described
above, The reaction mixture, after being refluxed for 2 h,
was worked up as usual. The crystalline product (349 mg)
was recrystallized from ether—Skellysolve B; colorless
needles, m.p. 128.5-129.5°, [«]% +192° (¢, 1.4 in chloro-
form). The n.m.r. parameters are reported in Table I.

Anal. Caled. for C13H404: C, 66.68; H, 6.03. Found:
C, 66.70; H, 5.81.

Methyl 4,6-O-Benzylidene-2-deoxy-2-iodo-3-O-(p-toluene-
sulfonyl)-a-D-altropyranoside (10)

Compound 25 (1.96 g, 0.05 mole) and p-toluenesulfonyl
chloride (1.05 g, 0.055 mole) were dissolved in pyridine
(20 ml) and the reaction was stored at near 0° for 44 h.
The mixture was poured onto an ice-water mixture
(100 ml) and extracted with two 100-ml portions of
chloroform. The extracts were combined and washed
with watcr (100 ml), dried over sodium sulfate, then
evaporated in vacuo at room temperature, Ethanol (10 ml)
was added to the residue and evaporated. This procedure
was repeated several times until the odor of pyridine had
disappeared. During this treatment, crystallization oc-
curred. The crystals were well triturated with cold ethanol
(20 ml), filtered, and washed with ethanol. The yield was
2.07 g, (76%); m.p. 122-123° (decomp.), [«]?] -+28.4°
(¢, 1.0 in chloroform). Richards and Wiggins (38) reported
m.p. 114,5-115° (decomp.), [«]l¥ —15.6° in chloroform
for the iodotosylate 10.

Anal. Caled. for C2,H32,051: C, 46.24, H, 4.04. Found:
C, 46.39; H, 4.17.

Prolonged reaction at 0° or at room tcmperature
causcd the formation of the olefin 12, Thus, from the
reaction after four days at room temperature a 73 % yield
of 12 was obtained. Although 10 could be stored in the

dark below —5°, it changed to a dark tar within a few
days at room temperature.

Methyl 4,6-O-Benzylidene-3-deoxy-3-iodo-o-D-altro-
pyranoside (5b)

Methyl 2,3-anhydro-4,6-O-benzylidene-o-pD-mannopy-
ranoside (4) (59) reacted considerably more slowly with
sodium iodide, under the conditions described above for
the preparation of 2b, than did the allo epoxide 1. A
20 h period of reflux was used to prepare a 91 9 yield of
rods, m.p. 163.5-164.5°% [«]?} +116° (¢, 1.2 in chloro-
form) recrystallized from ethyl acetate. Literature (60)
m.p. 163-163.5°, [«]22 +111° (c, 4 in chloroform).

Anal. Caled. for Cj4H;0sI: C, 42.86; H, 4.34.
Found: C, 4241; H, 4.24.

Reaction of 4 with Lithium Iodide

Compound 4 (26.4 mg 0.1 mmole) was dissolved in
ether (4.5 ml) in a 5-ml polarimeter tube. To this was
added a 1 M solution of lithium iodide in ether (0.5 ml,
0.5 mmole), Change of optical rotation was checked at
intervals. The value of rotation reached constant after 9
days. The reaction mixture was neutralized with a drop of
acetic acid and extracted with water. After being dried
over sodium sulfate, the ether solution was evaporated to
dryness. The n.m.r. spectrum indicated that the residue
was a 3:2 mixture of 4 and 5b.

Methyl 4,6-O-Benzylidene-3-deoxy-3-iodo-2-( O-p-toluene-
sulfonyl)-a-D-altropyranoside (11)

Compound 54 (1.96 g, 0.05 mole) and p-toluenesulfonyl
chloride (1.05 g, 0.055 mole) were dissolved in pyridine
(20 ml). After being kept for 44 h at near 0°, the reaction
mixture was worked up as described above for the
preparation of 10. Trituration of the product with cold
ethanol (20 ml), provided 1.56 g (53%) of fine needles,
m.p. 128-129°; [a]% +37.5° (¢, 1.0 in chloroform). [Lit.
(23) m.p. 127.5-129°, [«]}} -+46.4 in chloroform.]

Anal. Calcd. for C21H2207SI: C, 46.24; H, 4.04.
Found: C, 45.92; H, 4.20.

This compound was unstable to storage at room
temperature and decomposed to a dark tar within a
few days.

Methyl 4,6-0-Benzylidene-a-D-erytiro-hex-2-
enopyranoside (12)

(a) From the lodolydrin 2b

2 (1.96 g, 0.005 mole) was refluxed in pyridine (15 m1)
with p-toluenesulfonyl chloride (1.05 g, 0.0055 mole) for
20 min. After cooling to room temperature, the dark-
brown reaction mixture was partitioned between water
(100 ml) and cther (100 ml). The aqueous layer was
separated and washed with ether (100 ml). The combined
ether solutions were washed with 0.1 M sodium thio-
sulfate (100 ml) and water (100 ml) and dried over
sodium sulfate. The solvent was evaporated in vacro.
Pyridine was removed by azeotropic distillation with
cthanol. The solid residue was recrystallized from
ethanol (15 ml). Long needles 1.17 g (95%) were
obtained; m.p. 119.5-120°, [«]%¥ +129.0°, (¢, 1.4 chloro-
form).

Anal. Calced. for C14H;1404: C, 67.72; H, 6.47. Found:
C, 67.67; H, 6.23.

(b) Fromn the lodolydrin 5b
In the manner described above, p-toluenesulfonylation
of 1.96 g of 56 gave a 1.18 g (95%}) yicld of the olefin 12.
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Methyl 2,3-Anhydro-4,6-O-benzylidene-g-D-allopyranoside

This compound was prepared by Peat and Wiggins (42)
by treatment of methyl 4,6-O-benzylidene-3-O-p-toluene-
sulfonyl-g-p-glucopyranoside with base. This latter com-
pound was obtained by O-benzylidenation of the methyl
3-O-toluenesulfonyl-g-p-glucopyranoside prepared by
Oldham and Oldham (61). We have observed that the
compound can be prepared in 209 yield by mono-p-
toluenesulfonylation of methyl 4,6-O-benzylidene-B-D-
glucopyranoside (62). Treatment with base gave a prod-
uct with the same melting point and rotation as those
reported by Peat and Wiggins for the title compound.
However, the compound was more readily prepared as
follows.

Methyl 4,6-0O-benzylidene-2,3-di-O-p-(toluenesulfonyl)-
B-D-glucopyranoside (63) (15 g, 0.025 mole) was sus-
pended in 1,2 dichloroethane (200 ml). To the ice-cold
mixture, 100 ml of a cold 1.9 M solution of sodium
methoxide in methanol was added. After shaking at room
temperature for 48 h, water (400 ml) and 1,2-dichloro-
ethane (100 ml) was added and the organic layer pro-
cessed in the usual manner. Solvent removal left a color-
less solid which was extracted with boiling Skellysolve B.
Evaporation of the extract gave 6.5 g (93%) of crude
methyl 2,3-anhydro-4,6-0O-benzylidene-g-p-allo-
pyranoside, m.p. 130-132°. Recrystallization from
ethanol raised the melting point to 133-135°, [«]3® —15°
(¢, 1.5 in chloroform). Peat and Wiggins (42) reported
m.p. 138°, [o]}® —15.6°.

Methyl 4,6-0-Benzylidene-2-deoxy-2-iodo-B-D-altro-
pyranoside (6) and Methyl 4,6-O-Benzylidene-3-
deoxy-3-iodo-p-D-glucopyranoside

Treatment of the above epoxide (2.64 g) under the
conditions used to convert 4 to 56 gave a product which
was fractionally crystallized from cthanol (50 ml). The
first crop, 187 mg, m.p. 225-227° gave, on further purifi-
cation by recrystallization from ethanol, needles m.p.
230°, [e]® —135° (¢, 1.0 in pyridine) to which the
B-D-gluco configuration was assigned on the basis of the
n.m.r. parameters reported in the discussion.

Anal, Caled. for Ci4H,;;0s1: C, 42.86; H, 4.34.
Found: C, 42.99; H, 4.29.

The monoacetate derivative melted at 165-166°,
[)}’ = —148° (c, 4.3 in chloroform).

Anal. Caled. for C;¢H906l: C, 44.24; H, 4.38.
Found: C, 43.98; H, 4.17.

The mother liquor from the above crystallization
yielded cubic crystals (743 mg, m.p. 168-171°) which
were purified by recrystallization from ethanol. The
constants for the analytical sample were m.p. 175-176°,
[0]2%) —91° (c, 2.8 in chloroform) and the n.m.r. para-
meters used to assign the g-p-altro configuration (6) are
reported in the discussion. ]

Anal. Caled. for Ci4H70s51: C, 42.86; H, 4.34.
Found: C, 42.99; H, 4.29.

The monoacetate derivative was obtained as needles,
m.p. 123-123.5°, [«]3) = —109° (¢, 3.0 in chloroform).

Anal. Caled. for CigH9Ogl: C, 44.24; H, 4.38.
Found: C, 44.42; H, 4.34.

Methyl 4,6-O-Benzylidene-B-D-erythro-hex-2-
enopyranoside (13)

To the solution of the iodohydrin 6 (196 mg, 0.0005
mole) in pyridine (4 ml) was added methanesulfonyl
chloride (0.05 ml) and the mixture was refluxed for 10
min. The reaction was diluted with ice-water (20 mi),

then extracted with ether (10 ml X 2). The combined
extracts were washed successively with 10 ml portions of
water, 0.1 N hydrochloric acid, water, 0.1 M sodium
thiosulfate, and finally with water. After being dried over
sodium sulfate, the ether was evaporated to dryness.
Upon recrystallization of the residue from a small amount
of ethanol, 13 was obtained as fine needles; 98 mg, (79 %),
m.p. 94-95°, [aj?® +45° (c, 1.3 in chloroform).

Anal, Calcd. for C14H 604: C, 67.74; H, 6.45. Found:
C, 67.67; H, 6 29.

Methyl 4,6-O-Benzylidene-2-deoxy-2-iodo-a-D-
idopyranoside (7)

Methyl 2,3-anhydro-4,6-O-benzylidene-a-p-gulo-
pyranoside (43, 44) (1.76 g) was converted to the iodo-
hydrin (7) with sodium iodide under the conditions used
to prepare 56 from 4. The colorless solid product was
recrystallized from ethanol to give colorless needles,
(1.60 g, 61.3%), m.p. 162-163° [a]%’ +28° (¢, 1.2 in
chloroform).

Anal. Caled. for Cy4H;0sI: C, 42.86; H, 4.34.
Found: C, 43.08; H, 4.15.

The monoacetate derivative was obtained as leaflets,
m.p. 142-143°, [&]%’ +31° (¢, 2.3 in chloroform).

Anal. Caled. for C gH1906l: C, 44.24; H, 4.38.
Found: C, 44.52; H, 4.31.

Methyl 4,6-O-Benzylidene-«-D-threo-hex-2-enopyranoside
(14)

Compound 7 (0.196 g, 0.005 mole) was treated with
methanesulfonyl chloride (0.045 ml, 0.006 mole) in
pyridine for 20 min as described for the preparation of 13.
The product isolated as fine needles, 0.112 g, (90%),
m.p. 163-164°, [«]3’ —130° (¢, 3.0 in chloroform).

Anal. Caled. for C14H1604: C, 67.74; H, 6.45. Found:
C, 67.55; H, 6.45.

Methyl 4,6-0-Benzylidene-3-deoxy-3-iodo-B-D-ido-
pyranoside (8)

Methyl 2,3-anhydro-4,6-0-benzylidene-p-p-talo-
pyranoside (45, 46) (1.76 g, 0.0067 mole) was treated
with sodium iodide (5.0 g, 0.033 mole) as described for the
preparation of 6. The product obtained as long needles,
1.82 g (70%), m.p. 132-133°, [a]¥ —30° (¢, 2.8 in
chloroform).

Anal. Caled. for C;4H70s1: C, 42.86; H, 4.34.
Found: C, 43.15; H, 4.45.

The mono-O-acetyl derivative was prepared as cubes,
m.p. 174-175°, [«]3’ —28° (c, 2.4 in chloroform).

Anal. Caled. for CygH006l: C, 44.24; H, 4.38.
Found: C, 44.30; H, 4.24.

Methyl 4,6-0-Benzylidene-B-D-threo-hex-2-enopyranoside
(15)

Compound 8 (0.196 g, 0.005 mole) was treated with
methanesulfonyl chloride (0.045 ml, 0.006 mole) in pyri-
dine for 5 min as described for the preparation of 13.
Fine needles for the product (96 mg, 76 %) had m.p. 122~
123°, [@)%3 —172° (¢, 1.1 in chloroform).

Anal. Caled. for C14H1604: C, 67.74; H, 6.45. Found:
C, 67.42; H, 6.35.
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NOTES

Thiohydantoins. VI. Hydrolysis of 1-acyl-2-thiohydantoins:
reported anomalies

J. T. EpwarD anD J. K. L1U
Department of Chemistry, McGill University, Montreal, Quebec
Received August 4, 1967

Two reports in which it was claimed that the 1-acyl group of a 1-acyl-2-thiohydantoin was not rapidly
removed by dilute acid or alkali were investigated and found erroneous.

Canadian Journal of Chemistry, 46, 71 (1968)

1-Acyl-2-thiohydantoins are rapidly hydro-
lyzed in dilute acid (1) or alkali (2, 3) to car-
boxylic acids and 2-thiohydantoins. The latter
are slowly hydrolyzed further to o-thioureido
acids by alkali (1, 4), but are stable in mineral
acids at ordinary temperatures! (4). Use is made
of these properties in Schlack and Kumpf’s
procedure (2) for identifying the C-terminal
amino acid of a polypeptide or protein: this
amino acid residue is converted into a 1-acyl-2-
thichydantoin, and the 2-thiohydantoin can then
be detached from the remainder of the peptide
chain by mild acid or alkaline hydrolysis.
However, there are two anomalous cases of
1-acyl-2-thiohydantoin behavior reported in the
literature (5, 6). The work described below shows
that in both cases the results reported are
probably erroneous.

The first case is the report of Dains et al. (5)
that acid hydrolysis of 1-benzoyl-3-phenyl-2-
thiohydantoin (3) yields, not benzoic acid and
3-plienyl-2-thiohydantoin (4), but benzoic acid,
aniline, and hippuric acid. Dains claimed to
prepare 1-benzoyl-3-phenyl-2-thiohydantoin,
m.p. 177-179°, by heating hippuric acid (1)
with phenyl isothiocyanate to 150°. Under these
conditions carboxylic acids are known to react
with phenyl isothiocyanate to give carbon
oxysulfide and anilides (7), and indeed we found
that hippuric acid gave hippuranilide (2) (8),
m.p. 212-213°, The possibility that in the hands
of Dains the reaction had taken a different
course to give 1-benzoyl-3-phenyl-2-thiohydan-
toin was excluded by preparing an authentic
specimen of this compound (3) by treating
3-phenyl-2-thiohydantoin (4) with benzoyl chlor-

13, T. Edward and 1. Lantos, unpublished results.

ide in pyridine. The compound melted at 132—
133°, and was hydrolyzed almost instantaneously
by 0.05 N sodium hydroxide to benzoic acid and
3-phenyl-2-thiohydantoin.

It accordingly seems likely that the product,
m.p. 177-179°, obtained by Dains et al. was
impure hippuranilide, which would be expected
to give benzoic acid, hippuric acid, and aniline on
acid hydrolysis.

A second apparent anomaly is the report of
Johnson and O’Brien (6) that 5-benzal-1-benzoyl-
2-thiohydantoin (6) is hydrolyzed by dilute
sodium hydroxide to the thioureido acid
(isolated as the yellow sodium salt 7), and not
to benzoic acid and 3-benzal-2-thiohydantoin (8).
The salt (7) was reported to give the latter com-
pound when treated with hydrochloric acid, the
benzoyl group being apparently split off at this
stage.

In an attempt to check this work, 1-benzoyl-2-
thiohydantoin (5) was allowed to react with
benzaldehyde in acetic acid containing sodium
acetate, under the conditions claimed by
Johnson and O’Brien to give 6. A yellow solid
was obtained which decomposed at about
260-262° (Johnson and O’Brien reported no
melting point) and which showed some of the
properties reported by Johnson and O’Brien for
6. However, it was shown by its analysis
(TJohnson and O’Brien reported no analysis) and
nuclear magnetic resonance spectrum to be not 6
but 5-benzal-2-thiohydantoin (8). It is likely
that the 1-benzoyl derivative 6 is formed first,
but that it loses the benzoyl group by acetolysis
under the catalytic influence of the acetate ion.
Analogously, 1-acetyl-2-thiohydantoin has been
found to condense with benzaldehyde in acetic



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
‘ * For personal use only S

72 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

PhN=C=S§
PhCONHCH,CO;H ——— PhCONHCH,CONHPh

PhN=C=

SN

CH,
“
PhCO—N c|=o
S=C— —NPh
3

> Authenticated reactions
--———> Spurious reactions

OH-

acid containing sodium acetate to give 8, the
1-acetyl group being lost in this case (9). Regard-
less of the precise mechanism, the results show
the extreme ease with which the 1-acyl group is
removed from 1-acyl-2-thiohydantoins.

Treatment of 5-benzal-2-thiohydantoin (8)
with sodium hydroxide according to the direc-
tions of Johnson and O’Brien gave a yellow
sodium salt having some of the properties of the
compound which they formulated as 7. However,
the analytical data excluded this formula, and
indicated formula 9 (plus 0.5 molecule of water
of crystallization); the spectroscopic data were
in agreement with this structure. The ionization
of 2-thiohydantoins at the 3-position as in 8 — 9,
is now well established (10), but this appears to
be the first report of the isolation of the sodium
salt 9. It is possible that Johnson and O’Brien
were misled by a faulty analysis of their com-
pound (they reported only one nitrogen analysis)
into thinking it the carboxylate salt 7.

Experimental
Hippuranilide (2)

A mixture of hippuric acid (17.9 g) and phenyl isothio-
cyanate (13.5 g) was heated to 150-154° for 1.5 h. The
dark red product was dissolved in hot ethanol (50 ml),
and treated with charcoal. Colorless needles of hippur-
anilide (7.5 g), m.p. 212-213° (iit. 208.5° (8)) separated
from the solution when cool; Ao (EtOH) 241 mp; enax
24 000.

Anal. Calcd. for C15H14N2022 C, 70.85; H, 5.55;
N, 11.02; O, 12.58. Found: C, 71.07; H, 5.73; N, 10.95;
0,12.42,

1-Benzoyl-3-phenyl-2-thiohydantoin (3)

A mixture of 3-phenyl-2-thiohydantoin (11) (0.4 g) and
benzoyl chloride (0.5 ml) in pyridine (10 ml) was warmed
to 80-90° for 30 min. The resultant solution was poured
into 59% aqueous sodium bicarbonate (20 ml) and the
mixture extracted with diethyl ether (25 ml). The ether
layer was washed with water and diluted with methanol.
The solution was concentrated, treated with charcoal,

PhCOCl
<

2

CH,

7N
HN  C=0

| |
S=C———NPh
4

and filtered. Overnight the filtrate deposited pale-yellow
crystals of 1-benzoyl-3-phenyl-2-thiohydantoin (0.34 g),
m.p. 132-133°; Ao (EtOH) at 375, 285, and 245 my
(emax 123, 9200, and 18 300) (cf. 1-benzoyl-2-thiohydan~
toin: Apngx (EtOH) at 373, 280, and 240 mpu; eqnae 132,
10 200, and 25 000).

Anal. Caled. for C;sH12N,0,.S: C, 64.86; H, 4.32;
N, 9.46. Found: C, 64.78; H, 4.48; N, 9.51,

Reaction of 1-Benzoyl-2-thiohydantoin with Benzaldehyde

A solution of 1-benzoyl-2-thiohydantoin (12) (2.0 g),
benzaldehyde (2.8 g) and anhydrous sodium acetate
(4.0 g) in glacial acetic acid (10 ml) was heated under
reflux for 3 h. The solution was cooled and diluted with
water (20 ml). A yellow solid separated which decomposed
at 260-261° (lit. m.p. of 5-benzal-2-thiohydantoin, 258°
(12)); Mpax (EtOH) 294, 265, and 245 mpy; enax 5160,
29400, and 9400; v, (KBr) 1715 (C=0), 1630 (C=C)
cm~!l. Nuclear magnetic resonance spectrum:2 & 6.60
(1H), 7.53 (5H), and 12.53 (2H).

Anal. Caled. for C;oHgN.OS: C, 58.82; H, 3.95;
N, 13.72. Found: C, 59.01; H, 4.08; N, 13.66.

Sodium Salt of 5-Benzal-2-thiohydantoin

5-Benzal-2-thiohydantoin (1 g) dissolved in warm
0.2 N sodium hydroxide solution (20 ml). The solution
when cool deposited yellow prisms (1.1 g). These were
recrystallized from water and dried for 72 h over phos-
phorus pentoxide under a pressure of 1.0 mm. The
crystals sintered at 85-88°, melted at 90°, partially
resolidified at 132-136°, and finally melted at 306°,
Ymox (KBr) 1626 cm-1. (Johnson and O’Brien (6)
reported their yellow salt to sinter at 85°, decomp. at
88-89 to an oil which partially resolidified at 115-120°
and did not melt up to 260°.) The ultraviolet spectrum of
the salt in dilute ethanol solution was identical with that
of 5-benzal-2-thichydantoin.

Anal. Caled. for C;oH;N,OSNa-+H,O: C, 51.00;
H, 3.41. Found: C, 50.75, 50.88; H, 3.51, 3.54.
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The effect of tetra-n-butylammonium salts on the nuclear magnetic
resonance of nitrobenzene
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Tetra-n-butylammonium salts effect the nuclear magnetic resonance response of the para and meta

protons of nitrobenzene to a greater extent than that of the ortho protons in solutions in carbon tetra-
chloride. It is suggested that this effect may be due to a specific interaction between the salt, in ion-pair
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form, and the aromatic ring of nitrobenzene.
Canadian Journal of Chemistry, 46, 73 (1968)

In connection with our studies of tetraalkyl-
ammonium salts in various solvents, we have
observed the nuclear magnetic resonance (n.m.r.)
spectra of tetra-n-butylammonium bromide and
iodide in 109 nitrobenzene/CCl, solvent mix-
tures. We wish to report briefly an apparent
unusual effect of the quaternary ammonium salts
on the aromatic proton resonances of the nitro-
benzene component of the binary solvent.

Figure 1 illustrates the effect of addition of

tetra-n-butylammonium bromide on the n.m.r.
proton shifts of nitrobenzene (109 solution in
CCly). Peak assignments for the various ring
protons are those of Corio and Dailey (1).
Virtually identical behavior was observed for the
iodide salt. The shift change for the ortho
aromatic protons (1 c.p.s.) over the salt con-
centration range used is barely outside the
experimental uncertainty (A-60 nuclear magnetic
resonance spectrometer, sweep width 50 c.p.s.,
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In connection with our studies of tetraalkyl-
ammonium salts in various solvents, we have
observed the nuclear magnetic resonance (n.m.r.)
spectra of tetra-n-butylammonium bromide and
iodide in 109 nitrobenzene/CCl, solvent mix-
tures. We wish to report briefly an apparent
unusual effect of the quaternary ammonium salts
on the aromatic proton resonances of the nitro-
benzene component of the binary solvent.

Figure 1 illustrates the effect of addition of

tetra-n-butylammonium bromide on the n.m.r.
proton shifts of nitrobenzene (109 solution in
CCly). Peak assignments for the various ring
protons are those of Corio and Dailey (1).
Virtually identical behavior was observed for the
iodide salt. The shift change for the ortho
aromatic protons (1 c.p.s.) over the salt con-
centration range used is barely outside the
experimental uncertainty (A-60 nuclear magnetic
resonance spectrometer, sweep width 50 c.p.s.,
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sweep time 0.2 c.p.s. /s, radio frequency field 0.13
MG., response 0.4 c.p.s.) whereas the shift for
the meta and para protons (=6 c.p.s.) is clearly
significantly greater. The downfield shift of the
meta and para protons is essentially a linear
function of the salt concentration. Solubility
limitations precluded studies at a higher salt
concentration.

494 ortho—-H
EM

% n Bu4N+Br—

Fic. 1. The effect of added salt on the proton reso-
nances of nitrobenzene. The shifts are in c.p.s. at 60
Mcycles relative to internal TMS. The ortho proton values
are given as the center of the multiplet.

We consider this observation interesting
because of the possible importance of a specific
interaction between the quaternary ammonium
salts, largely in the ion-pair form in this low
dielectric medium, and the strongly dipolar
nitrobenzene. Nicholls and Szwarc (2) have
recently reported the observation of similar
effects on the proton shifts of cyclic ethers on the
addition of salts to these solvents. Lithium
perchlorate and silver tetrafluoroboride both
caused downfield shifts of the ether solvent
protons, the effects being greatest on the
protons « to the ethereal oxygen which is pre-

sumably the site of specific interaction with the
salt, Lithium and sodium tetraphenylborides,
however, produced upfield shifts which were
greater for the more remote 8 protons than for
the protons « to the ethereal oxygen. These
authors suggest that this reversal of behavior is
caused by the anisotropy of the aromatic rings
of the salt anion which avoid the vicinity of the
ether oxygen atoms and adopt a preferred orien-
tation with respect to the 8 protons.

We have previously suggested that the unusu-
ally high ion-pair association constant for the
tetra-n-butylammonium salts in nitrobenzene
may be due to the nitrobenzene acting as a
‘template’ for the ion pair thus favoring its
formation (3). The observed downfield shift of
the meta and para protons, but not the ortho
protons, cannot be the result of interaction solely
between the nitro substituent and the salt ion
pair. This would be expected to have the most
pronounced effect on the n.m.r. shift of the
ortho protons in a similar manner to the o
proton effect in the ethers observed by Nicholls
and Szwarc. If, however, the halide ion of the
ion pair occupied a preferred location at the
meta/para end of the aromatic ring, polarization
of the molecule in the direction of the electron
flow toward the nitro substituent or simple Van
der Waals interaction would deshield the para
and meta protons leading to a small downfield
shift. The effect at the ortho protons would be
small due to the dominant influence of the
proximate nitro group and steric inhibition of
close approach of either component of the ion
pair. We have examined the effect of added salt
on the ultraviolet spectrum of nitrobenzene in
the hope of obtaining some evidence for a weak
interaction of the type suggested. No convincing
evidence was obtained. The n.m.r, results,
however, appear to be beyond question and it
may well be that whereas the interaction between
the salt and the aromatic ring is strong enough
to elicit a small shift in the proton resonance it
is too wealk effectively to influence the electronic
transitions responsible for the ultraviolet absorp-
tion.

1. P. L. Corio and B. P. DaLey. J. Am. Chem. Soc.
78, 3043 (1956).

2. D. Nicuorrs and M. Szwarc. J. Phys. Chem. 71,
2727 (1967).

3. I.B.Hyne. J. Am. Chem. Soc. 85, 304 (1963).
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Convenient synthesis of myristicinaldehyde

ALEXANDER T. SHULGIN
1483 Shulgin Road, Lafayette, California
Received August 8, 1967

The conversion of isomyristicin to a Schiff base of myristicinaldehyde is described. The subsequent
hydrolysis of this base to the free aldehyde establishes a convenient preparation of this material,
Apiolealdehyde is similarly generated from isoapiole, suggesting that this procedure may have general
application in the conversion of the natural aromatic ethers of essential oils to the correspondingly

substituted benzaldehydes.
Canadian Journal of Chemistry, 46, 75 (1968)

In connection with a study of the syntheses of
alkaloids related to Anhalonium lewinii, the need
arose for appreciable quantities of myristicin-
aldehyde (4, R = H). Three preparatory routes
were considered: the cyclic ether could be pre-
pared from 5-hydroxyvanillin; 2,3-methylene-
dioxyanisole could be appropriately formylated;
or modifications could be made on the chain of
naturally available myristicin.

Examples of the first process which employ
methylene bromide (1) and methylene sulfate (2)
in the formation of the methylenedioxy ring
have been reported. In both instances the yields
of myristicinaldehyde were prohibitively poor.
Present attempts in this manner employing
methylene iodide proved to be equally impracti-
cal,

The Vilsmeier reaction, which adds a formy!
group to the aromatic ring, has been applied to
2,3-methylenedioxyanisole. The earliest report
(3) described a 46 % yield of product substituted
adjacent to the methoxyl group, but subsequently
it was observed that an appreciable percentage of
substitution also occured adjacent to the methyl-
enedioxy group (4). A careful gas-liquid
chromatographic analysis has been performed
of the crude reaction mixture. The two isomers
described are indeed the principal components,
but a third peak of the desired orientation was
consistently present. It amounted to only 5% of
the total aldehyde content, however, and no
experimental variation could be found to increase
this yield.

The third route, that which starts with myristi-
cin, appeared to be the only practical synthesis of
the title compound. Base-catalyzed isomerization
to isomyristicin (1) places the double bond in a
position appropriate to an aldehydic end
product. KMnO,4 has been employed in a number

of procedures (5) to provide the final aldehyde,
but there is concurrent formation of the corre-
sponding benzoic acid. Hydrogen peroxide with
a vanadium catalyst (6) precludes acid formation
but still provides only modest yields. It has
only been through ozonolysis that sizable
quantities of 4 have been prepared (7) but here
minor variations in the reaction conditions
seriously affect the yields realized (7¢).

It has been observed in the course of the
preparation of a number of B-nitrophenyl-
propenes from the corresponding olefinic pre-
cursors (8), that there was invariably produced
a small amount of the aromatic aldehyde that
would result from cleavage of the propenyl-
benzene at the double bond. This hydrolysis of
the product nitropropene into its theoretical
synthetic precursors (benzaldehyde and nitro-
alkane) was explored as a preparative route to
these aldehydes which are otherwise difficult to
obtain.

It has been found that this hydrolytic reaction
is the principal reaction to occur when an amine
that can form a Schiff base (3) is introduced.
The completion of the synthetic cycle by the
base-catalyzed condensation of the product
aldehyde with nitroethane to regenerate the
nitropropene (2) both verifies the structure of
the aldehyde generated and confirms that the
action of fetranitromethane is indeed on the
B-carbon of the phenylpropene. Of a number of
bases explored as agents in this displacement,
primary amines related to benzylamine gave the
most consistent results, and of these DL-o-
methylbenzylamine appeared to be the best.

The reaction is allowed to occur between
stoichiometric amounts of the benzylamine and
the nitropropene. If the amine is employed in
excess as a solvent a material that corresponds to
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a 1:1 adduct of these two components is obtained
as the principal product.

This procedure has been successfully employed
in the preparation of apiolealdehyde (4, R =
OCH;3) from isoapiole (85%) and appears to be
generally applicable to nitropropenes derivable
from natural essential oils.

Experimental

1-(3-Methoxy4-,5-methylenedioxyphenyl)-2-nitro-
propene (2)

A solution of 50 g isomyristicin (1) in 300 ml dry acetone
and 24 g pyridine was cooled to 0 °C with vigorous stir-
ring. There was then added 54 g of cold tetranitromethane
which caused a slight temperature rise (to 5°) despite the
external cooling. The stirring was continued for 2 min at
which time the reaction mixture was quenched with a
chilled solution of 16.8 g KOH in 300 ml H;O. Stirring
was continued while the heat of neutralization dissipated,
and the product was then removed by filtration. An
additional quantity of the nitropropene (for a total of
50.7 g, 829%) was obtained from the filtrates by extraction
with methylene chloride. The low melting point (103°)
was due to a small contamination with myristicinaldehyde
which is generated concurrently. Although it cannot
interfere with the subsequent reaction below, it can be
removed by recrystallization from methanol to yield
yellow needles of 2, m.p. 110°.

Myristicinaldehyde (4; R = H)

An intimate mixture of 50 g 2 and 26 g DL-a-methyl-
benzylamine was heated on the steam bath until solution
was effected and the evolution of nitroethane was com-
plete. The intermediate Schiff base 3 was hydrolyzed
without isolation by the addition of dilute hydrochloric
acid and continued heating. At 60 to 80° there was an
abrupt solidification of the myristicinaldehyde that had
formed and further heating was unnecessary. The aldehyde
is removed by filtration of the cooled reaction mixture
and could be purified either by crystallization from water,
or better by exhaustive extraction of this crude solid
product with boiling hexane. The yield thus obtained is
36.9 g(97 % of theory and 79 % overall from isomyristicin)
of a cream-colored solid with m.p. 128-129°,

Complete integrity of the ether orientation was estab-
lished by the reconversion of 4 to 2 with nitroethane as
has been described for the trimethoxy counterpart (8).

Preparation of the Nitropropene: c-Methylbenzylamine
Adduct, C19H23N,05-xH>0

When an excess of the benzylamine is employed as a
solvent, the addition of water at the end of the above-
mentioned dissolution resulted in an intensely insoluble
product, m.p. 161° (decomposition) which is soluble in
neither the aqueous nor the organic phase. This white
solid, on washing with acetonitrile, showed an analysis
that indicated it to be an adduct of one molecule of each
of the reactants, with about two molecules of water of
hydration.

Anal. Caled. for C;¢H;:N;05-2H,0: C, 57.85;
H, 6.39; N, 7.10. Found: C, 58.14; H, 5.99; N, 6.72.

A more convincing argument for this molecular formula
comes from mass spectrometric analysis, which showed a
molecular ion at m/e 358 which corresponds to the water-
free 1:1 adduct. A daughter ion at 1n/e 283, corresponding
to the loss of the CH3CH,;NO> moiety, is confirmed by an
appropriate metastable peak. An independent daughter
peak at m /e 237 indicated the loss of a-methylbenzylamine
moiety but with the retention of the nitroethane; this
corresponds to the production of an ion corresponding to
2. The use of benzylamine led to a similar product
(m.p. 152° decomposition) and lends weight to the sug-
gested stoichiometry.l Although the microanalytical
results indicated some two or three molecules of water of
hydration, again the mass spectrum showed only the
molecular ion peak corresponding to the anhydrous 1:1
adduct (C1gH29N2Os5s; n1/e 344), and both daughter ions
corresponding to the loss either of nitroethane (m/e
269) or of benzylamine (m /e 237).

Apiolealdehyde (4, R = OCH3)

Employing the procedure described above for iso-
myristicin, isoapiole (m.p. 55-56° obtained from apiole
of Oil of Parsley) was nitrated to 1-(2,5-dimethoxy-3,4-
methylenedioxyphenyl)-2-nitropropene, and this inter-
mediate was similarly converted to the aldehyde. This

1Both of these hydrated adducts showed in their
infrared spectra, a salt-like structure involving the N—H
bond which indicated an intramolecular interaction with
the nitro group. :
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product aldehyde (m.p. 102-103°) was obtained in a
75% overall yield from isoapiole.

Formylation of 2,3-Methylenedioxyanisole

The crude reaction product, obtained from the inter-
action of 2,3-methylenedioxyanisole with the Vilsmeier
Complex generated from N-methylformanilide and POCls,
was analyzed by gas-liquid chromatography. Complete
separation of the three possible benzaldehydes was
achieved through the use of an ethylene glycol succinate
column (15Y%, 150 x 1 cm) at 190 °C. The two major
peaks emerged at 7.8 min and at 12.0 min, and were
readily identified as 2-methoxy-3,4-methylenedioxy-
benzaldehyde and 4-methoxy-2,3-methylenedioxybenz-
aldehyde, respectively. The third aldehyde, myristicin-
aldehyde, occurred as a minor peak at 9.5 min. A charac-
teristic ratio for these materials was 45:9:1, and variation
in reaction condition caused marked variation in total
yield but little change in this ratio.
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Steroid 16,17-furoxan derivatives

HANS REIMANN AND HELEN SCHNEIDER
Natural Products Research Department, Schering Corporation, Bloomfield, New Jersey
Received August 11, 1967

The syntheses of 3-methoxy-1,3,5(10)-estratrieno[16,17-¢]furoxan (3) and 3-keto-4-androsteno[l6,
17-c]furoxan (8) from I16-oximinoestrone methy! ether and 16-oximino-5-androsten-3B-ol-17-one,

respectively, are described.
Canadian Journal of Chemistry, 46, 77 (1968)

In recent years there has been considerable
interest in steroid analogues containing a fused
heterocyclic ring, particularly at the 2,3- or 16,17-
positions of the steroid nucleus (1). We now
report the synthesis of [16,17-c]furoxans ([16,17-
cl[1’,2',5" Joxadiazole N-oxides) in the andro-
stane and estrane series.

The reaction of l6-oximinoestrone 3-methyl
ether (1) (2, 3) with hydroxylamine hydrochloride
in pyridine afforded the 16,17-bisoximino com-
pound 2 (2, 4) which was oxidized with sodium
hypochlorite (5) to give 3-methoxy-1,3,5(10)-
estratrieno[16,17-clfuroxan (3). While com-
pound 3 had a sharp melting point and appeared
homogeneous in two chromatographic systems,
its nuclear magnetic resonance (n.m.r.) spectrum!
showed bands for the C-18 protons at 1.21 and

1We thank Mr. M. Yudis for the nuclear magnetic
resonance evaluations, Nuclear magnetic resonance spec-
tra were recorded in deuteriochloroform solution, unless
otherwise noted, on a Varian A-60 A instrument.

1.18 p.p.m., representing the two possible N-
oxides 3a and 3b, the upfield band presumably
being due to shielding by the 5’-N-oxide in the
latter (6). The formation of two isomeric furox-
ans is in agreement with the observations of
Havranek and co-workers (7), who recently
described the syntheses of some steroid [2,3-¢]-
furazans ([2,3-c][1",2’,5"Joxadiazoles) and [2,3-c]-
furoxans ([2,3-c][1',2’,5']oxadiazole N-oxides).
The preparation of a series of androstano [2,3-¢]-
furazans and [2,3-c]furoxans has also recently
been reported by a Japanese group (8).

In a similar manner 16-oximino-5-androsten-
3B-0l-17-one (4) (9) was converted to the 16,17-
bisoxime 5, which on oxidation afforded 3g-
hydroxy-5-androsteno[16,17-c}furoxan (6). The
nuclear magnetic resonance (n.m.r.) spectrum of
6 again showed the presence of both the 2’- and
5’-N-oxides, 6a and 6b (C-18 bands at 1.22 and
1.18 p.p.m., C-19 singlet at 1.08 p.p.m.), with
the former predominating. Compound 6 was
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oxidized with Jones’ reagent (10) to the 3-keto
analogue 7. The latter was not fully character-
ized but was isomerized directly to afford the
desired 3-keto-4-androsteno[16,17-c]furoxan (8).
The n.m.r. spectrum of 8 in deuteriochloroform
showed a summation band for the C-18 and C-19
protons at 1.27 p.p.m. In pyridine, however, this
was resolved into a doublet, the more intense,
upfield band (1.02 p.p.m.) presumably represent-
ing a summation of the C-19 protons and of the
C-18 protons of the 5'-N-oxide isomer 85, while

the lesser, downfield band (1.05 p.p.m.) is due to
the C-18 protons of the 2-N-oxide isomer 8a.

Experimental?

3-Methoxy-16,17-bisoximino-1,3,5( 10)-estratriene (2)
To a solution of 925 mg of 16-oximinoestrone methyl
ether (m.p. 202-205°; Mumax (MeOH) 230, 276, 285 mu

2Melting points were determined on a Fisher-Johns
apparatus and are uncorrected. Rotations were measured
in dioxane unless otherwise noted. Physical and analytical
data were obtained by the Physical Chemistry Depart-
ment, Schering Corporation.
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(e 13300, 2500, 2000); Apex (MeOH-NaOH) 287 my;
Mmax (NUjol) 3.05, 5.73, 6.09, 6.17, and 6.64 p; [elp +90°
(reported (3, 4): m.p. 180-183°; ‘H,O m.p. 198°))in 20 ml
of pyridine was added 1.0 g of hydroxylamine hydrochlor-
ide and the mixture allowed to stand at room temperature
for 18 h. The solution was poured into ice water and the
resulting precipitate was filtered, washed with water, and
dried to give 954 mg of 2. The product was crystallized
from much methanol to afford a total of 673 mg of pure 2,
m.p. 251-255° (decomp.); [alp —23° (pyridine); Mpax
(MeOH) 223, 228, 245, 286 mu (e 13 800; 13 400; 9000;
2600); Mmae (Nujol) 2.94, 6.16, 6.31, 6.64 u. (Reported
(4): m.p. 230° (decomp.))

Anal. Caled. for C19H24N203: C, 69.49; H, 7.37; N,
8.53. Found: C, 69.56; H, 7.72; N, 8.42.

3-Methoxy-1,3,5(10)-estrairieno[16,17-c]furoxan (3)

To a suspension of 638 mg of compound 2 in a mixture
of 28.8 ml of 10%; aqueous sodiom hydroxide and 56.4
ml of water, chilled in an ice bath, was added dropwise
with stirring 150 ml of a freshly prepared 1.0 N solution
of sodium hypochlorite. Stirring was continued in the
cold for 90 min, then the precipitate was filtered, washed
with water and dried, giving 614 mg of 3, m.p. 182-184°.
Crystallization from acetone-hexane, after treatment with
decolorizing carbon, afforded analytically pure material,3
m.p. 185-187°; [alo +55°; Mmax (MeOH) 223, 261, 286
mp (e 10 600, 6500, 2400); Am.e (Nujol) 6.00, 6.16,
6.33, 6.50, 6.65 L.

Anal, Caled. for C1gH3,N,03: C, 69.92; H, 6.79; N,
8.58. Found: C, 69.77; H, 6.68; N, 8.41.

16,17-Bisoximino-5-androsten-38-0l ( 5)

A solution of 3.533 g of 16-oximino-5-androsten-33-ol-
17-one and 3.5 g of hydroxylamine hydrochloride in 75
ml of pyridine was kept at room temperature overnight.
The solution was then poured into ice water and the
resulting precipitate was filtered, washed with cold water,
and dried to give 3.594 g of crude 5. The material was
crystallized from methanol to yield a total of 2.332 g of
pure 5, m.p. 262-263° (decomp.); [«]p —148° (pyridine);
Amax (MeOH) 247 mpu (e 8200); Ap.x (MeOH-NaOH)
275 mu; Mygax (Nujol) 2.94, 3.14, 6.0 (W)pu.

Anal. Caled. for C1oH23N»03-H,0: C,65.11; H, 8.63;
N, 7.99. Found: C, 65.32; H, 8.55; N, 8.21.

3B-Hydroxy-5-androsteno[16,17-c]furoxan (6)

To a suspension of 2.000 g of compound 5 in a mix~
ture of 88 ml of 109, aqueous sodium hydroxide,
160 ml of water and 40 ml of ethanol, chilled in an ice
bath, was added dropwise with stirring 312 ml of a
freshly prepared 1.0 N solution of sodium hypochlorite.
The reaction mixture was stirred at 0° for 2 h, then kept
in the refrigerator overnight. The precipitated product was
filtered, washed with water, and dried, giving 1.839 g, m.p.
172-175°. The material was crystallized from acetone—

3Thin-layer chromatography of 3 on silica gel, using
triple development with benzene or single development
with 0.59% methanol in benzene, showed a single spot by
ultraviolet absorption and by staining with 50:50 metha-
nol - sulfuric acid spray.

hexane to yield 1.505 g, m.p. 178-179°. The analytical
sample was recrystallized from aqueous methanol, m.p.
178-179°; [alp —101°%; Apax (MeOH) 259 mp (e 5810);
Mmax (NUjol) 3.03, 6.00, 6.50 p.

Anal. Calcd. for CgHz6N203: C, 69.06; H,7.93; N,
8.48. Found: C, 68.82; H, 8.03; N, 8.67.

3-Keto-5-androsteno[16,17-c]furoxan (7)

A solution of 300 mg of compound 6 in 15 ml of
acetone was chilled in an ice bath and chromic — sulfuric
acid reagent (266 mg chromium trioxide/ml solution) was
added dropwise with stirring until a permanent orange
coloration of the solution was obtained. After standing in
the cold for 5 min, some methanol was added, then the
mixture was poured into ice water. The resulting precipi-
tate was filtered, washed with water, and dried to afford
225 mg of crude 7, m.p. about 140-210° (decomp.); 4 gay
(MeOH) 258 mu (e 6250); M pae (Nujol) 5.83, 6.00, 6.50 u.
This material was used without further purification in the
next experiment.

3-Keto-4-androsteno[16,17-c]furoxar (8)

To a filtered solution of 220 mg of crude 7 in hot
methanol was added 5% sodium hydroxide to pH 8-9.
The solution was heated on the steam bath for 5 min,
then neutralized with acetic acid, concentrated to a low
volume and poured into ice water. The resulting precipi-
tate was filtered, washed with water, and dried to afford
180 mg of crude 8, m.p. 198-200°. The product was
dissolved in acetone, treated with decolorizing carbon,
and crystallized from acetone-hexane, giving 85 mg, m.p.
208-210° (decomp.) and a second crop of 64 mg. The
analytical sample was recrystallized from acetone-hex-
ane, m.p. 212-214° (decomp.); [a]lp +31°; Amax (MecOH)
240 mp (e 20 000); Mmax (Nujol) 5.98, 6.04, 6.19, 6.50 .

Anal. Caled. for C;gH24N205: C, 69.49; H,7.37; N,
8.53. Found: C, 69.52; H, 7.57; N, 8.69.
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Reactions of nitro sugars. VII. A study on acetylation and seme chemical
properties of acetates!
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The 2,4,6-tri-O-acetates of methyl 3-deoxy-3-nitro-p-p-glucopyranoside, -galactopyranoside, and -man-
nopyranoside, the 2-O-acetates of the 4,6-0-benzylidene derivatives of the two first-mentioned glycosides,
and the tetra-O-acetate of 1,4-dideoxy-1,4-dinitro-neo-inositol are prepared by boron trifluoride —
catalyzed acetylation. The advantages of the procedure over acetylation in pyridine are pointed out. The
gluco triacetate, when produced in the presence of pyridine, is accompanied by crystalline by-products
of a novel nature. It suffers undetermined changes by the action of activated alumina, and in dilute

aqueous alkali it is instantly converted into an unsaturated nitronate.

Canadian Journal of Chemistry, 46, 80 (1968)

In recent investigations concerning the acety-
lation of the hydroxyl group at C-2 of methyl
4,6-0-benzylidene-3-deoxy-3-nitro-hexopyrano-
sides, a number of complications to the seem-
ingly simple problem were uncovered. Thus, hot
acetic anhydride and sodium acetate effected
straightforward acetylation of the gB-p-gluco
isomer, but caused C-2 epimerization in the
B-D-manno isomer and dehydration in the S-p-
galacto and «-D-talo isomers. Acetylation with
acetic anhydride and pyridine gave satisfactory
results in the D-gluco and D-manno series but
failed with the g-p-galacto and o-D-talo isomers
(1, 2). Catalysis by acids such as sulfuric or
perchloric was deemed inadvisable because of
the inherent danger of acetolysis in the glycoside
and benzylidene acetal structures. When it
became evident that the preparation of 2,4,6-tri-
O-acetates of methyl 3-deoxy-3-nitrohexopyrano-
sides, which were required for certain synthetic
purposes, was attended with similar or even
greater difficulties, an alternative method of
acetylation was sought.

Using acetic anhydride in the presence of
boron trifluoride, a catalyst that has been
employed for many purposes (3) but apparently
not to any great extent for the esterification of
nitro alcohols, we have now been able to prepare,
conveniently and with yields of up to 909,
crystalline methyl 2,4,6-tri-O-acetyl-3-deoxy-3-
nitro-g-n-glucopyranoside, -8-D-mannopyrano-
side, and -g-p-galactopyranoside. The method
is applicable also to cyclic acetal derivatives as
was demonstrated with the examples of methyl
4,6-0-benzylidene-3-deoxy-3-nitro- S -bp-gluco-
and B-p-galactopyranosides that were acetylated

1For part VI in this series, see H. H. Baer, T. Neilson,
and W. Rank. Can. J. Chem. 45, 991 (1967).

smoothly with retention of the benzylidene
group. Further examples include the O-acetyla-
tion of an acetamidonitro glycoside? and of a
dinitroinositol. The latter, 1,4-dideoxy-1,4-di-
nitro-neo-inositol, gave its tetra-O-acetate in
excellent yield.3

It has been reported (6) that some primary and
secondary nitroalkanes when treated with acetic
anhydride and boron trifluoride undergo a
displacement of the nitro group by the acetoxy
group. Nitrocyclohexane, for instance, has been
stated to give cyclohexyl acetate in yields of up
to 58 %. Although the same reaction conditions
were actually adopted for glycoside acetylations
in the present work, no displacement was ob-
served. In fact, attempts to induce it by modify-
ing the conditions were unsuccessful. It would
therefore appear that nitro sugars, perhaps be-
cause of the abundance of oxygen functions, do
not lend themselves to this interesting reaction.

The action of base upon a S-acetoxynitro-
alkane is known to cause elimination of acetic
acid; the «-nitroalkene so generated is prone to
immediate nucleophilic addition of the base
present, provided the Jlatter is a sufficiently
strong nucleophile. The over-all result then is an
exchange of the acetoxy group for the nucleo-
phile employed (7). Alcoholic alkoxide or
ammonia solutions produce g-nitro ethers and
B-nitroamines respectively. Consequently, it is
not feasible with these standard reagents to
regenerate structurally unchanged nitro glyco-
sides from their O-acetates (4, 8). The use of

2This has alrcady been communicated in another
connection (4).

3This compound can be prepared in equally good yield

by catalysis with sulfuric acid, whereas in pyridine,
aromatization to 2,5-dinitrophenyl acetate takes place
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aqueous alkali for such regenerations was there-
fore worth considering, although it was realized
that, because of the intermediacy of w-nitro-
alkene structures, the glycosides would still be
subject to epimerizations. A spectroscopic ex-
periment revealed, however, that the action of
0.01 N sodium hydroxide at 25° upon methyl
2,4,6-tri-O-acetyl-3-deoxy-3-nitro-8-D-gluco-
pyranoside (1) does not lead to the deacetylated
parent glucoside (1a) nor to any epimer thereof.
Shortly after being alkalized an aqueous solution
of 1b exhibits a strong peak in its ultraviolet
absorption spectrum at A,q,302 mu (e, 19 000
after 4 min). No high intensity absorption is seen
in the 250 my region where the nitronate 25 as
well as the deacetylated nitronate 2 would be
expected to absorb. Upon acidification of the
alkaline solution, the peak incurs a shift from
302 to 288 my and then decreases rapidly in
intensity, disappearing within 30 min. Thereafter,
if the solution is again made alkaline, the
original absorption pattern is not restored. These
observations are explicable on the basis of our
recent study (9) concerning the formation of
allylic glycoside nitronates. It has been shown
that the non-acetylated glucoside (1a) is con-
verted via 2a into the unsaturated nitronate 4a,
with an e-nitroalkene (3a) postulated as an inter-
mediate. Even at 98° this process was slow
enough to permit spectral observation of a
gradual disappearance of 2¢ and concurrent
production of 4a. From the present study it is
evident that the reaction of the triacetate 15 is
too rapid for intermediary, saturated 2b to be
observed, and the formation of the unsaturated
nitronate (4b) is nearly complete within the time
required for recording the spectrum. The most
likely reason for this acceleration is the superior
character of acetoxyl vs. hydroxyl as a leaving
group at C-4 in the saturated nitronate and the
inductive assistance to proton abstraction from
C-5 by the acetoxyl group at C-6 in the inter-
mediate «-nitroalkene.4 The spectral changes

40bviously, the product 45 (A\pax 302 my) is not iden-
tical with da (Amax 297 mu (9)), although the latter might
have been expected to arise by the loss of the remaining
two acetyl groups. Hydrolysis of the C-6 acetyl presum-
ably is slow under the conditions of the experiment; it
should be faster at higher temperture, and heating (30
min at 100°) did in fact cause a hypsochromic shift of
about 4 mu, which may be interpreted in terms of such
hydrolysis. A replacement of the C-2 acetoxyl by hydroxyl
through the g-elimination — addition mechanism may of
course have occurred in 25 at the outset of the reaction,
but this aspect, which requires future clarification, is

ignored here in a tentative formulation as 2,6-di-O-
acetates, of all the products originating from 25.

that follow acidification are fully analogous to
those occurring with the non-acetylated com-
pound and are seen as a result of the liberation
of nitronic acid §b (hypsochromic shift of 14 my)
with subsequent aci-nitro ~ nitro tautomeriza-
tion to 65 (loss of absorbance at 288 my). Since
after this transformation, the spectrum charac-
teristic of 45 is not restored by the addition of
alkali, 66 appears to undergo further chemical
changes, which are as yet unelucidated.

The considerable sensitivity of 14 is also
attested to by the finding that it reacts with
activated silica gel during thin-layer chromatog-
raphy in »n-heptane — 2-butanone. Pure 15 gave,
in addition to its main spot at R, 0.6, a weak spot
at R, 0.8. The intensity of the latter increased at
the expense of the former by prolonging the time
of contact of the material with the silica gel
prior to irrigation. When 16 was boiled for 15
min in chloroform in the presence of a large
excess of the gel, it was converted completely
into the fast-moving material. A preparative
experiment yielded a colorless, strongly levo-
rotatory syrup ([a]p —132°) which contained
methoxyl and acetyl groups in a ratio of 1:2 as
judged from the integration of nuclear magnetic
resonance (n.m.r.) signals near - 6.5 and 7.9.
Low-field resonance near + 2.5 (intensity, 1 H)
and an infrared band at 1530 cm—! may be
assigned to a structural element ~C(INO,):CH-.
These preliminary indications suggest that silica
gel effects an elimination of a molecule of acetic
acid from 14.

Prior to adopting the superior boron tri-
fluoride method of acetylation, we have acetyl-
ated with modest success the glucoside 1a in the
presence of pyridine. When the crude triacetate
16 produced in this manner was recrystallized
from hot aqueous ethanol, the mother liquor
turned yellow and exhibited a strong absorption
peak at Agq 346 mu. This was not observed when
pure 1b, or 1b prepared with boron trifluoride,
were recrystallized. The crude triacetate was
therefore suspected of containing a (colorless)
by-product which, engendered by an action of
pyridine as yet unrecognized, was subsequently
transformed into the yellow species under the
conditions of recrystallization.5 Two yellow,
crystalline compounds, m.p. 147°-148° and m.p.
119°, were isolated in small amounts and will be
shown in a forthcoming paper (10) to possess the

SIndeed, heating of pure 15 in aqueous ethanol with a
small quantity of added pyridine produced the same color.
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compositions CysH;sNOg and C7HoNOyg, with
structures derived from 7-nitro-isochromene. One
experiment yielded, in addition to 15, a small
amount of a colorless product Cy;gH,,N;Oq,,
which will be shown (10) to be indeed a pre-
cursor of the yellow compounds.

Experimental

Methyl 2,4,6-Tri-O-acetyl-3-deoxy-3-nitro-g-p-gluco-
pyranoside (1b)

(a) Acetylation in the Presence of Pyridine

Acetic anhydride (2 ml) was added to a solution of
methyl 3-deoxy-3-nitro-g-p-glucopyranoside (11) (200 mg)
in tetrahydrofuran (25 ml) and pyridine (2 ml). The
mixture was left at ambient temperature for 1 h and was
then stirred vigorously for S min with water (50 ml) and
chloroform (50 ml), After separation of the phases the
aqueous phase was extracted once with chloroform. The
combined chloroform extracts were washed twice with
49 sulfuric acid, once with M sodium bicarbonate
solution, and twice with water. After drying with sodium
sulfate, filtering the mixture, and evaporating the solvent,
a solid was obtained, which, after recrystallization from
509 aqueous ethanol, gave 125 mg (39%) of 16 as color-
less prisms of m.p. 149-150°. A subsequent recrystallization
gave m.p. 152-153° and [a]p 23—23.5° (¢, 1 in chloroform)
for 15.

Anal. Calcd. for C;3H;oNO (349.3): C, 44.75; H,
5.48; N, 4.02. Found: C, 44.83; H, 5.65; N, 4.22.

By-products—The preceding experiment was repeated
using fourfold amounts of materials. The crude acetyla-
tion product (550 mg) was recrystallized as described.
Addition of water to the yellow mother liquor of re-
crystallization, to incipient turbidity, caused the separa-
tion of yellow needles (24 mg) that melted at 147-148°
and showed Amax 240 my (e, 9800) and Amax 346 mp (e,
11 000) in methanol. No volatile alkyl iodide was formed
in a Zeisel alkoxyl determination. The infrared spectrum
revealed identity of the substance with compound
C15H;5sNOg (10).

|

unidentified
products

An acetylation experiment was performed using 2.5 g
of nitro glucoside, 5 ml of acetic anhydride, and 7 ml of
pyridine in 50 ml of tetrahydrofuran. The reaction time
was, however, 18 h at 4°, The crude product (2.2 g)
melted below 100°; it was recrystallized several times from
boiling 509 ethanol, whereby each time the solvent
became yellow during the operation. From the mother
liquors was obtained, upon addition of some water, a
yellow crystalline material (145 mg) with m.p. 113-115°
which rose to 118-119° by one recrystallization. Ultra-
violet peaks were at Amax 240 mp (e, 10 000) and Apax 345
my (e, 12000, in methanol). The infrared spectrum
revealed identity of the substance with compound
C17H19NO3g (10).

In a similar experiment, also performed at 4°, 2 g of
nitro glucoside gave only 0.92 g of crude acetylation
product in the first crystallization. Addition of water to
the mother liquor caused the separation of colorless
crystals (70 mg, m.p. 120-121° decomposition). The
infrared spectrum differed from that of pure triacetate 15
in the fingerprint region, and also, most strikingly, by the
presence of two asymmetric nitro vibrations (vmax 1553,
1530, in Nujol) of about equal intensities. The spectrum
suggested structural identity of the substance with com-
pound C13H22N2012 (10).

(b) Acetylation Catalyzed by Boron Trifluoride

To a suspension of methyl 3-deoxy-3-nitro-g-p-gluco-
pyranoside (2.4 g) in acetic anhydride (15 ml) were added
ten drops of boron trifluoride etherate. The glycoside
dissolved rapidly, and the solution, after standing at room
temperature for 1h, was poured into 200 ml of mag-
netically stirred ice water. The acetate separated in
crystalline form while the excess anhydride decomposed.
After thorough washing with water and drying in vacuo
over potassium hydroxide, the isolated material (3.4 g,
90.5%) melted at 153-154°; [«]p23 —24° (c,] in chloro-
form). The infrared spectrum was identical with that of
156 prepared according to (a).

In an attempt at displacing the nitro group during the
acetylation, nitro glucoside (200 mg) was treated with an
excess of acetic anhydride (3.5 ml) and a molar quantity
(130 mg) of boron trifluoride etherate for six days at room



Can. J. Chem; Downloaded from www.nrcresearchpress.com by 210.87.254.42 on 09/05/12
e For personal use only. o -

NOTES 83

temperature. The reaction mixture was worked up as just
described but the product failed to crystallize. The infra-
red spectrum of the water-insoluble syrup indicated that
the nitro group was still present. A similar result was
obtained when the nitro glucoside (180 mg) and the
catalyst (130 mg) were refluxed for 3 h in 6 ml of acetic
anhydride,

(¢) Reactions of 1b

The behavior of 15 in alkaline solution was investigated
by use of a Perkin-Elmer 202 spectrophotometer. The
substance (3.49 mg) was dissolved in a few drops of
dimethy! sulfoxide and introduced into 200 ml of 0.01
N sodium hydroxide to give a solution that was 0.5 X
10~4M in 1b. Acidification was effected in the cell with
2 N hydrochloric acid in slight excess. Basic conditions
were subsequently re-established by adding a drop of
209 sodium hydroxide solution.

For the experiments relating to thin-layer chromatog-
raphy, silica gel G (E. Merck, Darmstadt) was activated
at 140°.¢ The plates were irrigated with n-heptane — 2-
butanone (1:1). For a preparative conversion into the fast-
moving product, a suspension of silica gel (4 g) in chloro-
form (50 ml, reagent grade) containing 130 mg of 16 was
briskly stirred and heated under reflux for 15-20 min,
after which time 16 was no longer detectable. The gel was
filtered off and washed with chloroform, and the filtrate
was evaporated to give a colorless syrup. Crystallization
was attempted from ethyl acetate — petroleum ether, but
in the course of several days at 4° only a very small
amount of needles was isolated. It represented residual
starting material 16 of quantity below the level detectable
chromatographically. The syrupy product was recovered
by evaporation of the solvents and showed [a]p?3 —132°
(¢, 1.1 in chloroform). An n.m.r. spectrum was taken in
deuteriochloroform.

Methy! 2,4,6-Tri-O-acetyl-3-deoxy-3-nitro-D-B-galacto-
pyranoside

Methyl 3-deoxy-3-nitro-g-p-galactopyranoside (11)
(280 mg) was treated with acetic anhydride (3 ml) and
boron trifluoride etherate (4 drops). After 1 h the excess
anhydride was destroyed with methanol (3 ml) and the
mixture was then diluted with water (15 ml) and extracted
four times with chloroform. The combined extracts were
washed twice with water and dried with sodium sulfate,
The mixture was filtercd and solvent evaporated to give a
crystalline residue which was triturated with a few milli-
liters of 509 aqueous ethanol, filtered, and dried. The prod-
uct (420 mg, 91%)) had m.p. 115° raised to 122° by
recrystallization from aqueous ethanol.

Anal. Calcd. for C;3HoNOq (349.3): C, 44.75; H,
5.48; N, 4.02. Found: C, 45.01; H, 5.74; N, 4.24.

Methy! 2,4,6-Tri-O-acetyl-3-deoxy-3-nitro-g-p-manno-
pyranoside

Methyl 3-deoxy-3-nitro-g-p-mannopyranoside  (11)
(200 mg) was allowed to react for 1h with acetic an-
hydride (2 ml) and boron trifluoride etherate (3 drops).
The mixture was then stirred with ice water (50 ml),

61t was noticed that a gel which had become deactivated
by 3 wecks’ cxposure to atmospheric moisture did not
react with 15, although it was still capable of separating
156 and the fast-moving reaction product.

which caused crystallization of the triacetate, 148 mg
(47.5%), m.p. 133-134°, Recrystallization from 50%
aqueous ethanol gave plates of unchanged melting point;
[a]p?3 —66° (¢, 0.7 in ethanol).

Anal. Calced. for C13H19N010 (349.3)2 C, 44.75; H,
5.48; N, 4.02. Found: C, 44.71; H, 5.45; N, 3.86.

Meihyl 2-0-Acetyl-4,6-0-benzylidene-3-deoxy-3-nitro-3-
D-galactopyranoside

Methyl 4,6-0-benzylidene-3-deoxy-3-nitro-g-n-galac-
topyranoside (1) (100 mg), acetic anhydride (1.5 ml) and
boron triftuoride etherate (1 drop) were allowed to react
at ambient temperature for 10 min. The mixture was
worked up by stirring with ice water whereby the product
separated in crystallinc form in a yield of 95 mg (83 %).
The compound ({a]n?3 —4.5° in chloroform, ¢, 0.8) was
analytically pure, although it showed a melting range of
142-156° which remained essentially unchanged upon
recrystallization from 509, aqueous ethanol. Infrared
spectroscopy revealed that heating to the vicinity of the
melting point causes a partial decomposition of the pure
compound (ymax 1555 cm~1 for alkane nitro, no hydroxyl
band) into nitroolefin (vmax 1525 cm~!) and acetic acid
(broad hydroxyl absorption).

Anal. Calcd. for CigH;gNOjg (353.3): C, 54.40; H,
5.42;N,3.97. Found: C, 54.28; H, 5.26; N, 3.82.

Methy! 2-0-Acetyl-4,6-0-benzylidene-3-deoxy-3-nitro-g-
D-glucopyranoside

Methyl 4,6-O-benzylidene-3-deoxy-3-nitro-g-p-gluco-
pyranoside (12) (200 mg) was suspended in a mixture of
acetic anhydride (3 ml) and anhydrous ether (4 ml). One
droplet of boron trifluoride ctherate was added, and the
mixture was gently warmed until a clear solution was
obtained (5 min). Petroleum ether (b.p. 30-607) was then
added in excess, which caused immediate crystallization
of the acetate in a yield of 200 mg (88 %), m.p. 189-190°,
[a]p?3 —79.1° (¢, 0.8 in chloroform). Reported (12), m.p.
193-194°, {«]p?23 —77.7°. The infrared spectrum confirmed
the identity of the product with that obtained carlier (12).

2,3,5,6-Tetra-O-acetyl-1,4-dideoxy-1,4-dinitro-neo-inositol

To a suspension of carefully powdered 1,4-dideoxy-1,4-
dinitro-neo-inositol (5) (238 mg) in acetic anhydride (2.4
ml) was added boron trifluoride etherate (0.13 ml), and
the mixture was hcated for 5 min on a steam bath. During
the heating the inositol dissolved and its acetate began to
crystallize. After cooling of the mixture with ice for § min,
the crystals were isolated, washed well with ether, and
dried. The yield was 331 mg, and ancther 21 mg was
obtained from the mother liquor following removal of
the excess anhydride by several evaporations with meth-
anol. Yields of 80-90%; were also found in several similar
experiments using minor variations in the amount of
catalyst, reaction time, and isolation procedure.

The infrared spectrum of the product was identical with
that of a sample prepared by sulfuric acid catalysis (5).
The compound decomposed gradually on heating near
285° (reported (5), above 250°).
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Two-step synthesis of cis,cis-1,6-cyclodecadiene

S. N. SHARMA, R. K. SRIVASTAVA, AND D. DEVAPRABHAKARA
Department of Chemistry, Indian Institute of Technology, Kanpur, India
Received September 12, 1967

A convenient synthesis of cis,cis-1,6-cyclodecadiene (3) has been described starting from cis,cis-1,5-
cyclononadiene (1). This two-step sequence involves the synthesis of 1,2,6-cyclodecatriene (2) in one-
step followed by chemical reduction with sodium and liquid ammonia.

Canadian Journal of Chemistry, 46, 84 (1968)

Recently we have been investigating the
chemistry of the medium-sized ring dienes, c¢is,
cis-1,5-cyclononadiene (1) and cis,cis,-1,6-cyclo-
decadiene (3). The molecular model construction
of the diene, 3, suggests that it is capable of
existing in one of the Pitzer strain-free conforma-
tions (3a) in which the opposite sides of the ring
come into close proximity, the condition which is
responsible for various transannular reactions
observed in the medium-sized ring compounds.
The subject of this note deals with a more efficient
method of synthesizing cis,cis-1,6-cyclodecadiene
(3) than the two routes described in the literature
(1,2) since it requires few good-yield steps.

The one-step allene synthesis described recent-
ly by Untch and co-workers (3) was found to be
nicely adaptable to the synthesis of 1,2,6-cyclo-
decatriene (2). The treatment of a fourfold excess
of cis,cis-1,5-cyclononadiene! (1) (4) with one
equivalent of carbon tetrabromide and two
equivalents of methyl lithium in diethyl ether
at about —65° gave 1,2,6-cyclodecatriene (2) in
60 % yield based on carbon tetrabromide. The
structure of the allene (2) was established by

IThis starting material was prepared by similar steps
starting from the readily available cis,cis-1,5-cycloocta-
diene.

elemental analysis, characteristic infrared ab-
sorptions at 1961 and 862 cm~!, and nuclear
magnetic resonance signals for two olefinic
protons at 7 4.65 and allenic protons at ~ 4.89.

We (5) have shown earlier that sodium in
liquid ammonia reduces allenes to olefins in good
yields. The allene (2) on reduction with sodium
in liquid ammonia gave the diene (3) in 76 %
yield. The diene (3) was characterized thoroughly
by physical and chemical data.

CBr. Na +NH3
| | ———— —
CH3L1, —65°

1 2

O

3 3a

Gas chromatographic analysis of the diene (3)
on two different columns showed it to be a single
substance. The infrared spectrum showed a weak
band at 1656 cm~—1 (C=C stretching) and a
strong band at 710 cm~! (out of the plane hydro-
gen bending) characteristic of the cis double bond
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and the abscnce of a strong band at 965 ¢cm—!
(out of the plane hydrogen bending) characteris-
tic of the trans double bond (6). Thus the con-
figurations of the two double bonds in the diene
(3) were established to be cis,cis. The ultraviolet
spectrum showed only end absorptions. Nuclear
magnetic resonance showed a multiplet at r 4.64
corresponding to four olefinic protons.

The presence of two double bonds was estab-
lished by hydrogenation. The hydrogenation
value was found to be 1.94. The reduction
product was shown to be cyclodecane. The
positions of the double bonds were established
by ozonolysis followed by oxidation and esteri-
fication which gave only dimethyl glutarate, The
identity of the product in each case was estab-
lished by comparison of retention times by gas
chromatography and superimposable infrared
spectra with those of authentic samples.

Experimental

Boiling points arc uncorrected. All infrared spectra
were recorded on a Perkin—Elmer Infracord model 137B
as films between salt plates. The ultraviolet spectrum was
determined in s-hexane using a Beckman model DB
spectrophotometer. Nuclear magnetic resonance (n.m.r.)
spectra were taken on a Varian HR-100 instrument with
tetramethylsilane as the internal standard. Gas chromato-
graphic analyses were made with an Aerograph model 90P
instrument using 6 ft by 1/4 in. columns. The following
liquid phases were employed (percentages by weight on
60/80 mesh chromosorb W): 159 carbowax 20M-silver
nitrate, 159 ucon, and 15 %; polyethylene glycol succinate.
Microanalyses were carried out by Mr. A. H. Siddiqui of
the Department of Chemistry, Indian Institute of Tech-
nology, Kanpur, India.

1,2,6-Cyclodecatriene (2)

Form c¢is,cis-1,5-cyclononadiene (62 g, 0.50 mole),
carbon tetrabromide (41.5 g, 0.125 mole), and methyl
lithium in diethyl ether (154.5 ml, 0.250 mole), 1,2,6-
cyclodecatriene (10.1 g, ~ 60%), b.p. 81-82° at 16 mm,
np29 1.5230 was prepared by the procedure described by
Untch and co-workers (3).

Anal. Caled. for CioH4: C, 89.55; H, 10.44. Found:
C, 89.66; H, 10.40.

Examination of the material by means of gas chroma-
tography on a 6 ft by 1/4 in. carbowax 20M-silver nitrate
column showed it to be a single substance. The infared
spectrum showed strong bands at 1961 and 862 cm™!
characteristic of the allene group. The n.m.r. spectrum of
the neat sample showed a multiplet at r 4.65 (two protons)
for olefinic protons and another multiplet at = 4.89 (two
protons) for the allenic protons.

cis,cis-1,6-Cyclodecadiene (3)

To a solution of sodium (6.9 g, 0.25 mole) dissolved in
liquid ammonia (200 ml) was added 1,2,6-cyclodeca-
triene (6.7 g, 0.05 mole) in anhydrous ether (30 ml). The
solution was stirred at its boiling temperature for 1 h and
then treated with excess of ammonium chloride. Evapora-

tion of ammonia and processing of the residue in the usual
manner gave cis,cis-1,6-cyclodecadiene (5.2 g, 76 %), b.p.
66-G7° at 12 mm, ap2? 1.4965. The reported (1) values
are: b.p. 67° at 11 mm, 2530 1.4964,

Anal. Caled. for CyH6: C, 88.23; H, 11.76. Found:
C, 88.14; H, 11.72.

Gas chromatography on 6 ft by 1/4 in. carbowax 20M-
silver nitrate and also on 6 ft by 1/4 in. ucon columns
indicated it to be a homogenous substance. The infrared
spectrum showed bands at 1656 cm™! (C=C stretching)
and 710 cm™! (c¢is double bond). The ultraviolet spectrum
showed the following absorptions: Am.. (hexane) 220
mu (log €2.43), 215 mu (log e 2.53), 210 my (log € 2.67),
and 206 mu (log e 2.92). Nuclear magnetic resonance
showed a multiplet at » 4.64 corresponding to 4 olefinic
protons.

Hydrogenation

A solution of cis,cis-1,6-cyclodecadiene (200 mg) in
methanol (15 ml) was reduced with 59 Pd-C catalyst
(100 mg) in a microhydrogenator. The uptake of hydrogen
ceased after 1.94 mole-equivalent had been absorbed. The
catalyst was filtered off and the filtrate was concentrated
to obtain cyclodecane (100 mg). Authenticity was estab-
lished by comparison of gas chromatographic retention
times and superimposable infrared spectra using an
authentic sample of cyclodecane.

Ozonation

cis,cis-1,6-Cyclodecadiene (2.7 g) in carbon tetra-
chloride (30 ml) was ozonized at —30° with approximate-
ly 4% ozone-oxygen mixture. The ozone was completely

absorbed until 2 moles of ozone had reacted. At this _

stage ozone passed through was observed to release iodine
in the adjoining potassium iodide trap. The reaction
mixture was allowed to come to room temperature and
was transferred into a 150 ml round botiom flask. To this
were added 30 ml of 109} sodium hydroxide and 30 ml of
30% hydrogen peroxide. The flask was fitted with a
reflux condenser and gently warmed until a vigorous
reaction set in. After the spontaneous reaction had
ceased (20-30 min), the reaction mixture was heated under
reflux for about 6 h, at which time it gave no peroxide
test with sodium iodide. The mixture was cooled and the
carbon tetrachloride layer was separated. The aqueous
layer was acidified with concentrated hydrochloric acid.
The acidified aqueous solution was subjected to contin-
uous hot ether extraction for about 48 h. The ether
solution was dried and esterified using diazomethane to
give only dimethyl glutarate (1.8 g). Identity was estab-
lished by gas chromatography and infrared spectra using
an authentic sample of dimethyl glutarate.
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A rapid, mild procedure for the preparation of alkyl chlorides and bromides

J. Hooz AnD S. S. H. GILANI
Department of Chemistry, University of Alberta, Edmonton, Alberta
Received May 17, 1967

Primary and secondary alkyl chlorides have been conveniently prepared by the reaction of tri-n-
octylphosphine with carbon tetrachloride solutions of the corresponding alcohols. This rapid, high yield
reaction proceeds with inversion of configuration. By using carbon tetrabromide the method has been

extended to the synthesis of alkyl bromides.
Canadian Journal of Chemistry, 46, 86 (1968)

The formation of ylid 1 (R = C4Hs) and
triphenylphosphine dihalide (2) from the inter-
action of triphenylphosphine with carbon tetra-
halides (eq. [1]) was simultaneously and inde-
pendently discovered by Rabinowitz and Marcus
(1) and Ramirez and co-workers (2). An ionic

{11 2 R3P + CX4 — R3P=CX>s + R3PX>
X = Cl, Br 1 2

mechanism involving nucleophilic displacement
on halogen has been invoked (3) to account for
the formation of these products (eqgs. [2] and [3]).

2] RaP{EXLEK; - R3PX CX3 — R3PCX; X

3 4
X

3] R3P:/?X—/C{1i§R3)_( — R3P=CX; + R3PX;
|
X

Ylids of structure 1 (R = CgHs) possess
considerable synthetic potential since they
provide a route to otherwise difficultly accessible
1,1-dihaloalkenes on reaction with carbonyl
compounds (1, 2, 4). Reagents of the type R3PX,
(R = CgHjs or n-C4Hg) have been demonstrated
to permit the conversion of alcohols to alkyl
halides to proceed generally without complica-
tion of elimination or rearrangement (5, 6); in
addition, they convert phenols to aryl halides
(6, 7) without formation of position isomers.

The present study arose out of a consideration
that intermediates of structure 3 (or 4) could be
trapped by reaction with alcohols to provide
5(or6),e.g.

R4PX CX; + R’OH—RPX OR’— R;POR’ X + HCX
5 6
The anticipated collapse of 6 to alkyl halide and

tertiary phosphine oxide finds ample analogy
in a related study (8).

[4] Raf’rOR' X — R’X + R3PO

Accordingly, we have found that phosphines
smoothly convert alcohols to chlorides (eq. {5]).

[5] R3P + R'OH + CCly — R’Cl + R3PO + HCCl3
where R = #-CgH 7 or C¢H

Using tri-n-octylphosphine (TOP) and primary al-
cohols, conversions are of the order 90-100 % in
favorable cases. Triphenylphosphine may also be
used at longer reaction times.! Although no at-
tempts at optimization have been made, we find
that this facile transformation is conveniently ac-
complished (for chlorides) by adding a slight ex-
cess over one inole equivalent of TOP to a solution
of alcohol in carbon tetrachloride as solvent. A
vigorous reaction ensues which is complete, in
the case of primary alcohols, in ca. 5 min. The
product is readily isolated by standard methods
of distillation and chromatography (cf. Experi-
mental).

Typical results are the formation of #-CsH;Cl
(949, CcHsCH,CI (1009,), n-CgH1,Cl (93 %),
and CﬁH 5CH2CH 2C1 (66 %).2

Secondary alcohols also react. Thus, after ca. 5
min reaction time, sec-butyl chloride and 2-chlo-
rooctane were formed in 609 and 809 yields,
respectively, from the corresponding alcohols.
When (+)-2-octanol was subjected to this
reaction, (—)-2-chlorooctane was obtained in
909, optical purity, a result consistent with a
bimolecular displacement process accompanied
by a Walden inversion in the product determin-
ing step (eq. [4]).

The incursion of a competing olefin-forming
elimination process rtenders this method of

1Recently, and concurrent with the present work, a
similar study has been reported (10) using triphenyl-
phosphine.

2Analysis by gas-liquid partition chromatography.
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limited value for the preparation of tertiary
chlorides. For example, f-butanol gave only
13-159 t-butyl chloride, and isobutylene was
detected by gas-liquid partition chromatography
(g.l.p.c.).

Bromides may also be prepared by this method
but in this case the ratio of reagents is ROH:
TOP:CBry = 1:2:2. Diethyl ether is a suitable
solvent. In this manner n-CsH;,Br (97%) and
CsHsCH,Br (96%,)2 were formed after ca.
5 min reaction time.

In view of the mild conditions employed and
good yields obtained, this method offers con-
siderable promise as a synthetic tool.

Experimental

All melting and boiling points are uncorrected. The
alcohols, chlorides, and bromides were commercially
available materials whose homogeneity was established
by glp.c., using an Aerograph A90-P3 instrument
equipped with a thermal conductivity detector. Infrared
spectra were recorded on a Perkin-Elmer model 421
spectrophotometer. Nuclear magnetic resonance spectra
were recorded on a Varian A-60 analytical spectrometer
using tetramethylsilane as internal standard.

All conversions of alcohol to alkyl chloride were
accomplished by a procedure similar to that employed
for the preparation of 1-chlorooctane which is described
in detail. Bromides were prepared by the method des-
cribed for the synthesis of 1-bromopentane,

Preparation of 1-Chlorooctane

To a magnetically-stirred solution of 1-octanol (10.0
mmoles) in 20 ml carbon tetrachloride was added tri-n-
octylphosphine (10.5 mmoles). An exothermic reaction
ensued. (In larger scale runs it is recommended that the
reaction be moderated by a cooling bath.) Approximately
5 min after complete addition of the phosphine an aliquot
was analyzed by g.l.p.c. (5 ft X 1/4in. FFAP on Chromo-
sorb W column operated at 140°, helium flow 55 ml/min).
No octanol was present, but a new peak appeared, and
was shown to be l-chlorooctane by comparison of
retention time with that of an authentic sample. The yield3
(as determined by g.l.p.c.) was 94%/. By operating at a
column temperature of 50° and helium flow of 25 m!/min,
the peaks due to carbon tetrachloride and chloroform
could be resolved but the yield of the latter was not
determined.

Chloroform and carbon tetrachloride were distilled
through a 25 cm Vigreaux column and the residue was
chromatographed on BDH alumina. The pentane ¢luate

3Under otherwise identical conditions, the yield of
1-chlorooctane was 47 % after 5 min reaction time employ-
ing triphenylphosphine,

was concentrated and distilled to give an 88%, yield of
pure 1-chlorooctane.4

Isolation of Tri-n-octylphosphine Oxide

The above-described experiment was duplicated, and
after ca. 5 min reaction time the crude mixture was
distilled to remove all material boiling up to ca. 184°.
The residue was triturated with pentane and cooled to
—78°. The resulting solid was filtered, washed with cold
pentane, and dried, In this manner there was obtained
3.55 g (92%;) of solid, m.p. 48-52° (lit. (9) m.p. 48-54°),
pmax (Nujol) 1138 cm™! (PO). The nuclear magnetic
resonance spectrum (CDCly) showed absorption for
9 protons as a multiplet centered at = 9.1 (CH3) and 42
protons with absorption from ca. r8.0-8.92 (CH»).

Preparation of 1-Bromopentane

Tri-n-octylphosphine (20 mmoles) was added to a
magnetically-stirred solution of 1-pentanol (10 mmoles)
and carbon tetrabromide (20 mmoles) in 20 ml anhydrous
ether. An immediate exothermic reaction took place
and the initially colorless mixture turned yellow. Five
minutes after complete addition of the phosphine an
aliquot was analyzed by g.l.p.c.; the yield of 1-bromo-
pentane was 97%. The mixture was worked up in a
manner identical to that described for 1-chlorooctane,
and upon distillation there was obtained an 80, yield
of 1-bromopentane.4 Since no special precautions were
taken to minimize handling losses this yield can doubtless
be improved.
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v-Radiolysis of cyclohexane with electron scavengers. II. Solid
cyclohexane at 77 °K'?

N. H. SAGERT
Research Chemistry Branch, Chalk River Nuclear Laboratories, Chalk River, Ontario
Received July 25, 1967

The ~-radiolysis of homogeneous solid solutions of SF¢ and N3O in cyclohexane has been examined
at 77 °K. With SFg, yields of the major products, hydrogen, bicyclohexyl, and cyclohexene, were all
reduced, and no large yields of other products were observed. Thus, since SFg reduces hydrogen yields
by capturing electrons, combination of the SF¢ anion and cyclohexane cation does not lead to bond
breaking. Experimental evidence suggests that the ratio of disproportionation to combination of cyclo-
hexyl radicals in solid cyclohexane at ~ 186 °K is 0.3 4= 0.2.

With N0, hydrogen yields are decreased to 3.5 G units, but large yields of cyclohexene, bicyclohexyl,
and cyclohexanol (4.7, 2.0, and 1.0 G units respectively) are produced. Thus combination of O~ and the
cyclohexane cation leads to a great deal of bond breaking. The yields are explained by a mechanism
similar to Dyne’s mechanism for the radiolysis of hydrocarbons. It was, however, necessary to assume
that excited states of cyclohexane formed directly behave differently from those formed by electron—

cation combination.
Canadian Journal of Chemistry, 46, 89 (1968)

Introduction

Charge separation is important in the radiol-
ysis of liquid hydrocarbons. This charge separa-
tion has been studied in our laboratory by using
N,0, SFg (1), and CCl4 (2) to capture the major
negatively charged species, the electron. Hydro-
gen yields were reduced, but with N,0 and CCly,
secondary reactions occurred which resulted
in even more total decomposition than when the
scavengers were absent. Consideration of these
extra yields has led to the suggestion (1) that
the true electron yield is somewhat greater than
indicated by the reduction in hydrogen yield
when an electron scavenger is added. In the study
reported here, the work with electron scavengers
is extended to the solid phase using SFs, a
scavenger which gives no detectable yields of
secondary products, and N,O, one which gives
large yields of secondary products.

Hydrogen yields from the radiolysis of pure
solid cyclohexane are somewhat smaller than
those from the radiolysis of the liquid (3). It has
been suggested e.g. (4) that such decreases arise
because hydrogen atoms combine with each

Issued as A.E.C.L. No. 2981.
2For Part I of this series, see ref, 1,

other rather than abstract hydrogen from the
hydrocarbon at low temperatures. On the other
hand, Dyne and Denhartog (5) found evidence
that the hydrogen precursors were probably
“hot” hydrogen atoms which had a high
probability of reaction before being moderated
to thermal energies. It was hoped that by using
N,0 and SFg to get an estimate of the total
electron yield we could gain some insight as to
why the yields are lower from the solid.

Homogeneous solid solutions of SFs and
N,O in cyclohexane were prepared by slow
deposition from the gas phase and were irradi-
ated with 60Co ~-rays. All yields were decreased
with SFg, but the fractional decreases in the
yields of the products were not identical, whereas
they were in the liquid (1). Thus the mechanism
is probably somewhat different in the solid than
in the liquid. With N,O, large yields of liquid
products and nitrogen were obtained which
could only be explained by assuming G(e™) to
be = 4, It is suggested that the smaller yields of
hydrogen from the radiolysis of pure solid
cyclohexane compared with the liquid result
from a smaller efficiency for the production of
hydrogen precursors when a positive ion is
neutralized by an electron.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
g For personal use only o

90 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

Results and Discussion

(a) SFgin CgHy»

The hydrogen, bicyclohexyl, and cyclohexene
yields are presented in Fig. 1 as a function of the
mole fraction of SFs. These yields are indepen-
dent of dose up to doses of at least 1023 eV/l. As

O HYDROGEN
50 - A CYCLOHEXENE B
O BICYCLOHEXYL

30 - 4

G{molecules/100 &V)
~
=3
/
L

Qo 1.0 20 30 4.0 5.0 6.0

mote %  SFg

Fic. 1. Yields of hydrogen, cyclohexene, and bicyclo-
hexyl for the cyclohexane-SF¢ system.

with the liquid (1), all yields are reduced by SF,
but in the solid, bicyclohexyl is reduced much
more efficiently than cyclohexene or hydrogen.
The yields in the absence of SF¢ compare
favorably with those obtained by Stone using
large samples (3). Other products include hexene-
1 which was reduced from 0.25 to 0.15 G units,
n-hexane with a yield of 0.1 G units which was
little affected by SFg, and, in the presence of SFg
only, a small (~ 0.1 G units) yield of a product
whose retention time on a carbowax column was
almost identical with that of benzene. Although
the low yield of this product made it difficult
to obtain good mass spectra, those that were
obtained were more consistent with identification
of this product as cyclohexyl fluoride than as
benzene. As was found by Stone (3), material
balances are poorer than those obtained from
radiolysis of the liquid, and almost 1 G unit of
hydrogen is unaccounted for.

These results will be discussed using Dyne’s
(6) mechanism for hydrocarbon radiolysis.

[1a]
{16}

CeHipt -+ e~

CeH s —A A |:
CeHo*

[2] CeHiot 4 e~ — CgH ) 2*

[3a] Xu + CsH1t
CeHi2*
[35] H> + CsHio
[4] Xg + CeHiz > Hz + CeHpy
[5] e~ + solute — solute™
[6] solute™ + CgH;,* — not -CgH 2%,

where the initial acts are thought of as being
ionization (reaction [la]) and direct excitation
(reaction [1b]). Recombination of an electron
and a positive ion leads to an excited molecule
(reaction [2]) which is indistinguishable from one
formed initially. The excited molecule decom-
poses to give cyclohexene and hydrogen or to
give cyclohexyl radicals and a species Xg,
presumably a hot hydrogen atom, that can
further react (reaction [4]) to produce hydrogen
and another radical. An electron-capturing
solute may form an anion which, when it reacts
with the solvent cation (reaction [6]), does not
lead to an excited state which decomposes to
give Xy or H,. When SFy is used as a solute
there is no evidence that reaction [6] leads to
more than 0.1 G units of bond breaking.

If the solute scavenges all the electrons, the
limiting yield of hydrogen, which is 3.4 G units,
may be equated with the hydrogen from CgH ;,*
formed from direct excitation (reaction [1]). Since
the vield of hydrogen in the absence of solute is
4.75 G units, then the difference between this
and the limiting yield with solute present, 1.4 G
units, may be taken as the yield of hydrogen from
C¢H,* produced by ion-electron combination
in the absence of solute. Dyne and Denhartog
(5) have argued convincingly that the hydrogen is
produced at liquid nitrogen temperature so that
electron reactions and reactions involving Xy (5)
take place at this temperature. The species
Cs¢H 1o+, SFg—, and CgHq are left trapped in
the matrix along with the “molecular” C¢H g
formed by reaction [35]. On warming, the posi-
tive and negative ions combine giving few
products and the CgHy; radicals combine and
disproportionate.

To get an estimate of the ratio of dispropor-
tionation to combination, an estimate of the
“molecular” yield is necessary. The term
“molecular” refers to the unimolecular decom-
position of CgHi,* to give hydrogen and
cyclohexene (reaction [36]), regardless of
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whether the CgH1,* is produced directly or by
ion-electron combination. The results of Dyne
and his co-workers on the first-order yield of
D, (Gy(D)) from 5% CgDi5 in CgH iy are of
some help. They found that G{(D) from the
liqguid is about 0.27 (7), and from the solid is
0.45 to 0.50 (5). Since the total “molecular”

yield in liquid cyclohexane is about 1.0 (1, 8),"

the total ““molecular” yield in the solid may be
considerably greater and may be estimated to be
1.8 to 2.0. If the yield of CsH;,* is proportional
to the yield of hydrogen as required by Dyne’s
mechanism, the “molecular” yield in the pre-
sence of 39 SFg is about 1.5. In the solid phase
it would appear that CgH;,* produced directly
is about twice as likely to decompose “molecu-
larly” as CgH,* produced by ion-electron
combination. This is the simplest explanation
for the observation that the radical yield, as
manifested in the bicyclohexyl yield, is reduced
much more than the total yield of hydrogen or of
cyclohexene.

If the above values for the molecular yields
are adopted and it is assumed that bicyclohexyl
is only produced by radical combination, the
ratio of disproportionation to combination is
0.3 0.2, This is much lower than the value
of 1.1 found in the liquid phase (9). However, it
is known from electron spin resonance (e.s.r.)
experiments that the disappearance of radicals
formed at low temperatures takes place close to
a phase change at 186 °K as the matrix is
warmed, and not at the melting point (10).
Hence it is not surprising that the liquid phase
ratio does not apply, since the radicals may be
held in a position favoring combination as they
approach each other.

(b) N20 in C6H12

Yields of hydrogen and nitrogen for the radi-
olysis of homogeneous solid solutions of N,O
in CgH;, are shown in Fig. 2, and yields of
liquid products are shown in Fig. 3. These yields
are also linear with dose up to 1023 eV/L. In the
presence of N,O there are also small yields of
benzene (<< 0.1 G unit), cyclohexylcyclohexene
(0.2 G units), hexene-1 (0.1, G units), n-hexane
(0.1 G units), and at high N,O concentration,
cyclohexanone (0.3 G units). No oxygen gas
was produced. The solid points are for samples
deposited at a flow rate of 1.8 cc/min rather than
the more usual rate of 3.5 cc/min. No significant

changes in yields resulted, indicating that 3.5
cc/min is a flow rate small enough to ensure a
uniform deposit.

i T T — T ——
70

O HYOROGEN

G { molecules /100 V)

& NITROGEN

4 1 t I 1 L —‘

ao 2o a0 60 a0 0.0
mole % N,O

FiG. 2. Yields of gaseous products from the cyclo-
hexane-N-O system. Open points are samples deposited
at 3.5 cc/min. Closed points are the sample deposited at
1.8 ¢c/min.

T T T T T
O CYCLOWEXENE 3
& BICYCLOHEXYL
O CYCLOMEXANOL

G {molecules/I00 eV)
o
L

mole % N20

FiGc. 3. Yields of liquid products from the cyclo-
hexane-N,O system. Open points are samples deposited
at 3.5 cc/min. Closed points are the sample deposited at
1.8 cc/min.

(i} Low Concentration of NoO (1%,)

With N,O the hydrogen yield is reduced to
3.5 G units, indicating that the “direct” yield
(reaction [1b]) of CgH,* is of this order. The
electron and hot hydrogen atom reactions will
take place at 77 °K. Scavenging of electrons by
N,O can be considered to take place at 77 °K
also.

[7] €™ + N0 — [N2O7] - Na + O~

The CgHy,*, CeHyg, and O~ (or N,O7) will
then be trapped in the matrix and will be released
on warming. With N,O, large yields of liquid
products are formed, so that reactions analogous
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to reaction [6] lead to a great deal of bond
breaking.
Of the fates considered for O~ in the liquid (1)

[81 O~ -+ CeHyot— OH -+ CeHyy
91 O~ + CeHyp— OH™ + CgHiy,

the latter should be suppressed in the solid at low
temperature since it is an abstraction and prob-
ably requires some activation energy. If the yield
of electrons and positive ions is 4 G units (1, 11)
the yield of OH will be about 4 G units. The yield
of C4H; may be as high as 8§ G units. Of this
4 G units are produced by reaction [8] along
with OH radicals. The yield of C4H;,* by direct
excitation has been shown to be 3.4 G units, and
of this 1.5 G units decompose molecularly. Thus
1.9 G units of Xy and C¢H 1 are formed (reaction
[3a]) and the Xy will give another 1.9 G units
of CgHjy; when it abstracts hydrogen from
cyclohexane (reaction [4]).

These yields are sufficient to explain the
enhanced yield of cyclohexanol, bicyclohexyl,
and cyclohexene if the ratio of disproportionation
to combination of OH and C¢H 4 (reaction [10]),

[10a] CgH,y + OH — CgH g - H,O
[105] — CgH;,0H,

is about 3, and if the ratio of disproportionation
to combination for two CgH;; radicals is 0.3.
It is also necessary that the “molecular” yield
of cyclohexene be 1.5 as used above, and that
OH + OH be small. Calculations using the gas
phase rate constant for OH plus propane
measured by Greiner (12), corrected to 186 °K
using his estimate of the activation energy
(5.6 kcal/mole), show that the abstraction of a
hydrogen atom from cyclohexane by a hydroxyl
radical cannot compete with reaction [10].

(ii) Higher Concentrations of N.O (> 5%)
With higher concentrations of N,O reactions
[11],
[11a] O~ 4+ N,O— N5 -+ 0~
[115] — NO -+ NO-,

may become important (13, 14). Reaction [11]
produces an increase in N, yield and a decrease
in OH if it is followed by

[124] O,™ + CeH 2t — HO, + CeHy
and
[12b] NO~ 4 CgH >t — HNO + C¢H, 1.

The decrease in OH of a G unit would explain
the decreased yield of CgHjo at high N,O
concentration. The small increase in G{cyclo-
hexanol) may result from the combination of
HO, with CgHy; or from the reaction of CgHy;
with O, produced from reaction [13] (15).

[13] 2HO; — H,0; + O3

Yields of N, were about a G unit higher than can
be readily explained. In the solid phase, as in the
liquid, there may be a small amount of chain
decomposition of N»O.

To account for the large increase in the yields
of liquid products, as well as the large N, yield,
it has been necessary to postulate that electrons
and ions are produced with G values at least as
large as those in the liquid, i.e. ~ 4. However,
in the absence of scavenger, only about 1.4 G
units of hydrogen come from ion-electron com-
bination. Thus this process occurs with about
359 efficiency; much less than its efficiency in
the liquid (~ 75%). This efliciency could be
less because hydrogen precursors combine with
themselves, rather than abstract hydrogen from
hydrocarbon. The efficiency could also be less
because hydrogen precursors are produced less
efficiently from the combination of an electron
and a cyclohexane cation. It was not possible
to make a clean-cut distinction from this work.
However, we had to assume that all the Xy from
CeH ,* formed directly was capable of abstract-
ing hydrogen from the hydrocarbon. Thus,
most of the Xy can be considered capable of
abstracting hydrogen, which supports its identi-
fication as a “hot” hydrogen atom, and leads to
the suggestion that yields of hydrogen are lower
from the solid because hydrogen precursors are
produced less efficiently from the combination
of an electron and a cation.

Experimental

Cyclohexane (Fisher Spectrograde), N>O (Canadian
Liquid Air), and SF, (Matheson) were used as received.
The cyclohexane was free of cyclohexene and was not
purified further. Cyclohexane samples of 1 m1volume were
degassed by the freeze-thaw technique and transferred
to a 2 1 flask on a mercury-free, grease-free vacuum line.
The additives were degassed and transferred to the same
flask. The gases were then thoroughly mixed and deposited
slowly (about 3.5 cc/min) at 77°K in the irradiation cell.
The design of the cell and the techniques used to ensure a
homogeneous deposit have been described in detail by
Stone (3). Samples were irradiated at 77 °K in a$® Co
y-source at a dose rate (in cyclohexane) of 6.9 x 1020
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eV/l min to a total dose of about 4.3 x 1022 eV/I unless
otherwise specified. All G values reported are partial
yields based on energy absorbed in the cyclohexane. The
dose rate was determined using ferrous sulfate dosimetry,
taking G(Fe3*+) to be 15.5. After irradiation the samples
were melted and refrozen to allow trapped gas to escape.
Gases not condensable at 77 °K were measured volu-
metrically and analyzed mass spectrometrically. Liquid
products were analyzed by gas chromatography using
columns and conditions similar to those used by Stone
(16). The cyclohexanol and cyclohexanone were measur-
able on the XE-60 column at 160 °C. The gas chromato-
graphic peaks were identified by mass spectrometry where
necessary, using a Consolidated 21-130 mass spectro-
meter. Water was not determined quantitatively.

Acknowledgments

Dr. J. A. Stone originally suggested these
experiments. Drs. A. W. Boyd and J. W.
Fletcher provided very helpful aid and dis-
cussions. The aid of Mr. A. S. Blair, who carried
out some preliminary experiments, is also
acknowledged. Drs. F. Brown and P. J. Dyne

are thanked for their frank comments on an
earlier draft of this manuscript.

1. N. H. SacerT and A. S. BLar, Can. J. Chem. 45,

1351 (1967).

J. A. StoNE and P. J. Dyne. Can. J. Chem. 42,

669 (1964).

J. A.SToNE. Can.J. Chem. 43, 809 (1965).

W. Van Dusen, Jr. and F. K. TruBy. J. Am. Chem.

Soc. 87, 188 (1965).

P. J. DynE and J. DeEnHARTOG. Can. J. Chem. 44,

461 (1966).

P.J.DyYNE. Can.J. Chem. 43,1080 (1965).

P. J. DYNE and W. M. Jenkinson. Can. J. Chem.

38, 539 (1960).

S. Z. ToMa and W, H. HamiLr., J. Am. Chem. Soc.

86, 1478 (1964).

9. W.A.CraMER. J.Phys. Chem.71,1112(1967).

10. H.Szwarc. J. Chim. Phys. 59, 1067 (1962).

11. G.G. MziseLs. J. Chem. Phys. 41, 51 (1964).

12. N.R. GrRemER. J. Chem. Phys. 46, 3389 (1967).

13. G. R. A. JoansoN and J. M, WarMAaN. Trans.
Faraday Soc. 61, 1709 (1965).

14, J.M. WarMmaN. Nature, 213, 381 (1967).

15. R. BrackBurN and A. CHARLESBY. Trans. Faraday
Soc. 62, 1159 (1966).

16. J.A.STONE. Can.J. Chem. 42,2873 (1964).

® No o oRw P



v-Radiolysis of cyclohexane with electron scavengers. III. Perfluorocarbons
as electron scavengers'’

N. H. SAGERT
Research Chemistry Branch, Chalk River Nuclear Laboratories, Chalk River, Ontario
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The room temperature, liquid phase radiolysis of cyclohexane in the presence of three solutes, per-
fluorocyclohexane (PCH), perfluoromethylcyclohexane (PMCH), and perfluorocyclobutane (PCB)
has been examined. All decrease the hydrogen yield from 5.6 to 2.6 G units by capturing electrons.
However, with PMCH and PCB the yields of cyclohexene and bicyclohexyl are not decreased as much as
the hydrogen yield and with PCH, dimer and olefin yields are increased. Furthermore, large yields of
monohydrofluorocarbon (e.g. undecafluorocyclohexane) are produced, indicating that a carbon—fluorine
bond has been broken. It is concluded that electron capture by these fluorocarbon compounds causes
dissociation; possible mechanisms are discussed, but it was not possible to reach a clear conclusion
on the basis of our results.

The radiolysis of homogeneous solid solutions of these solutes at 77 °K has also been studied, but only
PMCH was studied in detail. Under these conditions there is no evidence for dissociative electron capture
and apparently the combination of solute anion and hydrocarbon cation on warming does not lead to
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bond breaking.
Canadian Journal of Chemistry, 46, 95 (1968)

Introduction

Charge separation is known to play an impor-
tant part in the radiolysis of hydrocarbons. N,O,
SFs, and CCls have been used to study this
charge separation by capturing the negatively
charged species, the electron, thereby reducing
hydrogen yields.

In this laboratory more thorough studies of
the action of CCly (1), N,O, and SF¢ (2, 3) have
been carried out, and a general mechanism has
been proposed (4). With SFg, all major products,
hydrogen, cyclohexene, and bicyclohexyl, are
reduced and no large yields of other products
can be found. This indicates that SFg probably
captures electrons non-dissociatively and that
neutralization of the SF¢ anion by the cyclo-
hexane cation does not result in bond breaking
to give either hydrogen or cyclohexyl radical
precursors. With CCl; and N,O, yields of
products other than hydrogen increased, indi-
cating that these substances capture electrons
dissociatively or that the neutralization of the
anion by the cyclohexane cation leads to bond
breaking.

Perfluorocycloalkanes have been used as
electron scavengers and are known to lower
hydrogen vyields (5, 6). Rajbenbach (6) has
measured hydrogen yields and has concluded

IIssued as A.E.C.L. No. 2982.
2Presented in part at 50th Chemical Institute of Canada
Conference, Toronto, Ontario, June 1967.

that these solutes capture electrons non-
dissociatively. It was therefore of interest to
measure the yields of all the major liquid
products using these perfluorocarbons as solutes
to see if evidence for carbon-fluorine bond
breaking could be found.

In liquid solutions, irradiated at 25 °C, con-
clusive evidence was found that carbon-fluorine
bonds were broken, and that almost one bond
was broken for every electron scavenged. Two
possible mechanisms by which this bond
breaking might occur are considered. In solid
solutions, irradiated at 77 °K, only a small
amount of bond breaking took place; less than
one bond was broken for every 10 electrons
scavenged.

Experimental

Cyclohexane (Fisher Spectrograde), N,O (Canadian
Liquid Air), perfluoromethylcyclohexane (Imperial Smelt-
ing), perfluorocyclohexane (Aldrich), and perfluoro-
cyclobutane (Matheson) were used as received. Materials
were degassed on a mercury-free, grease-free vacuum line,

Perfluoromethylcyclohexane (PMCH) and perfluoro-
cyclohexane (PCH) solutions were made up by weighing.
These solutions were of 2 ml volume and were contained
in pyrex cells fitted with a breaking device (7). The samples
were irradiated at 25 °C in a 60Co y-source at dose rates
(in cyclohexane) of 6.9 x 1020 eV/l min to total doses of
4 x 1022 eV/l as determined by ferrous sulfate and
cyclohexane dosimetry.

Perfluorocyclobutane (PCB) solutions and N;O-PCH
solutions were of 3 ml volume and were contained in the
stainless steel cells described previously (2). Concentra-
tions were determined from gas solubilities. The solubility
of PCB at 23 °C was determined to be 0.213 mole/] atm
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in cyclohexane. These samples were also irradiated at 25
°C with 60Co y-rays at dose rates (in cyclohexane) of
5.7 x 1020 eV/l min, as determined by ferrous sulfate
and cyclohexane dosimetry using G(Fe3™) = 15.6 and
G(H3) = 5.55respectively.

Solid samples of 1 ml liquid volume were deposited
slowly from the gas phase as described by Stone (8)
and were irradiated at 77 °K.

After irradiation, gases not condensable at 77 °K were
measured volumetrically and analyzed mass spectro-
metrically. Liquid producls were determined by gas
chromatography (9). CsF11\H and C4F;H were deter-
mined on a squalane column at 70 °C. The C¢F [ H was
identified by retention time and by mass spectrometry.
The mass spectrum on a Consolidated 21-130 mass
spectrometer was similar to that of an authentic sample
of CgF11H (Aldrich) and to published spectra (10).
C4F7H was identified by mass spectrometry. Its spectrum
was similar to published spectra (10).

Results

(i) Perfluorocyclohexane in Liquid Cyclohexane

The major products formed in the radiolysis
of pure cyclohexane are hydrogen, cyclohexene,
and bicyclohexyl (11). Yields of these products
in the presence of PCH are shown in Figs. 1 and
2. PCH reduces the hydrogen yield, probably by
electron capture as discussed by Rajbenbach (6).
However, the yields of the other major products,
cyclohexene and bicyclohexyl, are not reduced
and the latter yield is actually increased. The
hydrogen and bicyclohexyl yields are linear with
dose up to 2 x 1023 eV/l. Cyclohexene yields
show a small dose dependence: the yield extra-
polated to zero dose being 3.25 molecules for
each 100 eV absorbed by the cyclohexane, or
3.25 G units.

s | O HYDROGEN T
A Cg FLH

-]

G (molecules /100 eV)

Lo} 0.3 Q.2 0.3
C6 F12 {moles/|}
FiG. 1. Hydrogen and C¢F;H yields from the radi-

olysis of solutions of PCH in cyclohexane at 25 °C.
Dose = 2.81 X 1022¢V/l.

T T
40 |- |
N B
30 | _
By —
>
o Q
Q 20 - —
<
>
=
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8
é O  BICYCLOHEXYL
o
A CYCLOHEXENE
1.0 — -
t | )
) ol 0.2 0.3

C6 FIz (moles/ 1}

FiG. 2. Bicyclohexyl and cyclohexene yields from the
radiolysis of solutions of PCH in cyclohexane at 25 °C.
Dose = 2.81 x 1022¢eV/IL.

CgFH is produced in large yields. These
yields are shown in Fig. 1 and approach the total
electron yield (4.1 G units (2)). The CgF; H
accounts for about half the hydrogen precursors
scavenged by PCH. No attempt was made to
determine HF, but there are no large yields of
n-hexane, propane, or other hydrogen-rich
products.

In order to show that electrons were pre-
cursors of CgF1H, N>O was added to a 0.1 M
solution of PCH. In Fig. 3, it may be seen that
N,0O decreases the CgFy{H yield, while at the

' ’ ' e

o NITROGEN
o CgFyH -

G (MOLECULES /100.eV)

o 0.1 0.2 03 0.4
N,O {(MOLES/1}

Fic. 3. Hydrogen, nitrogen, and C¢F11H yields from
the radiolysis of 0.1 M solutions of PCH in cyclohexane
with N,O at 25 °C. Dose = 3.35 x 1022¢eV/L.
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{ 1 S 1

[n,0] 7 cer,)

Fi1G. 4. Stern-Volmer type plot of the C¢F;H yields
given in Fig. 3. Gg, the yield of C¢F)1H in the absence of
N>0, is 2.7 G units. Slope = 0.47.

same time nitrogen is produced. The CgF;;H
yields, plotted in the Stern-Volmer fashion in
Fig. 4, imply that electron capture by PCH is
twice as efficient as by N,O in this system.

(ii) Perfluorocyclobutane in Liquid Cyclohexane
Perfluorocyclobutane (PCB) also reduces hy-
drogen yields from liquid cyclohexane (Fig. 5)
as has been noted by Rajbenbach (6). The liquid
products, although reduced somewhat, still total
4.4 G units at 0.3 M PCB whereas the hydrogen
yield is 2.6 G units. Thus some of the precursors
of hydrogen are captured by the PCB and give
liquid product precursors, but not hydrogen.
The zero-dose yield of liquid products is higher
than 4.4 since, although there is no dose effect
with hydrogen vields up to 2 x 1023 eV/l, liquid
product yields are somewhat dose dependent.
G(cyclohexene) extrapolated to zero dose was

T T T T

6 |- R
© HYOROGEN

4 BICYCLOHEXYL

O CYCLOMEXENE

G {molecules/100 eV}

o] ol 0.2 0.3 0.4
Cq Fy (moles/l)

FiG. 5. Hydrogen and liquid product yields from the
radiolysis of solutions of PCB in cyclohexane at 25 °C.
Dose = 3.42 x 1022¢eV/1.

2.75, and G(bicyclohexyl) similarly extrapolated
was 2.1s.

C4F;H was produced. Unfortunately no
authentic standards were available. G(C4F7H)
is 4.5 at 0.2 M PCB if the sensitivity of the
hydrogen flame detector is the same for it as for
C4F;. Since the detector is 2.8 times as sensitive
to CgF11H as to PCH, it is likely that the
C4F-H yield is from 1.5 to 2.0 G units. This still
means that a large number of C—F bonds are
broken. This yield is approximately equal to the
liquid product yield (4.4) minus the hydrogen
yield (2.6) for 0.2 M PCB.

(iii) Perfluoromethylcyclohexane in Ligquid Cyclo-
hexane
Yields of hydrogen and the two major liquid
products for the radiolysis of liquid cyclohexane
with PMCH are shown in Fig. 6. This solute

T I I

©  HYDROGEN
A BICYCLOHEXYL
5 DO CYCLOHEXENE

G (molecules /100 eV)

0.1 Q.2 0.3

C¢Fy CFy (moles/i)

F1G. 6. Hydrogen and liquid product yields from the
radiolysis of solutions of PMCH in cyclohexane at 25 °C.
Dose = 2.83 x 1022¢eV/L

reduces hydrogen yields less efficiently than
PCH. Liquid products yields total 4.6 in 0.3 M
solution, while the hydrogen yield is 2.9 G units.
Thus the captured precursors of hydrogen give
liquid product precursors. Hydrogen yields are
linear with dose but the zero-dose yields for
bicyclohexyl and cyclohexene are 1.85and 3.15 G
units respectively. This is a somewhat larger dose
dependence than noted with other solutes.

(iv) Perfluorocarbons in Solid Cyclohexane
Irradiations of homogeneous solid solutions of
all these solutes were carried out. In all cases the
hydrogen, cyclohexene, and bicyclohexyl were
reduced. PMCH solutions were studied in more
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detail and the results are shown in Fig. 7. As
with SFg, bicyclohexyl was reduced more
efficiently than cyclohexene and hydrogen. These
results are qualitatively similar to those obtained
for solid solutions of SF¢ (3). For a solid solution
of PCH in cyclohexane, G(C4F;1H) was about
0.3. These results indicate that much less dis-
sociation takes place in the solid. All yields from
the solid were independent of dose up to doses
of 1023 eV/L.

O HYDROGEN
A BICYCLOHEXYL
O CYCLOHEXENE

G (molecules/100 eV}
/[f

CgRy CFy (motes/))

Fic. 7. Hydrogen and liquid product yields from the
radiolysis of solid solutions of PMCH in cyclohexane at
77 °K.Dose = 3.18 x 1022eV/L

Perfluoroethane was not able to change the
yield of any of the products in the solid phase.

Discussion

Arguments in favor of electron capture by
perfluorocycloalkanes have been given by Raj-
benbach (6). Thermal atom reactions may be
ruled out by the high strength of the C—F bond
(12). Hot atom reactions are possible, but large
effects are noted for small concentrations of
additives and there is no apparent reason why hot
atoms should selectively attack fluorocarbons.
The ionization potentials of fluorocarbons are
usually greater than those of the corresponding
hydrocarbons (13) so that charge transfer from
solvent to solute cannot occur, and charge
transfer is considered to be the most common
form of “energy transfer” in saturated hydro-
carbons (4). There is considerable recent experi-
mental evidence that PMCH attaches thermal
electrons very efficiently (14, 15). Thus it is
reasonable to conclude that the effects of per-
fluorocycloalkanes on the radiolysis of hydro-
carbons can be attributed to electron capture.

The mechanism of Dyne (4) as used by Sagert

and Blair (2) for the radiolysis of liquid cyclo-
hexane will be taken as a basis for discussion.

(la] CeHiz* 4 e~
CeHiz Ary— |: }

[15] CeHy2*

2] CeHio™ +e™ — CgHjo*

[3a] H + CeHis
CeHp2*

[36] “Hz + CeHip

[4] H + CeHi> — Hz + CeHig

[5] solute + e~ — solute™

[6] solute™ + CgH st — not-CgHyo*

The main features of this mechanism are that
initially ions and electrons as weli as excited
molecules are produced (reaction [1]). Ions and
electrons which recombine, either in the spur or
outside, lead to excited states of the hydro-
carbons which, in the liquid, are indistinguish-
able from those formed initially (reaction [2]).
The excited molecules then decompose (reaction
[3]) to give either hydrogen and olefin (molecular
decomposition), or radicals and bimolecular
hydrogen precursors. It is thought that the latter
are “hot” hydrogen atoms (16). An electron-
capturing solute forms an anion which when it
reacts with the positive ion does not form the
same excited state of the hydrocarbon (reaction
[6]), and thus does not lead to hydrogen pro-
duction.

In the case of SFg¢ as solute (2), reaction [6]
not only does not produce hydrogen precursors
but also fails to produce cyclohexyl radicals
since the yields of cyclohexene and bicyclohexyl
are also reduced. Thus the solute anion is
neutralized without further detectable reaction.
By contrast, the present results show that with
perfluorocycloalkanes in solution, electron cap-
ture

71 CoF12 + 67— CsF2™

leads to an anion that, while not producing
hydrogen, does produce at least two cyclohexyl
radicals, a CgF1H molecule and possibly other
products. Thus in some way a C—F bond is
broken. This might be by

[8] CeF127— CeF11 + F~
followed by

[9] F~ 4+ CeH12" — HF + CgHyy
and

[10] CeF11 + CsHiz — CeF11H + CeHyy.
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However, in the gas phase, the appearance
potential for F~ from PCH is 1.8 eV (17). Thus
reaction [8] is extremely endothermic. Electrons
are initially formed with several eV excess
energy and are moderated by collision to thermal
energies. It might be thought that electrons could
react with solute before being moderated to
thermal velocities. However, it would appear
that moderation is much too fast a process to
allow this at the low solute concentration used
(18, and references cited therein, 19). Armstrong
et al. (20) have discussed the difficulties involved
for HCI gas. Thus reaction [8] can only occur if
the energetics in the liquid are very much
different from those in the gas phase, so that
reaction [8] becomes thermoneutral or exo-
thermic in the liquid. This is quite possible since
Claridge and Willard (21) have shown that phase
changes have a considerable effect on dissociative
electron capture processes.
A second proposal is that

(111 CgF12™ + CsHi2t — CsF11 + CsHyy + HF

occurs, followed by reaction [10]. Reaction [11]
would be exothermic if a reasonable electron
affinity (<<5 eV) is assumed for PCH. Because
of the long lifetime measured for PMCH~— (14)
this proposal is attractive. The data presented
here do not allow a clear choice between these
two proposals.

The amount of dissociation may be measured
as the liquid product yield minus the hydrogen
vield. At 0.3 M of solute, the yields of dis-
sociation are 3.1, 1.65, and 1.9 G units for PCH,
PMCH, and PCB respectively, indicating that
the efficiency for dissociation is much higher
with PCH. For PCH and PCB, these numbers
agree very well with the yields of C¢F{1H and
C4FsH, which are 3.3 and [.5-2.0 G units
respectively. The total electron yield in cyclo-
hexane is probably around 4 (2), so that the
efficiency of dissociation is quite high.

The yields of cyclohexene and bicyclohexyl! in
the presence of solute are consistent with the
ratio of disproportionation to combination for
cyclohexyl radicals of 1.3 (22), and a small
“molecular” yield (reaction [35]) of 0.1 to 0.3 G
units of cyclohexene, if it is assumed that the
bicyclohexyl yield arises largely from radical
combination. They are also consistent with the
more recently determined ratio of 1.1 and a
slightly larger “molecular” yield (23).

Yields for the homogeneous solid irradiated
at 77 °K resemble those from homogeneous solid

solutions of SFg (3). Furthermore, with PCH,
only ~ 0.3 G units of CgF,;H were produced.
Thus at the low temperature where the ions
begin to diffuse in the solid, it would appear that
reaction [8] does not occur and that the anion
and cation neutralize each other with little bond
breaking. As with solid solutions of SFg,
bicyclohexyl was reduced more quickly than
cyclohexene. This behavior has been inter-
preted (3) as implying that there is a larger
“molecular” yield in the solid at low temperature
and that there may be two or more distinguish-
able types of CgH,*. C,Fg did not affect any
yield, and so appears not to attach electrons at
low temperature.
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Some observations on the ion-molecule reactions in ethylene
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The ion-molecule reactions in ethylene have been studied under conditions where CoHat was the only
primary ion. In addition to the expected secondary ions C3Hs* and C4H7™, the C3H4*, CoH»t, and
C;H3t ions have been detected, presumably formed by the reactions

[a] CHyt + CoHy — C3Hyt + CHy

(6]
[e]

— CoHo* -+ C2Hg
hand C2H3+ -+ C2H5.

Reactions [b] and [¢] are endothermic for ground state reactants and it has been shown that the kinetic
energy of the reactant ion plays a major role in determining the relative importance of these endothermic

reactions.

The CsHo* ion has been shown to originate by further reaction of the C3Hs* secondary ion rather
than by reaction of the (C4Hg%)* collision complex. The reversion of the (C4Hgt)* complex to reactants
has been confirmed by the observation of isotopically mixed ethylene ions in C,H4—C,D4 mixtures.

Canadian Journal of Chemistry, 46, 101 (1968)

Introduction

Although the ion-molecule reactions in gas-
eous cthylene have been studied extensively (1-
9), a number of features of the reactions remain
uncertain, The present study of the ionic reac-
tions in ethylene was carried out under condi-
tions where C,H4t was the only significant
primary ion and the results obtained permit
clarification of a number of these uncertainties.

It has been well established that the major
secondary ions in the high pressure mass spec-
trum of ethylene originating from reaction of the
C,H," ions are the C3Hs" and C,H;" ions
resulting from the reaction sequence,

[1] CoHyt + CoHy — (C4HghH*
2] (C4HgH* — C3Hst - CH;
[3] —C4Hs*+H.

Recently, Szabo (10) has reported that the
reaction of CoH4* with ethylene leads to forma-
tion of C,H3t and C,H,t as product ions,
presumably by the reactions

[4] CoHyt -+ CoHy — CoH3st + CoHjs

[5] CHyt + CoHy — CoHpt 4+ CoHg

The occurrernce of these apparently endothermic
reactions has been confirmed in the present work
and it is shown that the kinetic energy of the

reactant ion plays a major role in determining
the relative importance of these reactions.

1Present address: Department of Physical Chemistry,
Cambridge University, Cambridge, England.

At elevated ethylene pressures product ions of
higher order have been observed by numerous
workers (2, 4, 6-10). The two major higher-order
ions at medium pressures, originating from a
C,oH 4t precursor, are C4Hg" and CsHg™. It has
been conclusively established that the C4Hg" ion
is third order in pressure and originates by
collisional stabilization of the complex formed in
reaction [1], viz.2

[6] (CsHgM* + CoHy — C4Hgt + CoH4™.

Although the origin of C4Hgt appears to be
established, the mechanism of formation of
CsHg™ has been in dispute. Field (4) has pro-
posed that it originates by the reaction sequence

[7(7] (C4H8+)* -+ C2H4 — (CGle-l-):E:
[761 (CeH12H)* — CsHo* + CH,

while Wexler and Marshall (6) have proposed
that it originates by the reaction sequence

[8al C3Hst + C;Hy — (CsHgH*
[85] (CsHot)* + CpHa — CsHo™ + CoH4™,

Basically the two mechanisms differ in the life-
time and/or reactivity assigned to the collision
complex (C4Hg")*. The Field mechanism re-
quires that the complex reacts by collision with
C,H, before dissociation to Ci;Hst or other
products occurs, while the Wexler mechanism

2Szabo (10) has concluded that C4Hg* is a secondary
ion while C3Hs+ and C4H5* are tertiary ions. This con-
clusion is in disagreement with all previous studies and
also with the results obtained in the present work.
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pressure 3.4 eV ion exit energy.

assumes that (C4Hg*)* has such a short lifetime
(or is sufficiently unreactive) that dissociation to
C;Hs* (and other products) occurs before further
significant reaction is possible. Convincing
evidence for either mechanism has been lacking.
Results will be presented in the following which
provide strong support for reaction [8] as the
major path for formation of CsHg™.

The present work also provides evidence that
a significant fraction of the (C4HgM)* collision
complexes revert to reactants, in some cases with
isotopic mixing of the hydrogens in the complex.

Experimental

The present experiments were carried out on the
medium pressure instrument previously described (11).
The pertinent operating conditions were a source tem-
perature of approximately 100 °C and a primary ion
travel distance of 0.54 cm. Pressure studies were carried
out at various repeller fields and hence various ion exit
energies as detailed in the following section. The electron
beam was pulsed and the primary ion residence times were
measured by the deflection technique previously described
(11). The source pressures were measured directly using
an MKS Baratron capacitance micromanometer.

Phillips research grade ethylene was used without
further purification. Ethylene-ds was obtained from

Merck, Sharp and Dohme of Canada. Low energy
analysis showed it to be 98.6 %, C,D4 and 1.4%; C,D3H.

Results and Discussion

A typical pressure plot obtained at 3.4 eV ion
exit energy and an electron energy where C,H ;+
was the only significant primary ion is shown in
Fig. 1. In addition to the C3Hgst (m/e 41) and C,-
H+* (m/e 55) ions, which are the expected secon-
dary ions (reactions [2] and [3]), the C,H;*
(mfe 27) and C3H4t (m/e 40) ion intensities in-
crease with pressure in a manner characteristic of
secondary ions, while CoH,t (m/e 26) increases
initially and then decreases as expected for a re-
active secondary ion. In addition to these ions
significant ion currents were noted at mi/e ratios
of 69 (CsHgt), 56 (C4Hgh), 39 (C3H ™), and 29
(CyHs); only the results for m/e 69 are shown
in Fig. 1. The zero initial slope and upward
curvature are characteristic of ions formed by
processes which are greater than second order in
ethylene pressure. The remaining ions not shown
in Fig. 1 exhibited a similar behavior with in-
creasing pressure.

For the case of one reactant ion leading to a
number of product ions by competing reactions,
ie.

ky
P*+ M-8+ 4+ N,
=St 4N,
k;
— 5% + Ny,
we may write for any given pressure
9] Tp+ + Tspv + - + Isje = Ipe”

where Ix+ is the normalized intensity of the ion
Xt, i.e. fraction of total measured jon current,
and [p+0 is the normalized intensity of the
reactant ion extrapolated to zero pressure (i.e.
no reaction). Rearrangement yields
7

[10]  Ip+® — Ips = Alps = ; Tg,+.
Since the concentration of M is much larger than
that of P* we may consider the competing re-
actions as being quasi-first order and can write

k d k
[1]] Isl+ = —Jl— ; IS_,’* = _;]—‘ AIP+.

2 &
1

Equation [11] predicts that a plot of Ig + versus
AT+ should be a straight line the slope of which
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gives the fraction of the total reaction producing
that secondary ion.

TABLE 1
Fractional yields for reactions of CoHy4* with C,Hy

Fractional yield

Exit energy
Secondary

mje ion 3.5eV 0.85¢eV
26 CoHL+ 0.09 —
27 C,Hs* 0.04 —
40 CsHg™ 0.0, 0.02,
41 C3Hst 0.81 0.885
55 C4H;* 0.059 0.075

Figure 2 shows a plot of I+ (C3Hs™), T+
(C3H4Y), and Iss+ (C4H4T) as a function of
AL g+ for the results at 3.4 eV ion exit energy. As
predicted straight lines are observed, the slopes
of which give the fractional yields recorded in
Table I, Column 2. The similar plot for the
remaining ions is shown in Fig. 3. The m/e 27
(C,H3™) ion shows an initial quasi-linear rise
followed by a dropoff from the linear relation.
This is to be expected if the secondary ion
reacts further and a similar behavior has been
noted for a number of secondary ions in propyne
and allene (12). From the initial slope the frac-
tional yield given in Table I has been determined.
The m/e 26 (C,H,™) ion shows an initial increase
followed by a rapid falloff. From the initial slope

f I [ I i
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FiGg. 2. Product ion intensities versus Alrg+, 3.4
ion exit energy.
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_ Fic. 3. Product ion intensities versus Alxg+, 3.4 eV
ion exit energy.

we estimate that approximately 9 9 of the CoH4*
ion reacts to form C,H,™", although this estimate
is obviously subject to large error. The m/e 56
(C4Hg™) and 69 (CsHo™) ions show an initial
slope of zero followed by a rapid increase in
slope at higher conversions, a behavior which is
to be expected for tertiary or higher order ions.
The situation for the m/e 39 (C3H3™) and m/e 29
(C,Hs") ions is not completely clear since the
initial slopes (particularly for C,Hs*) are not
zero. It is possible that C,Hs™ may be formed to
a slight extent (— 1% of total reaction) by
reaction of C,H4T with C,H,, although from
the upward curvature it is clear that the major
part of the C,Hs" originates by a tertiary reac-
tion, presumably

[123 CyH3t + CoHy — CoHs' + CoH, .
It should be noted that C,H,+ is not entirely

absent from the primary spectrum and the
reaction

[13] C,Hyt + C;Hy — C3H;3t + CHs

probably accounts for both the apparent secon-
dary and tertiary C3H 3+ formation.
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In contrast to the above results, the results
obtained at 0.85 eV ion exit energy are consider-
ably simpler with only the C3Hy" (m/e 40),
C3Hs* (mfe 41), and C4,H4' (/e 55) ions being
observed as secondary ions while C;Hg" (m/e 56)
and CsHg™ (m/e 69) are formed as higher order
ions. The pressure plot is shown in Fig. 4 while
the plot of the normalized product ion intensities
as a function of the C,H4" reacted, Alg+, is
shown in Fig. 5. From the slopes of the straight
lines of Fig. 5 the fractional yields given in
Column 3 of Table T were obtained,

The results obtained at 3.4 eV support the
observations of Szabo (10) that reactions [4] and
[5] do occur. However, comparison of the results
at 0.85 ¢V and 3.4 eV ion exit energy shows that
the importance of the reactions is strongly
dependent on the kinetic energy of the reactant
C,H," ion. Using heats of formation tabulated
by Field and Franklin (13) reaction [4] is cal-
culated to be 40 kcal/mole endothermic while
reaction [5] is calculated to be 29 kcal/mole

endothermic for ground state reactants. Although
there must be some internal excitation of the
C,H " ion, even at these low electron energies,
the run at 0.85 eV ion exit energy (— 10 kcal/
mole maximum available kinetic energy) shows
that the internal energy is insufficient to drive
reactions [4] and [5]. The run at 3.4 eV ion exit
energy (— 40 kcal/mole maximum available ki-
netic energy) shows that the utilization of both
the kinetic and internal energies of the reactant
ion is very important to bring about an other-
wise endothermic reaction,

One further point of interest concerning the
results summarized in Table I is the observation
of C3H,* (m/e 40) as a product ion, presumably
formed by the reaction

[14] C:H4* + CoHy — C3Hy™ + CHy,

AH = —1 to —5 kecal/mole.

This reaction, accounting for approximately 2%,
of the total reaction, of C,H4*, has not been
reported previously, although examination of
the high pressure mass spectra reported by Field
(4) and Wexler and Marshall (6) indicates in both
cases a significant ion current at m/fe 40. The
spectrum given by Field yields a ratio C;H;"/
CyH " = 3.6 compared with a ratio of 3.0 to 3.7
obtained in the present work. The C;H,*
intensity reported by Wexler and Marshall is
considerably lower.

Mechanism of Formation of CsHg"

As shown in Fig. 5 Iss+ and I4p+ are linear
functions of Alsg+ over the entire range covered
(up to ~ 709 conversion of CoH,*). This indi-
cates, first, that these ions are not formed by
tertiary reactions and, second, that they do not
react appreciably with C,Hy. On the other hand
the plot of I+ (C3Hs%) versus Alg+ begins to
show a negative deviation from linearity at
approximately 40%, conversion of the C,H,*
reactant. This is to be expected only if the C3H s+
product ion is reacting further with C,H,. The
only significant higher-order ion present in the
spectrum is CsHg" and, indeed, the sum I+
-+ Ig9+ (dotted line of Fig, 5) is a linear function
of Alg+ up to 709 conversion. This material
balance suggests that CsHg™ is produced by
reaction of C3Hs™ with C,H4 and therefore
favors reaction [8] over reaction [7] as the
mechanism of formation of CsHg™.
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To obtain further evidence a run was carried
out at 0.80 eV ion exit energy (and low electron
energy) which extended to considerably higher
conversion of the CoH4™ ion. As shown by the
pressure plot (Fig. 6) approximately 949 of the
C,H,4" ion has reacted at the highest pressures
studied and the CsHgt (sm/e 69) ion has reached
approximately 229 of the total ionization,
indeed it is the second largest peak in the mass
spectrum. In addition the C3;Hs" ion intensity
passes through a maximum and then decreases
with increasing ethylene pressure.

The plot of these results as a function of
Alg+ is shown in Fig. 7. The m/e 55 (C4H51) ion
intensity is a linear function of the C,Hg"
reacted over the entire range examined indicating
that the C4H4;" ion is quite unreactive. Similarly
the C3H 4t (/e 40) ion intensity is linear over
most of the range although it shows a slight
dropoff at higher conversion. On the other hand,
as in Fig. 5, the m/e 41 (C3;Hs") ion intensity
deviates from a linear relation with Al,g+ at
approximately 409, conversion. The sum 43+
- Isgr (C3H5T ++ CsHo™) is linear with Albg+ up
to ca. 809 conversion following which a slight
negative deviation is observed. This deviation
may be due to formation of higher order ions
(e.g. C7H;3h) by further reaction of CsHg™ (the
higher mass region was not examined). However,
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the CsH+ (m/e 67) ion accounts for « 29 of the
total ionization at higher pressures (Fig. 6) and
the sum C3Hst 4+ CsHy™ + CsHo™ is a linear
function of Al,g+ over the entire range.3

The essential observations relevant to the
mechanism of formation of CsHg" are that the
C;H, m and C4H;t ion intensities are linear
functions of the C,H,* reacted while the C3Hs"
intensity shows the characteristic dropoff ex-
pected for a reactive secondary ion with the sum
of the C3Hst and CsHg™ intensities being
essentially linear with the C,H 4" reacted. These
observations cannot be explained by assuming
a single collision complex (C4Hg")* which may
either dissociate to form the secondary ions
(reactions [2], [3], and [14]) or react further with
C,H, to form CsHgt (reaction [7]). If these two
channels for reaction of (C4Hg")*, i.e. decompo-
sition versus further reaction, were competitive

3Previous workers (4, 6) have attributed formation of
CsHy+ to reactions involving a CoH 3+ precursor jion. The
observation of CsH;+ in the present case where CoHy* is
the only reactant ion indicates that at least part of the
CsH7+ ion is formed in a reaction chain involving the
C2H4+ ion.

one would expect the intensity of all secondary
ions to deviate from a linear relation with Alg+
as an increasing fraction of the collision com-
plex reacted to form CsHgt. However, one
observes that only the C3Hs™ ion intensity
deviates from a linear relation with Alyg..

One can explain this observation in two
possible ways. It can be explained by assuming
that more than one collision complex is formed
by collision of C,H4t with C,Hy. In this case it
is necessary to assume further that one of these
complexes forms only C4H;t and C3;H,t by
dissociation and does not react further with
ethylene to form CsHg*, while a second complex
either dissociates to form C3H st or reacts further
(reaction [7]) to form CsHg*. In this case the
formation of C3Hst and CsHg" are competitive
and the linearity of 741+ + Igo+ with Al,g+ would
be expected.

Alternatively the results can be simply ex-
plained by assuming that the CsHgt ion is formed
by reaction [8] rather than reaction [7], i.e. that
CsHo*' originates by reactions of the secondary
C3H ' ion with C,H 4 rather than by reaction of
the (C4Hgh)* collision complex. Although the
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explanation in terms of two complexes, outlined
above, cannot be completely eliminated, the
explanation in terms of the occurrence of re-
action [8] is preferred. Some independent
evidence in favor of this explanation is found in
the kinetic order of the CsHot ion. The reaction
scheme [7] predicts that CsHgt should be third
order overall in pressure while reaction scheme
(8] predicts that CsHgt should be fourth order
in pressure. Field (4) observed some years ago
that the CsHg' intensity increased more rapidly
with pressure than expected for a third order
reaction and this has been confirmed in the
present work. Figure 8 shows plots of Isg+/I5s+
(C4Hg"/C4H7") and Jgp+/155+ (CsHot/C4H7") as
a function of pressure. Since C4Hg*is well known
to be third order in pressure and C4H;" is
second order in pressure the ratio should increase
linearly with pressure and, within experimental
error, this behavior is observed experimentally.
On the other hand the ratio fgo+//55+ shows a
curved relationship as a function of pressure
indicating that CsHgt is formed by a reaction
which is greater than third order in pressure. A
plot of Igg+/Iss+ against P2 does not lead to a
straight line and the apparent order of CsHg™
would appear to be between 3 and 4. Whether
this apparent non-integral order is real or an
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experimental artifact is not known. If some of the
CsHgt collision complexes formed in [8a] have
sufficient lifetimes to be detected then a kinetic
order of less than 4 would be observed.

The conclusion that CsHo™ is formed by
reaction [8] rather than by reaction [7] can be
stated in other terms that the rate of reaction [8]
is much greater than the rate of reaction [7]. This
appears to be so even though reaction [8] is
presumably of higher order in ethylene pressure
than [7]. No conclusive independent evidence
on the relative rates of these reactions is available,
Kebarle e al. (8) have shown that C4Hg" ions
produced by electron impact react very slowly
with ethylene (the cross section being 1/400 that
for reaction of C,H,* with ethylene); however,
it does not necessarily follow that (C4Hg%)* also
reacts slowly. For reaction [8] to be responsible
for the relatively high yield of CsHg* the reaction
must obviously be very efficient. Our opinion is
that this apparent high efficiency may be due in
part to a relatively long lifetime for the (CsHgt)*
collision complex. Indeed as pointed out above
the experimental kinetic order suggests that we
may be observing directly some of the collision
complexes. Further experiments to study more
directly the reaction of C3Hs' with ethylene are
planned which it is hoped will provide more
conclusive evidence on this point.

Decomposition of Collision Complex into
Reactants

The present results lead to rate constants for
the disappearance of C,Hu* of 5.7 X 10-10 cm3
molecule~! s~ at 3.5 eV ion exit energy and 8.3
X 10710 cm3 molecule—! s—1 at 0.85 eV ion exit
energy. These results are to be compared with a
rate constant of 2.8 x 10~10 cm3 molecule—! s—!
obtained by Field et al. (1) and 8.3 x 10-10 ¢m3
molecule~! s~! calculated from the date of
Wexler et al. (9). All of these rate constants are
considerably lower than the collision rate con-
stant of 13.1 x 1010 cm3 molecule—! s—1 cal-
culated from the ion-induced dipole model (14).
Although the applicability of the theory to such
a complex system is perhaps questionable the
results suggest the possibility that an appreciable
fraction of the collision complexes may revert to
reactants and led us to examine this possibility
by searching for isotopically mixed ethylene ions
in the spectra of C,H4~C,D4 mixtures.

Table II records the spectrum obtained
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TABLE 11
Partial mass spectrum of C,Hy-C,D 4 mixtures (intensities in arbitrary units)

1.0 x C;Dy4 1.0 1.1p Difference Tonic
mfe + 1.1 w CoHy CsyDy C,H, spectrum assignment
26 3.26 0.0 2.6 0.66 CoH,t
27 1.28 0.46 0.39 0.43 C,Hst+, C,DH*
28 666.7 1.48 665.2 0.0 CoHy4t, CoDot, CH,DY
29 1.20 0.0 0.23 0.97 C,DH;, C,D,Ht
30 3.29 0.34 2.95 C;DH,t, CD3t
31 8.36 7.61 0.75 CoDsH*
32 580.8 580.8 0.0

between /e 26 and 32 for a mixture of 1.0
C,D, and 1.1 u C,H, at 3.4 eV ion exit energy
and a continuous 1.2 gA ionizing electron
current at 11 V nominal electron energy. Also
given in Table II are the spectra obtained under
identical conditions for 1.0 4 C;D4 and 1.1 g
C,H, run separately., All spectra have been
corrected for natural abundance 13C and those
for the pure components have been normalized so
that the intensities of m/e 28 (C,H,4T) and mi/e 32
(C,Dg4th) are equal to the respective intensities in
the mixture. Subtraction of the spectra found for
the pure C,H, and pure C,D4 from the spectrum
obtained for the mixture leaves the residual
spectrum recorded in Table II, Column 5.

Tlhe excess ion currents observed at mife 26 and
mje 27 in the mixture presumably originate by
the reactions

[5a]
[4a]

(C2Hy + CaDy)* — CoHot + CoHaD4
— CoHit -+ CoHDy .

The same reactions can be expected to contribute
to formation of mje 28 (C,D,%) and m/e 30
(C;D3%). It cannot be determined from the
present experiments whether reactions [4a] and
[5a] proceed with or without isotopic mixing. If
they proceed with complete isotopic mixing one
would expect the intensity distributions CoH,*:
C,DH*:C,D," = 3:8:3 and C,H;":C,H,D":
C,HD,":C,D3" = 1:6:6:1. In the absence of
any isotopic mixing one would anticipate, since
all concentrations are similar, that C,H,":C,D 5"
=1:1 and CoH3+:C;D3t = 1:1. Thus in either
case the maximum contribution of C,D3" at m/e
30 should be approximately the same at that of
C,H 5™ at mfe 27 or approximately 0.43 intensity
units leaving approximately 2.5 intensity units to
be ascribed to CoH,D o,

The observation of significant intensity which
must be ascribed to the C,H,D," ion indicates

that some back reaction must occur to give
isotopically mixed products. If we assume com-
plete isotopic scrambling in the (C4H D4M)*
collision complex we calculate C,H4:C,H3D:
C2H2D2+ZC2HD3+:C2D4+ = 11636161,
hence C,H,D,t would be the most abundant
species formed in the back reaction. Excess inten-
sities are found in the spectra of the mixture at
m/fe 29 and m/e 31. That at mfe 29 may corre-
spond, in fact, to C,D,H*, however, the impor-
tance of this fragment cannot be determined with-
out knowing the extent of isotopic scrambling in
reaction [44]. If we assume that the totalintensities
at m/fe 29 and 31 correspond respectively to C,-
DH;* and C,D3;H* we calculate the intensity
distribution C,H3D+:C,H,D,+:CoHD 3+ = 20:
53:16 which is not greatly different from the pre-
dicted distribution of 16:36:16 although there
appears to be a slight preference for formation of
the C,H,D 5t ion.

TABLE III

Intensity distribution for C3Hs* type ions in CoHy—
C,D 4 mixture

Experimental,

Ton Calculated this work Ref. 15
CiD4H* 1.0 1.0 1.0
C3D3HR* 6.0 4.53 3.76
C3DsH5* 6.0 4.56 3.77
C3DH4* 1.0 0.99 0.91

The results with C,H4—C,D4 mixtures show
that the formation of condensation products
proceeds with extensive isotopic mixing, Table
IIT compares the measured distribution of iso-
topically mixed Ci;Hs* type ions formed in
C,H,4-C,D, mixtures with that calculated on the
basis of complete scrambling in the (C4H4D4H)*
complex. The experimental distribution is reason-
ably close to that calculated on the basis of
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complete scrambling and indicates extensive
scrambling of the hydrogen atoms in the com-
plex. The distribution found in the present work
indicates relatively greater scrambling than found
by Meisels (15) whose results are given in the
final column. The reasons for this difference are
not clear.

Acknowledgments

The authors are indebted to the National
Research Council of Canada for financial support
of this work and for the award of Studentships
(1963-1966) to J. J. M,

1. F. H. FieLD, J. L. FRANKLIN, and F. W, Lampe. J.
Am. Chem. Soc. 79, 2419 (1957).

2. C. E. MeLToN and P. S. RuporpH, J. Chem. Phys,
32, 1128 (1960).

—

—
W N

—_
N

15

=0 0 ® N LA W

109

Z. Naturforsch. 16a, 1026 (1961).

J. Am. Chem. Soc. 83, 1523 (1961).
Can. J, Chem. 41, 236 (1963).
J. Am. Chem. Soc.

. R. Fucus.

. F. H. FieLD.

. A. G. HARRISON.

. S. WEXLER and R. MARSHALL.

86, 781 (1964).

P. KepariE and A. M. Hoga.

668 (1965).

. P. KeBarLE, R. M. HAYNES, and S. SEARLES.

van. Chem. Ser. 58, 210 (1966).

S. WEXLER, A. LirsHITZ, and A. QUATTROCHI.

van. Chem. Ser. 58, 193 (1966).

. 1. Szapo. Arkiv Fysik, 33, 57 (1966).

. S. K. GupTa, E. G. JonEs, A. G. HarrIson, and I. J.
MvyHeER., Can. J. Chem. 45, 3107 (1967).

. J.J. MyseR and A. G. HarrisoN. To be published.

. F. H. FieLp and J. L. FrRankLiN. Electron impact
phenomena and the properties of gaseous ions.
Academic Press, New York. 1957.

. G. Groumousis and D. P. StevensonN. J. Chem.
Phys. 29, 294 (1958).

. G. G. MEeiseLs. Advan. Chem. Ser. 58, 243 (1966).

J. Chem. Phys. 42,
Ad-
Ad-



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/05/12
R For personal use only. o

Theory of nucleation in solid state reactions
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The theory of nucleation in solid state reactions is formulated in a general way and a solution to the
problem of multi-step nucleation obtained, Two special cases of the general formulation are considered:
the second of these corresponds to Bagdassarian’s approximate model and some corrections to his
treatment are pointed out. A new equation describing the kinetics of a solid state reaction, which involves
multi-step nucleation followed by a constant and isotropic rate of growth, is derived. This equation is
termed the generalized Avrami equation since it removes the restriction, in Avrami’s treatment, of a
single-step nucleation process. Erofeev’s analysis of the problem is shown to be valid only in the limit of
short times: the generalized Avrami equation reduces to Erofeev’s equation in this limit.

Canadian Journal of Chemistry, 46, 111 (1968)

It is generally accepted that in the decompo-
sition of a solid to yield a second product phase,
the chemical reaction initiates at certain
discrete points in the reactant called nucleus-
forming sites. This results in the formation of
sub-microscopic particles of the solid product
phase called nuclei which are distributed over
the surface of, or embedded in the bulk of, the
reactant. Further chemical reaction is localized
at the interface between the nuclei and the
reactant matrix so that the nuclei grow in size as
the reaction proceeds. As the nuclei grow, the
area of this interface increases, thus accounting
for the rapid acceleratory stage which is usually
a feature of the isothermal kinetics. Further
growth leads to overlap of the nuclei, resulting in
a reduction in the area of the interface and a
consequent deceleration of the reaction, which
continues until the reactant is consumed. If
nucleation occurs over the whole surface, or if
the growth of surface nuclei is unusually rapid,
then the surface soon becomes covered by a
product layer and the kinetics are governed by
the rate of inward propagation of this contracting
envelope. Thus the reaction is entirely decelera-
tory in character. A constant rate of propagation
leads to the familiar ‘contracting volume’
expression (1, 2).

The conventional theory of the decomposition
of solids distinguishes between formation and
growth of nuclei in a very real way by ascribing
different rate constants k, and k, to these two
processes. This is a realistic procedure if a nucleus
can be formed as a result of a single reaction step
because the first molecular decomposition at a

1Permanent address: Department of Chemistry, The
University, Manchester 13, England.

nucleus-forming site is clearly occurring in a
different environment from that for subsequent
ones. If the presence of a single product mole-
cule provides the autocatalytic conditions neces-
sary for nucleus growth, then one might expect
that k; > k.. On the other hand if the nucleus-
forming site contains some special structural
feature which is eliminated or altered by the act
of decomposition, then k, might well be > k,.
The latter situation is essential for the kinetics to
be entirely deceleratory.

An important advance was made by Bagdas-
sarian (3) who introduced the concept of multi-
step nucleation. He proposed that, in general, p
successive molecular decompositions at a single
site are required to form a stable growth nucleus
and that nuclei containing less than p product
atoms are not growth nuclei, but germ nuclei,
which may become growth nuclei by acquiring
the requisite number of product atoms. Bagdas-
sarian considered only the special case

ko = kl = kz —-—— = kﬂ-l
(1]

ky = kpy1 = k2 — =k,

where k; is the rate constant for the addition of
a product atom to a nucleus containing 7 atoms.
Bagdassarian recognized that [1] was an approxi-
mation but evidently believed that a knowledge
of the dependence of k; on i was necessary to
make the problem soluble. In this paper we
present the general solution to the problem of
multi-step nucleation. This falls into two parts:
first we consider the situation in which the rate
constants are all different and then we consider
the modifications to the theory which are neces-
sary when the k’s are all different up to i = r and
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equal for / > r. We also reconsider the Bagdas-
sarian special case in greater detail, since his
solution, though correct, is incomplete.

Multi-Step Nucleation

General Solution
The differential equation controlling the num-
ber of nuclei n; which contain i product atoms is

2] d”d—ft) = Boament) — Bans(d).

This equation is to be solved subject to the
boundary conditions 7, =0 for i < 0; n; =0
fori>0attz=0,n, =ny0)fori=0ats=0;
n;=0fori=0at?= «.Let

3] fia(s) = f:’ (2 dt

denote the Laplace transform of n,(f). Then [2]
transforms to

[4] Sfl{ — ni(O) == ]C1_1ﬁ1_1 - k‘ii;lis
which has the solution
5] s+ k)i, = 7;00) + kil =
ni—1<0) + ki—Zﬁi-Z]
ni(O) + ki_1|: S + k{_l , etc.

The solution may be continued down to ng(0) by
repeated use of [5]. But according to the bound-
ary conditions »,(0) = 0 for all i except i = O and
therefore

~ ki1 koo
6] (4 k)7, = <S + kt—1> <5 + k¢_2> o

Eo >
<S+ ko 7’L0<0).
Therefore
n:(t) = kitki2-—
ko’)’Lo (O) Tr 1

(S + ki)<5 + ki—l) - (S + ko) ’

where Tr denotes the inverse transform. Thus

(7] na(t) = mo(@)kokrks —

=1 e—kl z
kiy .
=

(H ks — m))
(=D

The solutions for i =0, 1, 2 are
[8] no(f) = ng(0) e~

—kot
e

Ur — Bz — ko) T

[10] 725 () = no(O)kokl[

—k1t —k2t ]

(s — B ro — ) | Cho — B) Cor — By -
These results for i = 0, 1, 2 are identical with
those obtained by direct solution (4) of the
differential eq. [2], but the direct method becomes
impractical for large 7 and so does not lead to a
general solution to the problem.

The form of these solutions is particularly
interesting for k¢ << 1. Equations [9] and [10]
then simplify to

[11] 1 (f) = ng(0)kot = Kt
and
[12] na(t) = %tz = K.,

suggesting the basis for a general power law for
nucleation: if the formation of a stable growth
nucleus requires the successive decomposition of
p molecules of reactant, and if the nucleation
rate constants are such that kg <1, then the
number of growth nuclei formed in time ¢ is
proportional to #*.

The general proof follows by induction;
application of the Faltung theorem to the result
[6] gives

H
[13] 7:t) = ko f dr (),

We desire to show that if, in the limit z — 0, 7,5
behaves like 7~ then n; behaves like #%, Suppose
[14] ni_l(T) = (11_.171_1 + bq;_.lTi —{— -

Then [13], [14] give

13
[15] 7;;'@ = ¢ He f dr e
i—1 0

[a'i~17'1—1 + b1—17’1 + --- ]

Expand both exponentials as far as the second
term and integrate, giving

nt)  ard' 41
ki—l - % _{_ O<t ))
so that

[16] Limn,(t) = {Lim ni_l(t)} ket
=0 =20

i
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In view of [11] and [16] it follows that

ki_ik 2 -— kolo (0) ti
7!

[17] n()) = =K

(Bt << 1 for all ),
which is the general power law for nucleation.

(ki=k,i>r—+1)

The solution [7] for n(f) is inconvenient in the
limiting case when any two of the nucleation rate
constants are equal. We therefore consider the
situation in which the k,; are all different for
i=0,1,2-—-rbutk,=kforiz>r+1.1t
follows then from the general formula [6] that,
fori>r,

ns n- () (2) T ()
.......... (S _]‘:’ ko>n0(0).

Transforming [18] gives

[19]  nft) = no(Qkokikes - k k=1 x I(1),

where
[ 1 i|i—r
2 i =
[20] I.(¢) J; dr Tr |:s+k e X

1 1
TrRs + k,) (s T ko> L ,
or

21] I.¢) = J;tdr [—*é‘__ ;):_71_)1! e—k“—f>] X

T —kIT
€

= Q(h—m>
L

(3=

on substituting the inverse transforms. Integrat-
ing gives
T —kit

[22] I.(t) = 22 —— X
=k — k)T EIO (k; — k)
(J#1)

G —r— 1)

[(E — ki 1
G—7r—2) +'"1f]'

Equations [19] and [22] give the general solution
to the problem of multi-step nucleation when
the rate constants are all different at the start,
but after the nucleus contains more than r atoms,
the nucleation rate constants have a constant
value k for the addition of successive atoms of
product.

The limit for short times may be obtained by
a technique similar to that already used. We have
that

[14'] n(t) = aitt + bt 4

for i < r. For i > r, one requires (see [7] and

[21]) _
[23] I.0) = Lt[dr%eﬂ(lﬂ)] X

nr<T)

r—1

70(0) H k; )

=0

1
(1 —r — 1)!n(0) ﬁ k;

e—ktti—r—l[artﬁ—l + O(lfr+2)j|
r+1 '

X

so that

[24] Lim[I;(¢) = : =
=0 (6 —7r—Dug0) [ &
§=0

)
r+11"

Substituting from [24] in [19] gives

[25] (1) = (i'k_ﬁy__krl)! <ri—rl)ti

(kt, kit < 1).

X

But
Lim #,(¢) = a,t"

=0

and so [25] and [17] give

BT R By - kano(0)
G—r—D@+ 1)

K%, provided &t, k¢ << 1.

[26] () = =

Thus the power law for nucleation is still valid,
but note that the meaning of the constant X,
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depends on whether the k; are all unequal or
whether k;, = k for i > r (see eqgs. [17] and [26]
respectively).
Bagdassarian Model
Bagdassarian assumed (3) that

ko == kl -— = kP—l

(1]
kp = kIH—l —=k.

The general expression [6] for the transform of
n; reduces in this case to

I3

[27] 7, = ZJ—ZWW@) fori < p,
and so
28] i) = ma(@) Lot (i < p),
Fori > p,

B
[29] iy = (S + k)'-p+1 ( _|_ B )ZJ no(O)
and
[30] nt) = B P RPno(0) I,(t),
where

¢t -7 7
o 10 = J, 4 G o X

e——k( t—7) e—ko'r.

Evaluating the integral and substituting the
result in [30] gives

[32] n;(t) = (%)p (ﬁ) 1’ﬂo(O) X

.—},1 i—p ko . k)[]l—p—m
P

m=0

X

+{)_l)lf k—kg)t
S T TR EER
[(ko — k)t]mﬂl—z N [(kl) _ k)t]nwp—l]‘l
(m + p — 2)! mtp—1)f°

which holds for i > p.
The total number of growth nuclei formed in
time 7 is

0

n(t) = 2, n,(t).

i=p
=)

Now ) = > @y

i=p

on substituting from [29] and evaluating the
inverse transform, we have

531 1) = m@ 1 - e 5 ],

which is identical with Bagdassarian’s formula
[4']. However, his formula on page 447 of ref. 3
for ny(¢) is valid only for i << p. The result [33]is
clearly correct, since

34 32 n) = ml0) = 2 nalt) + 1),

whence [33] follows immediately on substituting
for nt) from [28]. Bagdassarian used this
method to evaluate n(z) and thus obtained the
correct result [33], since his formula for n) is
correct if i < p. It is important to recall that
Bagdassarian’s theory was one of photographic
development but that we are utilizing his basic
idea of multi-step nucleation in solid state
thermal reactions. Thus in Bagdassarian’s theory
nuclei go on growing after they contain p atoms
of product but with a different rate constant k
(# ko). All nuclei with i > p will then undergo
development when the grains are exposed to the
developer. In our theory, as soon as a nucleus
reaches the size characterized by p atoms, it
becomes a stable growth nucleus and no further
assumptions about k;, { > p, are necessary since
k; is automatically determined by whatever
assumptions are made concerning the nuclear
growth rates. For example, a constant growth
rate means that k,; o i2/3,

Growth of Nuclei

The two main theories of nucleus growth are
those due to Avrami (5) and to Erofeev (6).
Avramij assumed that germ nuclei are converted
into growth nuclei in a single activated step.
However, some unactivated germ nuclei are
lost through incorporation into growing nuclei.
Also growth nuclei formed from germ nuclei,
which happen to be near one another in the
reactant, will impinge together and overlap
during growth. This ingestion and overlap result
in the fractional decomposition « being smaller
than e, the extended fractional decomposition,
which Avrami defines as the fractional decom-
position which would have occurred without
ingestion and overlap. If we assume that de-
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composition is a purely random phenomenon?
then

[35] da = dae(l — a).

Formula [35] is the simplest expression that
satisfies the required boundary conditions der/dt¢
= da/d? at @ =0, do/dt =0, but da./dt
finite at « = 1. It follows from [35] that the
fractional decomposition « is given by the
Avrami equation

[36] —log (1 — o) = E'me(0) X

2 3

[Seerefs. 1,2, 4, and 5 for the detailed arguments
and for explicit expressions for the constant &'.]
kg is the nucleation rate constant.

The approach used by Erofeev (6) is to take
the rate of formation of growth nuclei as

(_j.ﬁ _ ’no(O)kokl -== kp_l p—1
137] [dth EECED

which we have shown to be the correct form for

small ¢, eq. [17]. The extended fractional de-
composition is then

38] e = [V(w)]" f dr X

dn 4 3
[al:r 3 w[G(t — )]

if the nuclei are assumed to be spherical with a
constant growth rate in a radial direction of G.
V(=) is the total volume of product when re-
action is complete. Integrating [38] and substi-
tutmg in the integral of [35], —log(l — &) = aex,
gives the Erofeev equation

(39] —log(l — @) = (k.t)",

2Following Avrami, both nucleation and subseguent
decomposition are assumed to be random in both space
and time. The latter assumption is well grounded in
statistical mechanics: spatial randomness will be valid for
exactly equivalent segments of reactant. In real crystals,
however, topochemical equivalence may not be a realistic
assumption in view of the occurrence of point defects,
dislocations, and grain boundaries together with grosser
imperfections such as cracks or scratches. In fine powders
the particle size distribution may also be important.
Alignment of nuclei along dislocations or grosser imper-
fections can lead to non-random overlap and hence to
substantial modifications in the observed time dependence
of the reaction rate. Some special cases of this are dis-
cussed in ref. 4.

where n = p + 3, and k, is the overall rate
constant for the reaction determined by analyzing
the kinetic data by plotting [—log (1 — a)]*"
against 7. Equation [39] is one of the most
commonly used formulae in solid state reaction
kinetics; it is frequently referred to as the
Avrami-Erofeev equation on the grounds that
the Avrami eq. [36] would reduce to this form
for either short times, kt << 1, or for long times,
kt>> 1. As this approximation is clearly not
valid when kt is of order unity, it seems better to
drop this nomenclature and to preserve the name
Avrami equation for {36].

The nucleation law used by Erofeev is, how-
ever, only approximate, since it is of the correct
form for a multi-step nucleation process, with
the ks all different, only if k;# << 1 (see eq. [17]).
It will now be shown that the use of the exact
form of the nucleation law for multi-step nuclea-
tion leads to a generalized Avrami equation
which, for small ¢, reduces to the Erofeev equa-
tion. This new development also replaces the
weak point in Avrami’s formulation which lies
in restricting the nucleation law to a single-step
process.

Suppose that nucleation is a multi-step process
characterized by rate constants kg, k; -- k,, and
that once a nucleus containing p atoms of
product is formed it becomes an active growth
nucleus. The rate of formation of active growth
nuclei is therefore

dn,(t)

[40] dt

= kpnp 1 (t) =

p—1

nl](O) Z;J Bple_k”y
=

where the general result [7] has been used for
n,_1(#) and

¥
[41] B, =k, 1:[0

(=D
The extended fractional decomposition aey is
then

[42] Qex = V( ) f dr |:dnpi| X

G — T,

where G is the constant radial growth rate and ¢
is a shape factor (= 4= /3 for spherical nuclei).
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Substituting from [40] in [42], integrating, and
evaluating o from a., in the usual way gives

[43] —log (I — &) = 60[V (= )] me(0)G® X
LS (kat)" (kﬁ)ﬂ
;kl B, { — 14 ky— e

21 3!

Equations [43] and [41] give the general solution
to the problem of multi-step nucleation followed
by a constant rate of growth in three dimensions.
Equation [43] is of the same form as eq. [36] and
we therefore term it the generalized Avrami
equation. The limit for short times is of interest:
as t — 0, [43] becomes

[44] —log (1 — a) = . )

o1V ()] maO)G* 2 By + 0.
But from [7],
[45] Epoirps = 10(0) i};“; B, ettt =

710(0)[ 7; By, +{ Z B, (— kl)}t +

(E a1

But we have already proved (see [17]) that n;
behaves like #; as ¢ — 0, so that the first p — 1
coefficients in [45] must be zero. Therefore [44]
becomes

[46] —log (1 — a) = 60[V ()] 20(0)G* X

p+3
5 5, GTE Ga<.

Thus —log (1 — «) behaves like #+3 when k¢
<« 1, if there are p steps in forming a growth
nucleus. But this is just Erofeev’s conclusion,
which is therefore exact in the limit of short
times.
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Coordination compounds of norbornadiene with silver tetrafluoroborate!
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Crystalline complexes of norbornadiene with silver tetrafluoroborate have been obtained both from
anhydrous and aqueous solution. While both solutions yield complexes of stoichiometry AgBF4-C7Hg
and 2AgBF4-3C;Hjs, those from the aqueous solutions also contain water of crystallization. The infrared
spectra show that norbornadiene is similarly complexed in both the anhydrous and hydrated complexes
but that the coordination in the 1:1 complex is different from that in the 2:3 complex. The anhydrous
and hydrated 1:1 complexes have the same X-ray diffraction powder patterns while those of 2:3 com-

plexes are different.
Canadian Journal of Chemistry, 46, 117 (1968)

Introduction

The addition of norbornadiene (bicyclo[2.2.1]-
hepta-2,5-diene) to an aqueous silver nitrate
solution has been observed to produce a mix-
ture of AgNO;-C;Hg and 2AgNO;-C;Hg (1).
Recrystallization of the product from ethanol
yielded 2AgNO;-C;Hg (the complex observed
by a number of investigators (2-4)), the structure
of which has been reported (5) to involve a
cross-linking of AgNOj; chains with norborna-
diene molecules.

In view of the differing stoichiometry of the
butadiene-1,3 complex of AgNO;and AgBF, (6),
it was considered to be desirable to investigate
the norbornadiene complexes of AgBF,. Con-
sequently a study has been made of those com-
plexes obtained from both aqueous and non-
aqueous solutions of silver tetrafinoroborate.

Experimental

Anhydrous silver tetrafluoroborate was prepared as
previously described (6). Saturated aqueous solutions
containing about 47 % by weight of AgBF4 were obtained
from Fairmount Chemical Company. The solution was
filtered and the filtrate analyzed at 28.0 weight % Ag.

Norbornadiene (Np20 1.4703) was obtained from
Aldrich Chemical Company. Prior to use it was vacuum
distilled to free it of polymeric products and stored in a
refrigerator.

The solvents employed, nitromethane and toluene,
were Eastman Spectro grade and Fisher certified reagent
grade respectively. They were used without further
purification.

Complex Formation from Aunhydrous Solution

The calculated compositions (weight ¢;) of the com-
plexes which, on the basis of the literature, one might
anticipate are as follows:

2AgBF 4+ C7Hs: Ag, 44.80; C, 17.46; H, 1.67.

1Contribution No. 152,

AgBF4-C7Hs: Ag, 37.61; C, 29.31; H, 2.81.
2AgBF43C7Hs: Ag, 32.40; C, 37.88; H, 3.63.

Attempted Preparation of 2AgBF4C7Hy

AgBF,4 (2.151 g, 0.0110 mole) was dissolved in 3 ml
toluene and 0.455 g (0.0049 mole) norbornadiene dis-
solved in 1 ml toluene added with shaking. A greyish-
white precipitate was obtained, filtered under vacuum,
washed twice with 1 ml quantities of toluene and thrice
with petroleum ether, and vacuum dried at room tem-
perature.

Anal. Found: Ag, 37.9; C, 28.4; H, 2.80 (corresponds
to AgBF40.962CHs).

It was noted that the toluene washings did not mix
readily with the original filtrate. Addition of more
norborandiene to this filtrate resulted in further precipi-
tation of white solid, indicating an incomplete initial
complexing of the AgBF,.

Preparation of AgBF4+C7Hg (I)

AgBF4 (1.038 g, 0.0053 mole) was dissolved in 2.5 ml
toluene and 0.455 g (0.0049 mole) norbornadiene added
with shaking. The white precipitate obtained was
separated by vacuum filtration, washed four times with
petroleum ether, and vacuum dried at room temperature.
The product, which was somewhat hygroscopic, showed
no melting point but discolored at about 110 °C and
decomposed rapidly at about 150 °C.

Anal. Found: Ag, 37.5; C, 29.7; H, 2.85 (corresponds
to AgBF4-1.016C;Hsg).

Preparation of 2AgBF43C7H3g (11)

AgBF4 (0.723 g, 0.0037 mole) was dissolved in 2 ml
toluene. Upon addition of 0.910 g (0.0099 mole) norborna-
diene with shaking a fine white precipitate was obtained.
The toluene was removed by vacuum filtration and the
precipitate was washed four times with petroleum ether
and vacuum dried at room temperature. The product,
which showed no tendency to be hygroscopic, did not
melt but began to discolor at about 140 °C and rapidly
decomposed at about 165 °C.

Anal. Found: Ag, 32.6; C, 37.6; H, 3.70 (corresponds
to AgBF41.469C;Hs).

Preparation of 2Ag BF4-3C1Hg from Nitromethane Solution
Norbornadiene (1.090 g, 0.012 mole) was added to
0.767 g (0.0039 mole) AgBF, dissolved in 2 ml CH;3NO,.
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Fic. 1. Infrared spectra of norbornadiene and the complexes AgBF4-C7Hg and 2AgBF 4 -3C;H; obtained from

anhydrous solution.

The white crystalline product obtained was dissolved by
heating to about 80 °C. Upon cooling, fine needles were
obtained. One milliliter of CH3NO; was added and the
system warmed to effect solution; upon slow cooling,
large needle-like crystals were obtained. The crystals
were filtered, washed twice with petroleum ether, and
vacuum dried (weight 0.248 g).
Anal. Found: Ag, 32.35; C, 36.05; H, 3.60.

Complex Formation from Aqueous Solution
Preliminary experimentation established that the

norbornadiene complexes obtained from aqueous
solution were hydrated and that a mixture of complexes
of differing stoichiometry was usually obtained. Over a
period of time, techniques were developed which per-
mitted isolation of single complexes.

Preparation of AgBF4C7Hg Hydrate (III)
Norbornadiene (5.144 g, 0.056 mole) dissolved in
6.58 g petroleum ether was added to 23.169 g aqueous
AgBF,4 containing 0.060 mole AgBF,4 and shaken for
10 min. (Preliminary experiments had established the
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desirability of dissolving norbornadiene in petroleum
ether in order to prevent a marked precipitation of com-

-plex at the organic-aqueous interface.) A significant

evolution of heat was observed. The aqueous layer was
removed with a hypodermic syringe, filtered, and re-
frigerated at about 10 °C for 48 h. Transparent crystals
ranging from about 0.5 to 3 mm in diameter were obtained,
vacuum filtered, and surface dried on filter paper. Some
crystals were blocky, while others were long. Employing a
microscope, some of the longer crystals (III) were
removed from the mass (I1la) and analyzed.

Anal. Found for IIl: Ag, 33.55; C, 26.25; H, 2.97;
H,0, 9.68. Anal. Found for Illa: Ag, 29.35; C, 31.0; H,
3.99; H;0, 11.65.

IIT corresponds to AgBF4-1.004C;Hg-1.729H,0 and
Il1a to AgBF4-1.355C;H3-2.379H,0.

Preparation of 2AgBF43C7Hg Hydrate (IV)

Aqueous AgBF, (30.369 g) containing 0.080 mole
AgBF 4 was diluted with 16.741 g distilled water. To this
was added 3.786 g (0.041 mole) norbornadiene dissolved
in 5.331 g petroleum ether and the system shaken for
5 min. The aqueous layer was separated, filtered, and
refrigerated at 10 °C for 18 h with no crystal growth
observed. An additional 2.864 g (0.031 mole) norborna-
diene dissolved in 4.061 g petroleum ether was added
and the same treatment applied. Over a period of 3 days
at 10 °C, transparent blocky crystals of 3 to 4 mm diam-
eter were obtained, removed from the supernatant, and
surface dried with filter paper, whereupon the surface
became opaque.

Anal. Found: Ag, 31.0; C, 34.9; H, 4.06; H,0, 7.7
(corresponds to AgBF4-1.444C7Hj3-1.489H:0).

Both III and IV show partial melting between 95 and
105 °C, followed by discoloration above 120 °C and rapid
decomposition above 150 °C.

Ethanol Recrystallization of Complex from Aqueous
Solution

Norbornadiene (4.568 g, 0.050 mole) was added to
10.422 g aqueous AgBF4 containing 0.015 mole AgBF,.
The massive white precipitate obtained was filtered on a
sintered disc and dissolved in 5 ml of hot ethanol. Upon
cooling a mass of white needle-like crystals was obtained,
filtered, and dried on filter paper (weight 1.304 g). The
product did not melt but decomposed rapidly at about
170 °C.

Anal. Found: Ag, 26.35; C, 36.6; H, 3.27.

Infrared Spectra

All infrared spectra were obtained on a Beckman IR9
spectrophotometer employing AgCl windows for the
hydrated complexes and KBr windows for all others.
The complexes were run as Nujol and fluorolube mulls
prepared in a nitrogen-blanketed dry box. The spectrum
of norbornadiene was obtained from CCly and CS»
solutions.

Nuclear Magnetic Resonance Spectra

The proton resonance spectra of I, II, and norborna-
diene dissolved in nitromethane were determined at
room temperature on a Varian A60 spectrometer.

X-Ray Diffraction

Debye—Scherrer patterns were obtained on all samples
using a General Electric camera of 143.2 mm diameter.

Results

Complexes from Anhydrous Solution

The complex obtained from a preparation
employing toluene as solvent and a 3:1 mole
ratio of norbornadiene:AgBF, shows an analy-
sis corresponding essentially to 2AgBF4-3C;Hg
(II), while that obtained employing a ratio of
1:1 or lower appears to be AgBF4C;Hg (D).
The complex obtained with a mole ratio of
«~0.5:1 had an infrared spectrum and a Debye-
Scherrer pattern identical with those of I, while
the product of reactions employing mole ratios
of 1:1 to 1.5:1 was observed to be a mixture
of I and II.

With nitromethane as solvent, the product
analysis indicated some possible incorporation
of solvent. While the infrared spectrum showed
bands attributable to nitromethane, it was
otherwise identical with that of II, as was the
Debye-Scherrer pattern.

Infrared Spectra

Each of the complex species I and II has its
characteristic infrared spectrum shown in Fig. 1.

In the C—H stretching region for norborna-
diene, the bands at 3070 and 2990 cm™1, at
2980 cm~%, and at 2937 and 2870 cm~! are
probably assignable (7) to the bonds involving
olefinic, bridgehead, and bridging hydrogens
respectively. In this region the primary differ-
ences between the spectra of I and II are the
presence of the band at 3037 cm—! and the
absence of the band at about 2990 cm—1 in I.
The spectrum of II is more akin to that of the
uncomplexed diene than is that of I.

The bands at 1642 and 1544 ¢cm—! in norbor-
nadiene have been assigned to the C=C stretch-
ing vibration split by vibrational coupling (3).
Complex I has bands of equal intensity at 1470
and 1481 cm~1. While it is not certain that both
of these bands are due to C=C stretching
vibrations, it has definitely been established that
they decrease identically in intensity with
decreasing amount of I in the complex; IT shows
a single band at 1489 cm~—1. (The spectrum of II
in Fig. 1 shows the presence of a small amount
of I.) The complex spectra show no bands near
1550 cm™1, indicating the presence of uncoordi-
nated double bonds, as has been observed with
CuCl-C;Hg (8). Increasing intensity of the band
at 1489 cm—1 is accompanied by some intensity
increase of the weak bands at 1522 cm-! and
1456 cm~1,
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TABLE 1
Stoichiometric and X-ray diffraction data for hydrated complexes

Mole fraction H>0:AgBF,4

Sample C;Hg:AgBF, II1 v Calcd.* Obs. X-ray phase
66-18A 1.004 0.99 0.01 1.99 1.73 B
66-20B 1.206 0.59 0.41 1.79 1.51 B
66-22A 1.291 0.44 0.56 1.72 1.57 B
66-12 1.314 0.37 0.63 1.68 1.60 B+ C
66-20C 1.325 0.35 0.65 1.67 1.48 B+ C
67-20 1.360 0.28 0.72 1.64 1.81 B+ C
66-22 1.378 0.24 0.76 1.62 1.73 C
67-21 1.444 0.11 0.89 1.56 1.49 C

#Calculated on basis X = 2andy = 3,

A number of other bands, which have not
been assigned, appear at somewhat different
frequencies in I than in II. The band at 1227
cm~! in the diene appears at 1241 cm~! in I
and 1236 cm™! in II, while the band at 1204
cm~! in C;Hg appears at 1193 and 1204  cm—1
in T and IT respectively. Also the band at 798
cm~! in the diene appears to be split in the com-
plexes into bands with a frequency difference of
about 11 cm—1.

The intense band at 658 cm—! in norborna-
diene, which may represent the out-of-plane
deformation vibration of the olefinic hydrogens,
is shifted to about 735 to 750 cm~! in the
complexes. It is not possible to establish which
band in this region corresponds to that parti-
cular deformation.

The bands at about 520, 770, 1060, and 1345
can be assigned to AgBF,.

X-Ray Diffraction

The diffraction pattern of II shows a single
phase A, while that of I shows another single
phase B. Samples of complex which show
significant amounts of both I and II (as indicated
by the infrared spectrum) contain both phase A
and phase B. Such samples can be obtained by
exposing a sample of II to the nitrogen atmos-
phere of a dry box.

Nuclear Magnetic Resonance Spectra

A comparison of the proton chemical shifts
of the complexes dissolved in nitromethane
with the diene in the same solvent shows a
deshielding of the olefinic, the bridgehead, and
bridging protons (9) amounting to 40, 28, and
6 c.p.s. for I and to 34, 22, and 6 c.p.s. for II.
Because the complexes are essentially insoluble
in an n.m.r. solvent such as chloroform, it was

necessary to employ nitromethane, which is
known to compete to some extent with olefins
for complexing at the silver ion. The addition of
surplus norbornadiene to the nitromethane
solutions produces a spectrum with smaller
chemical shifts, indicating a rapidly established
equilibrium between complexed and uncom-
plexed diene molecules (10). Thus one cannot
conclude that the lesser deshielding of II
indicates less strongly complexed norborna-
diene, since in nitromethane solution a complex
dissociation equilibrium is probably established.

Complexes from Aqueous Solution

Crystallization from aqueous solution always
produced hydrated complexes. While the prod-
uct usually appeared to be a mixture of hydrated
I and II, it was possible in certain instances to
obtain crystals that could be represented essen-
tially by one of the formulae AgBF,-C;Hg-xH,O
(III) or 2AgBF4-3C,Hg-yH,0 (IV). While inte-
gral values of x and y have not been observed,
there is an indication that x may have an upper
limiting value of 2 while y appears to have a
value between 2 and 4.

In Table I are reported the mole fractions of
III and IV, calculated from the observed
C;Hj3:AgBF, mole ratio, encountered in the
mixtures obtained from several preparations. A
comparison is made of the observed H>,O:AgBF,
ratio with that calculated on the basis that
x=2and y = 3.

It was found that, even from systems with a
C,Hj3:AgBF,4 mole ratio of less than 1, the first
hydrated complex to crystallize was IV, indi-
cating a lower aqueous solubility, probably as a
result of its higher organic character.

Recrystallization of the product from ethanol
resulted in a complex which appeared to contain
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both ethanol and water molecules in addition
to norbornadiene.

Infrared Spectra

The spectra of the region between 4000 and
1300 cm—1 of III, IV, and a mixture of IIl and I'V
(of composition AgBF41.314C,;H; 1.599H,0)
are depicted in Fig. 2. Except for the bands assign-
able to the vibrational modes of the water
molecules, the spectra of III and IV are essen-
tially identical with those of I and II respectively.
The bands assigned to the C=C stretching
vibrations are at exactly the same frequency in
both the anhydrous and hydrated complexes,
ie. at 1470 and 1481 cm~! for III and at
1489 cm~! for IV. The pattern of the C—H
stretching region in III is somewhat different
from that in I.

The bands appearing at 3540, 3490, 3220,
1635, 1415, 655, and 430 cm~! are considered
to be due to vibrational modes involving the
water molecules. In general the bands in the
3000 cm—! region, ie. the O—H stretching
bands, appear to become less well-resolved with
increasing diene content of the complex, with
the spectrum of IV showing a broad band
extending from about 3680 to 3120 cm~1 with
a maximum at about 3510 cm—1, Also the band
at 3220 cm~! appears to decrease in intensity
with increasing diene content (decreasing H,O
content) of the complex, while simultaneously
there appears to be some decrease in the inten-
sity of the 3490 c¢cm~1 band relative to the 3540
cm~! band. In III, the bands in this region and
that at 1635 cm~! (due to the in-plane bending
mode (y,)) are quite analogous to the water
bands shown by compounds such as [Zn(H,0)¢]-
SIF6 or [FC(H20)6]SIF6 (11)

While the low frequency bands at 655 and
420 cm~1 may be due to librational modes (12)
of hydrogen-bonded water molecules, the assign-
ment of the band at 1415 cm~! remains un-
certain. In general, its intensity appears to
increase with increasing ratio of IV to III in
the complex.

X-Ray Diffraction

Asindicated in Table I, the complex III shows
the same solid phase B as does the anhydrous
complex 1. In fact, this phase only is observed to
the point where the overall complex stoi-
chiometry is equivalent to a mixture of about
409 of I1I and 60 % of IV. Another solid phase

C then appears and increases in proportion to
phase B until the overall stoichiometry
corresponds to about 259 of IIl and 759 of IV
and represents the only solid phase at higher
diene levels.

Discussion

The anhydrous silver tetrafluoroborate com-
plexes of norbornadiene correspond exactly in
stoichiometry to those of the conjugated diolefin,
1,3-butadiene (6). The differing stoichiometry
of the complexes of norbornadiene with AgBF,4
and AgNOj (1-4) is probably due to the differing
coordination of the silver ion with the respective
anion, as has been suggested earlier for 1,3-
butadiene (6). The structural investigation of
Baenziger et al. (5) has established a bonding
between the silver ion and the nitrate ion in
2AgNO3C7H8

With the exception of the presence of the
water molecules in III, it would appear that
exactly the same 1:1 complex species is produced
both from anhydrous and agueous solutions of
AgBF,. The similarity of the infrared spectra
and of the X-ray diffraction pattern for I and
IIT indicates that norbornadiene is similarly
coordinated in both and that the water molecules
of III must occupy sites that were available in
the lattice of I.

Also, the infrared spectra indicate that the
diene molecules are similarly complexed in II
and IV species. However, the difference in the
diffraction patterns, showing phase A for II and
phase C for IV, indicates that the lattice of II
cannot accommodate the water of crystallization
found in IV without undergoing some change.

The differences between the infrared spectra of
T and IT are such as to suggest that there is some
basic difference between the coordination of
norbornadiene in the two complexes. This obser-
vation is in contrast to that made with 1,3-
butadiene (6), wherein it was suggested that the
formation of the 2:3 complex resulted from
weaker complexation of additional diene mole-
cules without significant change in the steric
configuration of the 1:1 complex. The result
was a 2:3 complex with two differently coordi-
nated types of diene molecules.

The infrared spectrum of 2AgBF4-3C,Hs,
with only a single band at 1489 cm—1, represent-
ing the C=C stretching vibration, suggests a
complex with all double bonds equivalently



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
- For personal use only

QUINN: COORDINATION COMPOUNDS OF NORBORNADIENE 123

coordinated. The two bands at 1470 and 1481
cm 1, representing the C=C stretching bands in
AgBF4-C7Hjg, suggests on the other hand two
differently coordinated double bonds in that
complex. While the question of complex struc-
ture can be adequately answered only by com-
plete structural analysis, it is quite reasonable
to believe that the 1:1 complex exists in the
solid state as a polymeric chain with alternating
AgBF, and C;Hg units, as suggested by
Traynham (1). The 2:3 complex might then be
formed by cross-linking of the chains by
additional diene molecules. The configuration
of the norbornadiene molecule is such that the
spatial arrangement of the diene molecules
about the silver ion may be quite different in II
than in I. The ease of interconversion of I and
II by simple addition or removal of norborna-
diene suggests that the basic structure of I is
perhaps not too markedly changed upon for-
mation of II.

The observation, particularly with the hy-
drated complex, that a significant quantity of
norbornadiene can be added to IIT before the
crystal structure, phase B, converts to that of
1V, phase C, indicates that the lattice of T or
I1T is sufficiently open to accommodate some
additional norbornadiene without a major
reorganization being necessary. Similarly phase
C can lose some norbornadiene without revert-
ing to phase B.

The frequencies of the well-defined O—H
stretching bands shown by IT1 are very similar to
those observed for several hydrated salts (11,
13). On the basis of the assignments made by
Balicheva and Andreev (13), it would be suggest-
ed that the band at 3490 cm~! represents the
stretching frequency when the proton is hydro-
gen bonded to another water molecule, while
the band at 3540 cm~! indicates that the proton
is hydrogen bonded to the anion. It is, however,
more probable that the bands at 3540 and 3490
cm~! can be assigned to the asymmetric (vy3)
and symmetric (y;) stretching modes respectively
of water molecules interstitially held in the
crystal lattice, perhaps through weak interaction
with the anions. While it has been shown (14)
that BF,~ demonstrates some electron donor
property, it is not so marked that one would
expect strong hydrogen bonding between water
molecules and the anions.

While one might expect to observe a weak

bond at about 3200 cm—1 attributable to the
overtone (2v,) of the bending mode at 1635
cm—1, it is surprising to observe that, in III, the
3220 cm~! band is of similar intensity to the
1635 cm~! band.

Furthermore, it has been observed in this
laboratory that the infrared spectrum of a
sample of anhydrous AgBF, exposed for a few
minutes to the atmosphere shows rather strong
water absorption bands only at 3560, 3480, and
1635 cm~1. Since the band at about 3220 cm-1
is only very weak and since, relative to the band
at 3540 cm~!, that band in III decreases in
intensity with increasing diene content (decreas-
ing water content), it is suggested that in IIT it
represents more strongly interacting water
molecules, perhaps hydrogen bonded to the
interstitial water molecules. The spectral broad-
ening observed with increasing amount of IV
(phase C) in the system is perhaps indicative of
less discretely different types of water molecules
in that structure.

The somewhat higher C=C stretching fre-
quencies demonstrated by IT and IV than by I
and III indicate slightly weaker complexing of
the diene in the 2:3 than in the 1:1 complexes.
This is to be expected. It is, however, somewhat
surprising, that hydration of the complexes
results in no change in the C=C stretching
frequency. This observation leads one to suggest
that there is, at most, only a weak interaction
between the silver ions and water molecules
and that the interstitial water molecules may
be held in the lattice largely by weak interaction
with the anions and by hydrogen bonding with
one another,
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The first order rate constants for the solvolysis of benzyl chloride in a series of mixtures of methyl,
ethyl, i-propyl, and r-butyl alcohols with water are reported at 40.05 and 60.50 °C. The AH* and AS*
values are calculated using these rate constants and those previously reported at 50.25 °C (1, 2). The
dependence of these parameters on solvent composition is discussed.
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Introduction

We previously reported the solvent dependence
of activation volumes for benzyl chloride
solvolysis in aqueous binary solvents (1, 2). The
negative value of the activation volume was
found to pass through a minimum as solvent
composition was varied. It was also found that
the position and depth of the extremum varies
in a characteristic manner as the nonaqueous
component of the solvent is varied. We were
interested in determining whether a parallel
effect would be observed in the extremum
behavior of the activation enthalpy and entropy,
as has been demonstrated for other solvolytic
reactions (3-10).

Arnett et al. (11-13) have demonstrated that
the extrema observed in AH* in aqueous ethyl
alcohol can arise as the result of variation of
solvation of the initial state, the transition state,
or both. We have demonstrated that the behavior
of AV*q for benzyl chloride solvolysis in the
solvent systems studied is due mainly to variation
of solvation of the initial state (2). Recently,
Martin and Robertson (14) demonstrated that
ACH*, for t-butyl chloride solvolysis in aqueous
ethyl alcohol also shows extremum behavior.
The question as to which state causes this
extremum must await further calorimetric
measurements, but by analogy with the AH*
behavior of this reaction (11) it is to be expected
that the initial state solvation variation will be
found responsible.

If the extrema in the various activation param-
eters are related to the same physical phen-
omena, it is to be expected that the variation of

1Present address: Division of Pure Chemistry, National
Research Council of Canada, Ottawa, Canada.

these extrema with changes in the organic
component of the solvent should parallel one
another. Tt is the purpose of this work to
investigate the reality of this expectation.

Experimental

The conductimetric technique for determining the
solvolysis rates at 40.05 and 60.50 °C was similar to that
reported previously (8).

Results

The conductimetric data were analyzed by the
method of Guggenheim (15) using a least squares
calculation (1). The observed first order rate
constants at 40.05 and 60.50 °C are presented in
Table 1. Those at 50.25 °C have been reported
previously (1, 2).

Activation enthalpies were calculated from
the rate constants in Table 1 using eq. [1].
Activation entropies

(1] AH* = —R{[In (k2 /k;) —
In (To/TD1/[1/T> — 1/T4]}

were then calculated by eq. [2] using the rate
constants

[2] AS* — RInk — In (<T/h) - AH*|RT]

at 50.25 °C. The results for both AH* and AS*
are presented in Table II. The reported error
limits were estimated by the method previously
reported for activation volumes (16).

The use of only two rates at temperatures 20°
apart for the evaluation of AH* requires some
justification. Robertson and Scott (17) have
reported a value of AC*, of —40.4 cal/deg mole
for benzyl chloride solvolysis in water. The
Arrhenius plot of Ink versus 1/7T is therefore
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TABLE I

Rate constants for the solvolysis of
benzyl chloride

TABLE II

Activation parameters for the solvolysis of
benzyl chloride

105 X «x (s71)
Mole
fraction 40.05 °C 60.50 °C
Methyl alcohol
0.000 7.527 4-0.002 59.4 0.5
0.100 4.74 +0.08 34.6 £0.2
0.200 2.51 £0.02 17.8 £0.4
0.300 1.41 +0.02 9.8 £0.2
0.400 0.7803+0.0001 5.71+£0.03
Ethyl alcohol
0.100 2.54 +0.03 17.2 +0.1
0.200 0.67740.002 4.71 +0.04
0.300 0.2834-0.001 2.18 +0.01
0.400 0.15940.001 1.27340.006
i-Propyl alcohol
0.050 3.51 40.06 22.58 £+0.002
0.100 0.904 40.007 6.17 £0.03
0.200 0.158 +0.002 1.30 £0.02
0.300 0.073 40.002 0.5661+0.008
0.400 0.04284-0.0004 0.36240.002
t-Butyl alcohol
0.050 1.630 40.001 9.78 +0.04
0.100 0.236 40.002 1.803+0.008
0.200 0.06114-0.0007 0.577+0.007
0.300 0.02994-0.0002 0.2584-0.003

nonlinear. By taking the slope of the straight line
drawn between the two In &k values at 40.05 and
60.50 °C as the tangent to the In k versus 1/7 plot
at 50.28 °C a very good value for AH* at the
median temperature is obtained.

Although the activation enthalpies are associ-
ated with a mean temperature of 50.28 °C, the
difference of 0.03° is negligible for calculating
the AS* values at 50.25 °C. Indeed, the AC¥,
value of —40.4cal/deg mole reported by
Robertson and Scott (17) for benzyl chloride
solvolysis in water predicts an error of only
0.005e.u. in AS* due to this temperature
difference.

Comparison of the AH* and AS* values in
Table II with those reported by other workers
shows good agreement. Robertson and Scott (17)
report values of 20 370 cal/mole for AH*sq.05
and —12.4 e.u. for AS*s50.05 in water. Hyne,
Wills, and Wonkka (8) report AH*s51.45 values
of 20 367 cal/mole in water and 19 555 cal/mole
in 0.203 mole fraction ethyl alcohol.

Discussion

Enthalpy of Activation
The dependence of AH* on the composition
and nature of the solvent is illustrated in Fig. 1.

Mole AH*50.28 AS*350.05
fraction (kcal/mole) (cal /deg mole)
Methyl alcohol
0.000 20.3 4+0.3 —12.540.9
0.100 19.544-0.08 —16.14+0.3
0.200 19.3 +£0.3 —18. 1.
0.300 19.0 +0.3 —20.130.8
0.400 20.1 +£0.3 —18.240.8
Ethyl alcohol
0.100 18.84+0.1 —19.740.4
0.200 19.1+0.2 —21.34+0.8
0.300 20.1+0.2 —19.940.7
0.400 20.54:0.2 —19.84:0.6
i-Propyl alcohol
0.050 18.261+0.02 —20.7240.06
0.100 18.45+0.07 —23.1 £0.2
0.200 20.8 40.03 —19.1 +1.
0.300 20.16-0.07 —22.3 £0.2
0.400 21.0 +0.2 —20.6 +0.5
t-Butyl alcohol
0.050 17.61+0.2 —24.540.7
0.100 20.040.2 —20.540.5
0.200 22.240.2 —16.440.7
0.300 21.240.3 —20.740.8

It can be seen that in each of the four systems
a minimum occurs. The observed minimum in
aqueous methyl alcohol is contrary to the
findings of Tommila er al. (18-20), who observed
no minimum in this medium and concluded that
both the substrate and the organic component
of the solvent had to possess large hydrophobic
groups in order that a minimum be observed
(21). The appearance of the minimum in aqueous
methyl alcohol in our work signifies that this
explanation is an oversimplification, Nonetheless
the depth of the minimum in AH*, relative to
pure water, does increase as the hydrophobic
character of the alcohol molecule increases. The
activation volume for this reaction (2) and the
enthalpy of activation for p-methylbenzyl chlo-
ride (22) behave in a similar manner. As the
depth of the minimum increases its position is
shifted toward the pure water end of the solvent
composition scale. Such behavior was predicted
by Arnett and McKelvey (23) on the basis of the
behavior of heats of solution in aqueous
alcohols. These workers found that the heat of
solution of sodium tetraphenylboride has an
endothermic maximum relative to pure water
of 16.9 kcal/mole in aqueous #-butyl alcohol as
compared with the value of 10.7 kcal/mole in
aqueous ethyl alcohol (23). In r-butyl alcohol
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the extremum occurs at 0.045 mole fraction
alcohol, whereas it was observed at 0.12 mole
fraction alcohol in the ethyl alcohol media.

2l MeOH
19—
i EtOH
o M
L4
[=] 1=
€, i-PrOH
~
K=
o
X 19&\//‘!’\/“
%"
S
t+-BuOH
21 f—
19
L

] | |
0.1 0.2 03 0.4
Mole Fraction Alcohol

Fic. 1. Dependence of AH* on solvent composition.

In order to dissect the contributions of the
initial and transition states to the behavior of
AH* in the manner now well established by
Arnett and co-workers (13), values for the heat
of solution of benzyl chloride in each of the
solvent systems are required. Arnett and
McKelvey (13) presented a preliminary dissection
of this type for benzyl chloride in ethanol-water,
but the limited solubility of the halide in the
highly aqueous end of the solvent range renders
the heat measurements at least suspect if not
unobtainable.

Entropy of Activation
The variation of AS* with solvent composition
is shown in Fig. 2. It is apparent that the

behavior of this parameter parallels that of both
AH* and AV*y in that a minimum is observed,
the depth and position of which are dependent
upon the nature of the alcohol in the solvent.
However, the positions of the AH* and AS*
minima do not appear to coincide in all cases. In
the ethyl and i-propyl alcohol systems the entropy
minimum occurs at higher alcohol concentrations
than the enthalpy minimum. Hyne and Wills (7)
also found that coincidence of these minima is
not a general phenomenon; only two of the
systems studied by these authors coincided.

-10 MeOH

:

EtOH

R
0(‘1

i-PrOH

X
, eu.
R
?
®

2]
Q-2 t-BuOH
-24}—
| | ] |
0.1 0.2 03 0.4

Mole Fraction Alcohol
Fic. 2. Dependence of AS* on solvent composition.

Due to the lack of available data, no dissection
of AS* into initial state and transition state
contributions is possible.

Burris and Laidler (24) have suggested that
since AS* and AV* both reflect solvent behavior
for ionic reactions, they should parallel one
another in sign and magnitude. In fact these
authors obtained a linear relation between these
parameters for six different reactions in water.
The question then arises as to the possibility of
a similar linear relationship between AS* and
AV* for a single reaction in several solvents. The
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present data, available for 17 solvents, represent
a fair test of this postulate. The results are shown
in Fig. 3. The AV* values for 0,05 mole fraction
isopropyl and t-butyl alcohols are interpolated
(see ref. 2).

Plo 8 “~-~0 MeOH

° oy
©
£
>
E
k>;

-4

Fic. 3. Partial linear relationships (full line) between
AV*gand AS*, Value shown above points is mole fraction
of solvent mixture for point.

It is at once apparent that overall linearity is
not observed. Instead we find quite complex
curves similar to the so-called isokinetic relation-
ships (25, 26). Despite the apparent complexity,
however, the linearity of the AS* versus AV*,
plot from pure water to approximately that
solvent composition at which the extremum is
found in the behavior of the parameters with
respect to solvent composition should be noted.
These portions of the plots are shown in full line
in Fig. 3. Furthermore the slopes of these sections
of the plots are identical within the limits of
uncertainty of the data. In these solvent com-
position ranges, therefore, AS* and AV* do
indeed parallel one another in both sign and
magnitude, suggesting similar solvent behavior
in all four cases. It is in this region of initial
cosolvent addition to water that the structure-
making effect of the cosolvent is considered to be

effective (27). On a mole fraction composition
basis #-butyl alcohol maximizes water structure
at lowest mole fraction (circa 0.05) and methyl
alcohol at highest mole fraction (circa 0.3). It is,
therefore, not surprising that in each binary
solvent mixture, while the cosolvent is enhancing
the water structure, the entropy and volumes of
activation should manifest such parallelism in
behavior. Over the different solvent composition
ranges the solvent structure is passing through
the same change from pure water structure to
enhanced water structure brought about by the
added cosolvent. The similarity of the AS*
versus AV* slope in all cases reflects this common
solvent behavior. Beyond the solvent composi-
tion corresponding to maximum cosolvent-
induced structuredness the bulk effect of the
cosolvent becomes predominant and the solvent
structures begin to diverge toward those
characteristic of the pure cosolvent. Parallelism
in the behavior of AS* and AV* would therefore
not be expected.

Comparison of Activation Parameters and Mixing
Parameters

Available data on the position of the extremum
of the activation and thermodynamic parameters
of mixing for the various binary solvent systems
discussed in this work are collected in Table IIT.
It is immediately obvious that the position of the
extremum in the heat and entropy of mixing
does not always occur at the same solvent com-
position. The tendency is for the entropy
extremum to occur at somewhat higher cosolvent
mole fraction. Insofar as both the activation
parameters and thermodynamic parameters of
mixing reflect the structural properties of the
binary solvent system it is not surprising that
this same tendency is shown in the relative
positions of the enthalpy and entropy of
activation.

TABLE 111

Mole fraction of organic cosolvent at which high aqueous
region extremum in parameter appears

Activation Binary solvent

parameters mixing parameters
Organic cosolvent AH* AS* AHM ASE
Methyl alcohol 0.28 0.3 0.3 0.3
Ethyl alcohol 0.12 0.2 0.22 0.31
i-Propyl alcohol 0.06 0.1 0.10 —
t-Butyl alcohol 0.05 0.05 0.10 0.23
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Nature of the coordination bond in metal complexes of substituted pyridine
derivatives. I. The substituent effect on the coordination bond

Patrick T. T. WoNG! AND D. G. BREWER
Department of Chemistry, University of New Brunswick, Fredericton, New Brunswick
Received May 29, 1967

The nature of the coordination bond in some metal complexes of 4-substituted pyridines has been
investigated by thermodynamic and infrared spectroscopic methods. The effects of the substituents upon
the coordination bond strength in the copper(Il) complexes of these ligands have been found by direct
measurement of the heats of coordination. These effects have been further described by the substituent
effect upon the change in free energy of the coordination center in the ligands. A new parameter, R,
measuring the relative = bonding in the complexes of 4-substituted pyridines has been introduced. For
this purpose a series of complexes of the types [M(4—R—CsH4N),Cl>] and [(4—R—CsH4N) -HCIl]
(R = CHj3, CH,OH, H, COCH;, CONH,, COOCHj3, CN; M = Cu(Il), Zn(II)) has been isolated, and
the infrared spectra of these complexes and the free ligands have been examined.

Canadian Journal of Chemistry, 46, 131 (1968)

Introduction

Although metal complexes of pyridine deriva-
tives have been studied for years, only one sys-
tematic study (1) has attempted to estimate the
coordination bond strength as affected by the
substituents on the pyridine ring. In that investi-
gation, the relative bond strength of silver com-
plexes of substituted pyridines was studied by
comparing their stability constants in aqueous
solution. The absence of a linear relationship
between these stability constants and the basicity
of the free ligands was attributed to the forma-
tion of a = bond.

Recently Da Silva (2, 3) analyzed the data
from this same study and suggested a = factor,
S't, which was related to the additional stabiliza-
tion caused by the formation of a 7 bond. For
silver-substituted pyridine systems, S; was
defined as

Sy = log 8, — 2pK, — (log 8,0 — 2pK,9),

where 3, and B,0 are overall stability constants
for the substituted pyridine and for pyridine
itself respectively and the K,’s are the acid
dissociation constants of the corresponding
pyridinium ions. When this “x factor” was
plotted versus the Hammett’s substituent con-
stants, the slope of the line obtained was in the
opposite direction to that for the logarithmic
plot of the K, versus the substituent constants.
This reversal was explained as being the con-

IPresent address: Division of Applied Chemistry,
National Research Council of Canada, Ottawa, Canada.

sequence of substituent-aided back donation.
However, a conclusion was reached upon re-
investigation (4) of these arguments that this
“s factor” was unacceptable, since the same
inverse relationship was obtained for aliphatic
amine - silver complexes, where there is no
opportunity for = bonding,.

In the present work, the substituent effect
on the bond strength between the pyridine ring
and the metal ion was studied directly by the
measurement of the heats of coordination. The
ligands 4—R—CsH4N (R = CH;, CH,0H, H,
COCH;, CONH,, COOCH 3, CN) were selected
for this study.

Since Hammett’s substituent constants did
not satisfactorily describe the effects of substitu-
ents upon the reactivity of ligands in the previous
studies (3), an attempt was made to correlate
the bond strength in these substituted pyridine
complexes to a new substituent constant. This
constant, designated o, measures the sub-
stituent effect on the free energy change of the
coordination center in the ligands, viz. the ring
nitrogen atom.

Furthermore, the effects of substituents upon
the relative = contribution to the coordination
bond were determined by an infrared spectro-
scopic method. In order to deduce a general
equation for the correlation of the infrared data
of the complexes with a new parameter, R,
measuring the relative magnitude of = bonding,
the infrared frequencies of the ring vibrational
mode, »,, of the free ligands, their hydro-
chlorides, and the corresponding zinc and copper
complexes were determined.
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TABLE 1
Preparation of complexes of zinc chloride with heterocyclic bases, [ZnL,Cl,]

Calculated (%) Found (%)
L C H N C H N
Pyridine 40.78 3.42 9.51 40.78 3.42 9.39
4-Methylpyridine 44,68 4.38 8.69 44.50 4.29 8.49
4-Cyanopyridine 41.84 2.34 16.27 41.77 2.36 16.18
4-Acetylpyridine 44 .41 3.73 7.40 44 .42 3.67 7.31
4-Carbinylpyridine 40.65 3.98 7.90 40.50 3.89 7.79
4-Pyridinecarboxamide 37.87 3.18 14.72 38.14 3.05 14 .82
4-Carbomethoxypyridine 40.95 3.44 6.82 43.39 3.71 6.82
TABLE 11

Preparation of complexes of cupric chloride with heterocyclic bases, [CuL,Cl;]

Calculated (%) Found (%)
L C H Cl N Cu C H Cl N Cu
Pyridine 41.04 3.44 24.23 9.57 21.71 40.93 3.46 24.19 9.41 21.36
4-Methylpyridine 44.94 4,40 22.11 8.74 19.81 44.88 4.32 22.08 8.76 19.76
4-Cyanopyridine 42.06 2.35 20.70 16.35 18.54 42.07 2.42 20.58 16.32 18.56
4-Acetylpyridine 44,63 3.75 18.82 7.44 16.87 44.46 3.78 18.82 7.34 16.67
4-Carbinylpyridine 40.86 4.00 20.11 7.94 18.02 40.69 3.98 20.23 7.90 17.82
4-Pyridinecarboxamide 38.06 3.19 18.73 14.80 16.78 37.84 3.29 18.71 14.72 16.43
4-Carbomethoxypyridine 41.14 3.45 17.35 6.85 15.55 41.15 3.23 17.45 6.84 15.51
Experimental 111. Preparation of Copper Complexes

1. Reagents

The 4-substituted pyridines were supplied by Aldrich
Chemical Company Incorporated. 4-Methylpyridine,
4-acetylpyridine, 4-carbomethoxypyridine, and pyridine
were dried over potash overnight and then distilled twice.
4-Cyanopyridine and 4-carbinylpyridine were recrystal-
lized twice from benzene, and 4-pyridinecarboxamide
twice from absolute alcohol.

The cupric nitrate solution for the determination of
the heat of coordination was prepared by dissolving the
recrystallized cupric nitrate in water and then determining
the metal content gravimetrically by the pyridine method

(5).

11. Preparation of Zinc Complexes

The pyridine, 4-methylpyridine, 4-acetylpyridine, and
4-carbomethoxypyridine complexes of the form ZnL,Cl,
were prepared by adding the ligand (2 moles) into an
aqueous solution of zinc chloride (1 mole). The resulting
precipitates were recrystallized from absolute alcohol.

The 4-cyanopyridine and 4-pyridinecarboxamide com-
plexes were obtained by mixing a 509 alcoholic solution
of the ligand (2 moles) and an aqueous solution of zinc
chloride (1 mole). The complexes were recrystallized from
95 9% alcohol.

The 4-carbinylpyridine complex was prepared by
adding aqueous solution of 4-carbinylpyridine (2 moles)
to an aqueous solution of zinc chloride (1 mole) with
constant stirring in an ice bath. The resulting precipitate
was dissolved in 959 alcohol and reprecipitated out by
adding ethyl ether into the solution of the complex.
Microanalysis data are listed in Table I.

Complexes of the form Cul,Cl, were prepared by a
method similar to that for the preparation of dichlorobis-
(pyridine)copper(Il) (6), where L was pyridine or 4-sub-
stituted pyridines. The ligand (2 moles) was added drop-
wise into the cupric chloride (1 mole) solution in absolute
alcohol with constant stirring (4-cyanopyridine, 4-car-
binylpyridine, and 4-pyridinecarboxamide were dissolved
in absolute alcohol before addition to the cupric chloride
solution). The complex was separated by filtration, washed
with absolute alcohol and anhydrous ether several times,
and dried in a vacuum desiccator over sulfuric acid.

Microanalysis for carbon, hydrogen, nitrogen, chlorine,
and copper gave values close to theoretical ones (Table I1).

1V. Preparation of Pyridine and 4-Substituted Pyridine
Hydrochlorides

The white precipitates of the hydrochlorides were
obtained by passing anhydrous hydrogen chloride gas
into anhydrous ether solutions of the ligands (absolute
alcohol solutions in the cases of 4-carbinylpyridine and
4-pyridinecarboxamide). The precipitates were recrystal-
lized from a methanol-acetone mixture.

Microanalysis results for carbon, hydrogen, nitrogen,
and chlorine are listed in Table III.

V. Determination of the Heat of Coordination

The calorimeter consisted of a Dewar flask (approxi-
mately 500 ml capacity) containing a Beckman calibrated
thermometer, a motor-driven stirrer, an inner sample
holder with an outlet hole on the bottom plugged by
silicone stopcock grease (which can be blown out by
applying air pressure at the top), and a glass coil connected
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TABLE III
Preparation of hydrochlorides of heterocyclic bases, [LHCI]
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Calculated (%) Found (%)
L C H N Cl C H N Cl
Pyridine 51.96 5.23 12.12 30.68 51.51 5.63 11.47 30.00
4-Methylpyridine 55.61 6.22 10.80 27.36 51.46 6.53 9.64 26.50
4-Cyanopyridine 51.26 3.56 19.93 25.22 51.07 3.45 20.28 25.24
4-Acetylpyridine 53.34 5.12 8.89 22.50 53.33 5.03 9.14 22.69
4-Carbinylpyridine 49 .49 5.54 9.62 24.36 49.43 5.45 9.69 24.45
4-Pyridinecarboxamide 45.44 4.45 17.67 22.36 46.25 4.47 17.75 22.08
4-Carbomethoxypyridine 48.43 4.65 8.07 20.44 48.44 4.59 8.10 19.64

to a thermostated bath, maintaining the contents of the
calorimeter at an original temperature of 25.04 0.1 °C.

The heat capacity of the calorimeter was determined
by neutralizing 10 ml of standard 2 N sodium hydroxide
with a slight excess of standard hydrochloric acid at 25 °C.
The heat capacity of the calorimeter thus obtained was
86.85cal /°K.

In a typical run, the covered calorimeter was placed
in a thermostated bath at 25.0 &+ 0.1 °C. A 10 ml aliquot
of copper nitrate solution, with a precisely known con-
centration around 1.5 M, was introduced into the inner
sample holder. Then 500 ml of a solution, 0.2 M in ligand
and 0.01 M in nitric acid, were measured into the calori-
meter. After a suitable interval of time for temperature
equilibration, the glass coil was disconnected from the
thermostated bath and the copper nitrate solution was
allowed to mix with the ligand by blowing out the silicone
plug. The increase in temperature was recorded every
30 s and the temperature change for the reaction was then
calculated using the standard method (7).

The heat of dilution for cupric nitrate in 0.01 M nitric
acid was determined in a separate experiment (using 10 ml
of copper nitrate solution with the same concentration as
that in each run) and was found to be 113.3 cal/mole. The
heat of dilution of the ligand solution by the water con-
tained in the copper nitrate solution was found to be
negligible.

VI. Dissociation Constants of Pyridinium and 4-Sub-
stituted Pyridinium lons

The dissociation constants were determined by the
usual pH titration method (8). The nature of the systems
was kept similar to those in the AH determination, viz.
a 0.2 M solution of the ligands was titrated with standard
nitric acid. Using those points from the buffer region of
the titration curves, the dissociation constants were
calculated according to the following equation (8).

_ [H*{Cpy —(Cuxo, — [H'D}
B (Caxo, — [H']) ’

where Cpy and Cuno, are the original concentration of
the ligands and of the nitric acid added respectively.

Kp

VII. Infrared Absorption Spectra

To obtain the infrared spectra in the region between
4000 and 300 cm~!, a Beckman IR-12 filter/grating
spectrophotometer was used. The solid samples were
measured using the potassium bromide disc method, and

the liquid free ligands as capillary films. The spectro-
photometer was continually purged with dry air and the
calibration of the spectrophotometer was checked against
the rotational spectra of water vapor and ammonia
gas.

Results and Discussion

I. Relative Coordination Bond Strength

The calorimetric data for the formation of the
copper complexes of pyridine and 4-substituted
pyridines are listed in Table IV. The values of
the heat evolved in each experiment have been
corrected for the heat of dilution of the metal
salts and are given in column five. The third
column gives the amount of nitric acid added
to the ligand solutions to keep the pH value of
the solutions below 6, so that the hydrolysis of
cupric ion in these systems can be neglected.

Since successive enthalpies, AH|, for a given
metal ion with neutral ligands are approximately
constant (9, 10), the relative magnitude of the
coordination bond strength of copper-pyridine
complexes can be determined by the correspond-
ing values of the average heat of coordination
per mole of ligand bonded to the metal, viz.
AH,=AH,/n, which are shown in column seven.

Bjerrum’s degree of formation, n, can be
obtained by means of the following equation
(derived in the normal way from appropriate
totality expressions, electrical neutrality expres-
sions, etc.)

[L]n
Cwm

n =

K
Caxo; — [H] + =%
[H*) > > [FL]

Coy = <KD +1 [H¥]

Kp
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TABLE 1V
Heat of coordination

L Cour+ (M) Cunog (M) CL (M) AH,(kcal/mole) n AH; (kcal/mole)
4-Methylpyridine 3.0835%x1072 9.980x1073 0.19598 16.120 3.44 4.70
0.19595 16.197 3.44 4.71
0.19590 16.111 3.43 4.70
4-Carbinylpyridine 3.0835x1072 9.980% 1073 0.19609 13.544 3.06 4.43
0.19607 13.537 3.06 4.42
0.19607 13.535 3.06 4.42
Pyridine 3.0835x1072 9.980x 1073 0.19600 13.132 2.98 4.39
0.19598 13.133 2.98 4.38
0.19596 13.128 3.00 4.37
4-Acetylpyridine 3.0835%x1072 9.980x 1073 0.19599 7.031
0.19595 7.058 — —
0.19500 7.091
4-Pyridinecarboxamide 3.0835%x1072 9.980x 1073 0.19590 6.800 2.20 3.10
0.19590 6.773 2.20 3.08
0.19597 6.785 2.21 3.07
4-Carbomethoxypyridine 3.0835x1072 9,980 %1073 0.19594 6.656 2.20 3.03
0.19596 6.647 2.20 3.02
0.19595 6.647 2.20 3.02
4-Cyanopyridine 3.0835%1072 9.980x1073 0.19592 3.350 1.34 2.50
0.19590 3.336 1.34 2.49
0.19587 3.309 1.34 2.47

where Cpy, Cy, and Cuyo; are the original
concentration of ligand, cupric nitrate, and nitric
acid respectively.

Obviously any inaccuracy in the Ky value
results in a considerable error in the calculation
of the u value. Therefore, the K, values of the
pyridines were redetermined under the same
conditions as those in heat of coordination
determination and are shown in Table V.

TABLE V
Dissociation constants of heterocyclic bases
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Heterocyclic bases Kp
4-Methylpyridine 9.40%x10°7
4-Carbinylpyridine 3.92x10-6
Pyridine 5.42x1076
4-Acetylpyridine 3.19x10~4
4-Pyridinecarboxamide 3.75x10~4
4-Carbomethoxypyridine 5.69 %1074
4-Cyanopyridine 1.26x1072

The uncertainty of the n value for the 4-acetyl-
pyridine system may be due to the fact that some
side equilibria are involved in this system (11).

CH3; CH; CHj;

| | [ _OH
Py—C=0 + H,0 = Py—C(OH), = Py—C\ +H+
o-

An examination of the AH, values as well as
the AH, values in Table IV shows that 4-sub-
stitution of —CH 5 and —CH,OH groups on the
pyridine ring increases the coordination bond
strength, whereas 4-substitution of —COCHj3,
—CONH,, —COOCH3, and —CN groups gives
a lower coordination bond strength. The relative
magnitude of the coordination bond strength in
these complexes is

4-CH3Py > 4-CH,OHPy > Py > 4-COCH;Py
> 4-CONH,Py = 4-COOCH Py > 4-CNPy.

The difference in the coordination bond
strength of these complexes is entirely dependent
upon the substituents on the pyridine ring, This
effect can be understood without any difficulty
by using a molecular orbital model (12) and the
relative energy levels of the orbitals on the
pyridine ring and the substituents (13, 14). The
direction of the migration of electron density
between the pyridine ring and the substituents
influences the availability of the “non-bonding”
pair of electrons at the pyridine nitrogen.

The substitution of electron-attracting groups
(such as —COCHj3, —CONH,, —COOQCH3,
and —CN) causes the electron density on the
pyridine ring to be lowered. Therefore, the
g-coordination bond in cupric complexes of these
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ligands is weaker than that in the cupric—
pyridine complex. The electron-releasing sub-
stituents (—CHj and —CH,OH) result in a
migration in the opposite direction, and enhance
the o-coordination bond strength.

Furthermore, by consideration of the relative
ability of these substituents to either release or
attract electron density, as measured by the acid
dissociation constants of the corresponding free
ligand, one may predict that the relative magni-
tude of ¢ bonding in cupric complexes of these
ligands is as follows.

4-CH3Py > 4-CH,0HPy > Py > 4-COCH;Py
> 4-CONH,Py > 4-COOCH;Py > 4-CNPy

With respect to the 7-bonding contribution,
the increase in electron density on the pyridine
ring caused by the —CHj3; and —CH,OH
substituents inhibits the back donation of =-
electron density from the metal. Therefore, the
7 bonding between the metal and the ligands with
these substituents is probably not important.
However, the electron density on the pyridine
ring is lowered by the substitution of —COCH;,
—CONH,, —COOCH3j;, and —CN groups,
and the = contribution to the coordination bond
of the complexes involving these ligands becomes
appreciable.

In this kind of coordination bond, ¢ bonding
plays the predominant part in determining the
total bond strength (12). Therefore, in a series
such as the one under study, the relative total
bond strength should follow the same order as
that for & bonding. This prediction is identical
to the bond strength order as determined by the
AH values, except in the case of the 4-pyridine-
carboxamide and 4-carbomethoxypyridine com-
plexes. In these complexes, = bonding becomes
important and is higher in the 4-pyridine-
carboxamide complex. It turns out that the net
bond strength in these two complexes is very
similar, even though the o bonding in the former
complex is a little lower than in the latter (by
comparison of their Ky, value).

It was reported (3, 15) that there is no direct
correlation of the stability of metal complexes
of substituted pyridines with Hammett’s sub-
stituent constants, The only known case of such
a direct relationship was given by May and Jones
(16) for cupric complexes of substituted benzoic
acid.

The absence of this correlation in pyridine

complexes system is expected, since the original
Hammett’s o factor is related only to the change
in free energy of a side chain in a benzene series.
In substituted pyridines, the reaction center for
complex formation is the nitrogen atom which is
within the ring, rather than in a side chain.
Therefore, a different balance between the induc-
tive and resonance effects is involved. Further-
more, the polarization of the aromatic ring by
the nitrogen atom will likely result in different
substituent effects than are encountered in
benzene systems.

In the present study, it was also not possible
to find a direct correlation between the bond
strength and Hammett’s substituent constants.
However, the effect of the substituents on the
complex formation in the pyridine series can be
described by a new substituent constant, defined
as o = log K — log K0 (where X and K9 are
acid dissociation constants of the substituted
and unsubstituted pyridinium ions respectively).

A plot of the values of § = AH — AHO
(where AH and AHO are heats of coordination of
cupric complexes of substituted and unsub-
stituted pyridines respectively) against the
corresponding o values gives a fairly good linear
relationship, as shown in Fig. 1. The “goodness
of the fit” in the cases of 4-methylpyridine and

-2.0{

“4.0-

-8.0

+CN

a ) =

~2.0 -0 00 1.0 2.0 30 4.0

“H

F1G. 1. The correlation between the change of AH,
and substituent constant oy,
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4-carbinylpyridine systems indicates that the
7 bonding in these complexes is not important.
The higher 6 values of those electron-attracting
substituent systems are due to the = contribution
in their coordination bonds.

II. Correlation of the Ring Vibration with the
Relative w-Contribution in the Metal—
Nitrogen Coordination Bond

The infrared vibrational frequencies of the v,
mode of some 4-substituted pyridines and their
copper complexes, zinc complexes, and hydro-
chlorides are listed in Table VI. It was reported
(17) that this vibrational mode was an aromatic
ring vibration, without any mass effect of the
substituents, and did not involve any substituent-
ring and hydrogen-ring bending. The normal
coordinate calculation of these systems in a
sequential paper of this series, to be submitted
shortly, shows that the vibrational frequency
of this mode is mainly affected by the aromatic
CN stretching force constant., The intensity
of this mode, however, was found to be affected
very much by the substituents on the 4-position
of the pyridine ring. Electron-attracting sub-
stituents decreased the intensity a great deal,
due to the lower mesomeric moment of these
substituted pyridines (18). For instance, the
electronic dipole moment of the pyridine mole-
cule is decreased from 2.22 to 1.61 D by the
substitution of a —CN group on the 4-position
of the ring (19). It was also found that the »;
intensity of these substituted pyridines appeared
to be increased when they coordinated with
copper(Il) or zinc(Il) ion. This is expected, since
the coordination causes a strong perturbation of
one of the centers of polarity, the lone-pair
electrons of the nitrogen atom, which contributes
about 809 of the total dipole moment of the
pyridine molecule (20).

It is seen in Table VI that the frequency of the
v mode is greatly shifted by complex formation
with both copper and zinc ions. The results
show that the frequencies of the complexes with
electron-attracting substituents are higher than,
and those with electron-releasing substituents
are a little lower than, that of the pyridine com-
plex, except for the 4-carbinylpyridine complex
of copper(Il). The relative magnitude of the
frequency isin the order

4-CH;Py < 4-CH,OHPy < Py < 4-COCH,;Py
~ 4-CONH,Py = 4-COOCH;Py < 4-CNPy.

This order can again be interpreted by
rationalizing the migration of electron density.
For electron-releasing substituents, the electron
density migrates to the delocalized system in the
pyridine ring, which cannot further transfer
to the metal because of filled d orbitals. It
can only enhance the donation of the non-
bonding electron pair of the nitrogen atom to
the metal. Furthermore, the migration of elec-
tron density from the substituent to the ring
inhibits the back donation of electron density
from the metal to the ring. Therefore, the elec-
tron density on the ring and thus the ring vibra-
tional frequency in these complexes is similar to,
or a little lower than, that of the pyridine com-
plex.

The high »;, frequency of 4-carbinylpyridine—
copper complex compared with that of pyridine—
copper complex, as shown in Table VI, is due
to the fact that the CH,OH group is an electron-
releasing group, which gives a higher electron
density on the pyridine ring of the 4-carbinyl-
pyridine complex than that of the pyridine
complex, even though the back donation is less
in the former complex.

In the case of the complexes with electron-
attracting substituents, the strong back donation
of electron density by the metal to the delocalized
system on the ring causes the electron density
near the nitrogen atom to increase, and thus
increases the »5 frequency in these complexes
over that in the pyridine complex.

In order to obtain information about the
relative - contribution to the coordination bond
in these complexes, the v, vibrational frequencies
of the free ligands and their hydrochlorides were
compared. Only the wavenumber for 4-methyl-
pyridine hydrochloride is uncertain, since it was
overlapped by other peaks and appeared as a
shoulder,

The data in Table VI indicate that the fre-
quencies of both the free ligands and their hydro-
chlorides follow a similar trend. This is strong
evidence that the higher »;, frequencies for the
complexes with these electron-attracting sub-
stituents are caused mainly by the back donation
of electron density from the metal, In hydro-
chlorides of these ligands, the back donation of
electron density from the proton to the ring can
be neglected, and with the migration of electron
density from the ring to the substituents resulting
in a lower ring vibrational frequency.
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TABLE VI
Vibrational frequencies of »;» mode

[Cu(4—R—Py),Cl,] [Zn(4—R—Py),Cl,] [4—R—Py-HCI] [4—R—Py]

(ecm™1) cm™!) cm™1) (cm™1)
CH; 1042 1033 1033 1040
CH,OH 1049 1035 1037 1038
H 1043 1043 1028 1029
COCH; 1055 1058 1018 1020
CONH, 1055 1057 1023 1025
COOCH; 1056 1055 1023 1024
CN 1063 1063 1003 1006

A plot of the frequency (in wavenumbers)
of the »;, mode of the hydrochlorides against
that of the free ligands gives a straight line
(Fig. 2), indicating that the back donation in
the hydrochlorides of these ligands is, in fact,
negligible, and the electron density on the ring
of the hydrochlorides is therefore similar to that
of the corresponding free ligands. The same plots
for the copper and zinc complexes are also shown
in Fig. 2.

From such a plot, it is seen that the relative
electron density on the ring of the complexes of
pyridine derivatives can be determined directly
from the »y, vibration frequencies of the com-
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FiG.2. A plotof the ring vibrational frequencies of the
hydrochlorides, copper complexes, and zinc complexes
of 4-substituted pyridines vs. those of the free ligands.
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plexes and the free ligands. This correlation can
be expressed by the general equation

R = vy — (AVL + B):
where R is a parameter related to the relative
electron density on the pyridine ring. »yy and
vy, are the »; frequencies in cm—! of metal

complex and the corresponding free ligand res-
pectively, and 4 and B are constants.

TABLE VII

The R« values of Zn(IT) and Cu(II) complexes of
4-substituted pyridines

R values
Ligands Zn(II) Cu(Il)
4-Methylpyridine —5.5 3.5
4-Carbinylpyridine —1.5 12.5
Pyridine 15.5 15.5
4-Acetylpyridine 39.6 36.6
4-Pyridinecarboxamide 33.5 31.6
4-Carbomethoxypyridine 32.5 33.5
4-Cyanopyridine 58.6 58.6

If the interaction between the delocalized
system of the ring and the lone-pair electrons of
the nitrogen atom is negligible, R becomes a
parameter measuring the relative magnitude of
the 7 contribution to the coordination bond of
the complexes, since the higher electron density
on the ring in these complexes over that of the
corresponding free ligands is mainly caused by
back donation from the metal. For the 4-sub-
stituted pyridine series, 4 and B are equal to
1.002 and —3.60 respectively. Therefore the
relative magnitude of = bonding in the coordina-
tion bond of the complexes of 4-substituted
pyridines is directly related to the »;, frequencies
of the corresponding complex and the related
free ligand by the following equation.

R.,‘. = VML — (I.OOZVL — 3.60)
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With the R, values in Table VII, it is seen
that the relative magnitude of = bonding in the
coordination bond for both copper and zinc
complexes is in the order

4-CNPy > 4-COCH;Py > 4-COOCH ;Py =
4-CONH,Py > Py > 4-CH,OHPy > 4-CH;Py.

The R, values of the zinc complexes of 4-car-
binylpyridine and 4-methylpyridine are smaller
than those of the corresponding copper com-
plexes, and the v, frequencies of the zinc com-
plexes are almost the same as those of the
corresponding hydrochlorides. This indicates
that the back-donating ability of the zinc ion in
the complexes is much lower than that of copper
ion, which is identical with the prediction on the
basis of their first ionization potentials (12).

The extension of these R, calculations to other
metal complexes of these ligands is currently
under way in this laboratory.
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Nature of the coordination bond in metal complexes of substituted
pyridine derivatives. II. The far infrared spectra and metal-ligand
force constants of copper complexes of 4-substituted pyridines
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Infrared spectra, including the lower frequency region, of copper (II) complexes of the type [CuL,Cl,),
where L = 4-methylpyridine, 4-carbinylpyridine, pyridine, 4-acetylpyridine, 4-pyridinecarboxamide,
4-carbomethoxypyridine, and 4-cyanopyridine have been measured. The substituent effect upon the
copper-nitrogen (ligand) and copper—chlorine stretching frequencies has also been examined. It was found
that the substituents on the pyridine ring not only affected the nature of copper—nitrogen bond, but also
the copper—chlorine bond. It appears that an entirely delocalized system exists, involving the chlorine
atoms and the substituents in the complexes. Force constants associated with the coordination bond
between copper and the nitrogen of the ligands have been calculated by means of an IBM 1620 computer.
By comparison of the copper-nitrogen stretching frequencies with the corresponding force constants,
and the heats of coordination, it may be concluded that the magnitude of the metal-ligand stretching
frequency is directly related to the metal-ligand coordination bond strength for the systems under study.

Canadian Journal of Chemistry, 46, 139 (1968)

Introduction

The effects of substituents upon the coordina-
tion bond strength and upon the relative = con-
tribution to that bond in a series of metal
complexes of 4-substituted pyridines have been
studied in a previous paper (1). The present work
has been undertaken to study the substituent
effects upon the metal-nitrogen (ligand) and
metal-chlorine stretching frequencies in the far
infrared region, as well as the metal-nitrogen
(ligand) stretching force constants of a series of
complexes of the form [Cul,Cl,], where L is
4-methylpyridine, 4-hydroxymethylpyridine, py-
ridine, 4-acetylpyridine, 4-pyridinecarboxamide,
4-carbomethoxypyridine, and 4-cyanopyridine.

Recently, during this experimental work, a
study (2) reported spectra in the 667-150 cm~!1
region on metal complexes of some pyridines,
including two of the 4-substituted pyridines in
the present study (4-methylpyridine and 4-cyano-
pyridine). Tentative assignments were made for
M—N (ligand), M—NCS, M—ONO,, and M—
Cl stretching vibrations. An attempt to correlate
the metal stretching band positions with the base
strengths of the substituted pyridines was also
made. However, no direct relationship between
these two factors was found, when copper com-
plexes of pyridine, 4-aminopyridine, 2-methylpy-
ridine, 3-methylpyridine, 4-methylpyridine, 2,4-

IPresent address: Division of Applied Chemistry,
National Research Council of Canada, Ottawa, Canada.

lutidine, 2,5-lutidine, 2,6-lutidine, 3,4-lutidine,
and 3,5-lutidine were examined. The failure in
this correlation is probably due to the fact that
the bascity of a ligand, in terms of protonation,
does not involve « bonding, which plays a very
important role in complex formation of pyridine
derivatives. Furthermore, solvent effects might
complicate the relationship between the basicity
of the ligands and the metal-ligand stretching
frequencies, experimentally determined from
solid state spectra.

In the present investigation, the metal-nitro-
gen (ligand) stretching frequencies are correlated
with both the heat of coordination data (1) and
the metal-nitrogen (ligand) stretching force con-
stants. In order to obtain the force constants a
normal coordinate analysis has been carried out
using an IBM 1620 computer. The final G matrix
elements are tabulated in the Appendix2, which
can be used for other similar systems.

Experimental

All the reagents and the preparation of cupric com-
plexes of the type [Cul,Cl,], where L is 4-methylpyridine,
4-hydroxymethylpyridine, pyridine, 4-acetylpyridine, 4-
pyridinecarboxamide, 4-carbomethoxypyridine, and 4-
cyanopyridine, have been described in a previous paper

1.

2This Appendix has been placed in the Depository of

Unpublished Data. Photocopies may be obtained, upon
request, from: Depository of Unpublished Data, National
Science Library, National Research Council of Canada,
Ottawa, Canada.
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35 Infrared absorption bands of heterocyclic bases and their cupric complexes in the 343-162 cm™' region*

© —

§ Absorption bands (cm™*)

g’. [Cu—CI] [Cu—N] [CuCl bridge]

he 4-CH3Py 206 m 167 w
[Cu(4-CH;Py),Cl;] 296 s[299] 285 m[266] 259 s 207 m[209] 168 m[170]
4-CH,OHPy 258 w 209 w 174 w
[Cu(4-CH,OHPy),Cl;] 295 s 276's 252 w 240 s 183 s
Py
[CuPy,Cl,] 293 s 268 s 235 s 203 w 178 m
4.COCH;Py 219 m
[Cu(4-COCH;Py),Cl>] 296 s 265 m 241 s 173 s
4-CONH,Py 274 w 242's 225 sh 178 w
[Cu(d-CONH,Py),Cl,] 301 s 275 m 264 m 249 w 236s 190 s 168 w
4-COOCH 3Py 215s 174 w
[Cu(4-COOCH 3Py)>Cl;] 301s 264 w 235's 164 m
4-CNPy 172s
[Cu(4-CNPy),Cl>] 304 s[307] 243 s[242] 236's 217 s[217] 169 m[171]

Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.105 on 09/05/12

*Data in brackets from ref. 2. Py = pyridine, s = strong, m = medium, w = weak, sh = shoulder.
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A Perkin-Elmer 521 spectrophotometer was used to
record the infrared spectra in the region between 4 000
and 300 cm~1, The instrument was purged with dry air
and was calibrated against water vapor, methane,
ammonia gas, and methanol vapor. The infrared spectra
of the complexes were measured using the potassium
bromide disk method.

To obtain the far infrared spectra of the complexes and
the free ligands in the region between 343 and 162 cm™1,
a Perkin-Elmer model 301 spectrophotometer was used.
The solid samples were measured as mulls in Nujol,
which were placed between two polyethylene windows
and then inserted into the cell holder. For the liquid
samples, polyethylene liquid cells were used. No absorp-
tion was found in the region examined for both the
polyethylene and Nujol. The spectrophotometer was
continually purged with dry nitrogen and was calibrated
with water vapor.

Results and Discussion

1. Far Infrared Spectra

The observed frequencies in the 343-162 cm—!
region of some 4-substituted pyridines and their
cupric chloride complexes are given in Table I
Bands for the complexes of 4-cyanopyridine and
4-methylpyridine, reported by Frank and Rogers
(2) recently, are also included. However, two
new bands, one in the 4-cyanopyridine complex
(236 cm~1) and one in the 4-methylpyridine com-
plex (285 cm~1) are found in the present work.

By comparing the spectra of the metal com-
plexes versus the free ligands, the chloride com-
plex of copper(Il) (3), and the recent studies
(2, 4-6) of the metal stretching vibration of
dichlorobis(pyridine)copper(II), the bands in the
296-304 cm~! region and the 219-236 cm™!
region for the complexes under study can be
assigned to the Cu—CIl stretching modes. The
new bands at 285-243 cm—1, which are not avail-
able in the spectra of the [CuCl4]2— complex and
the free ligands, arise from a mode involving
copper-nitrogen stretching.

A recent study (5) of halogen—metal stretching
vibration spectra for pyridine complexes of the
form [MX,Py,_4] showed that only one X-sensi-
tive band was observed for monomeric octa-
hedral complexes and planar complexes in the
400-200 cm—1! region, whereas two X-sensitive
bands were available for tetrahedral and dis-
torted polymeric octahedral complexes. In the
spectra of tetrahedral complexes, both X—M
stretching bands are located between 400-290
cm~1, but in the case of distorted polymeric
octahedral complexes, these two bands are
separated into two regions, 400-290 cm~! and
near 240 cm—1.

C

Cl

4 -R-Py Wi
C',‘, 4-R-Py

4-R-Py ‘Cl
C\R‘PY

F1G. 1. Stereo-configuration of the copper complexes.

The presence of two chlorine-copper stretch-
ing bands for all the 4-substituted pyridine cop-
per chloride complexes and the separation of
these two bands into 343-290 cm~1 and 259-236
cm~! regions indicate that the stereo-configura-
tion of all the complexes under study is a dis-
torted polymeric octahedral (Fig. 1). The band
at 296-304 cm—! is assigned to the stretching of
the shorter chlorine-copper bonds and that at
259-236 cm—1 is assigned to the bridging chlo-
rine-copper bonds.

The data in Table I show that the metal-
nitrogen stretching frequency is appreciably
changed by the effect of different substituents in
the 4-position of the pyridine ring and decreases
in the order

CHj; > CH,0H > H > COCH; >
CONH; = COOCH; > CN.

This is identical to the bond strength trend
determined by the values of the heat of coordina-
tion. Therefore, apparently, these metal-nitrogen
stretching frequencies play an important role in
indicating the relative magnitude of coordination
bond strength in metal complexes of pyridine
derivatives.

The data in Table I also show that not only
You—n, DUt also weu_ep, Of the complexes is very
sensitive to the nature of the groups substituted
on the pyridine ring. The effect of the substituents
is to produce a shift of the chlorine-copper
stretching frequency in dichlorobis(4-substituted
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pyridine)Cu(Il) complexes according to the order

CH; > CH,0H > H < COCH; <
CONH, = COOCH; < CN.

Since the metal-ligand stretching frequency is
related to the metal-ligand bond strength, the
relative magnitude of the chlorine-copper bond
strength in the complexes should also follow this
order.

It is interesting that the effects of both the
electron-releasing and electron-attracting groups
appear to increase the chlorine-copper stretching
frequencies and the strengthening of the copper—
chlorine bonds. The substitution of electron-re-
leasing groups on the pyridine ring gives a
stronger copper-nitrogen ¢ bond; thus a higher
electron density on the copper atom results, which
in turn enhances the drift of electron density from
copper to chlorine and strengthens the dz-d=
copper to chlorine bonding. Stronger electron-
releasing groups give a higher = contribution in
the copper-chlorine coordination bond, so that
the copper-chlorine bond strength of these com-
plexes is in the order

4-methylpyridine > 4-hydroxymethylpyridine
> pyridine.

On the other hand, electron-attracting groups
lower the electron density on the copper atom
and result in a strengthening of the # contribu-
tion and a weakening of the ¢ contribution in
the copper-nitrogen bond. Therefore the back
donation of electron density from copper to
chlorine in these systems becomes unimportant.
Moreover the donation of electron density from
the chlorine to the copper is much enhanced and
results in a strengthening of the ¢ bonding
between copper and chlorine. Stronger electron-
attracting groups on the pyridine ring give a
stronger copper—chlorine bond and the above
veu—ct trend for these complexes is expected.

1I. Normal Coordinate Analysis

In order to study the substituent effects upon
the copper-nitrogen stretching force constants
for a series of 4-substituted pyridine — Cu(II)
complexes, as well as other force constants of
the pyridine ring, a normal coordinate calcula-
tion was carried out. For such a complicated
molecule as the dichlorobis(4-substituted pyri-
dine)Cu(II) complex, a reasonable assumption is
desirable to simplify the calculation. Since most

of the vibrational absorptions in the infrared
spectra of the copper complexes are similar to
those of the corresponding free ligands, and thus
coupling between ligands in a molecule is
expected to be small, a simple 1:1 complex
model may be sufficient as a first approximation
.

The 1:1 complex model shown in Fig. 2 has
30 normal vibrations, in which R is a substituent
and is treated as a single “atom’ having a mass
of the particular substituent. These 30 normal
vibrations are grouped into four species (114 +
34, + 6By + 10B,) of the point group Cj,. Since
the in-plane vibrations (114; + 10B,) are sepa-
rable from the out-of-plane vibrations (34, -
6B;), only the 21 in-plane vibrations are cal-
culated in this paper.

Fig. 2. The 1:1 complex model of 4-substituted
pyridine — Cu(Il) complexes and the 30 internal co-
ordinates.

The original G and F matrices were con-
structed (11) according to the 30 internal co-
ordinates for the 21 in-plane vibrations, as shown
in Fig. 2. These matrices are further reduced and
separated into 12th order 4, and 11th order B,
matrices by coordinate transformations. The
elements of the final G matrices are tabulated in
the Appendix.

Apparently 9 redundant conditions are in-
volved in the 30 internal coordinates; viz. there
are 30 internal coordinates, but only 21 vibra-
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tions. Seven of them can be easily found from
Fig. 2.

1] Aa; + Aay + Aay =0
] Ad| + Ady + Aa'y3 =0
] A8y + 4By + 483 =0
] A8y + AB, + AB's =0
] Ayy +Avy +Ay3 =0
1 A8 + Ay + As3 =0
]

Aa] + Ad’y + ABy + AB'y + Ay +
Asy =0

However, it is difficult to deduce the remaining 2
redundant conditions directly from Fig. 2. These
redundant conditions can be left in the secular
equations to be used as a check on the calcula-
tions, since these redundancies must yield fre-
quencies equal to zero in the final results,

Removal of the [1]-[6] redundancies can be
accomplished by a linear combination of the
internal coordinates (8). The transformation
matrix, 7, for this coordinate transformation is
shown in Table II. The redundancy concerning
the sum of all the six angles in the ring (eq. [7])
can be removed by a symmetry coordinate trans-
formation. The corresponding symmetry co-
ordinates are given in Table ITI.

To construct the F matrix, the modified Urey—
Bradley force field (9) of the following type was
used.

Furthermore, K, H, and F are the force constants
for the bond stretching, angle deformation and
repulsion between the nearest non-bonded atoms.
F’ is introduced as a force constant associated
with the linear term of the repulsive energy and
remains in the above equation as an internal
tension term. Its value is assumed to be —0.1F,
as usual (9). p is an average “Kekule” force
constant.

The secular equation | GF — EX| = 0 was set
up according to Wilson’s method (10). By using
a “high-frequency separation” method (11) for
the C—H stretching modes, the order of both
Ay and B, matrices was reduced. To find the
eigenvalues of the final secular equations of 10th
order and 9th order, the QR transformation
method (12) was used.

Numerical values of all the matrix elements
were calculated using the parameters in Tables
IV and V. Since no structural data are available
for these substituted pyridine complexes and
small changes in bond lengths do not affect the
calculated frequencies at all, it is assumed that
the bond distances in the complexes do not
change appreciably by substitution.

The eigenvalues, X’s, thus obtained, are con-
verted into wavenumbers, and can then be com-
pared with the observed frequencies. These are
shown in Table VI. The agreement between cal-
culated and observed values is seen to be satis-
factory. A refinement of the force constants has
been made only for the metal-nitrogen stretching

2U = L [Ki + X (824 F'yy + 8% Fiy)] (Ary)?
1 J=i

+ 2 [Hiyy — 8855 F 15 -+ tytpnFy] (ri80y)?

i<t

+ 2 3 [—tytaF sy 4 848uF 5] (Ar)(Ary)

i<d

+ 2 Zj (18 5F 5 + 181 F ] (rafrd 2 (Qr(riAay;)
=

—+ 2 P (Ar'3 Ar3 4 AI"3 AI"Z + Ar2 Ar3 —+ Ar'2 Ar’l —+ Al‘lArz + Ar’lArl)
~— 2 p(AF' 3 Ar'y + Ary Ary + Ar'y Arp + Ar'y Ary + A¥'3 Ary + AF'y Arg)
+ 2 p (Ar'3 Ary + AF'| Ary + A’y Ary),

where Siy = (r; — r; COS ayy) [qyy
S5 = (ry — r; COS agy) [qu;
t; = (rj sin aij)/qtj

ti = (rysin oug)/qy

gi? = 12 4+ 1% — 214, COS oy
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TABLE III
Symmetry coordinates for in-plane vibrations of the 1:1 complex model

Ay Vibration B Vibration
species  Symmetry coordinates modes species Symmetry coordinates modes
1 ! L ’
s g Antary v, C—C 51 g (An=Ary) V., C—C
1 1 ,
Sa \/—2 (Ar:—l—A"Ig) vV, C—C Sz E (Ara—Ar 2) Ves C—C
1 : 1 , 8
s 5 (ArstAr'5) v, C—N 5T (Ars—Ar's) V.. C—N
1 1
S4 VE (AriAr'y) ¥V, C—I1 54 75 (Ars—Ar'y) V., C—H
1 , 1
s g et ary) ve-n || s dstan-ary v, CH
Sg Arg vV, C—R e \—}7) (Aas— Aay— A2+ Ad’y) 6, C—H
1 ! ’ o
57 Ar; . N—Cu St G (AB:—ABs— AR+ ABS) 6y C—H
1
Ss V—l) (Aaz— Aay+Aa’»— Ad'y) 5, C—H sso 5 (AremAys— A8 448) 8, CR,C—N
S % (AB:—ABs+AB . —AB") 8, C—I1 S F(Aar—Ad 1+ ABI—ABTL) Ring def.
510 MAartAa'i—ABi—AGY) Ring def. s 3(Qar— A1 —ABHA8"1) Ring def.
S11 % (Ad1— Ayy) Ring def.
1 . '
I D) (22714228, — Aoy — A1 — AB;— AB'1)  Ring def.

S13 \/Lb (Aer+Aa' 1+ 231+ A8 1+ Av1+A8) Redundant

TABLE 1V
Molecular parameters used in the calculation (13-17)

a1=o’1=118°32’ Fi=r1=1.3944 A
m=a>=121°18’ Fy=+>=1.3945 A
a3=a’3=120°10 r3=r3=13402 A
B1=81=123°53" rqa=r'3=1.0805 A
Br=pB>=120°14’ rs=r's=1.0803 A
B3=p"3=115°53" re=2.02 A
41=118°20 ro(CH3)=r(CH,OH)=1.53 A
y2=~3=120°50’ r2(COCH3)=r-(CONH,)= N
1.50
51 =116°50 . r(COOCH3)=1.50 A
dy=03=121°35" r(CN)=1.46 A

mode. The descriptions of the fundamental vibra-
tions in Table VI are according to the previous
assignments (18, 19). It was found that the
lowest band of the B, species is sensitive to the
mass of the metal ion in the complex, and there-
fore it might be assigned to the metal-ligand
asymmetric vibration. However, this band for
some complexes is not observed.

The results shown in Table V indicate that the
copper—nitrogen stretching force constants of the
complexes of 4-methylpyridine and 4-hydroxy-
methylpyridine are larger than, and those of the

remaining 4-substituted pyridines are smaller
than, that of the pyridine complex. Comparing
these force constants, it gives the same order as
those obtained by both the heat of coordination
data and the copper-nitrogen stretching fre-
quencies, viz.

CH;Py > CH,OHPy > Py > COCH;Py >
CONH,Py = COCH;Py > CNPy.

Moreover, the computation shows that the
copper-nitrogen stretching frequency is mainly
affected by the metal-ligand stretching force
constant and, furthermore, is directly dependent
upon it. Therefore, the normal coordinate treat-
ment provides strong evidence that the magni-
tude of the metal-ligand stretching frequency in
the far infrared region may be used as a measure
of the coordination bond strength for complexes
of pyridine derivatives.

The force constants for the repulsive inter-
action between the nearest non-bonded carbon
and nitrogen atoms in the pyridine ring, Foc and
F¢y, are larger in the substituted pyridine com-
plexes than in the pyridine complex itself. This is



TABLE V
Force constants (105 dyn /cm)

For personal use only.

K K> K3 Ks K Hoy He, Ha; Hpy HB, Hp; Hyy Hy, Hy;
Cu(4-CH;Py),Cl5] 3.65 3.65 4.50 5.32 1.86 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19
Cu(4-CH,OHPy):Cl>] 3.41 3.41 4.50 6.80 1.74 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19
Cu(Py),Cl,] 4.35 4.35 4.50 4,54 1.58 0.48 0.23 0.23 1.16 0.23 0.21 0.48 0.38 0.38
Cu(4-COCH;Py),Cl>] 3.32 3.32 4.50 6.82 1.50 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.1% 0.19
Cu(4-CONH,Py),Cl,] 3.32 3.32 4.50 6.82 1.49 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19
Cu(4-COOCH;Py),Cl5] 3.32 3.32 4.50 6.82 1.49 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19
Cu(4-CNPy),Cls] 4.30 4,30 4.90 5.45 1.05 0.30 0.23 0.23 1.16 0.23 0.24 0.30 0.25 0.25

Hs, Hs, Hs, Fi F F3 F4 Fs Fg Fy Fy Fy Fio p
Cu(4-CH ;Py),Cl>] 0.40 0.45 0.45 1.00 0.43 0.55 1.00 1.00 0.43 0.43 1.00 0.52 0.22 0.29
Cu(4-CH,OHPy),Cl,] 0.40 0.45 0.45 1.00 0.43 0.55 1.00 1.00 0.43 0.43 1.00 0.52 0.35 0.29
Cu(Py),Cl,] 0.50 0.45 0.45 0.80 0.43 0.43 0.80 0.71 0.43 0.43 0.80 0.52 0.22 0.31
Cu(4-COCH 3Py),Cly] 0.40 0.45 0.45 1.00 0.43 0.55 1.00 1.00 0.43 0.43 1.00 0.52 0.27 0.29
Cu(4-CONH,Py),Cl;] 0.40 0.45 0.45 1.00 0.43 0.55 1.00 1.00 0.43 0.43 1.00 0.52 0.27 0.29
Cu(4-COOCH;Py),Cl;] 0.40 0.45 0.45 1.00 0.43 0.55 1.00 1.00 0.43 0.43 1.00 0.52 0.35 0.29
Cu(4-CNPy),Cl] 0.40 0.45 0.45 1.00 0.43 0.65 1.00 1.00 0.43 0.43 1.00 0.52 0.25 0.29
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TABLE VI
Fundamental vibrational frequencies of copper complexes of 4-substituted pyridines

147

[Cu(4-CH3Py).Cl]  [Cu(4-CH,OHPy);Cl>] [Cu(Py).Cl,] [Cu(4-COCH 3Py),Cl;]
Obs. Caled. Obs. Calcd. Obs. Caled. Obs. Calcd.
Description (cm™1) (em™1) (cm™1) (cm™1) (cm™1) (cm™1) (cm™1) (em™1)
A; species
N »(M—N) 285 285 276 276 268 268 265 265
A v6a, TiNg, R-sens. 550 650 611 566 643 713 — 536
8 v1, ring, B(C—M) 1033 992 1032 1006 1016 1010 1027 996
S v12, TiNg 1042 1059 1049 1046 1042 1046 1055 1043
o v13, {C—R),
5 B(C—H) 1190 1163 1184 1158 3036 3040 1148 1151
o v9a, B(C—H) 1231 1231 1224 1228 1216 1216 1228 1230
(=} R-sens. 1432 1427 1419 1415 1400 1367 1420 1416
- v194, (C—C, C—N) 1506 1524 1508 1519 1490 1499 1497 1519
§ v8as W(C—C) 1621 1617 1621 1622 1605 1597 1614 1626
N B, species
@ M-sens. 207 251 — 221 203 318 — 219
8 v15, R-sens. 418 424 417 404 1152 1154 391 406
N vo, TiNg 669 775 663 770 655 780 667 772
5* 186, B(C—H) 1101 1075 1099 1086 1123 1119 1061 1039
c v3, B(C—H) 1119 1145 1111 1151 1239 1301 1101 1127
o] v14, (C—C, C—N) 1335 1342 1338 1341 1365 1393 1333 1341
S r19s, (C—C, C—N)
ﬁf B(C—R, C—H) 1439 1398 1430 1403 1450 1510 1416 1390
’5.; vgs, W(C—C) 1563 1551 1562 1553 1574 1642 1562 1547
<
0; [Cu(4-COOCH3Py),Cl;] [Cu(4-COOCH 3Py).Cl5] [Cu(4-CNPy),Cl]
% § Obs. Caled. Obs. Caled, Obs. Caled.
é o Description (cm™1) (cm™1) (cm™1) (cm™1) (cm™1) (cm™1)
co
e Aj species
L »HM—N) 264 264 264 264 243 243
v6a, TiNg, R-sens. — 533 — 516 559 534
c »1, Ting, B(C—M) 1027 1001 1027 1001 1025 997
o v12, Ting 1055 1043 1055 1035 1063 1055
“ v18, {C—R), B(C—H) 1149 1150 1149 1166 1189 1194
3 v9a, S(C—H) 1226 1229 1228 1228 1219 1228
9 R-sens. 1419 1415 1420 1415 1425 1404
o ¥194, W(C—C, C—N) 1499 1519 1497 1507 1534 1536
= vga, W(C— 1611 1626 1614 1626 1611 1601
: % ' B, species
O M-sens, 190 219 — 214 217 248
: »15, R-sens. 414 406 393 413 401 437
g ves, TING 666 772 666 773 665 791
6 v1ss, B(C—H) 1041 1043 1062 1043 1115 1149
A v3, B(C—H) 1094 1128 1101 1129 1233 1220
i v14, (C—C, C—N) 1331 1340 1333 1340 1325 1364
S v195. W(C—C, C—N)
O B(C—R, C—H) 1419 1392 1416 1393 1415 1415
vgs, (C—C) 1555 1548 1562 1553 1601 1596

probably due to the charge density at the carbon
and nitrogen atoms in the ring being affected by

the substituents.

The aromatic CN stretching force constant is
larger in the complex of 4-cyanopyridine, which
indicates that the back donation in this complex

is much greater. This is identical with the results
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selenium in highly acidic solvents
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Colored solutions of selenium in fluorosulfuric, sulfuric, and disulfuric acids have been investigated
by conductometric, cryoscopic, spectrophotometric, and magnetic methods. Evidence is presented for the
new species Se* and Seg?* in the yellow and green solutions respectively.

Canadian Journal of Chemistry, 46, 149 (1968)

Introduction

Sulfur, selenium, and tellurium dissolve in
certain strongly acidic solvents to form intensely
colored solutions. The reaction of tellurium with
concentrated sulfuric acid to produce a red
solution was one of the first recorded properties
of the element (1); in sulfuric acid or oleum,
selenium produces green or yellow solutions
(2-4) and sulfur gives blue solutions in oleum
(4, 5). Similar reactions have been reported with
SO; (4-7), although the presence of a small
quantity of water is necessary for this reaction
(8). From the reactions of the elements with SO,
compounds analyzing as S;03 (8,9), TeSO;
(6, 10, 11), and SeSOj; (7) have been reported.
A green and a yellow form of SeSO3 have been
described (7) and the colors of the solutions in
sulfuric acid and oleum have frequently been
attributed to 5,03, SeSO3, and TeSO; or poly-
meric forms of them. The colors have also been
attributed to unoxidized forms of the elements,
e.g. in the form of polyatomic radicals (12).

Some quantitative measurements on the blue
sulfur solutions have been published (12-17);
these will be discussed in a later paper, but
quantitative information on the selenium and
tellurium solutions is very limited and incon-
clusive (12, 18).

We have recently examined the colored
solutions of all three elements in the three
solvents sulfuric acid, disulfuric acid, and
fluorosulfuric acid: this paper reports our
results and conclusions for the selenium
solutions.

Experimental

Electrical Conductivity Measurements

The apparatus used has been described previously
(19-21). Additions of selenium and of selenium dioxide
to all three solvents were made from a weight burette:

peroxydisulfuryl difluoride was added as a solution in
fluorosulfuric acid from a glass syringe with a stainless
steel needle.

Measurements at —86.35 °C were made by immersing
the cell in a trichlorethylene slush-bath: the temperature
was measured with a platinum resistance thermometer,
and was reproducible to +0.05°.

The green solutions of selenium in both H,SO4 and
H>S;07 were unstable with time, undergoing a slow
further oxidation to the yellow solution. Conductivity
measurements were recorded over several hours and
extrapolated to zero time: only one addition could
therefore be made to each sample of solvent. The yellow
solutions were stable.

Magnetic Susceptibility Measurements

Magnetic susceptibilities were determined by the
standard Gouy method using a permanent magnet and
a sample tube calibrated with standardized nickel
dichloride solutions. The usual corrections for the sus-
ceptibility of the sample tube and the air displaced by
the sample were applied.

Cryoscopic Measurements
The techniques for all three solvents have been de-
scribed previously (21-23).

Spectrophotometric Measurements

Measurements were made in 1 c¢m rectangular cells
with silica inserts to give path lengths from 0.1 to 1 mm,
enabling comparatively concentrated solutions to be used.
Optical densities were measured against a reference cell
containing solvent on a Bausch and Lomb Spectronic 505
recording spectrophotometer, or on a Cary model 14
recording instrument from 240 to 700 mg.

Materials

Selenium

Commercially available pure selenium was dried in a
vacuum desiccator over P,Os.

Peroxydisulfuryl Difluoride

This was made by an electrolytic method similar to
that described by Dudley (24): the product was condensed
in the anodic compartment cold-trap, purified by trap-to-
trap distillation in a vacuum line, and distilled into a
weighed quantity of fluorosulfuric acid.

Selenium Dioxide

Commercially available pure selenium dioxide was
purified by evaporation with fuming nitric acid, and then
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sublimed in a dry atmosphere at 200 °C. The white,
needle-like crystals were stored over P»Os in a desiccator.

Results and Discussion

Qualitative Observations

Our qualitative observations of the reactions
of selenium with the various solvents are set
out below and are in general agreement with
previously reported observations.

Selenium reacts with disulfuric acid at room
temperature and with 1009/ sulfuric acid at
50-60° to form green solutions with evolution
of SO,; the disulfuric acid solutions are unstable
and slowly change to yellow. These solutions
produce an immediate quantitative precipitation
of red Se when added to water. It is known that
at much higher temperatures oxidation to SeO,
occurs with these solvents (25, 26) and the solu-
tions are colorless. The previously reported
yellow color of solutions of SeO, in sulfuric
acid (27) is now attributed to the presence of
trace amounts of selenium impurity.

With highly purified fluorosulfuric acid selen-
ium dissolves slowly to form a green solution.
With acid containing a small quantity of SO;
the same reaction is much more rapid, and in
both cases SO, is evolved.

The green selenium solutions change to
yellow on addition of oxidizing agents such as
selenium dioxide, potassium persulfate, or
peroxydisulfuryl difluoride. With SeO, as oxidiz-
ing agent, no further change can be effected,
but an excess of the other two oxidizing agents
converts the yellow solution to a colorless
solution of SeO,. Addition of a reducing agent,
e.g. hydrazine sulfate, reverses these changes.

Selenium will not dissolve in 959 sulfuric
acid at room temperature, but on addition of
ceric sulfate the green solution is produced.
Green, yellow, or colorless solutions can similarly
be produced by potassium persulfate in 959
sulfuric acid. This shows that SO5 is not essential
for the production of the colored species, but
that an oxidizing agent is necessary. In all cases
there is clear indication of an oxidation process
in the formation of the colored species from Se,
and this has often been overlooked in previous
interpretations.

The general conclusions to be drawn from
these observations are: 1. The colored species
correspond to positive oxidation states of selen-
ium. 2. The oxidation states are less than 1V,

since selenium dioxide can be used as an oxidiz-
ing agent to produce them. 3. The yellow species
is a higher oxidation state than the green.

Magnetic Susceptibility Measurements

The magnetic susceptibilities of both the
green and yellow species were measured for 109,
wt. /wt. solutions of selenium in disulfuric acid.
In calculating x for the solute the relationship

Xsolutlon —— Xsolvent * Wsolvent
Wse

Xse =

was used, where w’s represent weight fractions
and x’s represent mass susceptibilities.

The susceptibilities per g-atom selenium were
found to be —17 X 1076 c.g.s. units for the
yellow species and —12 x 1076 c.g.s. units for
the green species at 28.5 °C, i.e. both are dia-
magnetic.

Absorption Spectra

By studying the absorption spectra under
various conditions in all three solvents it is
possible to attribute to the yellow species an
intense absorption with a maximum at 410 mg
and a very weak absorption at 330 mu. The green
species has peaks at 295 my (intense) and at
470 mu (weak) and a broad band with a maxi-
mum at 685 myu. Removal of any SO, from the
solutions by pumping had no effect on the inten-
sity of the 295 myu peak, which cannot therefore
be attributed to the 280 mu absorption of SO,
(17). The spectra were essentially the same in all
three solvents, and Table I shows the maximum-
observed extinction coefficients.!

TABLE 1

Extinction coefficients for green and yellow species in
HSO;F, H,SO4, and H;S,07, expressed in terms of
concentration in g-atom Se /liter

€

(M) HSO;F H,S504 H,5,07
A. Yellow solutions
410 2120 1920 1850
330 170 170 170
B. Green solutions
295 930 890 760
470 260 200 270
685 380 250 220

1Extinction coefficients are quoted in terms of selenium
concentration in g-atom/l, although it is obvious later
that monatomic selenium is not the species present in
solution.
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Fic. 1. Absorption spectra of Se/S,0¢F, mixtures in HSO3F. Se/S,0¢F, = (A) 10.25, (B) 8.00, (C) 7.34, (D) 5.39,

(E) 4.00, (F) 3.50.

Figure 1 shows the spectra of selenium in
fluorosulfuric acid containing various amounts
of peroxydisulfuryl difluoride; Fig. 2 shows the
extinction coefficients of the various peaks as a
function of the ratio of selenium to peroxydi-
sulfuryl difluoride. The intensity of the 410 mu
peak of the yellow species reaches a clear
maximum at the 4:1 Se:S,0¢F, ratio. On adding
more selenium the 410 my intensity decreases
and that of the 295 peak increases, suggesting
that the green species is formed by the reaction
between the yellow species and selenium: the
final solution is almost blue. However, no clear
indication could be obtained of the ratio of
selenium to oxidizing agent required for forma-
tion of the green species, although a solution
with Se:S,04F, ratio 10.25:1 showed no trace
of the 410 my peak. It is probable that some
oxidation of selenium by the solvent occurs in
solutions of high selenium content, and this
would complicate the interpretation.

On adding excess oxidizing agent to the

yellow solution the intensity of the 410 my peak
decreases and becomes zero at Se:S,04F;
=0.5:1.

As S,06F, behaves as an oxidizing agent
according to

1] S206F2 + 2¢ — 2SO3F-,

it is clear from the spectrophotometric data that
the yellow species corresponds to an oxidation
state of +1/2 for selenium, while the green
species has an oxidation state less than this.
With an excess of oxidizing agent the final
product is Se!V, presumably SeQ, formed by
reaction [2].

[2] Se + 2S,04F2 — Se0; + 25,05F;

An oxidation state of -+1/2 cannot be
explained in terms of the known compounds of
selenium; no compounds analogous to thiosul-
fate, polythionates, etc. give the required
oxidation state: an ion such as SegQ32~ similar

to the ion SgO32~ suggested as an intermediate
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F1G. 2. Variation of intensities of peaks in the absorp-
tion spectrum with Se/S;O¢F» ratio: A, 410 mu; B,
295 mpu; C, 330 mu; D, 685 mu. (--) Calculated curves
for formatlon of SeO,, Se4~+ and Seg?* with em.x (Seq?t)
= 2 000.

in the reaction of sulfur with sulfite to form
thiosulfate (28) would not be expected to be
stable under strongly acidic conditions. More
feasible are polyatomic cations of the type
Se, 2, e.g. Sept, Seq2t, Segdt, etc., similar to the
ions formed by iodine under the same conditions
(29) and to those formed by bismuth in melts
(30-32).

Conductometric and Cryoscopic Measurements

Fluorosulfuric Acid

Conductometric measurements were carried
out on 4:1 Se:S,04F, solutions at 25 °C and at
—86.35 °C; the results are given in Table IT and
Fig. 3. The solutions are conducting and a plot
of “‘equivalent” conductance (A) against +/c,
where ¢ is the concentration of selenium in
g-atom/kg solvent, is linear, and extrapolates
to a value Ag = 125 at 25 °C.

The value for KSOsF at this temperature and
on the same concentration scale is 262 (20). A
similar plot gave Ag(KSO;F) = 19.2, Ay(Se)
= 8.8at —86.3 °C.

Values of v, the number of fluorosulfate ions
produced per selenium atom, were calculated by

TABLE II

Specific conductances of 4:1 Se:S,04F> solutions in
HFSO3 at 25 °C and —86.35 °C, and of KSOsF
at —86.35°

SC/SzoﬁFz

10% (ohm™1 cm™1)

Concentration

(g-atom Se/kg) (25°%) (—86.35%
0.00 1.09 0.004
0.0189 22.43 1.55
0.0362 37.62 2.91
0.0587 65.69 4.67
0.0886 95.89 6.80
0.1201 126.40 8.90
0.1362 142.52 10.00
0.0027 3.55 0.20
0.0078 9.62 0.63
0.0177 21.12 1.47
0.0344 39.79 2.81
0.0018 2.63 0.11
0.0048 6.09 0.37
0.0092 11.43 0.77
0.0116 14.26 0.95
0.0196 23.14 1.59
0.0425 48.41 3.38
0.0718 79.13 5.53
0.0829 90.43 6.30
0.1046 111.89 7.76
0.1214 127.99 3.83
0.1445 149 .58 10.27

KSO3F (—86.35%)

Molality 10% (ohm™! ¢cm™1)
0.00 0.004
0.0056 1.00
0.0155 2.74
0.0364 6.14
0.0536 8.66
0.0729 11.32
0.1056 15.21
0.1365 18.30
0.1672 20.81

the conventional method of comparing the
concentrations of a strong base with that of the
unknown required to produce the same con-
ductance; values of v of 0.47-0.45 at 25°C
and 0.45-0.48 at —86.3 °C, were obtained using
KSOs5F as a reference. Values of v were also
obtained by comparing values of Ag for Se and
for KSO3F; v = 0.48 at 25°C and v = 0.46 at
—86.3 °C. For the formation of an ion Se,"+
the reaction would be

[3] nSe + ;lSzOGFz = Se,int 4 %SO_;F—.

For all values of n, v would be 0.5, and the
experimental values are in reasonable agreement
with this.
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X 103 (25°C)
SP "110% (-86.35°C)
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Fic.3. Conductivities in HSO3F at 25°C and —86.35 °C. A, KSO3F (25°C). B, KSO3F (—86.35 °C).
C, 4/1 Se[S206F2 solutions (25 °C). D, 4/1 Se/S,06F> solutions (—86.35 °C). E, green solutions of Se in HSOsF

(25 °C).

TABLE III
Freezing points of 4:1 Se:S;04F; solutions in HFSO3

Concentration Freezing point
(g-atom Se/kg solvent) °
0.0000 —89.019
0.02546 —89.103
0.04962 —89.140
0.06616 —89.188
0.09900 —89.294
0.12561 —89.353
0.15082 —89.439

The results of cryoscopic measurements on
the 4:1 solutions are given in Table I11. A value
of 0.75 for », the number of particles produced
by one atom of selenium, was obtained from
the slope of the linear freezing-point concentra-
tion plot using the value of 3.93 °K mole~! kgt
for the cryoscopic constant (23). For reaction
according to eq. [3] » would have the value
(n 4 2)/2n, and would be 0.75 for Se 2+ or 0.67
for Seg3+. The observed value of » thus strongly
suggests that the Sey 2+ ion is formed and the
less probable Seg3* ion can also be eliminated

on the grounds that it would be paramagnetic,
in contrast to the observed diamagnetism. Thus
the reaction can be written

[4] 4Se + S,06F; = Seq2* + 2S0O5F .

For a doubly charged cation the conventional
method of calculating v would not be expected
to give wholly accurate results if a 1:1 electrolyte
is used for comparison. Using barium fluoro-
sulfate, Ba(SO3F),;, as a reference electrolyte
v values ranged from 0.48-0.54 at 25°C:
however, since the Ba2t+ cation is so much
smaller than a polyatomic selenium cation and
since there is cryoscopic evidence that barium
fluorosulfate may be incompletely dissociated
in fluorosulfuric acid (33), even this comparison
is somewhat imperfect. Using o-phenylenedia-
mine, a strong diprotonated base (34), as
reference gave vy values 0.49 + 0.005 at 25 °C
and 0.47 4 0.01 at —86.35 °C.

Less certain information on the nature of the
green species could be obtained in fluorosulfuric
acid. More selenium will dissolve in the yellow
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TABLE IV

Conductivities of solutions obtained by adding
selenium to 4:1 Se:S,06F> solution*

Time after 104«
Ratio Se:S,0sF,  addition (h) (ohm™! cm™1)
4.000 — 142.54
4.059 1 143.00
4.315 1 144.60
2 144.64
4,932 1 147.29
5.848 1 150.56
16 151.13
6.888 1 154.98
7.710 1 157.46
8.276 1 159.21%
2 161.20%
9.046 1 165.15%
33 168.31¢
18 170.55%
66 171.97

*Concentration Se in original solution = 0.1362 m.
fContained undissolved selenium.

solution with only a small increase in conduc-
tance. Up to a ratio Se:S,0¢F, about 8:1 the
selenium dissolves readily to produce stable
green solutions; beyond this value, further selen-
ium dissolves only very slowly and produces a
marked increase in conductance (Table IV)
suggesting reaction with the solvent. Both the
conductivity and spectrophotometric results are
consistent with a reaction of the type

SG4Z+ -+ mSe = SeZ+(4+m)

and the value of m would thus appear to be
about 4, i.e. the green species is probably
Seg2+, This species would be expected to be
diamagnetic in agreement with our experimental
observations.

TABLE V

Conductivities of green solutions of selenium in
HSO3F at 25 °C

Concentration 104«
(g-atom Se/kg solvent) (ohm=1 cm™1)

0.0000 1.194
0.00348 3.230
0.0114 8.894
0.0313 22.03
0.0843 61.75
0.1448 108.7

Selenium dissolves in fluorosulfuric acid to
produce the green solution, but this reaction is
almost eliminated by the addition of potassium
fluoride and thus appears to involve oxidation
by sulfur trioxide which is normally present in
small amounts even in the carefully purified
solvent (23). Only with acid of the highest
purity is this reaction negligible., For reaction
with sulfur trioxide to produce a polyatomic,
doubly charged cation,

{51 #Se + 3HSO;3F + SO3 =
Se2t 4- 3S03F~ 4 H30* + SO,,

the value of v is given by 2.58 /n (35), allowing
for the hydrolysis reaction

H30* 4- SO3F~ =2 HF + H»S04.

Table V and Fig. 3 show the conductivity
results at 25°C for this green solution. The
conductance drifted considerably with time over
a period up to 24 h as reaction [5] is relatively
slow, and the results are the final, stable figures.
The value of v is 0.32 4 0.01, which corresponds
ton = 8.1 £ 0.3.

Sulfuric Acid

Reaction of selenium with sulfuric acid at
50-60 °C produces the green species. Freezing
points and conductivities interpolated from a
larger number of measurements obtained in
several experiments are given in Table VL.

For the formation of SeSOQj;, the reaction
would be

Se + 2H,S04 = SeS03 + H30* 4+ HSO4~

with values v = 1.0 and » = 3.0. This is not in
agreement with the experimental values of v and
v and the fact that SO, is a known product rules
out the possibility of this reaction.

For the formation of polymeric cations,
Se,*t, a series of reactions can be visualized:

2nSe 4+ 5xH»S804 =
2Se,*t 4+ 2xH301 4+ 4xHSO4~ + xSO».

As it has a very low solubility in sulfuric acid,
essentially all the sulfur dioxide formed in the
above reactions is evolved from the solution, so
that the expected values of v and » would be
2x[n and (3x 4 1)/n respectively. The observed
value of v = 0.5 shows that x/n = 0.25, i.e. the
cation contains selenium in the -1 oxidation
state and is of the form Ses*, Seg2*, Seq.3, etc.
The v values for these ions would be 1.0, 0.875,
and 0.833 respectively, and hence the observed



(qV]
—
e}
Q
(@)
o
[
(o]
(o]
~
3
R
S
—
N
2
e
Q
o .
gj‘z
£s
Q.
L
ga
c
§8
eg
%a
LL
e
°
B
®
o
E ,
3
[l
|5
O
-
&
@]

BARR ET AL.: NEW POLYATOMIC CATIONS. I 155

TABLE VI
Conductivities and freezing point of green solutions of selenium in 100 % sulfuric acid

Freezing
point 10%
Molality °C) [/ v (ohm™ cm™?) v
0.1 9.974 0.651 0.90 1.475 0.51
0.2 9.483 1.142 0.89 2.150 0.50
0.3 8.988 1.637 0.88 2.765 0.50
0.4 8.463 2.162 0.88 3.305 0.49
0.5 7.950 2.675 0.87 — —
FPT0) (A lopTicaL ©)
DENSITY
L O OO
15
Se0,/Se
K x102
(@]
0.06 0.12

Fic. 4. Titrations of green selenium solutions with SeO; in H,S04. A, cryoscopic titration. B, conductometric

titration, C, photometric titration at 410 mg.

value of 0.87-0.90 strongly suggests that the
cation is Seg? ™,
[6] 8Se + 5H,SO4 =

Segzt 4 2H30% 4- 4HSO4~ + SO2

The less probable Seqj,3+ can also be ruled out
by the magnetic measurements.

The green solution can be oxidized to the
yellow solution with selenium dioxide, and Fig. 4
gives the results of conductometric, spectro-
photometric, and cryoscopic titrations of the
green solution. There is a clear change of slope

in all cases at a ratio of Se:SeO, = 1:0.07.
Beyond this end-point the changes in both
conductivity and freezing point are those
expected for addition of SeQ,, and the 410 my
peak is of unchanged intensity.

On the basis of the formula Se 2+ for the
yellow species and Seg?t for the green, SeO,
would be expected to oxidize 14Se(+1) to
14Se(+-4), being itself reduced to Se(+%). Thus

[7] 7Seg?* + 4Se0; -+ 24H,S04 =
15Se42* + 8H3O* -+ 24HSO,4~.
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TABLE VII
Freezing points and conductivities at the mole ratio SeO,/Se = 0.071

Freezing
Total moles point 10%

Moles Se Moles SeO- selenium m (&S] v (ohm™! ¢cm™?) v
0.03386 0.00242 0.03628 0.2401 8.384 1.49

0.02752 0.00196 0.02949 0.2431 8.350 1.49

0.02400 0.00171 0.02569 0.1869 3.055 0.90
0.02618 0.00187 0.02805 0.1695 2.881 0.90
0.02482 0.00177 0.0260 0.1496 2.503 0.85
0.01443 0.00103 0.01546 0.0913 1.890 0.89
0.008%4 0.00638 0.00958 0.0547 1.443 0.88

TABLE VIII

Conductivities of solutions of selenium in H,S,07 at 25 °C

Green solutions

Yellow solutions

103« 103«
Molality x 102 (ohm™ ¢cm™) Molality x 102 (ohm™ cm™)

3.74 3.9521 1.90 4.0077
5.10 4.0430 3.88 4.2797
8.33 4.,3010 8.05 4,9132
9.97 4.4196 10.70 5.4592
14.15 4.8163 12.10 5.7138
15.25 4.9152 19.77 6.9795
21.31 5.4054 22.33 7.4251
27.94 6.0298 27.06 8.2053
31.44 6.3501 34,52 9.4033
38.52 6.9377 41.26 10.4095
50.57 7.9517 45.21 11.0310
57.99 8.5674 47.71 11.4273

54,82 12.3750

57.40 12.7692

63.52 13.4172

TABLE IX

Freezing points of solutions of selenium in H.S,07

Green solutions

Yellow solutions

Freezing Freezing

102 m point (°C) 102 m point (°C)
4.52 35.05 3.03 35.01
9.36 34.97 8.72 34.79
20.16 34.77 11.39 34.68
28.86 34.57 14.84 34.51
36.55 34.38 19.68 34.25
48.24 34.03 25.12 33.92
58.05 33.66 31.67 33.43
37.22 33.07
44 .51 32.49
53.42 31.72
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The calculated ratio SeO,:Se at the equivalence
point is 1:14 or 0.071:1, in excellent agreement
with the observed value.

From the freezing points and conductivities
of the end-point solutions in these titrations the
values of v and » given in Table VII were
obtained. The equation for the overall reaction
is obtained by combining eqgs. [6] and [7],

[8] S6Se + S9H,SO4 + 45e0, =
15Se2t + 22H30* 4- 52HSO4~ 4 7S0,,

hence the expected values for v and » are 0.87
and 1.48 respectively. The experimental results
are in good agreement with these values and thus
provide support for both the proposed species
Seg2+and Sey2+.

Disulfuric Acid

Both green and yellow solutions of selenium
can be obtained in disulfuric acid at room
temperature. The green solutions are not very
stable and on long standing (2-3 weeks) become
oxidized to yellow solutions. The conductivity
and the freezing points of the green solutions at
first drift rapidly, but change only slowly after
12-14 h. The method for obtaining the conduc-
tivity and freezing point data for the green species
by extrapolating to zero time has already been
discussed. The yellow solutions are stable and
their freezing points and conductivities do not
change with time. The yellow solutions were
prepared by keeping the green solutions at 60°
for several hours. The conductivity results are
given in Table VIII and the cryoscopic results
are in Table IX. It is not possible to calculate
values of » and v from the results of cryoscopic
and conductimetric measurements in disulfuric
acid in the same straightforward manner as for
sulfuric and fluorosulfuric acid, mainly because
of the extensive solvent self-dissociation. The
mode of ionization of a solute is best established
by comparison of the observed freezing point
and conductivity curves with “theoretical curves”
constructed from the results obtained with cer-
tain reference solutes (21). In Figs. 5 and 6 the
results for the green solutions are compared
with the predicted curves for a solute ionizing
according to eq. [9].

E]] nS — A2+ 4+ 2HS30,9~ + 5H2SO4 + B,

where n = 4 and 8 and B is a nonelectrolyte.
The good agreement between the observed and
“theoretical” curves clearly establishes that the

5
/w/‘?’/‘ﬁi: MOLALITY 0
. . N A .

Fic. 5. Conductivities of selenium solutions in disul-
furic acid at 25 °C. The curves are calculated for a solute
ionizing according to eq. [9] with » = 8 (Curve A) and
#n = 4 (Curve B). @ Experimental points for green solu-
tions of selenium. O Experimental points for yellow
solutions of selenium.

overall reaction to produce the green solution is

[10] 8Se + 6HS,07 —
Seg2t + 2HS30;10~ + 5H2S04 + SO,.

Sulfur dioxide is very soluble in disulfuric
acid and behaves as a nonelectrolyte (21).

The amount of sulfuric acid formed was
determined by cryoscopic titration with SOj.
The freezing point rises, passes through a
maximum, and then decreases on addition of
SO;. The titration exhibits a maximum in
freezing point at molar ratio SO3/Se = 0.7,
which suggests that selenium is reacting accord-
ing to eq. [10], for which the expected value is
5/8 = 0.63. The somewhat high experimental
value is probably explained by partial reaction to
Se42*, which involves formation of more H,SO,
per gram atom of Se. The rise in the freezing
point also agrees with the formation of 5 moles
of H,S0, from 8 moles of selenium according
to the above equation.

Comparison of the freezing points and con-
ductivities of the yellow solutions with the
“theoretical” curves in Figs. 5 and 6 establishes
that the overall reaction can be represented by
the equation

[11] 4Se + 6H,S,07—
Se42t + 2HS301~ + 5H,S04 + SOs,.
The amount of sulfuric acid formed was deter-

mined by cryoscopic titration with SOj; the
end-point occurs at SO3/Se = 1.3, which agrees
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FiG. 6. Freezing points of selenium solutions in
disulfuric acid. The curves are calculated for a solute
ionizing according to eq. [9] with n = 8 (Curve A) and
n=4 (Curve B). @ Experimental points for green
solutions of selenium. O Experimental points for yellow
solutions of selenium.

well with the value of 5/4 = 1.25 expected for
reaction according to eq. [11].

Conclusions

Our results show conclusively that the yellow
species in solutions of selenium in strongly
acidic solvents is Se42+ and the corresponding
green species is Seg2+. We could find no evidence
of other similar species in the solutions, the
product of further oxidation of Se42+ being Se'V.
Our results cannot be explained in terms of
formation of SeSO; or in terms of uncharged
radicals. The compound analyzing as SeSOj
seems well-established, but we feel that this is
most unlikely to represent the true structure. In
view of the fact that this compound is produced
by reaction of Se with SO; in the presence of
traces of water, a formulation such as
Se2+.84013%, with a very similar analysis,
would seem more acceptable. We hope to be
able to report more conclusively on this point

at a later date. Solid compounds which appear
to contain the Se42* cation have been isolated
from the fluorosulfuric acid and oleum solutions.
The composition and structure of these com-
pounds is under investigation. We are not able
to assign structures to either Ses2t or Seg2* but
structural investigations are being undertaken.
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Catalytic hydrogenation of allene

R.S. Mann aND D, E. ToO
Department of Chemical Engineering, University of Ottawa, Ottawa, Canada
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The reaction between allene and hydrogen over pumice-supported metals of the eighth group has
been investigated in a constant volume reactor for a wide range of temperature and reactant ratios.
The shape of the pressure-time curves were found to be dependent upon the reactant ratios and their
order of admission. The reaction over nickel-pumice is principally a selective formation of propylene
with small yields of propane and reduced polymers of allene. The orders of hydrogenation reaction
are first, or slightly higher, and zero with respect to hydrogen and allene respectively. The apparent
activation energies for Pd, Pt, Co, Fe, Ni, Rh, Ir, Ru, and Os are 13, 17.4, 10.8, 94, 7.8, 9.6, 5.3, 3.0,
and 4.6 kcal/mole respectively. The catalytic activities of the metals are in the sequence

Pt > Pd > Rh > Ir > Ni > Co > Fe > Ru > Os.

While selectivity was found to decrease with increasing initial hydrogen pressures, it increased with

increasing temperatures.
Canadian Journal of Chemistry, 46, 161 (1968)

Introduction

Though several papers have appeared in the
last 30 years describing the kinetics of catalytic
hydrogenation of olefins and alkynes, very little
work has been reported about the kinetics of the
hydrogenation of allene over metal catalysts.
Bond and Sheridan (1) studied the hydrogena-
tion of allene over pumice-supported nickel,
palladium, and platinum catalysts. The order of
reactions were found to be one and about zero
with respect to hydrogen and allene respectively.
Kistiakowsky and co-workers (2) hydrogenated
allene with a large excess of hydrogen. They did
not specify the catalyst used. Recently Bond and
co-workers (3) have reported about the selec-
tivities observed in the first stage of the reaction,
for alumina-supported ruthenium, rhodium,
osmium, iridium, and platinum catalysts. No
mention has been made about the effect of reac-
tant ratios and temperature on the selectivity.

This paper describes a detailed study of the
kinetics of allene hydrogenation over pumice-
supported metals of the eighth group and the
effect of the various experimental variables upon
the selectivity of the reaction in presence of
nickel-pumice catalyst.

Experimental

The apparatus, materials, and experimental techniques
used were the same as reported by Mann and Naik (4)
for methylacetylene hydrogenation. All catalysts, except
osmium, were prepared by impregnating and evaporating
solutions containing the calculated weight of Analar
grade chemicals, in presence of pumice. While iron,

cobalt, and nickel catalysts were prepared from their
nitrates, ruthenium, rhodium, palladium, and platinum
were prepared from their chlorides. Tridium catalyst was
prepared from iridic ammonium chloride. Osmium
catalyst was prepared by adding the required amount of
aqueous solution of ammonium chlorosmate to the pum-
ice granules, and the mixture kept in a warm water bath,
while being dried by a stream of nitrogen.

The reactions were followed by measuring the pressure
fall using a mercury manometer. The product composi-
tions were obtained by gas chromatography using a
Fisher gas partitioner, mounted on the top of a model 27
Fisher thermal stabilizer maintained at 30 °C. A 14 ft
long 309 hexamethy! phosphoramide on 60-80 mesh
Fisher Columpak and 8 ft long 30-60 mesh activated
13 X molecular sieve columns were used to separate
allene, propylene, propane, and hydrogen. Helium at the
rate of 70 mm/min at a pressure of 20 p.s.i.g. was used as
the carrier gas.

Results and Discussions

(a) Pressure-Time Curves

The pressure drop — time curves observed in
the hydrogenation of allene over metal catalysts
were found to be dependent upon (i) initial
hydrogen/allene ratios and (ii) the order of
admission of reactants. Type [ pressure time
curves (4, 5) almost invariably resulted when
allene was admitted first into the reaction vessel,
provided that the initial hydrogen/allene ratio
was greater than about two. Type III curves
were always obtained, regardless of the order of
admission of the reactants into the reaction
vessel, provided that hydrogen/allene ratio was
smaller than about two. The inflection point,
—Apa, was found to increase with increased
hydrogen pressures. The pressure-time curves



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.42 on 09/05/12
, For personal use only. :

162 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

obtained for allene hydrogenation over nickel at
75 °C for several hydrogen/allene ratios (R)
are shown in Fig. 1.
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Fig. 1. Pressure-time curves of different initial
H/C3H, ratios, R, for nickel-pumice catalyst at 75 °C
using Peyn, = 60 &= 1 mm Hg.

(b) Orders of Reaction with Respect to Hydrogen
and Allene

Using a fixed allene pressure of 60 mm, and
a wide range of hydrogen pressures (30-300 mm),
orders in hydrogen were determined at several
temperatures. Similarly the order of reaction
with respect to allene was obtained by using
60 mm hydrogen and varying the allene pres-
sures between 30 and 300 mm. The dependence
of initial rates upon the initial pressures of
hydrogen and allene over nickel-pumice catalysts
at 75and 90 °Cis shown in Fig. 2,

The orders of reaction with respect to hydro-
gen (n) and allene (m) are given in Table I for
the metal catalysts, While the orders with respect
to allene were zero and almost independent of
temperature, the order of reaction with respect
to hydrogen varied between 0.8 and 1.6, and

w/
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/ %
o o]

06 _ 90 Co 8.8
-4 ' _ o
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Fic. 2. Dependence of initial rates upon initial
pressures of hydrogen and allene over nickel-pumice at
75 and 90 °C. :

increased very slightly with increasing tempera-
tures.

(¢) Activation Energy

Plots of logio specific reaction rates against
the absolute temperature were very good
straight lines over a wide range of temperatures.
The derived apparent activation energies for
group VIII metals are given in Table I.

(d) Compensation Effect
A “‘compensation effect” (6) was observed to
exist among various catalysts tested. A plot of
logyo 4; against apparent activation energy for
these catalysts gave a straight line, giving the
relation
logyg 4,=0.81 E;, —2.0.

(e) The Effect of Experimental Variables upon
Selectivity for Nickel-Pumice Catalyst

Selectivity (S) is defined as the ratio of pro-
pylene to propylene plus propane, Ppropyiene/
(Pyropyrene - Poropane). PTODylene, propane, and
some polymers were observed as initial products
of the reaction under all conditions studied,
propylene being the major product.

(i) Dependence of Selectivity upon Pressure Fall

The dependence of selectivity upon pressure
fall and the course of reaction were investigated
for various hydrogen/allene ratios between 40
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TABLE 1
Orders of reaction and activation energies for catalysts

Average order Activation
Temperature energy
Catalyst range (°C) m n (kcal/mole)
Pd 21-40 0 1.034+0.06 13. +0.2
Pt 112-147 0 1.04+0.04 17.440.2
Co 104-126 0 1.0540.05 10.8+0.2
Fe 74-114 0 1.534+0.12 9.41+0.2
Ni 40-130 0 1.0 +0.08 7.840.2
Rh 42-63 0 0.82+0.02 9.6+0.2
Ir 25-45 0 1.0540.03 5.34+0.2
Ru 81-145 0 1.384-0.03 3.04+0.2
Os 125-200 0 0.90+£0.03 4.6£0.2
—o o __
© O— o 50%
80 -1i60 096 R
e oo -] o & — @ 75°C
\ = o Re2
OZTotal pressure 2 o o 5
\O 3 O\
T— & o088 60°C
60 >\ o~ 2o o\
R=2
2 R 3
. o A
E ' @Hydrogen ? ' '
o 8 1.3 20 40 0
540' 5. O~ 80 3 Pressure  fall, mm Hg
o T
a @ Fic. 4. Dependence of selectivity upon pressure falls
using initial Hy/C3H,, R, equal to 2.
20k Y with further pressure falls. The dependence of
selectivity on pressure fall at several temperatures
is shown in Fig. 4,
(i) Dependence of Selectivity upon Initial Pres-
/ o Propane o o—9" sures of Hydrogen and Allene
0 20 40 60 The dependence of selectivity on the initial

Pressure fall, mm Hg

FiG. 3. Course of reaction over nickel-pumice at

75 °C.

and 100 °C. The course of the reaction was
followed by means of an analysis of the reaction
products for various reactant ratios for different
pressure falls, With an initial hydrogen/allene
ratio of 2 at 75 °C, the main initial reaction is the
selective formation of propylene with relatively
little propane (Fig. 3). The selectivity was fairly
constant (Fig. 4) till the pressure had fallen by
about 45 mm, when it started dropping rapidly

hydrogen pressures was studied between 40 and
100 °C. While initial allene pressure was Kept
constant at 60 mm, the pressure of hydrogen
was varied between 60 and 300 mm. The prod-
ucts were analyzed when the total pressure fall
was equal to 40 mm. Selectivity decreased with
increasing hydrogen pressures, and all the curves
were concave towards the origin over the entire
range of temperature and pressures studied
(Fig. 5). It was found that for a particular
hydrogen/allene ratio, higher selectivities could
be achieved by increasing the reaction tempera-
ture. No significant variation in the selectivity
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TABLE 1II

Dependence of selectivity upon temperature (Pg, = 180 4+ 1 mm; pressure fall = 30 mm;
P03H4 =60+1 mm)

Pressure of product stream

(mm) Allene lost
Temp. (polymer) Selectivity
O H» C3Hs CsHg C3Hy (mm) (8
40 123 3 16 20 21.5 0.842
60 110 2.5 16 15.1 26.4 0.865
75 140 0.9 18 13.5 26.4 0.952
90 150 0.8 20 14.0 25.2 0.961
100 132 0.8 19.9 14.5 25.8 0.962
115 138 0.7 18.0 14.5 26.8 0.962
130 135 0.7 18.0 13.5 27.8 0.962
TABLE III

Comparison of results of present investigations with those of Bond and Sheridan

Present results Bond and Sheridan
Type of catalyst studied Pu--Ni Pu-Pd Pu-Pt Pu-Ni Pu-Pd Pu-Pt
Type of Pt curves 14111 111 1111 — — —
Temperature range (°C) 40-130 21.5-40 112-147 0-114 89-197 48-173
Order with respect to Hy 1+0.08 1.03+.06 1.04=.04 1 1 1
Order with respect to C3Hy 0 0 0 0 0 0
Activation energy (kcal/mole) 7.8+.2 13.00+.2 17.44.2 12.9+.5 12.3+.5 17.1%.5
s o o T wos between 40 and 130 °C. The products were
m\
098 O-o_ 780 analyzed for a total pressure fall of 30 mm. The
ST results are given in Table II. Selectivity increased
_ \675"\(: . « a
e— — o | = very rapidly in the lower temperature (40-75 °C)
o ¢ and subsequently levelled off at higher tempera-
088 60°C Ha0® °
z —o—g e o c tures (100-130 °C).
3 o oot _p-0- -
3 o9 75°¢ o-| 3
_Am——g o ° T
0.801®=® ) I - S o
° e e 2 60 o
/ E
2 -
® %
. . . o S
90 130 170 210 L
Initio] Hydrogen Pressure, mm Hg EBO o
.. S 0.
F1G. 5. Dependence of selectivity and hydrocarbon lost
(polymers) on inijtial H2/C3H4 ratios.
20 80 )

with increasing allene pressure was observed at
90 °C. Figure 6 shows the effect of allene pres-
sures on the polymer formation. The amount of
polymers formed (allene lost) increased with
allene pressures, giving almost a linear relation-
ship in the lower allene pressure ranges.

(iii) Dependence of Selectivity upon
Temperature
The temperature dependence of the selectivity
for a hydrogen/allene ratio of 3 was studied

Initial Allene Pressure, mm Hg

Fig. 6. Dependence of polymers on initial allene
pressure at Py, = 120 4= 1 mm Hg and total pressure fall
of 25 mm Hg.

(f) Comparison with the Results of Previous
Investigators and General Discussions
Bond and Sheridan (1) studied the kinetics of
hydrogenation of allene over pumice-supported
nickel, palladium, and platinum catalysts only.
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A comparison of our results with those of Bond
and Sheridan is given in Table II1.

No comparison could be made for other
catalysts besides platinum, palladium, and nickel,
since no published data are available. Bond and
Sheridan (1) do not give any information about
the shape of the pressure-time curves they
obtained for allene hydrogenation and hence no
direct comparison of the pressure-time curves
obtained in this investigation can be made
with their work.

The activation energies for platinum and
palladium were nearly the same as obtained by
Bond and Sheridan. However, the activation
energy for nickel is much lower. There was no
sign of a fall in the energy of activation of allene
hydrogenation even at higher temperature.

The use of higher partial pressures of hydro-
gen tended to slightly enhance the activity of the
catalysts reversibly, while higher partial pres-
sures of allene often poisoned the catalyst
reversibly thus suppressing its catalytic acitivity.
It was also noticed that under similar conditions
slightly higher rates were obtained by admitting
hydrogen first into the reaction vessel rather
than allene.

Though Bond and Sheridan (1) studied the
general course of reaction for hydrogen/allene
ratio of 1:1 at 66 and 73 °C, and the effect of
reactant ratios on the yield of propylene and
propane at 74 °C, they did not study the depend-
ence of selectivity on temperature for various
reactant ratios and the effect of reactant ratios
on the selectivity and polymer formation. In the
present investigations, the general characteristics
and product analysis of allene hydrogenation on
nickel between 40 and 100 °C were found to be
similar to those obtained by Bond and Sheridan.
While following the course of reaction for allene
hydrogenation in a I :1 ratio at 100 °C, we found
that the formation of propylene ranged from 35
to 40 times that of propane, as compared with
Bond and Sheridan, who reported the formation
of propylene to be 14 times that of propane.

Selectivity increased with increasing tempera-
ture in the lower temperature range (40-75 °C)
and then at higher temperatures (100-140 °C)
subsequently levelled off. This is very similar to
the observation of Bond and Turkevitch (7),
who noted that the rate of propylene exchange
on platinum increased relative to the rate of
deuteration as the temperature was raised. This

is probably due to a decrease in the surface
coverage of hydrogen as the temperature is
raised.

The reaction in almost all respects closely
resembles the acetylene-hydrogen reaction. This
similarly suggests that the mechanism of reac-
tion is essentially the same as that proposed for
acetylene hydrogenation by Bond and Wells (8).

The zero or slightly negative order in allene
and the positive order in hydrogen show that
allene is more strongly adsorbed on the catalyst
surface. Bond and Sheridan (9), while studying
the hydrogenation of a mixture of hydrocarbons,
found that allene was more strongly adsorbed
than propylene. Added propylene did not show
appreciable effect on the hydrogenation of
allene. These results support the theory of
associative adsorption. The very high selectivity
observed in the present investigation also sup-
ports the associative adsorption of allene, and a
Twigg-type (10) associative mechanism for the
hydrogenation, involving the addition of hydro-
gen in two steps.

The similarities between acetylene hydrogena-
tion and allene hydrogenation suggests that the
mechanism of allene hydrogenation is one in
which gaseous allene and hydrogen are adsorbed
on the surface of the catalyst to form the half-
hydrogenated state H,C=C—CH,, which in

sk

turn is further hydrogenated to form gaseous
propylene or isomerizes to form a free radical
H2C—C—CH3 The radical either reacts further

w1th adsorbed hydrogen (H) to form adsorbed

propylene, which is hydlogenated further to
propane or combines with adsorbed allene to
form polymers.

The small amount of propane that is formed
is attributed to the further hydrogenation of
adsorbed propylene. The longer the propylene
remains adsorbed on the surface, the greater
will be its chance of undergoing further hydro-
genation and isomerization, thus causing a
reduction in the selectivity.
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with pyridine-2-aldehyde-2-quinolylhydrazone®
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Nickel, cobalt, and copper are separated from interfering metals by thin-layer chromatography on sili-
ca gel and cellulose layers. The metals are sprayed with pyridine-2-aldehyde-2-quinolylhydrazone solution
and determined by diffuse reflectance spectroscopy. Under optimum conditions, 0.01 ug per spot can be

determined easily and with good reproducibility.
Canadian Journal of Chemistry, 46, 167 (1968)

Compounds capable of behaving as tridentate
chelating agents can be selective in their reactions
with metal ions; a number of such compounds
(substituted hydrazones) were described in an
earlier paper (1). One of these, pyridine-2-
aldehyde-2-quinolylhydrazone (PAQH), has been
used to develop sensitive and highly selective
spectrophotometric methods for palladium,
nickel, and cobalt (2, 3). PAQH gives visible
colors with nine metal ions but, by combining
PAQH with chromatographic techniques, it was
hoped to take advantage of the high sensitivity
of the reagent and to simultaneously determine
nickel, cobalt, and copper without interference.
Diffuse reflectance spectroscopy was used pre-
viously (4) in a quantitative investigation of the
rubeanic acid complexes of cobalt, copper, and
nickel adsorbed on thin-layer chromatographic
(t.L.c.) adsorbents. In this study the suitability of
PAQH as a spray reagent for cobalt, copper, and
nickel (after thin-layer chromatographic sepa-
ration of these ions) has been investigated by
the same technique.

Experimental

Reagents

Stock solutions containing 1 g metal per liter of solution
were prepared from reagent grade chlorides. PAQH was
prepared as previously described (1) and the reagent
solution was 0.03% w/v in ethanol. Thin-layer chroma-
tographic grade silica gel G from “Merck” Darmstadt
with particle size of 1040 p maximum and containing
159 plaster of paris as a binder was used. The cellulose
layers were made from MN cellulose 300 manufactured
by Macherey, Nagel and Co., Dueren, Germany, without
binder and with a particle size of 10 x maximum. The
solvent systems for the chromatographic separation were

1Paper presented at the 18th Mid-America Symposium
on Spectroscopy in Chicago, May 1967.

described in a previous paper (4) and consisted of 0.5%
concentrated hydrochloric acid (specific gravity, 1.19) in
acetone for silica gel plates and a freshly prepared mixture
of methylethylketone : concentrated hydrochloric acid :
water in the ratio 15:3:2 by volume for cellulose plates.

Apparatus

Diffuse reflectance spectra and transmission spectra
were measured with a Bausch and Lomb Spectronic 505
recording spectrophotometer equipped with the standard
reflectance attachment for the ultraviolet and visible
regions; barium sulfate plates made with a powder press
were used as reference standards. Quantitative photo-
metric studies were done with a Beckman DU spectro-
photometer, equipped with a reflectance attachment, at
wavelength settings determined previously from the
reflectance spectra. The cells used to hold the sample and
reference material have been described elsewhere (5);
although the prepared barium sulfate plates were
occasionally used, the plate adsorbent usually served as
reference standard. The chromatoplates were coated
using a “Desaga” thin-layer chromatography applicator
with the layer thickness adjusted to 0.25 mm.

General Procedure

The 20 x 5cm plates, after coating, were heated at
110 °C (1 h for silica gel and 15 min for cellulose) and
were stored in a dry cabinet over silica gel adsorbent. The
metals were applied to the plate by spotting with a 10 ul
Hamilton micro-syringe; the samples were dried for 5
min at 110 °C, were cooled to room temperature, and then
chromatographed in a preconditioned (12 h) chromatog-
raphy chamber. After separation (20 to 30 min), the
plates were air dried for 15 min or heated to 110 °C for
5 min and treated as described in the various sections to
follow. The optimum conditions have been determined for
each adsorbent and are discussed in the corresponding
sections.

The technique used in quantitative analysis of the
separated material has been described previously (5). The
20-30 mg samples removed from the plates for analysis of
the spots were weighed to 0.1 mg and were ground in a
small agate mortar for two periods of 1 min each to insure
homogeneity and a more uniform particle size. Samples
that were not analyzed immediately were stored in a
desiccator over silica gel.
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Results and Discussion

Reagent

Figure 1 shows the spectra of solutions of
PAQH in ethanol; acidic and basic solutions
contained 1 ml of 0.1 N hydrochloric acid or
sodium hydroxide per 100 ml of solution. The
reagent is strongly yellow in fresh basic solution
but fading occurs within a few hours (Fig. 2). An
acidic solution is less intensely colored (Fig. 1)
and is stable for several months. The stock solu-
tion of the reagent was therefore kept in ethanol
containing 1 ml of 0.1 N hydrochloric acid per
100 ml of solution.

REFLECTANCE, TRANSMIT TANCE —=

.
750 w/o a0 30"
WAVELENGTH (mp)

L f L
330 370 390 410

Fig. 1. Spectra of reagent. Legend: on cellulose
(1, acidic; 2, basic); on silica gel (3, acidic; 4, basic); in
ethanol solution (5, basic; 6, acidic).

Figure 1 shows also the reflectance spectra of
the reagent on basic silica gel and cellulose
(adsorbent first sprayed with 0.03 9, reagent solu-
tion and then with 0.1 & sodium hydroxide); the
spectra are similar to the transmission spectrum
in basic solution but the maxima are shifted
slightly to higher wavelengths and bands are
broadened due to light scattering. The reagent is
stable for several weeks on basic silica gel but on

[[o]e]
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Fig. 2. Time study of 0.03 %, PAQH in basic ethanol.
Legend: 1, start; 2,1 h;3,2h;4,3.5h;5,5h;6,12h.

N PE——
350 370 390

cellulose, as in solution, the color fades rapidly.

The same characteristic double peak in the
near ultraviolet is observed on neutral and
acidic adsorbent as in acidic solution (Fig. 1). An
additional minimum at 490 mu appears on
cellulose which accounts for the orange color of
the plate. The cellulose is not likely to contain
significant transition metal impurities and it is
probable that a chemical reaction occurs be-
tween the reagent and cellulose; further support
for such an assumption is given later by the
unusual behavior of the metal chelates on
cellulose.

The optimum reagent concentration in the
spray solution for maximum color formation
with the metal ions is 0.03 9. No significant in-
crease in spot intensity occurs at reagent con-
centrations greater than 0.03 9, w/v for the three
cations and a spray solution of this concentration
was used in further studies.

Cobalt Complex

pH Study

The chromatograms, after separation and
neutralization of the plates in ammonia vapor,
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TABLE 1
Absorption maxima (mg) of PAQH complexes

169

Aqueous solution

Silica gel

Cellulose

Co 500 (pH, 7-8)
Ni 480 (pH, 9)
Cu 475 (pH, 9)

508 (0.01 N NaOH)
490 (1.0 N NaOH)
485 (1.0 N NaOH)

536 (0.01 N NaOH)
520 (1.0 N NaOH)
505 (1.0 N NaOH)

were sprayed with reagent solutions which were
made 0.01 to 1.0 M in sodium hydroxide shortly
before use. The highest spot intensity was
observed for a 0.01 M solution. Under these
conditions the reagent was colorless on silica gel
but an orange background, as previously men-
tioned, was observed on cellulose (Fig. 3).

Temperature Study

Heating of the plates at 110 °C for 5 min im-
mediately after application of the reagent solu-
tion resulted in a 2-39% R increase in spot
intensity on silica gel and about 1-2% R increase
on cellulose. The intensity increased by another
1% on heating for 30 min at 110 °C but no
changes were observed on heating for longer
periods. Heating of the plates for 5 min at 110 °C
is recommended, therefore, as a standard
procedure.
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FiG. 3. Reflectance spectra for reagent and for
cobalt complexes on silica gel and cellulose. Legend: on
cellulose ( . . . . reagent, --- complex); on silica gel
(-.- reagent, — complex).

Spectra

The reflectance spectra of the reagent and the
cobalt complex (1 pg/spot), under optimum pH
and temperature conditions, are shown in Fig. 3.
Little interference from the reagent is observed
for silica gel plates. Similarly, although there is a

reagent maximum at 490 my, there is no inter-
ference on cellulose because the absorption
maximum of the cobalt complex is shifted con-
siderably to 536 my. This bathochromic shift was
observed for all three metals (Table 1) but its
magnitude, on cellulose, is rather unusual, Thus,
for rubeanic acid complexes (4), a 10-20 mp
bathochromic shift of the reflectance spectra in
the order cellulose < silica gel < alumina was
reported as due to adsorbent-adsorbate inter-
action; cellulose, being the weakest adsorbent,
showed the smallest shift. For PAQH complexes
a chemical reaction between the cellulose—water
complex and the metal chelate is probably
responsible for the unusually large shift.

Reflectance-Concentration Relationship

Reflectance spectra of a dilution series ranging
from 0.01 to 2 pg per spot are shown in Fig. 4,
No significant peak shifts with concentration are
observed and a working wavelength of 508 mp
for silica gel and 536 myu for cellulose seems
appropriate for the entire concentration range.
The sensitivity is 0.01 pg per spot at a 50%
accuracy level.

Figure 5 shows calibration curves for R versus
concentration and for the Kubelka-Munk func-
tion (1 — R)2/2R versus concentration. A linear
relationship is obtained for the latter at concen-
trations up to 1.3 ug per spot.

The reproducibility of reflectance measure-
ments for samples of equal concentrations is
given in Table II; a significant improvement is

TABLE II

Reproducibility of reflectance measurements for
complexes

Average standard deviations for six

1 pg samples
Spraying Dipping
technique technique
Co +0.85% R +0.55% R
Ni +0.78% R =+0.50%
Cu +1.02% R +0.58% R
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Fic. 4. Reflectance spectra of a dilution series of cobalt complexes adsorbed on silica gel.

8 3 3
@ o 1S

PERCENT REFLEGTANCE

&
o

2 K 5 B ] [H] 1% (3 ] z0
CONCENTRATION |p3/3p00)

FiG. 5. Calibration curves for cobalt on silica gel.
YTegend: 1, 9% R vs. concentration; 2, Kubelka—Munk
function vs. concentration,

observed with the dipping technique. Best results
are obtained when standards are processed with
the samples although a calibration curve can be
used over an extended period with some loss in
accuracy. The samples, when stored in a desic-
cator in the dark, remain stable for weeks.

Nickel Complex

PAQH reacts as a tridentate reagent to form
either square planar (coordination number four)
or octahedral (coordination number six) com-
plexes with metals; both 1:1 and 2:1 (reagent to
metal) complexes would be expected for nickel.
Figure 6 shows the reflectance spectra for nickel
on silica gel after spraying with solutions varying
from 0.025 to 1.0 N in sodium hydroxide. A red
complex with a maximum at 520 mp is pre-
dominant at low basicity but conversion to a
brown species (maximum 480-490 mu) occurs
with increasing sodium hydroxide concentration;;
maximum sensitivity is obtained with 1.0 N
sodium hydroxide spray solution when nearly
quantitative formation of the brown species has
occurred. The brown complex is the 2:1 species
normally encountered in solution (1). The red
species observed at low basicity on silica gel is
presumably the 1:1 planar complex; unlike in
solution, the 1:1 species is readily observed on
silica gel and the pronounced influence of adsor-
bent on equilibrium conditions is evident.
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FiG. 6. Reflectance spectra of nickel complex adsorbed on silica gel and sprayed with NaOH solutions. Legend:
1,0.025 N NaOH; 2, 0.05 N NaOH; 3, 0.10 N NaOH; 4, 0.25 N NaOH; 5, 0.50 N NaOH; 6, 0.75 N NaOH; 7,

1.0 N NaOH.

On cellulose, however, only the red species is
observed and the absorption maximum (520 my)
is independent of basicity; a higher sensitivity is
obtained by spraying with a 1.0 N sodium
hydroxide solution. It was reported earlier that
reagent and complex behavior on cellulose is
unusual and that a chemical, rather than adsorp-
tion, interaction was suspected. Stabilization of
the 1:1 species on cellulose can be attributed to
occupation of coordination sites by the cellulose~
water complex.

Temperature Study

Figure 7 shows spectra obtained for various
treatment after spraying. Immediate heating of
the plate results in a considerable loss in sensi-
tivity (curve 1). If the plate is allowed to stand for
1 h there is a sensitivity increase of at least 59
(curve 2) since the reaction is not quantitative
immediately after spraying; curve 2 also shows
that a significant portion of the nickel seems to be
present in the red complex form after 1h
standing. However, if the sample is now heated
at 110 °C for 5 min the intensity increases and the
red complex disappears to a large extent (curve

3); the increase in peak height at 480 mu occurs
at the expense of the red modification which is
converted to the brown species. Further heating
results only in a minor increase of the peak and
the red complex disappears completely (curve 4);
a small bathochromic shift is also observed upon
prolonged heating.

On cellulose, the samples are air dried for 1 h.
Heating of the cellulose plates results in a dark
yellow background coloration that is probably
due to attack of the cellulose by sodium hydrox-
ide. As mentioned previously, only the red
species is obtained.

Reflectance—Concentration Relationship

Figure 8 shows the spectra of a dilution series
of nickel under optimum conditions (sprayed
with a 1.0 N sodium hydroxide solution, air dried
for 1h after spraying, and heated for 5 min at
110 °C before measuring spectra). The sensi-
tivity is 0.0l ug per spot. Calibration curves
similar to those for cobalt are obtained when R
or the Kubelka-Munk function of R is plotted
against concentration. Reproducibility data for
nickel are shown in Table IT.
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Fic. 7. Reflectance spectra of nickel complex on silica gel. Legend: 1, heated at 110 °C for 5 min immediately after
spraying; 2, air dried for 1 h; 3, as 2 and then heated for 5 min at 110 °C}; 4, as 2 and then heated for 30 min at 110°C.
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FiG. 8. Reflectance spectra of a dilution series of nickel complex on silica gel. Legend: numbers on spectra refer
to concentration of nickel in ug per spot.
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Copper Complex

Copper, like nickel, forms square planar and
octahedral complexes and the behavior of copper
is very similar to nickel. On silica gel two species
are observed but only one is found on cellulose.
The optimum conditions for nickel also seem to
be best for copper. Under these conditions a
brown complex, with an absorption maximum at
485 my, 1s predominant on silica gel; an orange-
to-reddish colored species (absorption maximum
at 505 myp) is observed on cellulose. The sensi-
tivity is 0.02 ug per spot; reproducibility data are
given in Table II. The Kubelka-Munk law is also
valid for copper and a linear calibration curve is
obtained up to 1.5 ug per spot.

Other Metal Ions

Iron, zinc, manganese, cadmium, and lead ions
react with PAQH to form colored products but
do not interfere in the determination of cobalt,
nickel, and copper. I[ron in commercial silica gel
can be removed by chromatographing the plates
with the solvent mixture; iron impurities moving

with the solvent front are then cut off and the
plate used for analysis. Cadmium, lead, and iron
in the sample move with the solvent front. Zinc
and cadmium are chromatographically separated
from nickel, cobalt, and copper and, in addition,
even 10-fold excesses of these metal complexes
fade almost completely on silica gel upon heating
at 110 °C.
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Primary process in the photolysis of hexafluoroacetone in the presence
of mercury vapor!
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Studies have been made of the variation with ketone pressure of the quantum yield for the decomposi-
tion of hexafluoroacetone, excited by 3130 A, at 25 and 78 °C, and of the relative yield of the total
emission at several temperatures. These are described in considerable detail with a view to discerning
possible sources of systematic error. No large systematic error could be identified except that of decreased
yields caused by deactivation by mercury vapor. The decomposition data support the weak collision
mechanism for vibrational relaxation in the excited singlet state unless an as yet unknown source of large

systematic error can be identified.

A description is offered of the path of the decomposition in terms of simplified diatomic representa-
tions of the nr* singlet and triplet states and of a repulsive state arising from the radicals CF3 and
CF3CO in their ground electronic states. On the basis of that description an activation energy > 11 kcal
mole~1, derived from the combined decomposition and emission data, is to be ascribed to the first-order
decomposition of triplet state molecules in vibrational equilibrium with their surroundings.

Canadian Journal of Chemistry, 46, 175 (1968)

Introduction

An earlier publication (1) offered a reinter-
pretation of literature data as they pertain to the
mechanism of the primary process in the photol-
ysis of hexafluoroacetone following excitation by
the 3130 A group of the mercury arc. The
present paper describes in detail the new data
cited there, reports additional new data bearing
on the primary photodecomposition, and de-
scribes a study of some aspects of the emission
from the excited states of this ketone. Two brief
studies of other aspects of the overall investiga-
tion of the primary process have been reported
recently (2, 3).

Near the completion of the present work the
investigations of Bowers and Porter, which are
now published (4, 5), came to our attention.
There are two important quantitative discrep-
ancies between those results and those reported
here. One of these discrepancies can be attributed
to the quenching of the triplet state of this ketone
by mercury vapor, which was reported recently
(3) and since has been confirmed (6, 7). It seems
probable that the method used by Bowers and
Porter (8) to fill photolysis cells coincidentally

1Tssued as NRCC No. 9755,

2NRCC Postdoctorate Fellow, 1962-1964. Present
address: Dept. of Chemistry, University of Toronto,
Toronto 2, Ontario.

3NRCC Postdoctorate Fellow, 1962-1964. Present
address: Imperial Chemical Industries, Ltd., Petro-
chemical and Polymer Laboratory, The Heath, Runcorn,
Cheshire.

also eliminated a substantial fraction of the mer-
cury from their reactant. Thus their result that
¢, ~ 0.2 at room temperature is closer to the
unquenched value than that found here (~0.025).
The discrepancy (9) regarding the shape of plots
of 1/¢ vs. pressure at low pressures cannot be
explained as readily.

Because of the unexplained discrepancies the
experimental work is described in greater detail
here than is usually the case and a discussion is
given of possible sources of systematic errors,
This description is divided into two sections of
which the first describes the experiments on the
photodecomposition and the second those on
the emission.

Experimental

(1) Photodecomposition

The cylindrical quartz photolysis cell (10 cm long, 5 cm
diameter) was housed in a cylindrical aluminium block
furnace whose temperature was regulated with a Fenwall
Series 560 controller and monitored by two thermo-
couples. The block and cell were placed in an air thermo-
stat maintained several degrees below the temperature of
the block. Also in the thermostat were a magnetically
driven impeller to circulate gases through the cell and
three metal valves (Hoke 413) which separated the cell
from the storage manifold, from the analytical section,
and from a cold finger which extended beyond the walls
of the thermostat. When not in use as a condensation
point, the finger was maintained near the temperature of
the thermostat.

A manometer and a multi-range McLeod gauge were
used to measure pressures of reactants. These were
attached to the storage manifold and, in pressure ranges
where comparisons of reasonable precision could be made,
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agreement well within 19/ was obtained between adjacent
ranges of the McLeod gauge and between the McLeod
and the manometer. The usual series of traps, a LeRoy-
Ward still, and a solid nitrogen trap in the analytical
section could be evacuated by a small mercury diffusion
pump backed by a Toepler pump - gas burette combina-
tion. Samples could be taken from the burette for com-
bustion over hot copper oxide or withdrawn for gas
chromatographic or mass spectrometric analysis. A more
detailed description of the apparatus for handling the
product gases is given in ref. 10.

The entire apparatus could be evacuated below 10-5
mm as read on a McLeod gauge but was, of course,
saturated with mercury vapor at its equilibrium1 vapor
pressure at room temperature.

The light source was a 550W Hanovia Type A medium
pressure mercury arc fed from a regulated a.c. supply.
Filters described by Kasha (11) isolated the 3130 A
group in the slightly divergent beam which just filled the
reaction vessel at the entrance window. A quartz lens
collected the emerging beam and focussed it onto an
RCA 935 photocell whose output was measured with a
critically damped galvanometer. The linearity of the
photometric apparatus was checked with calibrated neu-
tral density filters and wire gauzes. A Beer’s law plot for
hexafluoroacetone vapor gave values for the decadic
extinction coefficient of 6.83, 7.5s, and 8.04 (mole/l)~1
cm™! at room temperature, 78 °C, and 107 °C respec-
tively for the “3130°” radiation isolated in this way. Such
plots were linear to optical densities near unity and were
assumed to remain linear at very small densities.

Hexafluoroacetone (HFA) from two sources was used.
In early experiments it was generated from the hydrate
(Merck, Sharpe and Dohme) and subjected to careful
fractionation at low temperatures to remove the ethylene
which presumably was produced in the dehydration pro-
cedures from the small amounts of ethano! usually present
in the hydrate. Traces of carbon dioxide were found in
the purified material. Later experiments were done with
anhydrous HFA from Allied Chemical Co. A substantial
impurity of fluoroform usually was present and was
removed by distillation at —155 °C. Mass spectra of the
purified material from the two sources were in complete
agreement as were the kinetic results. Acetone-dg had
been carefully dried and outgassed by earlier workers and
was merely outgassed further before use. Reagent grade
acetone was dried and distilled from a trap at —78 °C.
Decafluorobutane and carbon dioxide were taken from
commercial cylinders; large head and tail fractions
were rejected during outgassing procedures.

Galvanometer readings A2 and A, proportional to the
light intensity transmitted by the empty cell and the cell
containing ketone, were used to calculate a corrected
fractional absorption f'= A,/A®, where A, is propor-
tional to the absorbed light intensity. ““Typical”* values of
reflectance and transmittance of quartz windows as cited
by Hunt and Hill (12) were used ; measurements made on
similar optical components yielded results in complete
agreement with the typical values. Because of the furnace
windows it was necessary to correct the measurements for
that light which was reflected back into the cell from those
windows as well as for internal reflections within the cell.

The rigorous type of trecatment used by Hunt and Hill (12,
13) becomes unwieldy when four windows are involved.
Consequently a simplified expression was obtained in
which only first reflections at each window were con-
sidered (compare ref. 10, p. 303). If second and third
reflections were included the expression became too
cumbersome to use, yet differed in its numerical value
for a wide range of trial values of r = A./A® by less than
1.5%. These higher-order reflections were, therefore,
omitted and the expression used was A, = A1 —F)
(Th ) (1 + (Ry + R,T\)2r). Ty and T are the fractions
of a monochromatic, parallel beam which are transmitted
by a cell window and by a furnace window, respectively,
and R; and R; are the similar fractions which are reflected.
It is implicit in the derivation that the two cell windows
are identical to one another as are the two furnace win-
dows. In fact, the measured values of R and 7 for all win-
dows tried were identical (42 %) and, when these values
are inserted, the expression for A, becomes A, = 1.21A8
(1 ~r)(1 4 0.130r). At very high and very low pressures
r was calculated from the measured pressure and the
extinction coeflicient obtained for data in the regions
where r could be measured precisely.

A sample of ketone from storage was allowed to
expand into the reaction cell and storage manifold to
the desired pressure; this was measured after temperature
equilibration. If no additive was to be used the valve from
the storage manifold was closed and the exposure begun.
If an additive was to be used, the kctone was condensed
into the cold finger and isolated by a valve. The additive
was introduced as above, the cold finger opened, and
mixing of the gases was carried out for a suitable time.
A small correction to the initial pressures involving the
volumes and temperatures of the cold finger and the cell
was evaluated separately.

The value of A, was monitored throughout the exposure
and maintained constant by minor adjustments of the
lamp current. Values of A0 were taken immediately after
the photolysis before the lamp was extinguished.

Products were transferred to the gas burette through
several traps at —196 °C and a final trap at —210 °C.
Several trap-to-trap distillations were done to ensure the
complete removal of physically occluded volatile material.
That this procedure was successful was demonstrated in
a few experiments with HFA in which several less volatile
fractions were taken as well. These fractions always
contained in total less than 3%, and usually less than 1%,
of the carbon monoxide found in the first fraction. In
experiments with acetone or acetone-d¢ the composition
of the first fraction was determined by combustion over
hot copper oxide; in a few experiments a mass spectro-
metric analysis yielded a composition within +1/2% of
that obtained by combustion.

1t is assumed that ¢, the quantum yield for the primary
decomposition, is equal to the measured ®¢g, as discussed
earlier (1). The method of actinometry employed evaluates
¢ in terms of ¢p Or ¢a, the primary quantum yields for
the decomposition of acetone-ds or acetone respectively,
through the following expression.

6= <#HFA>< 135) )( Vo )( Al )(fl) >¢>
) tura/ \Vara/ \A0%ara/ \fura/ * 0>
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The subscript HFA refers to quantities measured in the
photolysis of hexafluoroacetone and D to those in the
actinometric experiments with acetone-dg; for actinomet-
ric experiments with acetone, the subscript D is replaced
by A. p represents the number of moles of carbon
monoxide produced in a time ¢ when the illuminated
volume was V. The product A9f is proportional to the
absorbed intensity and was used in arbitrary units of gal-
vanometer deflection. Most actinometric experiments
were done with acetone-dg because it was conveniently
available on the apparatus from previous work, but some
later experiments were done with natural acetone as well.
¢p, OT ¢4, was taken to be unity and to be equal to &, for
the conditions used (3130 A; several pressures in the
range 50 to 100 mm; temperatures near 150 and 180 °C).

A brief discussion of possible systematic errors in the
calculation of ¢ is considered to be worthwhile. No signi-
ficant systematic errors should arise in the first two factors
in the expression for ¢; in particular pppy and up always
were measured on the same volume of the gas burette so
that, even if the calibration of this volume were to be in
error, no error would be introduced into the final value
calculated. The illuminated volumes Vp and Vura were
geometrically identical so that the ratio was taken as unity.
This assumption neglects at least three phenomena which
might give rise to error. (i) Because the lifetimes of the
excited state intermediates for HFA and acetone-dg, or
acetone, are not identical, the mean diffusion distances of
these differ. If the light beam does not fill the ceil then
Vp might differ from Fura; if it does fill the cell,
different fates of the excited species on the walls might
give rise to an effective value of Vura/Vp # 1. The light
beam filled the cell in the present experiments but no
assessment has been made of the possible effect of the
walls. (ii) Strong absorption in the rotational fine structure
of the absorption spectrum of the ketone or of the
actinometric gas could cause Vyura to differ from ¥p. In
fact, it is probable that both spectra are highly pressure
broadened, and perhaps diffuse, so that this effect should
be negligible. (iii) The bulk of the products are formed
in a smaller volume at pressures for which the optical
density is higher. Because no attempt was made to ensure
that the fractional absorptions in the actinometric experi-
ments was the same as in those with HFA, this effect of
Beer’s law and of the slight polychromaticity of the light
could cause changes in the effective value of Vupa/Vp if
either or both systems involve bimolecular reactions be-
tween excited species, or between an excited species and
a free radical. The absence of an effect of I, on ¢ elim-
inates these latter possibilities and thus also any effec-
tive volume eflfect for the conditions used here.

Because galvanometer deflections were shown to be
linear in incident intensity, because attempts were made
to hold A° constant from one experiment to the next, and
because the small changes which in fact occurred could be
allowed for in a linear manner, no significant systematic
errors can be ascribed to the factor A9, p/A%; wpa.
Systematic errors are present, but almost certainly are
not significant, in the ratio fp/fura. Because it was
impractical to arrange fp = fura for all pressures of HFA
studied, the type of correction discussed above was
employed. The actual corrections to be applied to
(1 -rp)/(1 —rury) to obtain fo/furs are near unity

because only the ratio of the corrections to the individual
(1 - r)enters the calculation. Thus much of any systematic
error which might enter because of the approximate
formulation used is expected to cancel. The actual cor-
rections to (1-#p)/(1 —rurs) range from 0.91 at low
pressures through unity at a pressure of HFA such that
its optical density was 0.2 (the optical density of acetone
at the pressures used in the actinometry) to 1.03 at high
pressures.

The possibility exists that neither ¢p nor ¢., taken to
be equal to unity and to be proportional to the rate of
formation of carbon monoxide in the photolysis of
acetone-dg or acetone, is not unity for the conditions used
in the actinometric experiments. Indeed, Hoare has sug-
gested that the extinction coefficient of acetone changes
when carbon dioxide is present and that &, varies with
the amount of carbon dioxide added (14, 15). These
observations cast considerable doubt on the assumption
that ¢p = $. = unity so that several tests were made to
check them.

The value of furs for mixtures of HFA and carbon
dioxide at 78 °C was as much as 25% lower than that of
HFA alone; the magnitude of the decrease was smaller
at lower values of [CO,]/[HFA]. Eventually it was
observed that mixing, as judged by light absorption, was
a very slow process (> 16 h in the reaction system used)
and that the operation or not of the impeller had little
effect on the time required for complete mixing. A second
impeller proved to be similarly inefficient. The sign of the
effect observed here is opposite to that reported by
Hoare (14) but this probably merely reflects differences in
the geometry of the two reaction systems or in the
methods of filling the cells. Slow mixing was also observed
when acetone, or acetone-dg, was mixed with carbon
dioxide at 151 °C, but for all three ketones, the observed
fractional absorption was independent (==1%) of the
amount of carbon dioxide added, provided that sufficient
time was allowed for complete diffusive mixing. A similar
observation was made with 20 mm of acetone and 161 mm
of carbon dioxide at 107 °C in the apparatus, described
below, used for emission studies. In this respect our
observations agree with those of Martin and Sutton (16).

Moreover, the rate of formation of carbon monoxide
(R¢o) from the photolysis of acetone (36 mm, 151 °C) was
independent (0.5 %) of the addition of ~ 58 mm of car-
bon dioxide, provided that mixing was complete. Martin
and Sutton (16) made a similar observation at 120 °C.

A series of experiments was done under the conditions,
and with the results, tabulated in Table 1.

TABLE I
Pressure
No. Ketone (mm) T(C) (Reo/ALf)*
Al Acetone-dg 76.9 149 1.99
A2 Acetone-dy 50.4 175 2.00
A36 Acetone 60.5 144.5 1.94
A39 Acetone-dg 60.6 ” 1.91
A38 Acetone 134.0 > 1.93
A37 Acetone 134.0 ” 1.99

#Proportional to $go; units are 107 mole s™! (react. vol.)™!
(¢m defection) ™,
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The optical train was different for A1 and A2 than for
the last four experiments; hence the entrics in the last
column are expected to be different in the two sets. For
A37, A0 was adjusted so that A.9f was the same as for
A36; the decreased A0 could not be read as precisely so
that Rgo/As0f for this experiment carries a greater un-
certainty than do the others, It is apparent that Reo/A0f
does not depend on whether acetone or acetone-dg is
used (A36 and A39), is independent of temperature (Al
and A2), of ketone pressure at constant incident intensity
(A36 and A38), and, probably, but with rather less
precision, is indepcndent of ketone pressure at constant
absorbed intensity (A36 and A37). The simplest inter-
pretation of these observations is that ¢p and ¢a are
each very close to unity for the conditions cited. Herr
and Noyes (17) found ®¢o =1 %109 at 120 °C. This
observation is irreconcilable with the 40 % increase in ®¢o
in the acetone photolysis at 100 °C reported by Hoare
and Caldwell (15) to be caused by the addition of ~ 150
mm of carbon dioxide. It is concluded that the latter
results are suspect because of the possibility of incomplete
mixing and that our assumption of ¢p = ¢4 =1 is not
invalidated by those results.

It is concluded that systematic errors in the present
results, aside from the quenching caused by mercury
vapor, are not important and probably are no greater
than the scatter in the data. The latter can be assessed
from the various plots of the data and, except at the
lowest pressures, is probably less than 2%.

It was noted in early experiments that analysis of the
condensable fraction by gas chromatography indicated
the presence of trace amounts of C3Fg and C4F 19 among
the products. These were not formed if the cell had been
evacuated overnight with the first analytical trap held at
—196 °C. Each experiment reported herec was done after
this pretreatment of the reaction cell. On several occasions
a cell which had been evacuated for only a short time
after a photolysis at high pressure was exposcd without
addition of ketone; some carbon monoxide invariably
was formed. It is thought that a cyclic trimer of HFA of
low volatility was responsible for these effects, but no
definite conclusion was reached. In any event, the pre-
treatment of the reaction vessel prevented the formation
of spurious products and the matter was not pursued
further.

(1) Emission .

The emission from HFA following excitation at 3130 A
consists of a broad, essentially structureless, band extend-
ing from below 3500 A to above 8000 A (4, 7, 18, 19):
some disagreement exists regarding the exact shape and
extent of the emission spectrum (7), but the general
description above suffices for present purposes. Contrary
to a conclusion reached in the early work (18) the emission
consists of at least two components, a fluorescence of
short lifetime whose intensity is unaffected by the presence
of moderate quantities of oxygen and a phosphorescence
of much longer lifetime (3, 5, 7) which is quenched by a
few mm of oxygen (4, 19, 20). The quantum yield of the
total emission, ¢, == ¢ -+ ¢, is about 0.01 with some vari-
ation with conditions of excitation (4).

In the present work measurements were made of

O = B¢, as a function of [HFA] at several temperatures.
The numerical factor of proportionality, 8, depends on

the geometry of the apparatus, on the unknown absolute
quantal sensitivity of the light detecting devices, and on
the variations of that sensitivity over the wavelength
region of interest. It is not frequently noted explicitly that
if the emission spectrum changes with excitation conditions
the value of g also changes, so that Q need not be the
same function of ¢, for all excitation conditions.

The apparatus used for the measurement of Q was of
conventional basic design but contained sufficient useful
modifications to warrant some discussion; most of these
modifications were based on experience gained in earlier
work (19).

Exciting light at 3130 A, isolated by filters (11), was
taken from a modified Hanovia lamp of the type used in
the photodecomposition work. The modification consisted
in replacing the middle ~ 4.5 cm length of ~ 24 mm out-
side diameter quartz tubing comprising the envelope of
the lamp by a similar length of ~ 12 mm outside diameter
quartz tubing. At the two seals the envelope was further
restricted to ~ 7 mm inside diameter. While this modi-
fication decreased the useful life of the lamp, geometrical
stability of the arc was greatly increased in that wandering
of the central core of the arc within the envelope was
minimized (19)4. Thus the lamp could be used with a very
small (3 mm) aperture in a mask which almost touched
the lamp envelope near the middle of the narrow tubing.
In this way a homogeneous, stable, and quite parallel
beam could be obtained with a single lens and several
stops.

In most experiments a fused quartz cell 15 cm long and
5 ¢cm in diameter was used. A quartz viewing window (4
cm diameter) was attached to a short sidearm at the
middle of the cell; diametrically opposite the viewing
window was a second sidearm which terminated in a
Wood’s horn. The cell was housed in the center half of an
aluminium block furnace with end windows. Exciting light
entered the furnace as a beam 1 cm in diameter and left
the furnace with a diameter of 1.5 cm.

A small fraction of the incident light was reflected by a
quartz plate to a collecting lens and an RCA 935 photo-
cell which thus could be used to monitor the incident
intensity, Ap. The transmitted light, A;, was focussed onto
a second 935 photocell without casting a shadow of the
anode onto the cathode. Measurements of A0, the trans-
mitted light with the cell empty, and the transmission
of the ccell calculated from the typical values for window
transmission given by Hunt and Hill (12), permitted cal~
culation of the fraction of light absorbed by the gas from
the measured Ay values. Because internal actinometry was
not used, it was important to correct the absorbed light
intensity, A., for reflections from the cell and furnace
windows. The value of A, was obtained from the same
expression as that used in the photodecomposition
experiments,

The photometric arrangements used in the emission
studies were superior to those employed in the photo-
decomposition work largely because of the smaller
diameter of the light beam; consequently the extinction
coefficients obtained are considered to be more reliable.
Plots were made of logjg AL/A; vs. para Over a wide

4We are greatly indebted to Mr. G. Ensell for modifying
the commercial lamps used in this study.
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range of pressures. At optical densities greater than ~ 2.5
the plot deviated significantly from linearity in a direction
which suggested the presence in the beam of small
amounts of wavelengths not absorbed by the ketone;
this since has been shown to be the case (6, 7). Therefore
this curvature was ignored in the calculations of Q and
fractional absorptions have been calculated for high and
low pressures by extrapolation from the linear portion of
the curve. The decadic extinction coefficients, in (mole
7171 ecm™1, were 6.92 at 25 °C, 7.42 at 78 °C, 7.76 at
107 °C, 7.91 at 119 °C, 8.22 at 140 °C, and 8.47 at 170 °C.

A portion of the column of emitting vapor was focussed
through the viewing window to an image of unit magni-
fication at the aperture of a 1P21 photomultiplier tube.
A mask with an opening of dimensions equal to those of
the free aperture of the photomultiplier was placed on the
viewing window. This had been shown (19) to decrease
the photomultiplier signal from the empty cell, A.0, 20
times, but to decrcase the signal due to emission, A,, by
only a few percent. This confirms that the portion of the
emitting column of vapor viewed was limited by the
aperture of the photomultiplier and thus had an area ~ 1
cm X 1 cm at the center of the cell. A Corning 7380 filter,
which is “opaque” below ~ 3 400 A, further reduced A.°,
so that for the lowest emitted intensity studied, i.e. lowest
pressure of HFA, A.0/A, << 5%, All photocell and photo-
multiplier currents were detected with a Victoreen VTE-1
electrometer and recorded on a Leeds and Northrup
recorder using a Leeds and Northrup microvolt amplifier
as a preamplifier. These instruments were greatly superior
in stability and ease of reading to the galvanometer and
potentiometer systems used earlier (19).

Because the emitted light was viewed a considerable
distance from the entrance and exit windows of the cell
whereas only the total absorption could be measured, it
was necessary to calculate that fraction, g, of the total
absorption which occurred in the viewed region (19). The
fraction of a parallel, monochromatic beam which is
absorbed in a short length, § cm, situated at the middle
of a cell of total length /cm, is given by g = (sinh (ec3/2)/
(sinh (ec/[2), in which ¢ = 2.303¢; « is the decadic molar
extinction coefficient in (mole/)71 ¢cm~! and ¢ is the
ketone concentration in mole/l. At high pressures g is
very small and subject to large errors because the experi-
mental quantities occur in the argument of exponential
functions. The data reported here have been corrected for
both reflection and local absorption phenomena and are
recorded as O = (A, — A.0)/gA,.

The cell was attached to a grease-free vacuum system
which was saturated with mercury vapor. Pressures could
be read on a mercury manometer, or a multi-range
McLeod gauge reading to ~ 10 mm, which were attached
to a storage manifold. Small quantities of various gases
could be added to the cell contents from calibrated
volumes, attached to the storage manifold, by means of a
Toepler pump which connected the manifold to the cell
system, The latter consisted of the cell, a cold finger, and
an all-glass piston pump which served to mix the cell
contents very efficiently, provided the total pressure was
greater than ~ 10 mm. Constancy of fractional absorp-
tion and emission was attained a few minutes after mixing
was begun.

The hexafluoroacetone used was from the same sources

as those employed in the photodecomposition work and
purification procedures were identical.

The data are given here in graphical form only (see
Discussion). Copies of the tabulated results are available
from the last-named author.

Discussion

There is disagreement between the results
obtained here and those reported by Porter and
his co-workers in respect to two observations. A
discussion of one of these is given now while that
of the other fits more naturally in a later section.

The data of Bowers and Porter (5) led to an
extrapolated value of the quantum yield at
infinite concentration of HFA of ¢, ~0.2 at
room temperature. Figure 1 shows the higher
pressure data obtained in the present study in
the form of plots of ¢ vs. [A]7{({A] = [(CF3),-
COY)); the intercept at [A]™! = 0 for the data at
room temperature is ¢, = 0.025, The greater
part, and perhaps all, of this discrepancy can be
attributed to the presence in the present appara-
tus of mercury vapor, which now is known to
cause a decrease in the phosphorescence lifetime
(3, 7), to decrease the ratio of the intensities
phosphorescence /fluorescence (7), and to cause
the quantum yields for decomposition to be too
low under several experimental conditions (6).
As noted in the Introduction it appears that the
procedures used by Bowers and Porter essentially
prevented the entry of nearly all the mercury
vapor into the reaction vessel. Hence their higher
value for ¢, is more ncarly correct for the
uninhibited system.

Bowers and Porter (5) also report that ¢
(“6” in their Table 1) is ~ 0.2 when excitation
was at 3130 A and 3340 A, but that it decreased
to ~ 0.1 and zero for excitation at 2804 A and
2652 A respectively; all measurements were
made at 25 °C. On the other hand the data of
Ayscough and Steacie (21), taken at 3130 A, and
of Giacometti, Okabe, and Steacie (22), taken at
~ 2650 A, can be plotted in the form ¢ vs.
[A]™1 and extrapolated with no injustice to the
data to a common intercept at 25 °C; this also
is true at 53 °C. Some scatter exists in those data
and data were not taken at sufficiently high pres-
sures to establish with certainty the conclusion
that ¢, depends only on temperature; neverthe-
less it is difficult to reconcile the earlier data
with those of Bowers and Porter. Although those
earlier data (21, 22) are incorrect because of
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Fic. 1. Plots of ¢ vs. [A]7L (O), (@) Left ordinate; two separate series at 25 °C. (A), (A) Left ordinate; two
separate series at 78 °C; the filled triangle with the horizontal line was in the second series but represents an experiment
in which the incident intensity was ~ 7,7% the usual value. ((J), (B) Right ordinate; two separate series at 107 °C.
At 107 °C the two series were done consecutively but changes were made in the optical arrangements between series.
At 25 °C and 78 °C the two series were separated by several months and several changes in the optical arrangements

intervened.

quenching by mercury vapor, it seems unreason-
able to expect that an effect of exciting wave-
length (\.) on ¢, should be obscured by that
phenomenon.

Moreover, it is difficult to reconcile a change
of ¢, with X\, with the usual postulate that
absorption over the whole of the first absorption
band of the ketone corresponds to a single
electronic transition. Indeed, the mechanism dis-
cussed below, which, aside from the quenching
by mercury vapor, is essentially identical with
that discussed by Bowers and Porter, predicts
that ¢, depends only on temperature. The effect
of a decrease of A, is predicted to bé an increase
in the initial slope of ¢ vs. [A]71 but to leave ¢,
unaffected. As )\, is made longer and longer this
initial slope is expected to decrease and to reach
zero for excitation in the zero-zero band, in
which case ¢ = ¢, for all pressures. In practice,
of course, the energy spread in ), and in the
absorbing molecules prevents the attainment of
such an ideal condition of excitation even if the
absorption were large enough to observe.

Because it might be important to compare

data taken in the presence of mercury vapor with
those taken in the future with mercury absent,
Fig. 1 also includes the higher pressure data at
two higher temperatures. At 78 °C, ¢, = 0.28
and at 107 °C, ¢, = 0.65, but the latter is sub-
ject to considerable error because inadequate
temperature control introduced an unacceptable
amount of scatter into the data. For this reason
other deductions based on the data at 107 °C
will not be given.

The Overall Mechanism

It is thought that reactions [1] through [10] are
those which are important in the primary process
under the conditions used here. In the mecha-
nism, A represents a molecule of HFA in its
ground electronic state, S;* a molecule in the
lowest excited singlet state containing » quanta
of vibrational energy, S,% a molecule in low lying
vibrational levels of that excited state from which
decomposition cannot occur for energetic, or
other, reasons, and T% a molecule in the lowest
excited triplet state which essentially has reached
vibrational equilibrium with its surroundings.
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[1] A+ Tw— S»

2] Si* — CF3 + CF3CO — 2CF3 + CO
[3371] S+ A - Syl + A

[2.1] Si1 — CF;3 + CF3CO — 2CF; 4- CO
[3,1] Sit+A-SS80+ A

[4] S10— A + hv

(51 S10— A

[6] S50 —T0

(7] Ti0 = A + h,p

8] T,9 — CF; + CF3CO — 2CF3 -+ CO
[9] T0— A

[10] T19+Hg— A + Hg

The series of reactions [3,{] (f = 1 to n) represent
the multistage deactivation proposed earlier (1).
An internal conversion from S; to the ground
state, [5], has been shown (5) to be important
and is included here. The intersystem crossings
[6] and [9] and the internal conversion [5] pre-
sumably occur as more complicated sets of reac-
tions, but in the absence of evidence to the con-
trary, it is assumed that they may be represented
over the whole range of pressure studied by the
simple first-order processes shown. The decom-
position reactions [2,7] ({ = 1 to n) and [8] are
written to imply that the free radicals are formed
in their ground, or very low-lying, electronic
states, perhaps with excess vibrational energy
although the amount cannot be specified, and
that the lifetime of the CF3CO radical with
respect to decomposition is so small that none of
its other possible reactions need be considered.
A more detailed discussion of this latter point
has been given earlier (1, 2). Recently Amphlett
and Whittle (23) have reached a similar con-
clusion regarding the fate of the trifluoroacetyl
radical in this system. Reaction [10] is included
to give a phenomenological representation of the
effect of mercury vapor; the path of the reaction
cannot be specified in detail.

It can be shown (1) that the mechanism pre-
dicts that

6=1— (1 — g (AINIAT 4 p)

in which ¢, = kekg/(ky + ks + kg) (k7 + kg -+
ko 4 kio[Hgl) and p; = k, ;/k; ;. Obviously ¢,
will decrease when Hg is present so that [10] cor-
rectly represents the effect of mercury in a gen-
eral way.

An overall qualitative description of the pres-
sure dependence of the decomposition is as fol-
lows. At very low pressures molecules decompose
from the higher vibrational levels of S; before
collisions can remove sufficient vibrational energy
to prevent that decomposition. At sufficiently
high pressures collisions efficiently remove vibra-
tional energy from molecules in S; before de-
composition can occur. A pressure-independent
fraction of molecules in S;0 are transferred
to T,% and decompose from there. This latter
decomposition, corresponding to ¢, is en-
visaged to be a unimolecular decomposition in
its high pressure region, and thus of the first
order, proceeding with an activation energy of
about 10-15 kecal mole™! (5, 21). At intermediate
pressures a transition occurs from the situnation
in which singlet decomposition dominates to that
in which decomposition from the triplet is of
major importance. Figures 2 and 3 show plots
of ¢ vs. [A] at 25 °C and 78 °C respectively; the
data of Ayscough and Steacie (21) are included
to demonstrate the excellent quantitative agree-
ment between the two studies. It is seen that the
deductions from the mechanism do indeed pre-
dict correctly the trend of the data.

A further point merits consideration at this
juncture. It is, in fact, rather surprising that [8],
which has a relatively low activation energy and
thus a relatively small value of E/RT, should
remain first order over the range of pressures
used here. The present data including those on
the relative emission yield as a function of pres-
sure which are discussed in a later section,
require that reactions [7], [8], and [9] all exhibit
the same pressure dependence. On the basis only
of the data presented here it is not possible to
decide whether all reactions of the triplet state,
including phosphorescence, require a collision or
whether none do. However, it has been shown
that 7, (the lifetime of the phosphorescence) is
independent of pressure in the region 4760 min
(3); this independence has been verified with data
which extend to ~ 0.5 mm (7). The present
mechanism, from which one obtains 7, = (k; +
kg + ko + k1o[Hg])™! and thus is independent
of ketone pressure, is in agreement with this
observation.

Vibrational Relaxation in Sy
Conflicting conclusions have been reached
concerning the question whether the vibrational
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FiG. 2. Data at 25 °C ¢ vs. [A]. Left ordinate: (O), (@) present work; (O) Ayscough and Steacie. ¢~1 vs. [A].
Right ordinate: (A), (A) present work; Ayscough and Steacie data not included. Filled symbols show second series
done several months after first (open symbols). Inset: ¢! vs. [A] in low pressure region. Approximate pressures in
mm Hg can be obtained by multiplication of [A], in 10~4 mole/l, by 2.

relaxation in S; is best represented by a cascade
of weak collisions (1), as is shown in the mecha-
nism offered here, or by strong collisions (5, 9),
in which case the series of reactions [2,/] and
[3,] = 1 to n) should be replaced by the pair
of reactions [2] and [3].

[2] Si* — CF3 + CF3CO — 2CF; + CO
BI S"+A-S59+A

Two experimental tests have been discussed. One
involves the shape of plots of ¢~1 vs. [A] at low
pressures, and the second that of plots of (1 —
¢)[[A] vs. [A].

Considerations (1) of the mechanism show
that if a cascade of weak collisions is involved,
plots of ¢~ vs. [A] rise from unity at [A] =0
with a slope which increases from zero at [A]
= Quntil ¢~ reaches a point of inflection whence
the plot continues to rise with decreasing slope

to approach the asymptote, ¢_71, as [A] is in-
creased without limit. If a single strong collision
is involved in the relaxation, the curve rises with
a finite, positive slope, which always decreases as
[A] increases, to approach the same asymptote.
The pressure at which any point of inflection
might occur is rather low and its presence might
not be demonstrable in an experimentally acces-
sible region. Indeed Porter and co-workers (5, 9)
have not detected such a point of inflection down
to pressures of 0.1 mm at room temperature.
Figures 2 and 3 also include plots of ¢71 vs. [A]
for the present data. It is to be noted that the
plots remain approximately linear in the low
pressure region (see insets in Figs. 2 and 3) but
extrapolate to values of ¢71 < 1 at [A] = 0.
These linearly extrapolated intercepts are 0.74 at
25 °C and 0.86 at 78 °C.

An intercept less than unity suggests either
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experiment at ~ 7.7 % of the usual incident intensity in second series.

that the curve will pass through a point of inflec-
tion at a still lower pressure and then through
¢ 1 =1 at [A] = 0, or that a systematic error
exists in the measurements so that the values of
¢ reported are systematically too large. The
former interpretation is consistent with the
occurrence of a weak collision mechanism; the
latter merits further consideration.

If, because of systematic errors, the quantity
actually measured was w = (1 + x)¢, where x >
0, rather than ¢ itself, the intercept obtained by
linear extrapolation would indeed fall below
unity on the w™! scale. The observed intercepts
require that x = 0.35 at 25 °C and x = 0.16 at
78 °C. In view of the discussion of possible
systematic errors given in the Experimental sec-
tion, it is not reasonable to ascribe systematic
errors of this magnitude to the present data.

Moreover, the change of the systematic error
with temperature is even more difficult to explain
because the technique and procedures used in the
experiments at the two temperatures were
identical.

One possible explanation for the change of x
with temperature might involve the effect of
mercury vapor. If the deactivation reaction has
a negative activation energy then its rate will be
lower at the higher temperature. It should be
recognized that the apparent collisional efficiency
of deactivation is expected to be less at higher
temperatures because of the positive activation
energy of the competing reaction [8], and pos-
sibly of [9], as well as because of any negative
temperature coeflicient for [10). Thus, although
the effect of mercury vapor is to decrease ¢, the
magnitude of the effect could be less at higher
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temperature and, coupled with some unknown,
larger, temperature-independent effect giving
rise to a positive x, the mercury effect conceiv-
ably could account for a smaller x at higher
temperature. However, in the lower pressure
region only a small fraction of the molecules
which decompose do so from T;9, which, it is
assumed, is the only state affected by mercury
vapor, so that this possible explanation of the
temperature dependence of x is not realistic.
Moreover, the larger, temperature-independent
effect, which must also be present to give x a
large overall positive value, has not been
identified.

It is worth emphasizing that Porter and
Uchida’s data (9) were obtained at pressures
lower than were used here and the absence of a
point of inflection in their data is strong evidence
against the weak collision mechanism. However,
it is also worth reemphasizing, as they do, that
their data were adjusted to pass through ¢71 =
1 at [A] = 0, so that only the shape of their plot,
and not the absolute values of ¢ quoted, is signi-
ficant. Indeed, a valid criticism of their data
standing alone is simply that the point of inflec-
tion exists at a still lower pressure and that their
method of adjusting the data to pass through
¢ 1 = 1 disguises this possibility. However, the
present data are such that the point of inflection
is indeed expected in the region they studied.

Another point should be made in connection
with systematic errors. If w, rather than ¢, was
the quantity measured, and if the strong collision
mechanism operates so that only [2] and [3]
remain as reactions for the vibrationally excited
singlet state, then it is easy to show that (w —
wo)[A]l = (I + x)p — pw, in which p = k,/k;.
Obviously this expression will be most sensitive
to random errors at high pressures. Hence four
plots were made of the data taken at 78 °C using
we = 0.26, 0.27, 0.28, and 0.29; the visually
estimated scatter in the high pressure region was
least for that in which w_ = 0.28 and this
particular plot is shown in Fig. 4. The slope and
intercept yielded p = 280 x 1076 mole/l and x
= 0.37. A similar treatment of the data taken
at 25 °C led to w, = 0.025, p =140 x 1076
mole/l, and x = 0.25, The agreement between
these two independent determinations of x, while
probably fortuitous at 78 °C, and with the less
precisely determined estimates cited earlier (1),
supports the conclusion that a very large, posi-

tive, systematic error in the present measure-
ments must be accepted if these data are to be
interpreted in terms of the strong collision
mechanism.

40 —

20

(w-w,,) [A], 10*mole £
—

W =028 w

FiG. 4. Evaluation of x at 78 °C if systematic error
present. Experiments shown as triangles assumed to have
large random error and were disregarded in drawing the
line. Line corresponds to (w — we)[A]l = 3.85 x 1074 —
2.81 x 10~4w mole/l, whence x = 0.37; wy, taken as 0.28.

Plots of the function (1 — ¢)/[A] vs. [A] for
the data taken at the two temperatures are shown
in Figs. 5 and 6; the plot reported earlier (1) used
raw data which had not been corrected for reflec-
tions. The existence of 2 maximum in these plots,
again supporting a weak collision mechanism or
an unreasonably large systematic error if the
strong collision mechanism is valid, seems reason-
ably well established at 78 °C and, with rather
less certainty, at 25 °C. It should be noted that
the pressure at which the maximum occurs,
~ 1.5 x 1074 mole/t at 25 °C and ~ 4 x 10—
mole/l at 78 °C, changes with temperature in the
sense predicted by qualitative considerations of
the mechanism (1).
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It is concluded that the present data favor the
weak collision mechanism. The source of the
discrepancy between this conclusion and that
reached by Porter and co-workers (5, 9) remains
disturbingly unresolved.

The Emission

The dependence of Q on [A] as predicted by
the mechanism can be described as follows, if it
is assumed that the numerical factor 8 is in-
dependent of [A]. @ is expected to rise from zero
at [A] = 0 with a slope which increases from
zero at [A] =0 to a maximum and then to
decrease as [A] is increased further; at very high
pressures Q approaches an asymptotic limit of

Qo = Blkys[(ks -+ ks - k¢)) X
(1 -+ (kglkg)(er[(kq -+ ks -+ ko -+ k1o[Hg]))].

Figures 7 and 8, in which Q is plotted in arbitrary
units against [A], show approximately the pre-

dicted behavior; a plot of ¢ vs. [A] is included on
the same pressure scale. It is seen that Q and ¢
essentially have reached their respective limits at
approximately the same pressure. However, there
are two respects in which the shape of the Q plots
is not exactly as predicted.

At the highest pressures Q falls slightly
(~20%,) as [A] increases rather than continuing
to rise slowly to a definite limit. It is just in this
region where the correction for local absorption
becomes most inaccurate because small errors in
the measured extinction coefficients are magni-
fied greatly; at the highest pressure the relative
error in Q is some three times that of the extinc-
tion coefficient. It is believed that this, rather
than a real decrease in Q or a change of g with
pressure in this region, is the cause for the
apparent decrease. An alternative possibility is
that the length, 8, of the emitting vapor which
actually was viewed was not situated exactly at



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
o For personal use only o

BOYD ET AL.: PRIMARY PROCESS IN THE PHOTOLYSIS OF HEXAFLUOROACETONE 187

|

3, -10.8
40
i —06
T/; 2"%1 A
-— LAY Av
= | = i
S sor f \— ¢
> 'va a Y
£ 0.4
E B T X\D L]
é f (=——a__C1 I + . |
T 2.0 -§
-10.2
] ! ! | L
0 100 200 300 400

[Al, 107% mole/<

Fic. 8. Variation of Q and ¢ with [A] at 78 °C. Q vs. [A] (left ordinate). (A) Series 1; pressure changed by expan-
sion but each value measured. (A) Fresh ketone from storage used for each of these experiments. (V) Series 2 done
several weeks after first. Second series normalized to first with a factor of 1.19 to allow for partial fogging of viewing
window (see caption to Fig. 7). Not all data taken at low pressures are shown (see Fig. 9). ¢ vs. [A] (right ordinate):
(O) first series; (@) second series. See caption to Fig. 3; data of Ayscough and Steacie are omitted.

the midpoint of the cell. In that case the func-
tional form of the local absorption correction
factor, g, is no longer that cited and a systematic
error in Q, if calculated with g as given, would
result. Henriques and Noyes (24) offer a solution
for the form of g for apparatus of a more general
geometry. The geometry of the present apparatus
was not sufficiently well defined to permit an
application of this more sophisticated treatment.
A final conclusion on this matter must await
the data, soon to be obtained (7), with short cells
for which the local absorption correction remains
relatively small and more accurately calculable,

Figure 9 shows plots of Q vs. log [A] at several
temperatures; logarithmic units are used to en-
compass the large range of [A] studied. It is seen
that, even at the lowest pressures studied, Q does
not tend toward zero, contrary to a prediction of
the mechanism. The observation persists in plots
using a linear pressure scale over a small range of
low pressures. If this is a real phenomenon it
suggests that emission occurs from all vibrational
levels of S;. On the other hand the data are less
reliable in this region of pressure and a more

careful study than has been done previously of
the p/f ratio as a function of pressure will be
required to decide whether or not the observa-
tion is an experimental artifact.

Energetics

It might be useful to consider a simplified
picture of the energetics of the excited states
involved and a hypothesis concerning the path
by which the decomposition might occur. The
picture turns out to be a simplified analogy of
the molecular orbital description since advanced
by Abrahamson, Littler, and Vo (25) for the
photochemistry of the simplest carbonyl com-
pound, formaldehyde.

A “diatomic” approximation of the states
involved is depicted schematically in Fig. 10.
The diagram is constructed largely by analogy
with the known energy and geometry of the
analogous states of formaldehyde (see ref. 26 for
reviews). Thus 8y is shown with a larger equili-
brium CF3;—COCF; distance than that of the
gound state and is correlated at high energies
with some unknown electronically excited states
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of one or both of the fragments. Okabe and
Steacie (18) locate the S; state about 82 kcal
mole~! above the ground state so that the
minimum of S; lies approximately at the level
of the dissociation limit of the ground state
(D(CF3—COCF;3) ~ 80 kcal mole™! assumed).
The nr* triplet state, Ty, is shown with similar
geometry, i.e. equilibrium CF3;—COCF; dis-
tance, to that of the Sy state. It is not necessary
to specify whether T correlates with the same, or
different, electronically excited state of the frag-
ments as does Sy ; it seems unlikely that T, should
correlate directly with the ground electronic state
of the fragments. As is the case for formaldehyde
the S;-T; separation is set at ~ 9 kcal mole™1.
The analogue of the o&g,+ orbital discussed by
Abrahamson et al. (25) is represented by the
repulsive curve rising from the fragments in their
ground electronic states and crossing T; and Sy
at distances only slightly larger than the bonding
distances. As discussed there (25) placing the
repulsive curve as shown implies a large stabiliza-
tion of the repulsive orbital at near-bonding

; greatest spread observed was 1.59%. ( ¢) Series 2. 170 °C:

distances. The low energy, and thus this large
stabilization, of the repulsive curve is of funda-
mental importance for the validity of the overall
scheme to be discussed here.

Excitation at 3130 A (92 kcal mole™1) intro-
duces a maximum of 10 kcal mole™! vibrational
energy into the symmetrical C—C stretching vi-
bration represented in Fig. 10. It is probable
that many other vibrations and rotations are
excited in the transition (cf. the progression in
the carbonyl stretching frequency which is
prominent in the absorption spectrum of formal-
dehyde (26) and propynal (27)), so that the
vibrational energy initially present in the C—C
mode must be considerably less than the maxi-
mum. This maximum C—C vibrational energy
is represented by the upper limit of the shaded
area in S; in Fig. 10. The lower limit of the
shaded area is set by the point at which the
repulsive curve crosses Sy; the energy level at
which this occurs is not known and has been
drawn arbitrarily in the diagram, Decomposition
from the singlet state is envisaged to occur as
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FiG. 10. Diatomic approximation to potential energy
surfaces for hexafluoroacetone. The diagram is schematic
and not to scale. Energy values indicated are in kcal
mole~L. f and p represent fluorescence and phosphores-
cence, respectively. Sy represents the lowest excited singlet
state of HFA, T; the lowest excited triplet, and o* the
repulsive state formed from the fragments in their ground,
or low-lying, electronic states.

follows. During the presumably rapid exchange
of vibrational energy among the various modes,
sufficient energy will from time to time accumu-
late in the C—C stretching mode to energize it
above the lower limit of the shaded area from
which a transition to the repulsive curve can
occur. This crossing need not occur whenever
the energetic requirements are met but a speci-
fication of other requirements which might be
necessary cannot be given at this time. Collisions
reduce the total vibrational energy of the mole-
cule and, thus, the probability that sufficient
energy can accumulate in the C—C mode to
permit the transition to the repulsive curve. It is
this loss of vibrational energy to which the strong
or weak collision mechanism applies. After the
molecule has lost some large amount of vibra-
tional energy, so that the accumulation of suffi-
cient energy in the C—C mode to exceed the
lower limit of the shaded area becomes an
extremely improbable event, the molecule is
referred to as being in the S,0 state. It is from

this region that the internal conversion and the
fluorescence are thought to originate, although
evidence that the fluorescence spectrum remains
independent of pressure to very low pressures
has not been obtained (18, 22), so that the pos-
sibility of fluorescence from levels above S0
cannot be ruled out on the basis of published
data (see above discussion of the emission).

A detailed description of the intersystem cross-
ing reaction [6] cannot be given. Presumably the
crossing first produces molecules in high vibra-
tional levels of Ty from which vibrational energy
is lost rapidly by collision; a priori it is expected
that if collisions do not intervene, the reverse
transition would occur eventually. The fact that
it is unnecessary to postulate a collision in [6]
merely indicates that collisions are sufficiently
frequent not to be rate determining.

A molecule in the state T10 is in a potential
well from which it can escape by emission of
phosphorescence, by undergoing a second inter-
system crossing, [9], whose details cannot be
specified, by deactivation through a collision
with an atom of mercury, by reaction with, or
energy transfer to, an active addend (2, 3), or by
unimolecular decomposition over the barrier Ep.
indicated in Fig. 10. The height of this barrier is
not known a priori but the general picture, if
correct, requires that E; be rather greater than
the S;-T; separation; the energy of activation,
which may approximately be associated with
¢, Of 10-15 kcal mole™1 (5, 22) is in agreement
with this requirement.

An approximate evaluation of £ can be made
from the data given here. It is clear that kg /ky =
G/ ¢p,r I Which ¢, ., is the unknown absolute
quantum yield of phosphorescence at infinite
pressure. However, é,., = Q0,811 + (¢r./
$p))7 L, in which ¢, is the, also unknown,
absolute quantum yield of fluorescence at infinite
pressure. If it is assumed that 8 and the ratio
$1,0/ bp o are independent of temperature, Eg —
E;, but not Ag/A,, can be obtained from the
data. 4 priori it is not unreasonable to expect § to
be relatively independent of temperature, since
the maxima in the intensities of the fluorescence
and the phosphorescence have only a small wave-
length separation (4, 7, 19). On the other hand,
b1,/ bo0 15 €xpected to increase as temperature
increases and has a value near 1/4 at room tem-
perature (4). Thus the energy difference derived
will be 2 minimum. Q,, is estimated as ~4.0 at
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25 °C and ~ 2.8 at 78 °C so that, using ¢, data
cited earlier, Eg — E7 > 11 kcal mole~1. This is
also a minimum value for E = Eg.

Finally it should be noted that it is impossible
to decide from the data available whether decom-
position from Sy proceeds directly to the repul-
sive state, as suggested above, or whether inter-
system crossing occurs from many high vibra-
tional levels of S; to high vibrational levels of T;.
Molecules in these states would have a very high
probability to accumulate sufficient energy in the
C—C bond to overcome the barrier Fr. Indeed,
assuming, as is likely, that the repulsive curve is
triplet, the non-crossing rule might be invoked,
in which case the shape of Ty in the region of the
original crossing point is changed to that shown
as broken lines in Fig. 10. These two suggestions
bring the representation of the potential energy
diagram offered here into general agreement with
that advanced recently by Larson and O’Neal
(28) for the mechanism of the primary process in
acetone. It is thought, however, that the stability
of T; in both acetone and hexafluoroacetone is
too great to be represented by their Fig. 7, in
which Ty is shown to correlate directly with the
fragments in their ground electronic states with-
out an intervening barrier.

Many, if not most, of the suggestions and in-
terpretations made in this section are highly
speculative. It is hoped that some of the areas of
uncertainty have been defined more precisely
and that the general picture offered, while
obviously oversimplified, will stimulate further
consideration of these processes.
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The pyrolysis of phenylmercaptoacetic acid was investigated by the toluene-carrier technique over the
temperature range 760-835 °K.. The main products of the decomposition were phenyl mercaptan, carbon
dioxide, acetic acid, phenyl methyl sulfide, carbon monoxide, and dibenzyl.

The overall decomposition was a first-order reaction with respect to phenylmercaptoacetic acid and

could be represented by the two parallel steps:

k1
{11 CsHsSCH,COOH — CgHsS - + - CH,COOH

k>
[2] CsHsSCH,COOH — CgHsSCH; + CO,

Reaction [1] was shown to be a homogeneous first-order dissociation process, and its rate constant was

represented by the expression

k1 = 1.0 x 1015 exp (—58000/RT) s~1.
The activation energy of this reaction, i.e. 58 kcal/mole, was identified with D(CsHsS—CH>;COOH).

Canadian Journal of Chemistry, 46, 191 (1968)

Introduction

In a previous investigation (1) the experi-
mentally determined stabilization energy of the
phenylsulfide radical, CgHsS-, was estimated to
be about 13 kecal /mole. Hence, the weakest bond
in a compound of the type C¢HsS—R would be
expected to be the bond between the phenyl-
sulfide and R radicals.

The thermal decomposition of phenylmer-
captoacetic acid was investigated in the present
study, with the toluene-carrier technique, with a
view to determining the C—S bond dissociation
energy in this compound, i.e. CgHsS—CH>-
COOH, and in the hope of elucidating the re-
activity of the -CH,COOH radical.

Experimental

Materials

Phenylmercaptoacetic acid, m.p. 63 °C, was obtained
from Evans Chemetics, Inc., and was recrystallized three
times from a solution of benzene and petroleum ether.
The purity of the compound, as determined by titration
against standard sodium hydroxide, was better than 99 %,.
The toluene was generously supplied by the Gulf Petro-
leum Company, Pittsburgh, Pa. It was stirred for 20 h
with calcium chloride and distilled through an efficient

1Presented at the 47th Canadian Chemical Conference,
Kingston, Ontario, June 1964.

2These results were incorporated in the thesis sub-
mitted by A. T. C. H. Tan in partial fulfillment of the
requirements for the M.Sc. degree, McGill University,
1962. Present address: Department of Biochemistry,
University of Vermont, Burlington, Vermont 05401,
U.S.A.

column, The fraction boiling at 110.5 °C was collected
and used in all experiments.

Apparatus

The pyrolysis was studied over the temperature range
760-835 °K in an apparatus similar to those used in
previous investigations employing the toluene-carrier
technique (2). The toluene pressure was varied from 7 to
18 mm. Known weights of the acid were introduced into
a U-tube in the form of pellets. One arm of the U-tube
was connected to the toluene reservoir and the other led
to the furnace. During an experiment, the U-tube was
heated by a removable oil bath maintained at constant
temperature, The partial pressure of acid was varied from
0.08 to 0.44 mm by varying the temperature of the oil
bath between 138 and 165 °C. The time of residence of
the reactants in the reaction vessel was varied from about
0.2 to 1.4 s by changing the size of the capillary in the
outlet of the tube connected to the reaction vessel.

Gas Chromatography

The apparatus for vapor-liquid chromatography was
essentially similar to that described by Callear and
Cvetanovi¢ (3). Helium was used as the carrier gas. For
the analysis of the products condensed at liquid air
temperature, a column made of pyrex glass tubing (% in.
i.d.) filled with 10 g of dinonylphthalate on 24 g of celite
505 was used.

Analysis

The products of the pyrolysis were separated from the
remaining undecomposed portion of phenylmercapto-
acetic acid and unreacted toluene by fractional distillation
through a series of three traps maintained at —5, —78,
and —188 °C, respectively. The noncondensable gases
were transferred with the help of two diffusion pumps
connected in series and collected into calibrated bulbs.
The materials collected at —5 °C consisted of dibenzyl
and undecomposed phenylmercaptoacetic acid. This trap



TABLE I
Products of the decomposition of phenylmercaptoacetic acid*

Noncondensable gases
Acid (mmole)
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Expt. Temp. CsHsSH CH3;COOH (C¢HsCHy), CO, Total
No. °K) Initial Decomposed (mmole) (mmole) (mmole) (mmole) (mmole) % Hy % CHs 9% CO
75 760 1.065 0.171 0.018 0.015 — 0.07 0.005 — — —
74 767 0.888 0.116 0.015 0.007 — 0.13 0.006 — — —
66p 779 0.926 0.103 0.027 0.005 0.011 0.07 0.025 — — —
60 783 0.540 0.057 0.012 0.010 — — 0.002 — — —
63 783 0.859 0.108 0.032 0.020 — 0.08 0.009 — — —
64 783 1.040 0.141 0.038 0.016 0.014 0.07 0.014 — — —
65 783 0.852 0.108 0.034 0.013 0.012 0.07 0.015 — 27.8 72.2
67 793 0.944 0.160 0.052 0.030 0.035 0.10 0.018 — 28.6 71.4
68 793 0.982 0.143 0.045 0.030 0.029 0.09 0.017 — 28.6 71.4
87 795 0.605 0.236 0.082 0.035 0.075 0.15 0.045 3.7 22.5 73.8
73 804 0.296 0.067 0.029 0.010 0.032 0.04 0.013 4.7 13.3 82.0
69 813 0.666 0.191 0.081 0.050 0.069 0.12 0.027 4.2 20.5 75.3
70 813 0.601 0.101 0.058 0.042 0.058 0.09 0.018 3.9 24.1 72.0
86 813 1.065 0.149 0.067 0.040 0.026 0.10 0.024 5.7 11.2 83.1
89p 813 0.573 0.379 0.154 0.012 0.137 0.22 0.140 3.7 6.8 89.5
88p 815 0.692 0.474 0.184 0.022 0.133 0.30 0.153 1.1 10.7 88.2
72 823 0.285 0.110 0.051 0.025 0.039 0.07 0.021 10.1 23.5 66.4
80 828 0.577 0.273 0.104 0.052 0.095 0.18 0.033 9.8 19.5 70.7
79 829 0.255 0.114 0.055 0.030 0.047 0.07 0.017 9.4 23.4 67.2
84 833 0.591 0.496 0.287 0.200 0.205 0.28 0.076 11.7 21.2 67.1
85 833 0.849 0.234 0.086 0.040 0.057 0.15 0.034 10.0 18.4 71.6
81 833 0.353 0.192 0.097 0.060 0.077 0.13 0.024 10.2 20.0 69.8
91p 833 0.309 0.258 0.110 0.005 0.076 0.16 0.095 1.0 10.8 88.2
82 835 0.867 0.415 0.216 0.220 0.160 0.21 0.049 12.3 19.2 71.5

*The — indicates that products were not large enough to be measured; p refers to experiments done in the packed reaction vessel.
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was weighed before and after an experiment and its
contents were dissolved inethanol, then diluted with water,
and titrated with standard sodium hydroxide. The number
of milliequivalents of sodium hydroxide used was con-
sidered to be equal to the amount of unreacted acid and
the amount of dibenzyl was taken as the difference
between the total weight of the contents trapped at —5 °C
and the weight corresponding to the unreacted acid. The
validity of this procedure was established in ‘“‘control’
experiments, performed with the furnace temperature at
200 °C, where no decomposition occurred; it was thus
shown that the acid could be trapped quantitatively at
—35 °C and thus removed from the stream of toluene.

The trap at —78 °C contained toluene, acetic acid,
phenyl mercaptan, and phenyl methyl sulfide. Acetic acid
was demonstrated by gas chromatography and was
determined by titration with standard sodium hydroxide.
Phenyl mercaptan was determined as previously des-
cribed (4) by amperometric titration with a 0.1 N silver
nitrate solution using a rotating platinum electrode and a
microammeter. The contents of the trap at —78 °C gave
a deep-red color with chloranil and an orange-yellow
color with quinome, which indicated the presence of
phenyl methyl sulfide (5). However, the presence of the
large excess of toluene did not permit the use of the latter
procedure for the quantitative determination of phenyl
methyl sulfide.

The contents of the trap at —188 °C were separated by
gas chromatography. One large and three tiny peaks were
obtained. On the basis of the elution time, as determined
from the gas chromatogram, and of infrared (i.r.) analysis,
the major component in this trap was identified as carbon
dioxide. The i.r. spectrum of a cumulative sample of the
contents of the trap at —188 °C, collected for several
experiments, also revealed a strong absorption at 2150
cm~!, which could be assigned to the —C=C=0 asym-
metric stretching vibration of ketene (6); the other three
smaller absorption peaks of this i.r. spectrum (at 3070,
1388, and 1120 cm™!) confirmed further the presence
of ketene in this sample (7, 8).

The amount of carbon monoxide and the ratio of
hydrogen to methane in the noncondensable gases was
established by combustion over copper oxide at 350 °C.

Results

The main products of the decomposition were
carbon dioxide, phenyl mercaptan, acetic acid,
dibenzyl, phenyl methyl sulfide, and carbon
monoxide. Small quantities of ketene, methane,
and traces of hydrogen were also found. Table I
shows the main products and the amounts of
acid decomposed under different experimental
conditions.

The contents of the trap at —5°C, when
warmed to room temperature, in the presence of
air, turned slightly yellow, However, the infrared
analysis of the contents of this trap revealed the
presence of undecomposed acid and dibenzyl
only. It is, therefore, concluded that the yellow
color was due to substances produced in negli-
gible amounts.

The amount of the total noncondensable gases
varied between 23 and 549, of the phenyl-
mercaptan and it increased up to 90% in the
experiments performed in the packed reaction
vessel, Carbon monoxide constituted about 60
to 709 of the total noncondensable gases and
the remainder consisted of methane. The per-
centage of carbon monoxide rose to about 909
in the experiments performed in the packed
reaction vessel. At the highest temperatures
used, a small amount of hydrogen was also
formed.

Discussion

Mechanism of Decomposition

The analytical results suggested that the
pyrolysis of phenylmercaptoacetic acid occurred
primarily by two simultaneous processes [1] and
[2], involving a free radical and a molecular
dissociation reaction, respectively.

k
[1] CsHsSCH>COOH 3 C¢HsS + CH,COOH

k
2]  CeHsSCH;COOH =5 CgHsSCH;3 4+ CO,

From the relative amounts of the products
formed, reaction [2] appears to predominate in
the temperature range studied. If each phenyl-
sulfide radical abstracted a hydrogen atom from
toluene, i.e. by reaction [3],

B] CeHsS + CsHsCH3 — CeHsSH + CeHsCHy,

the sum of the phenyl mercaptan and of the
carbon dioxide formed in reactions [3] and [2]
would be expected to be equal to the total
amount of phenylmercaptoacetic acid decom-
posed. In actual fact, as can be seen from the
data listed in the last two columns of Table II,
this expectation was supported by experimental
results.

Furthermore, if each of the CH,COOH
radicals abstracted a hydrogen atom from tolu-
ene in reaction [4], the ratio of phenyl mercaptan
to acetic acid would be unity.

4] CH,COOH --
CsHsCHj3 — CH3COOH + C¢HsCH,

However, as shown in Table I, the amount of
acetic acid was always less than that of phenyl
mercaptan and, therefore, it must be concluded
that reaction [4] was not sufficiently rapid to
remove all the CH,COOH radicals and that
some of these disappeared also by other re-
actions.
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TABLE II
[C¢HsSH + (CO2 — CH4*)}/acid decomposedt

Total Acid CsHsSH + CO»

Expt.1 Temp. CegHsSH CO, decomposed acid CsHsSH + (CO, — CH4*)
No. °K) (mmole) (mmole) (mmole) decomposed acid decomposed
74 767 0.015 0.13 0.116 1.25 1.25
66p 779 0.027 0.07 0.103 0.94 0.87
63 783 0.032 0.08 0.108 1.03 1.01
64 783 0.038 0.07 0.141 0.77 0.77
65 783 0.034 0.07 0.108 0.96 0.91
67 793 0.052 0.10 0.160 0.95 0.93
68 793 0.045 0.09 0.143 0.95 0.93
87 795 0.082 0.15 0.236 0.98 0.96
73 804 0.029 0.04 0.067 1.03 0.97
69 813 0.081 0.12 0.191 1.05 1.01
70 813 0.058 0.09 0.161 0.92 0.90
86 813 0.067 0.10 0.149 1.12 1.08
89p 813 0.154 0.22 0.379 0.99 0.95
88p 815 0.184 0.30 0.474 1.02 0.98
72 823 0.051 0.07 0.110 1.10 1.03
80 828 0.104 0.18 0.273 1.04 1.03
79 829 0.055 0.07 0.114 1.10 1.08
84 833 0.287 0.28 0.496 1.14 1.10
85 833 0.086 0.15 0.234 1.01 0.99
81 833 0.097 0.13 0.192 1.18 1.01
91p 833 0.110 0.16 0.258 1.04 0.96
82 835 0.216 0.21 0.415 1.02 1.00

TCH¢* = [total CHs) — [CHy from the decomposition of toluene], This calculation was based on the assumption that all the hydrogen formed
resulted from the decomposition of toluene and that for each 1.5 moles of hydrogen formed, 1 mole of methane was formed (11).
1The experiments marked p refer to those done in the packed reaction vessel.

Fate of the CH,COOH Radicals
The CH,COOH radicals may have abstracted
one hydrogen atom according to reaction [4],

[4] CH,COOH + C¢HsCH;—
CH;3COOH + CgHsCH,,

or may have decomposed according to reactions
[5] and [6].

[51 CH,COOH — CHj3 + CO,

[6] CH>COOH — CH,CO 4 OH

The methyl and hydroxyl radicals produced in
reactions [5] and [6] would be expected to ab-
stract a hydrogen atom from toluene to yield
methane (9) and water (2), respectively.

[71 CH; + C¢HsCH3 — CH4 + CsHsCH,
[8] OH + C¢HsCH3; — CsHsCH, + H,O

Owing to technical difficulties to establish a
water-free system, all attempts to detect among
the products the presence of small quantities of
water, which might have been formed, were
unsuccessful. Nevertheless, reaction [8] is be-
lieved to be a probable reaction responsible for
the removal of hydroxyl radical.

The benzyl radicals were assumed to dimerize
to give dibenzyl.

[9] 2C6H5CH2 i (C5H5CH2)2

If reactions [1] to [9] represent the mechanism
of the decomposition of phenylmercaptoacetic
acid in a stream of toluene, the following stoi-
chiometry should have been observed.

[CeHsSH] = [(CsHsCHy),] =
[CH3COOH] + [CH,CO] + [CH4l
However, the data listed in Table I indicate that
[CsHsSH] > [(CeHsCHy)y] >
[CH3COOH] + [CH4].

In actual fact, the ratio of dibenzyl to phenyl
mercaptan was, in most experiments conducted
at the higher temperatures, somewhat smaller
than unity, varying between 0.7 and 0.9. In
previous studies it was shown that dibenzy! could
not be trapped quantitatively at —5 °C from a
stream of toluene and that its recovery was
usually not better than 909/ of the theoretical
amount (10). It is clear that the relative losses in
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the recovery of dibenzyl would be larger at the
lower temperatures and higher flow rates, since
the absolute amount of dibenzyl formed would
be smaller under these conditions. In conse-
quence it seems reasonable to conclude that the
amount of dibenzyl actually formed in this
investigation approached the amount of phenyl
mercaptan formed.

Since the amount of ketene produced was
small and since it did not account for the differ-
ence between the phenyl mercaptan and [acetic
acid plus methane], it is considered reasonable
to postulate that some ketene was either dimer-
ized or decomposed. On concentration grounds
alone, dimerization of ketene would not be too
likely to occur. Moreover, the large amounts of
carbon monoxide in the reaction would support
the alternate explanation that a large fraction of
the ketene formed in reaction [6] had decom-
posed.

It is difficult to propose a mechanism for the
formation of carbon monoxide. However, con-
sidering that the ratio of carbon monoxide to
phenyl mercaptan increased considerably in the
experiments performed in the packed reaction

_vessel3, it would appear that the carbon monox-

ide was due to some heterogeneous decompo-
sition reaction of the ketene on the wall of the
reaction vessel.

Calculation of D(C¢HsS—CH,COOH)
The overall rate constant, k, for the pyrolysis
of phenylmercaptoacetic acid was expressed as

[10] k= 1]rn [(A)/(A—X)],

where 7 is the time of contact in seconds, (A) and
(A — X) represent the amounts of phenylmer-
captoacetic acid passed through the reaction ves-
sel and recovered in the trap at —5 °C, respec-
tively. If the two parallel reactions [1] and [2]
were also first-order processes, and if reaction [3]
were very rapid by comparison with reaction {1],
one could write the additional rate expressions

1] ke = CHSD 31— exp ()
2] ke = SO 511 exp (—r)

(A)
where (C¢HsSH) and (COj;) represent the

3For example, at 833 °K, in experiment No. 85, the
carbon monoxide formed was only about 0.25 of the
amount of phenyl mercaptan formed; while in experi-
ment No. 91p the ratio was increased to 0.77.

amounts of phenyl mercaptan and of carbon
dioxide formed during time ¢, respectively.

The first-order rate constants, & and k|, cal-
culated for experiments under different condi-
tions are listed in Table III. Both rate constants
were almost unaffected by the variation of the
partial pressure of the acid by a factor of 5.5, of
the toluene pressure by a factor of 2, of the time
of contact by a factor of 6.5, and of the surface/
volume ratio of the reaction vessel by a factor of
27 in the higher temperature range. However, at
the lower temperature used, the scatter of the
data suggest some heterogeneity. It is, therefore,
concluded that the use of egs. [10] and [11] was
justifiable in the higher temperature range, and
that reaction [1], as well as the overall decompo-
sition of phenylmercaptoacetic acid, were homo-
geneous first-order processes in this range.
Moreover, because of the scatter of the data at
the lower temperature, these were neglected for
the calculation of the Arrhenius equation for the
rate constant k& of the overall decomposition.

Since phenyl methyl sulfide could not be
determined quantitatively, and since carbon
dioxide was not produced exclusively in reaction
[2], no attempt was made to calculate k, with the
help of eq. [12]. The rate constant k, represents
the small difference between k and k;; however,
because of the inherently large error involved in
such a calculation, such computations were not
attempted.

The Arrhenius plots of log k and log k; vs.
1/T are shown in Figs. | and 2 respectively, and
the corresponding rate constants computed from
these graphs are given by the expressions

k=2 % 1012 exp (—46000/RT) s~! and
ki = 1.0 x 1015 exp (—58000/RT) s L.

With the usual assumption that the recom-
bination of radicals requires no activation
energy, the value of 58 kcal/mole, with an
estimated uncertainty of 42 kcal/mole, may be
identified with the dissociation energy of the
CgHsS—CH,COOH bond. By comparison, the
C—S bond dissociation energy in phenyl methyl
sulfide had been found to be 60 kcal/mole (1).
This difference of 2 kecal/mole is obviously
within experimental error of the technique.
Nevertheless, it is in the right direction, since it
is reasonable to expect that the CH,COOH
radical is slightly resonance stabilized with
reference to the methyl radical.
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Toluene Acid Time of
Expt.* Temp. press. press. _Toluene press. contact Overall % k kq

No. (°K) (mm Hg) (mm Hg) Acid press. () decomposition (s~YH (s7YH

760 11.72 0.29 40 0.44 16.1 0.40 0.04
74 767 13.09 0.27 48 0.46 13.1 0.30 0.04
66p 779 10.74 0.18 60 0.44 11.1 0.27 0.07
60 783 17.97 0.11 163 0.55 10.6 0.21 0.04
63 783 15.33 0.17 90 0.6l 12.6 0.22 0.07
64 783 14.90 0.17 88 0.65 13.5 0.23 0.06
65 783 11.18 0.24 47 0.61 12.7 0.23 0.07
67 793 9.85 0.19 52 0.46 16.9 0.40 0.13
68 793 15.33 0.24 64 0.37 14.6 0.43 0.14
87 795 11.72 0.22 53 1.11 39.0 0.45 0.15
73 804 10.85 0.12 90 0.45 22.6 0.57 0.25
69 813 9.63 0.17 57 0.47 28.7 0.73 0.31
70 813 17.34 0.16 108 0.33 26.8 0.95 0.34
36 813 5.04 0.24 21 0.21 14.0 0.95 0.33
89p 813 10.85 0.22 49 1.17 66.3 0.92 0.38
88p 815 11.81 0.23 51 1.04 68.5 1.04 0.42
72 823 7.83 0.17 46 0.46 38.6 1.06 0.49
80 828 7.42 0.44 17 0.48 47.3 1.33 0.51
79 829 9.12 0.08 114 0.41 44 .7 1.44 0.70
84 833 15.51 0.18 86 1.34 84.0 1.36 0.79
85 833 5.80 0.10 58 0.21 27.6 1.52 0.57
81 833 7.87 0.13 60 0.49 54.4 1.60 0.81
91p 833 11.85 0.17 70 1.08 83.7 1.66 0.71
32 835 15.00 0.06 250 0.38 47.9 1.73 0.90

#p refers to experiments done in the packed reaction vessel.
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The role of Hg 6°P, atoms in mercury photosensitization. IV. Origin
of the 4850 A and 3350 A bands

J. E. McALDUFF,! D. D. DRYSDALE,2 AND D. J. LE Roy
Lash Miller Chemical Laboratories, University of Toronto, Toronto, Ontario

Received May 16, 1967

The continuous emission bands at 4850 A and 3350 A, attributed to the decay of electronically
excited mercury molecules, have been studied in a flow system in which Hg 63P; atoms were generated
in the presence of nitrogen. The mechanism presented to account for the formation and decay of these
eximers incorporates the assumption that these bands are derived by spontaneous emission from the
A30.~ and 431, states of the mercury molecule respectively. It is proposed that the 431, state is the

precursor of the 430, state.
Canadian Journal of Chemistry, 46, 199 (1968)

In Part III of this series (1) we postulated the
formation of an electronically excited Hg,
molecule to account for the steady-state con-
centration of Hg 63Py atoms in a system com-
prising mercury vapor and nitrogen illuminated
by the mercury resonance line at 2537 A. At
that time, we suggested that this molecule might
be the species responsible for the visible con-
tinuum emitted by mercury vapor in the region
of 4850 A. The present communication is a
report on the results and interpretation of an
investigation of the bands at 4850 A and 3350 A
and of the dependence of their intensities on the
concentrations of mercury and nitrogen.

The fluorescence continua associated with
electronically excited states of Hg, have been
studied extensively in systems containing mer-
cury vapor alone at relatively high temperatures
(2). The species responsible for the continuum at
4850 A appears to have a long lifetime; thus
Rayleigh (3) and Phillips (4) were able to ob-
serve it in a flowing stream of gas some distance
downstream from the region of excitation.
Rayleigh (5) also showed that the gas giving rise
to this continuum downstream contained meta-
stable Hg 63P; atoms. In the presence of nitrogen,
which is known to produce Hg 63P; atoms by
quenching of the 63P; state, the continuum can
also be observed at the low mercury pressures
obtaining at room temperature. For these
reasons it has usually been assumed that the
species responsible for the 4850 A band is the
A30,~ state of Hgp, which has as its dissociation

IPresent address: Department of Chemistry, St.
Francis Xavier University, Antigonish, Nova Scotia.

2Present address: Department of Physical Chemistry,
The University, Leeds, 2, England.

products a metastable 63P; atom and a ground
state 615y atom.

McCoubrey (6), with a system containing pure
mercury vapor at 200 °C, found a common per-
sistence time for the 4850 A band and the
ultraviolet band at 3350 A. To account for this
close relationship, he postulated that the 3350 A
band arises by spontaneous emission from the
A30,~ state while the 4850 A band results from
a triple collision involving an Hg, 430, mole-
cule and two mercury atoms in the ground state.
This explanation was a departure from the
earlier postulate of Mrozowski (7) that the
3350 A band originates by spontaneous emission
from the 431, state, for which the dissociation
products are a 63P; atom and a 61S; atom.

Berberet and Clark (8) studied the 4850 A
band in the presence of nitrogen and postulated
the formation of an electronically excited Hg,
molecule in a triple collision of a 63P; atom, a
618, atom, and a nitrogen molecule. The excited
Hg, molecule was then assumed to decay by
either spontaneous emission of the 4850 A band
or diffusion to the walls.

The purpose of the present investigation was,
then, to resolve the problem of the origins of
the 4850 A and 3350 A bands and, if possible,
to correlate the dependence of their intensities
with the reactions of Hg3P; atoms studied
previously (1).

Experimental

The apparatus was almost identical with that used
previously by Kimbell and Le Roy (9) in studying the
emission of the forbidden line (Hg 63Py — 61S,). Initially
quantitative measurements on the 4850 A band were
made by isolating a single relatively narrow portion of the
band in the region of 4850 A by using a GL-935 photocell
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and a filter combination of an 8K2 and a 47C-5 Wratten
filter. Subsequently an EMI-5683 photomultiplier was
used in conjunction with a series of five filter combinations
to isolate narrow portions of the emission band. These
combinations, together with their regions of maximum
transmission, are recorded in Table I.

TABLE I
Filter combinations used_in isolating regions of the
4850 A band

Filter combination Wavelength range (A) Amax (A)
Corning 3385 4550 - 4800 4660
Corning 5113
Wratten 8K2 4645 - 4975 4750
Wratten 50
Wratten 47 4885 - 5315 5030
Corning 3384
Wratten 47 5085 — 5340 5200
Wratten 62
Dal # 062901 5720 - 6140 5930

(Interference filter)

All measurements on the 3350 A band were made
using a Hilger Model E-517 quartz spectrograph and
Kodak 103-F spectrographic plates. The plates were
developed in Kodak D-19 developer for 4 min at 20 °C
and photometered on a Joyce-Loebel Mk III C double
beam microdensitometer. Since the plate sensitivity is
dependent on wavelength, all measurements of optical
density were made at the arbitrary wavelength 3400 A.
For this wavelength, the value of v, was determined as the
slope of the plot of log (exposure time) (as abscissa) vs.
resultant optical density, Dy (as ordinate), for a constant
intensity Iy:

Dy =0by+7alogly + 7y logt.

Thus for a constant exposure time, the intensities of the
emission at various nitrogen pressures relative to the
intensity at N, = 97 mm could be calculated from
optical densities by the expression

LN 1 Dy\N: — DN
IXN2=D7 mm antt 0g 2N °

A constant mercury pressure of 9.30 x 104 mm was
used.

Scattered light from the walls of the reaction vessel was
eliminated by the use of suitable apertures and in the case
of the photometric measurements corrections were made
for dark current and for fluorescence from the quartz
windows.

A quantity directly proportional to the concentration of
metastable atoms, [Hg?], was calculated for part of the
present work making use of data evaluated in}III and
elsewhere (1). Briefly, the product K*[Hg’)L. was ob-
tained from the expression

= el o-xemas
Y= om0

where K0 is the extinction coefficient for the absorption of
4047 A by Hg? atoms, L is the path length of the analysis

radiation (4047 A), K* is the cffective extinction co-
efficient of 2537 A radiation, and x is the path length of
the exciting radiation in the present apparatus. ¢ is a
function of nitrogen and mercury concentrations, other-
wise containing only known rate constants and quanti-
ties that have been evaluated experimentally (1). Thus
KO[Hg0]L can be calculated for various nitrogen and
mercury pressures under conditions where its experimen-
tal determination would be adversely affected by pressure
broadening of the absorption lines.

. Results
The 4850 A Band

In order to ascertain whether or not the shape
of this emission band was dependent on the
concentrations of nitrogen and mercury, relative
intensity measurements were made in five differ-
ent regions of the band. These were made in two
series: in the first the mercury pressure was kept
constant at 10.73 X 104 mm and the niirogen
pressure was varied from 19.5 mm to 124.5 mm;
in the second the nitrogen pressure was kept
constant at 60.0 mm and the mercury pressure
varied from 3.3; X 10~4mm to 10.7g x 10—¢
mm. The results are shown in Table II and
Table III.

The intensities were measured in arbitrary
units. In columns 7 to 11 of Table II intensities
are given relative to those for a nitrogen pressure
of 124.5mm. It is evident that the relative
intensities, while strongly dependent on nitrogen
pressure, are essentially independent of wave-
length. We therefore conclude that the shape of
the emission band is independent of nitrogen
pressure. The average values of the relative
intensities, together with their standard devia-
tions, are given for each nitrogen pressure in the
last column of Table IT and are plotted in Fig. 1.
It can be seen that the scatter of the points from
a smooth curve is, in every case, less than the
standard deviations given in Table II.

From Table III it is evident the intensities,
relative to those for a mercury pressure of 10.7g
X 10=4 mm, are strongly dependent on mercury
pressure but essentially independent of wave-
length. In these measurements the standard
deviations are somewhat larger but here also the
scatter of the average relative intensities from a
smooth curve was considerably less than the
standard deviations of Table III, as shown in
Fig. 2.

The fact that the shape of the band was
independent of both nitrogen and mercury
pressure greatly simplified the analysis of the
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Fic. 1. Dependence of 4850 A band intensity on
[N,] for [Hg] = 10.78 x 10-4 mm. The ordinate is the
ratio of the intensity at [N;] to the intensity at [N3]
= 124.5 mm.

results, because it was then unnecessary to take
into account the variation of the sensitivity of
the photomultiplier with wavelength in order
to obtain the (integrated) band intensity as a
function of nitrogen and mercury pressure.

Because of the rather low intensity of the
4850 A band it was not possible to investigate
it, in the present research, at nitrogen pressures
less than about 20 mm. At this and higher
pressures we felt that K0 was likely to be in-
fluenced by pressure broadening and that the
optical density for the absorption of 4047 A
would no longer be a very accurate measure of
the concentration of Hg0. We have, therefore,
calculated the values of K0[HgO0]L using the rate
constants given previously (1), together with the
pressures of nitrogen and mercury used in the
present experiments.

In Fig. 3 the relative band intensities taken
from Table II are plotted against the product of
the relative concentration of Hg0 times the

nitrogen pressure. The latter is simply the value
of KO[HgO]L[N,] for the nitrogen pressure con-
cerned divided by the value for a nitrogen
pressure of 124.5 mm. It is evident that for a
constant mercury pressure (10.7g X 104 mm)
the intensity of the band is proportional to the
product of [Hg0] and [N,]. From Fig. 4 it is also
seen that at constant [N,] the intensity of the
band is proportional to the product of [Hg0] and
[Hg]. We conclude, therefore, that the 4850 A
band intensity is proportional to the product of
[Hg%], [Hg], and [N,], at least in the range 20~
125 mm of nitrogen.

Ratio of the Relative Intensities of the 4850 A and

3350 A Bands
The relative intensity data for the 3350 A band
are given in Table IV. To compare these directly
with similar data on the 4850 A band, the latter
were interpolated graphically to give values of
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F1G. 2. Dependence of 4850 A band intensity on
[Hg] for [N2] = 60 mm. The ordinate is the ratio of the
intensity at [Hg] to the intensity at [Hg] = 10.78 x 104
mm.
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TABLE II
Photometric intensity measurements at [Hg] = 10.78 x 10~4 mm (4850 A band)

0z

N, A=152004, A=4660A, A =4750A4, N =5030A, \=59304, a

(mm) Iszo0 A I4660 & I47504 Isp30 & Iso30 & Ifr124.5 Ifr 1245 I/r124.5 I/r 1245 I/r1245  Ave. I/ripas 2

19.5 1.50 1.81 3.94 4.04 0.194 0.066 0.132 0.139 0.093 0.166 0.119+£0.035 :5

34 4.45 3.22 7.48 9.33 0.283 0.196 0.235 0.264 0.214 0.246 0.2314+0.024 %

51 7.90 5.23 9.45 15.29 0.405 0.349 0.382 0.333 0.350 0.352 0.3534+0.016 =

60 9.70 6.64 11.81 18.17 0.453 0.428 0.485 0.417 0.416 0.398 0.429+0.030 g

72 12.20 8.25 14.57 23.94 0.634 0.539 0.603 0.514 0.548 0.551 0.5514+0.029 ¢

96 17.00 11.27 21.26 33.56 0.87 0.751 0.824 0.750 0.769 0.764 0.7721+0.027 §

124.5 22.65 13.68 28.35 43.65 1.15 1.00 1.00 1.00 1.00 1.00 1.00 l;:

0

oo}

Q

oy

t

g

7]

TABLE III =

Photometric intensity measurements at [N>] = 60 mm (4850 A band) :

o

Hg x 104 A=4660A, X=4750A, X=5030A, =59304, =

(mm) T4660 X Iyso & Is030 & Iso30 & Ifr10.78 11 10.78 I/r10.78 I/r10.78 Ave. Ifr1078 &

0

10.78 6.64 11.81 18.17 0.46 1.00 1.00 1.00 1.00 1.00 )
8.18 4.02 7.09 12.02 0.31 0.605 0.600 0.66; 0.68; 0.637,40.03¢
6.25 3.62 4.33 7.69 0.18 0.545 0.367 0.423 0.384 0.424-:0.07,
4.46 2.21 2.76 4.13 0.05 0.333 0.234 0.227 0.114 0.227:I:0.07.,
3.31 1.41 1.97 2.60 0.07 0.21, 0.167 0.143 0.15; 0.163+0.02,
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FI1G. 3. Dependence of 4850 A band intensity on the product of [N2] and [Hg?] for [Hg] = 10.78 X 10~* mm. The
abscissa is
KO[HgVL[N2]
[KO[HgO1LN721INs=124.5 mm.
FiG. 4. Dependence of 4850 A band intensity on the product of [Hg] and [Hg?] for [N,] = 60 mm. The abscissa is

KO[Hg ]L[Hg]
[KO [HgO]L[Hg]] [He] =10.78x10-4

rel

TABLE 1V
Relative intensities at [Hg] = 9.30 X 10-4 mm (3350 A band)
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N, Exposure (h)  D»=3400 D¥: — p¥2:=97  (DN: — DNe=97) [y LN2/[\Ne=97
35 3 S.45 —0.80 —0.09 0.813

42 3 5.95 —0.30 —0.034 0.925

55 3 5.95 —0.30 —0.034 0.925
72.5 3 5.85 —0.40 —0.045 0.90,

80 3 5.25 —1.00 —0.11, 0.77,

95 3 6.40 0.15 0.014 1.04
116 3 7.2 0.95 0.107 1.28

97 3 6.25 0 0 1.00

I, /1%5"" ™ at the same nitrogen pressures at  slightly different mercury concentrations (10.78
which the intensities of the 3350 A band were X 10~4mm and 9.30 X 10~4 mm respectively),
determined. For each of these nitrogen pressures  but as relative intensities were used to calculate
the ratio of the intensities of the two bands was the ratio I4g50/73350, differences in the absolute
then calculated as the ratio of the corresponding intensities will tend to cancel in the present
relative intensities. As shown in Fig. 5, the ratio  treatment. A least-squares analysis of the data
of the intensity of the 4850 A to that of the gave the values of the slope and intercept as
3350 A band is linear in [N,]. The 4850 A and (1.0l =£ 0.05) x 102 mm~! and (0.017 = 0.032)
3350 A band intensities were measured at respectively. In this calculation the two points
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that have very large deviations from the straight
line in Fig. 5 have been neglected.

While the standard deviation of the slope of
Fig. 5is small enough to warrant some confidence
in the value quoted, the errors inherent in photo-
graphic spectrophotometry, used in the case of
the 3350 A band, are such that the reality of a
finite intercept is doubtful.

[ I T T ! 1
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0] 20 40 60 80 100 120

Ny (mm)

FIG. 5. Ratio of the intensities of the 4850 A and
3350 A bands as a function of the nitrogen pressure.

Discussion

In Part I1I of this series (1) we reported on the
results of an investigation of the reactions of
Hg 63P; atoms in systems containing from 2.34
X 104 to 12.65 X 10~4mm of mercury and
from 0.075 to 7.95mm of nitrogen. Relative
concentrations of 63P; atoms were calculated
from the optical densities for the absorption of
an analysis beam of 4047 A radiation, K0[HgC]L,
where K0 is the decadic extinction coeflicient for
the absorption and L is the path length of the
analysis beam. As before we will use Hg, Hg*,
and Hg0 to designate the 615, the 63P, and the

63P states of mercury; Hg,0t and Hg,0 repre-
sent nascent and stabilized 430, states.
The following mechanism was proposed (1).

[1] Hg -+ w* = Hg*

[2] Hg* = Hg -+ /wv*

[4] Hg* + N> = Hg? + N,
[5] Hg% = Hg (on the wall)
[6] Hg0 = Hg + /w0

[7] Hgd + N, =Hg + N;

[8] Hgl + N> =Hg* + N»
[10] Hg? + Hg = Hg%

[12] Hg,'t = Hgb + Hg

[13] Hg*f + Ny = Hgo? + N,

Callear and Williams (10) found no evidence
for third order removal of Hg® at nitrogen
pressures of the order of 500 mm or more and
were able to interpret their results in terms of
two bimolecular reactions, one between Hg0 and
Hg, the other between Hg0 and N,. On the other
hand, it was found in our laboratory that at
nitrogen pressures of § mm or less, Hg0 atoms
are removed by a third order process involving
Hg0, Hg, and N,, as well as by the bimolecular
processes suggested by Callear and Williams (10).
The apparent discrepancy between the observa-
tions at low and high pressures was resolved by
the mechanism quoted above, and in particular
by reactions [10], [12], and [13].

However, it is impossible to reconcile this
mechanism with the present observation that the
intensity of the 4850 A band is proportional to
the product [Hg][HgO0][N,] if we assume that
the 4850 A band arises by reaction [17],

[17] Hg,0 = 2Hg -+ h» (4850 A).

If Hg,0 molecules are formed by [13] and con-
sumed by [17], then

(] Tisso = kn[ngﬂ] = Ey3[Hg: 1][Ns] =

fy T Nl

This expression will only predict a third order
dependence for I,gso if ky2/k13 is appreciably
greater than [N,] in the range 20-125 mm.
However, the value of ky»/kq3 consistent with
Hg0 consumption was found (1) to be only
6.4 mim.
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If we accept the conclusion (10) that the only
important reactions removing Hg? at high (500
— 1000 mm) pressures of nitrogen are the bi-
molecular processes [7] and [104],

[7] Hg® + N2 =Hg + N

[104] Hg + Hg = 2Hg,

the formation of Hg,? by the third order process
[11],

[11] Hgd + Hg + N2 = Hgz® + No,

would have to be of minor importance in the
removal of Hg0 to have escaped observation.
However, McAlduff and Le Roy (1) found that
if they interpreted their results in terms of [10a]
and [11], rather than [10], [12], and [13], the
value of kj; required was so large (4.8 x 1020
cm6 mole~2 s~1) that the third order removal of
Hg0 would be predominant at high pressures of
nitrogen. Quite aside from predicting a result at
variance with the observations of Callear and
Williams (10), the calculated value of kj; was
unrealistically large.

In a recent study of the steady-state emission
of the 4850 A and 3350 A bands in the presence
of nitrogen, Penzes, Gunning, and Strausz (11)
have postulated a third order process for the
removal of Hg0 atoms with a rate constant of
1.1 x 1018 cmS mole—2 s—1, While the assumed
product of the reaction was not Hg0, no subse-
quent reaction producing Hg0 was postulated.
Although the magnitude of their third order rate
constant is more realistic than the value of kq;
calculated by McAlduff and Le Roy (1), it is,
nevertheless, large enough to cause an observable
third order effect at the nitrogen pressures used
by Callear and Williams (10).

In the light of this analysis we feel that a
mechanism analogous to our original {10], [12],
and [13] is required, and suggest the following
modification.

{10] Hg® -+ Hg = Heg>*f

[12] Hg,*t = Hg% + Hg

[13] Hgo*t + N> = Hgy* -+ N»
[14] Hez#*t -+ Nz = 2Hg + N
{15] Hg,* = 2Hg + hv (3350 A)
[16] Hg,* +- N, = Hgy0 + N2
[17] Hg,0 = 2Hg + hv (4850 A)

The essential difference between this mechanism
and that postulated by McAlduff and Le Roy (1)

is that we now assume that the transient species
Hg,*t (referred to as Hgy1* in ref, 1) gives rise to
Hg,* (i.e. the 431, state) in reaction [13] rather
than Hg,0 (the A30,~ state). The assumption
that Hg,* is the precursor of Hgy® has been
suggested by Penzes, Gunning, and Strausz (11).

Insofar as Hg0 removal is concerned, reactions
[10], [12], [13], and [14] above are kinetically
equivalent to the reactions [10], [12], and [13]
postulated by McAlduff and Le Roy (1). Thus,
the rate of consumption of Hg0 atoms by [10],
[12], [13], and [14] of the present mechanism is
given by

ds kio/ (kys -+ k1) + [No’

in which kjs/(kys + ki4) = 6.4mm at room
temperature, and hence becomes second order,
independent of [N,], at high nitrogen pressures.
It is not possible, with any available data, to
calculate the relative magnitudes of ki3 and ky4
and reaction [14] has been included on purely
speculative grounds.

By assuming that stabilization of Hgy*{ results
in the formation of Hg,* rather than Hg,0 it
becomes possible to interpret all of the results of
the present investigation. The predicted intensity
of the 4850 A band is given by the expression

[’L’L’L] I4s50 =
kiokis/ (k15 + km)[HgO][Hg] [Nﬂz
[k1s/k16 -+ [N‘z]][klz/(kls -+ km) -+ [Nz]] )

The second term in the denominator of [iii]
would approach [N,] in the range of nitrogen
pressures used in the present experiments.
Further, the radiative lifetime of Hg,* is likely
to be of the order of 107 s, so if k14 is less than
about 3 X 104 mm~1s~! (or about 6 x 1011 ¢cm3
mole~1 s~1) the first term in the denominator will
be approximately equal to kis5/k;s in the range
of nitrogen pressures used in the present experi-
ments. Equation [7ii] will then take the form

k1ok1sR1s To 0N
kls(kls + kM) HIa][Hg ][kg],

in agreement with our observations.

The proposed mechanism is also in agree-
ment with our observations on the dependence
of the ratio of the intensities of the two bands on
nitrogen pressure, viz.

2] Lass0 _ ku[ngol _ kg
L3350 kla[ng*] ks

[’L.W] Lys50 =

a

[Ne].
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Tumbling of methyl radicals adsorbed on a silica gel surface studied
by electron spin resonance!

C. L. GARDNER? AND E. J. CASEY
Defence Chemical Biological and Radiation Establishment, Ottawa, Canada
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The electron spin resonance spectra of CH3 and CD3 adsorbed on a silica gel surface at 77 °K are
characterized by a marked dependence of the line width on nuclear spin quantum number. This depen-
dence can be interpreted in terms of the tumbling of the radicals on the surface, anisotropies in the
hyperfine and g tensors giving rise to a relaxation mechanism dependent on M, A quantitative com-
parison of the spectra with the theory of this relaxation mechanism developed by McConnell, Kivelson,
and Freed and Fraenkel enables the tumbling frequencies, 2.0 x 107 s—1 and 1.3 x 107 s—1 for CH3 and

CDj respectively, to be determined.
Canadian Journal of Chemistry, 46, 207 (1968)

Introduction

The electron spin resonance detection of
methyl radicals adsorbed on various surfaces
has been reported in recent years (1-4). Like
VO2+, for example (5), these spectra are often
characterized by a marked dependence of the
line width on the nuclear spin quantum number
M,. Although Kazanskii et al. (1) suggested that
this dependence was due to a combination of
spin-orbit relaxation and incomplete averaging
of the anisotropic hyperfine interaction, this
idea was not developed quantitatively.

McConnell (6) first proposed a mechanism
which could explain this phenomenon. He
showed that the tumbling of a system with
anisotropies in the hyperfine interaction and
g tensors provided a relaxation mechanism
dependent on M. Refinements and extensions
to McConnell’s theory have been made by
Kivelson (7) and more recently by Wilson and
Kivelson (8). Freed and Fraenkel (9) have given
a more general theory capable of treating
systems with sets of equivalent nuclei. In this
case the lines can consist of several degenerate
components with possibly different widths.

In the present work we apply this theory to the
electron spin resonance (e.s.r.) spectrum of
methyl radicals adsorbed on a silica gel surface
and quantitatively interpret the dependence of
line width on ;.

Experimental Results

Samples were prepared by adsorbing reagent grade
methyl iodide (British Drug Houses) or methyl-d3 iodide

1Presented at the 2nd Canadian Catalysis Symposium,
Hamilton, Ontario, June 12, 1967. Issued as DCBRE
Report No. 540.

2Present address: Department of Chemistry, University
of Sheffield, Sheffield, England.

(Stohler Isotope Chemicals) onto silica gel (Fisher) which
had been degassed at ~ 300 °C for several hours at a
pressure < 10~ mm. The methyl iodide was allowed to
adsorb at a pressure low enough that less than monolayer
adsorption occurred (4a). The sample tubes were sealed,
cooled to 77 °K,, and irradiated with ultraviolet radiation
from an unfiltered GE-UAZ mercury lamp. The e.s.r.
spectra were recorded with a Varian V-4500 spectrom-
eter. Figures 1 and 2 show e.s.r. spectra of CH3 and
CDj onssilica gel at 77 °K.

The experimental line widths were determined, as has
been done previously (), by measuring the width of one
of the lines and determining the widths of the other lines
from the derivative heights from the expression

(derivative height) X (derivative width)? =
constant.

Within experimental error, the above relation was found
to hold for our spectra. Values are given in Figs. 3 and 4.

Discussion
Asymmetry
An unexplained feature of the spectra is the
asymmetry of the lines with respect to the base
line. It is possible that part of this may result
from incomplete averaging of the g-tensor
anisotropy as suggested by Kazanskii et al. (1).

‘In this case, however, the broadening should

depend on M;2, that is be symmetric about the
center. This is not the case with our spectra. In
addition the broadening produced by this
mechanism should be more pronounced for
CDj; than CHj because of the slower tumbling
rate. This is not in agreement with experiment
either and indicates further that incomplete
averaging of anisotropy of the g tensor is not the
prime cause of the line width variation. A similar
asymmetry has also been observed by Rogers
and Pake (5) in the solution spectrum of VO2+,
In their case, as they explain, the tumbling rate
is sufficiently rapid that complete averaging
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F1G. 1. Electron spin resonance spectrum of CHj on silica gel at 77 °K: 4; = 23.3 £ 0.2 G.
F1G. 2. Electron spin resonance spectrum of CD3 on silica gel at 77 °K: A3 = 3.66 = 0.20 G.

of the hyperfine and g-tensor anisotropies is
expected. They suggested that in their studies
the mixing of the real and imaginary parts of the
resonant magnetic susceptibility could account
for the asymmetry., (Asymmetry has been
observed and discussed in certain n.m.r. studies

(10).)

Analysis of Results
General equations for the secular, pseudo-

secular, and nonsecular contributions to the line
width have been given by Freed and Fraenkel
(9). Their equations (4.46 to 4.48), for the
condition that only anisotropic hyperfine and
g-tensor interactions are important, are given
below for a single set of equivalent nuclei,

(TZ)_I = (T?.)—lsec -+

. (T2)_1pseudoscc + (TZ)_lnonsec
or in detail,

(1) e = § PO + 37 PO B + 5 0)8"
i} (T ssamsee = 5 P @OLI + D) = M+ @I + 1) = M

(]wZ)hlnonscc = %]D(wo) [7<J(] + 1)> - 1112] + 4jDG2(w0)Bﬂ/I + ‘?'jGQ (wO)B2>

where j(w) = spectral densities, B == static mag-
netic field, A = nuclear magnetic quantum num-
ber, and J = total nuclear spin quantum number.,

In these equations an average line width has
been assumed for the degenerate components of
a single line and in this form they are identical
with those given by Kivelson (7).

The quantity {(J(J + 1)) depends on the
system and may be evaluated from Kivelson’s
equation 45.

ForCHi: (J(J + 1)) =32+ M2

For CD3: (J(J + 1)) = 12,8, 5, (30/7)

for M = 3, 2, 1, O respectively. An exact analytic
expression for CD 3 is not easy to obtain, and we
assume the approximate form (J(J+ 1)) =
(30/7) -+ M2,

It is seen that the detailed eq. [l] can be
written in the form

(2] (T = ag + a; M + a,M2.

The spectral densities j(iv) are proportional to
7l + w2727, and the pseudosecular and
nonsecular contributions to the line width will
be negligible provided wg 7 >> land w = 7,>> 1.
It can be readily verified that the nonsecular
contribution to the line width is completely
negligible by calculating correlation times from
the experimental data, assuming both g7, >> 1
and wq 7, << 1. The calculated correlation times
are inconsistent with the condition wq 7, << 1.
To a fair approximation (~ 10%) the pseudo-
secular contribution can also be neglected. For
this case the constants in eq. [2] can be evaluated
as

4 5
o = 7= (AyB)'re + K

4
(3] ay = 15 bAyBr,
2
iy = g Te
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Fic. 3. Line widths as a function of nuclear magnetic quantum no. for CHj on silica gel. Fitted curve; experi-

mental points.

Fi6. 4. Line widths as a function of nuclear magnetic quantum no. for CDj3 on silica gel. Fitted curve; experi-

mental points,

where r, = correlation time, b = hyperfine an-
isotropy = #(4; — A4,), Ay = g-tensor anisot-
ropy = g; — g, K = other unspecified contri-
butions to the line width independent of M.

It should be pointed out that the constants o
and g, remain the same even if the small pseudo-
secular contribution is included, since the M2
dependence cancels out. It is also interesting to
notice that the secular terms have no J depen-
dence. This means that the degenerate com-
ponents of a line will all have the same width,
provided the pseudo- and non-secular contribu-
tions to the line width can be neglected. As has
already been shown, in our case the above
condition holds to a fair approximation.
Therefore the detailed egs. [1], which are based
on the assumption of an average line width,
should be nearly exact.

A least squares fit of the CHj line width data
to eq. [2] vields

ay = 2.54 4 0.24 Mcs—1
a; = 0.400 == 0.133 Mcs—!
a, = 0.240 &+ 0.149 Mc s

Comparison of the data with the fitted curve is
shown in Fig. 3.
Equation [3] should enable us to determine

the correlation time r., provided a value of b or
Av is known. As far as we are aware there is no
experimental determination of either of these.
However, if we use Heller's (11) value of
b = 4.5 x 106 s-1, obtained for the CHj group
in the radical CH;C(COOH),, as an estimate of
b in the methyl radical, then from the ratio a;/a,
we obtain Ay = 1.20 x 10-3. Using the value
for b and an average Ay = 1.08 x 103 from
the CH; and CDj results, we obtain a value of
e = 5.0 % 10-8 s from ay.

In a similar manner, a least squares fit of the
CDj; line width data to eq. [2] yields

ap = 1.71 =+ 0.04 Mc s-1
a; = 0.071 + 0.012 Mcs-1
ay = 0.008 =+ 0.007 Mc s-1

A comparison of the data with the fitted curve
is shown in Fig. 4.

The estimate of b = 0.69 < 106571 for CD3
is now made by dividing the & for CH;3 by the
ratio of the H:D nuclear moments, uy/up =~ 6.5.
The ratio of a;/a, gives Ay = 9.5 X 104, As
before, we use the average value of Ay and the
value estimated for b to obtain an estimate of
7. = 7.9 x 10-8 s from the theoretical expression
for ay.
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The values of Ay are somewhat larger than the
value of 0.00053 calculated by Glarum (12).
Fairly large g-value shifts can occur with change
of environment (13), or even of surface prepara-
tion (4), however.

The correlation times of 5.0 x 10-8s and
7.9 x 10-8s for CH; and CDj radicals on the
silica gel surface indicate tumbling frequencies
of 2.0 % 107s-1 and 1.3 x 107 s—1 respectively.
Although rapid, these tumbling frequencies still
indicate a considerable hindrance to the rotation
by the surface, ‘“free” rotational frequencies
usually being of the order of 103 faster.

Since the methyl radical is symmetrical and
planar, the lowest order non-vanishing electric
multipole moment is the quadrupole moment.
The most important first order contribution to
the potential barrier to rotation would then be
the interaction of this quadrupole moment with
the field gradient at the surface. Previous
experiments have shown this field gradient off
the silica gel surface to be large (14). However,
second order polarization effects, which could
give rise to a non-vanishing dipole moment,
might also be important. Although an inde-
pendent estimate of the size of this barrier could
not be made, from the experiments of Gutowsky
et al. (15, 16), an estimate of the order of 1000
cm—1 seems to be reasonable. Although classical
penetration of a barrier of this magnitude is
very improbable at 77 °K, tunnelling at frequen-
cies of the order of 107 s—! should be possible

(14, 15). Because of the uncertainties, however,
the exact nature of “tumbling” remains some-
what obscure.
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Preparation of some organotin compounds containing methylthio,
phenylthio, and pentafluoro-phenylthio groups

M. E. PEacH!
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The new compounds 7-Bu3SnSR, n#-Bu,Sn(SR),, where R = Me, Ph, or CgFs, and Ph3SnSCeFs have
been prepared and characterized. The fracture of the Sn—S bond with iodine has been examined and
affords a quantitative method for analysis of compounds containing a Sn—S bond. The *H and 19F n.m.r.
have been studied; frequencies characteristic of the C¢FsS— group in the infrared spectra have been

tabulated.
Canadian Journal of Chemistry, 46, 211 (1968)

Alkyl- and aryl-thioorganotin compounds
have recently been shown to be hydrolytically
stable, and can be prepared in an aqueous media:
previously this type of compound was prepared
using carefully maintained anhydrous conditions
(1). It has been postulated that organotin oxides
and hydroxides are the reactive entities when
alkyl- and aryl-thio compounds of tin are pre-
pared in water from organotin halides and thiols
(1). This paper describes the preparation of
compounds of the type »-Bu3SnSR and n-Bu,Sn-
(SR), from the corresponding organotin oxide
and methanethiol, thiophenol, and pentafluoro-
thiophenol. Some metal derivatives of penta-
fluorothiophenol are known: transition metal
derivatives and complex ions have been formed

~in aqueous solution, i.e. M{SC¢F5)42~ (M = Co,

Pd, Pt, Zn, Cd, Hg), M(SC¢F5),~ (M = Cu, Ag,
Au), PA(SCFs)2, and AgSCeF 5 (2). (Pentafluoro-
phenylthio)trimethyltin has been prepared by the
reaction of pentafluorothiophenol with (n-butyl-
thio)trimethyltin, r-butanethiol being evolved
(3). The preparation of (pentafluorophenylthio)-
triphenyltin from triphenyltin chloride and
pentafluorothiophenol in aqueous solution is
described.

The fracture of the tin-sulfur bond with iodine
has been studied in carbon tetrachloride solu-
tion: mono alkylthio- and arylthio-organotin
compounds can be estimated by titration against
iodine solutjon in carbon tetrachloride.

The proton, 19F nuclear magnetic resonance,
and infrared spectra of all the compounds
prepared have been examined. Chemical shifts

1Present address: Chemistry Department, Acadia
University, Wolfville, Nova Scotia.

have been measured and frequencies character-
istic of the pentafluorothiophenyl group have
been found in the infrared spectra.

Discussion

The preparations using tri-n-butyltin oxide and
di-n-butyltin oxide show that it is possible to
prepare organo-sulfur derivatives of tin directly
from stoichiometric amounts of the appropriate
oxide and thiol.

(n-Bu3Sn),O + 2MeSH — 2#-Bu3SnSMe + H,O

This is a convenient preparation, but it cannot
be applied to the preparation of the known tetra-
(phenylthio)tin from stannic oxide and thio-
phenol. Some (alkylthio)triethyltin compounds
have been prepared similarly from triethyltin
oxide and an excess of alkanethiol: the excess
thiol and water were removed from the product
by distillation (4). These reactions show the
relatively acidic nature of the S—H hydrogens in
thiols, and is in agreement with the observation
that an —OR group can be displaced by the
—SR group of thiols in organotin compounds
5).

The tin-sulfur bond in organotin sulfur
derivatives can be fractured by bromine, forming
an organotin bromide and a disulfide: a similar
reaction has been reported as occurring with
iodine, but no details are given (1). The fracture
of the tin—sulfur bond is quantitative in carbon
tetrachloride solution for derivatives of the type
R3SHSR’.

21n-BuiSnSPh + I; — 2n-BuiSnl + Ph,S,.

For derivatives of the type R,Sn(SR’), the
results are not so good. This reaction probably
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TABLE I
Infrared frequencies characteristic of the C¢FsS— group (cm~1)

CeFsSH (CgFsS),NH* CF3SSCeFs*

IZ-BU3SHSC5F5 n-BUgSH(SC5F5)2 Ph3SnSC5F5

460 m T 461 w 460 m
621 m 621 w
631 w ¥ 637 m 636 W 636 m 631 w
872s 880 m 856 s 863 s 860 vs 860 vs
927 s 925 m 920 w — — 920 w
989 m 985 vs 983 vs 983 vs 981 vs 979 vs
1028 m 1025 m 1021 m 1017 m 1020 m 1018 mi
1068 m — 1072 m —_ — —
1097 s 1090 s 1100 si 1090 st 1090 vs 1084 vs
1336 m — — — 1320 m 1320 m
1360 m — 1382 m — — 1360 m
1503 vs 1490 vs 1495 vs 1484 s 1485 vs 1488 vs
1518 vs 1515 vs 1517 vs 1512 s 1512 vs 1513 vs
1636 m 1628 w 1629 w
1640 m 1635 m 1640 s 1637 m 1640 m 1641 w
1646 m
*See ref. 10.

Qnly recorded 4000 - 650cm—1,

Exactassignment difficult, due to peaks from the other group in thisregion,

proceeds through the initial fracture of the Sn—S
bond with the formation of an organotin iodide
and an unstable sulfenyl iodide, RSI: the latter
decomposes to the corresponding disulfide and
iodine, which reacts further with the Sn——S bond.
An unstable sulfur iodide is also formed in the
reaction of a sulfur chloride with potassium
iodide in aqueous solution: the resultant iodine
formed can be estimated quantitatively, and
hence the original sulfur chloride determined
(6, 7). The transient red color observed in the
titration of thiophenol derivatives must be due
to the formation of unstable benzenesulfenyl
iodide, PhSI.

Hexafluorobenzene is susceptible to nucleo-
philic attack: pentafluorothiophenol is prepared
from hexafluorobenzene and sodium bisulfide
(8). The sulfur in a sulfur-tin bond can act as a
nucleophile, forming a sulfonium compound;
(methylthio)-trimethyltin reacts with methyl
iodide to form dimethyl(trimethylstannyl)sulf-
onium iodide (1). No sulfonium fluoride contain-
ing the pentafluorophenyl group attached to the
sulfur could be prepared from hexafluorobenzene
and (methylthio)tri-z-butyltin. This is probably
due to the difficulty of breaking a C—F bond in
hexafluorobenzene.

Infrared frequencies characteristic of the
pentafluorophenylthio group have been deduced
by comparison with similar non-sulfur contain-
ing compounds. These frequencies, other than
the very weak ones, are shown in Table I.
Assignment of these frequencies is difficult.

Those at about 1500 cm™! are due to carbon-
carbon stretching in the fluorinated benzene ring.
The C—S stretching frequency in pentafluoro-
thiophenol metal derivatives has been claimed to
be a weak band at 710 cm™! (2), but in com-
pounds containing the trifluoromethylthio group,
CF3S—, the C—S stretching frequency is stated
to occur at about 490 cm~! (9). The methylene
carbon-tin stretching frequency has been cal-
culated to occur at 551 cm™1, and has been
observed between 590 and 508 cm~! (11). The
following frequencies can be assigned to methyl-
ene carbon-tin stretching: 511 cm™! (#-Bus-
SnSMe), 505 cm™! (n-Bu3SnSPh), 512 cm™! (a-
BusSnSC4Fs), 515 cm~! (n-Bu,Sn(SMe),), 512
cm™! (n-BuySn(SPh),), 518 cm™1 (n-Bu,Sn(SCe-
Fs)2).

The proton n.m.r. of the n-butyl compounds
shows a sharp resonance corresponding to the
methyl group and two overlapping envelopes for
the methylene groups: the position of the reso-
nances is slightly variable but there is no coupling
when either an MeS— or PhS— group is
attached to the tin. The methyl resonance of the
MeS— group is sharp and shows no coupling.
The 19F chemical shifts are approximately the
same as those for the C4Fs— group in other
compounds (12). The chemical shifts of the
ortho and meta fluorine are complex multiplets,
The para fluorine appears as a triplet, each of
which may be a triplet, having weak shoulders on
the main resonance. The coupling constants for
the fluorines ortho to the para fluorine lie at
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TABLE II
Products and analyses

Found (%) Required (%)
m.p.

Product Color Method ©) b.p. (°)/mm np22 C H F S C H F
n-BusSnSMe Colorless A — 104/0.2 1.5110 46.57 9.12 — 9.50 46.31 8.97 —
1n-Bu3SnSPh Colorless A — 147/0.3 1.5479 54.79 8.66 — 7.73 54.15 8.80 —
1n-BusSnSCeFs Colorless A — 118/0.03 1.5109 44.22 5.67 19.1 6.65 44.19 5.56 19.4
n-BuaSn(SMe), Colorless B — 94/0.02 1.5538 37.25 7.40 — — 36.72 7.40 —
1#-Bu,Sn(SPh), Colorless B — 162/0.05 1.6158 53.25 6.31 — 14.15 53.23 6.25
n-BuSn(SCeFs), Yellow B 30 139/0.02 — 38.51 2.75 29.8 — 38.06 2.87 30.1
Ph3SnSCeFs White C 76 — — 52.49 2.80 16.9 5.80 52.49 2.75 17.3

SANNOJWOD NILONVOYO FIWOS 40 NOILVAVJTId ‘HOVId

£1T
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approximately 22.5 c/s (CgFsSH), 22.2 c¢/s
(n-BusSnSCeFs), 22.8 c/s (n-BusSu(SCeFs)o),
and 22.2 ¢/s (Ph3iSnSC¢F5): these are somewhat
higher than the quoted values 20.2-20.8 c/s (12).
The coupling constants for the fluorines meta to
the para fluorine are all less than 0.5 ¢/s: this is
in agreement with the quoted value of 0-7 c¢/s

(12).
Experimental

All reagents were available commercially. Micro-
analyses were performed by Mikroanalytisches Labora-
torium Beller, Gottingen, Germany. Infrared spectra were
recorded on a Perkin—-Elmer 2378, 337, or 521, or on a
Unicam SP 100 or SP 200G. N.m.r. spectra were recorded
on a Perkin-Elmer R 10.

The new compounds prepared are shown in Table II,
together with some physical properties and analyses. In
method A approximately 2 mmoles of tri-n-butyltin oxide
and 2 mmoles of the requisite thiol were shaken for 4-24
h; magnesium sulfate was added to dry the product,
which was extracted with ether (ca. 20 ml). The product
was purified by distillation after removal of the ether by
fractionation. In method B approximately 1 mmole of
di-n-butyltin oxide and 2 mmoles of the thiol in 20 ml of
alcohol were stirred magnetically until the suspension of
di-n-butyltin oxide disappeared (usually about 4 h): a clear
colorless solution resulted. The alcohol plus water was
fractionated off and the product purified by distillation;
2.11 mmoles of triphenyltin chloride and 2.11 mmoles of
pentafluorothiophenol were dissolved on warming in a
mixture of 20 ml water and 20 ml alcohol, and stirred
magnetically overnight (method C). The acid produced
was neutralized by the addition of an equivalent amount
of 0.1 N caustic soda. A copious white precipitate formed
which was filtered off, dried, and purified by vacuum
sublimation.

No reaction was observed when stannic oxide and
thiophenol were mixed as in method B,

Carbon tetrachloride solutions of various methylthio-
and phenylthio-butyltins (ca. 0.05 M) were titrated against
an approximately 0.05 M solution of iodine in carbon
tetrachloride. An end point was observed when the iodine
color remained for 2 min in a warm solution. The results
are shown in Table II. During the titration with the

thiophenol derivatives a deep-red color formed which
disappeared within 2 min.

No reaction was observed when 3.55 mmoles of
(methylthio)tri-n-butyltin and 3.54 mmoles of hexafluoro-
benzene were refluxed in alcohol or carbon tetrachloride

TABLE III
Titration of compounds with iodine in CCl4

Amount taken Iodine used

Compound (mmoles) (mmoles)
n-BuiSnSMe 0.966 0.975
n-Bu3SnSPh 1.003 0.998
n-Bu;Sn(SMe); 0.7829 1.561
n-Bu,Sn(SPh), 0.7331 1.518

for 3 h: on heating a similar mixture, without solvent, in
a sealed evacuated tube at 250° for 24 h decomposition
of the (methylthio)tri-n-butyltin occurred, forming tin
and stannic sulfide,

Details of the 1H and 9F n.m.r. spectra are shown in
Tables IV and V.

The infrared absorption peaks in the region 4000 to
400 cm~! are:

n-BusSnSMe: 2958 s, 2922 s, 2876 m, 2856 m, 1468 s,
1459 m, 1420 w, 1380 m, 1346 w, 1318 m, 1296 w, 1252 w,
1185w, 1158 w, 1076 m, 1052w, 1025 w, 1003 w, 963 m,
880 m, 871 m, 848 w, 695s, 671s, 602 m, 511 m, 454 w.

#7-BuzSnSPh: 2960 s, 2928 s, 2875 m, 2855 m, 1582 m,
1478 s, 1465 m, 1460 sh, 1440 m, 1420 w, 1380 m, 1345 w,
1322 w, 1298 w, 1255 w, 1185 w, 1160 w, 1086 m, 1078 m,
1069 m, 1027 m, 1002 w, 962 m, 880 m, 870 m, 850 w,
743 vs, 697 sh, 692vs, 666 m, 597 m, 505m, 481 m,
445 w, 417 w.

n-BusSnSCe¢Fs: 2963s, 2931s, 2880 m, 2860 m,
1637 m, 1626m, 1512vs, 1484vs, 1467s, 1420 m,
1401 w, 1381m, 1370w, 1345w, 1295m, 1253 m,
1184 m, 1155m, 1142sh, 1100sh, 1090s, 1050 w,
1025 sh, 1017 m, 983 vs, 913w, 875 m, 863 vs, 772 m,
748 m, 719 sh, 694 s, 674 s, 636 w, 606 m. 591 sh, 512 m,
450 m, 425 sh.

n-Bu,Sn(SMe),: 2958 s, 2922 s, 2873 s, 2854 s, 1465 s,
1459 s, 1442 m, 1419 m, 1379 m, 1360 w, 1342 w, 1318 s,
1292w, 1250w, 1180w, 1151m, 1074 m, 1049 w,

TABLE IV
1H n.m.r. relative to tetramethylsilane as internal standard (p.p.m.)

n-Butyl group

Methylene group —SPh
Compound Solvent —CH; envelopes —SMe envelope
(n-Bu3Sn),0 CCl4 —0.90 —1.8to —0.7 —_ —
n-BusSnSMe CClyg —0.93 —1.7to —0.7 —2.00 —
n-Bu3SnSPh CCly —0.89 —1.7t0 —0.8 — —7.5t0 —7.0
n-Bu3SnSCeFs CCl4 —0.90 —1.8to —0.7 — —
#-Bu,Sn(SMe), None —0.91 —1.8to0 —0.7 —2.17 —
n-BuySn(SPh), CCly —0.92 —1.5to —0.6 — —7.5t0 =7.0
1n-Bu,Sn(SCeFs)z CCly —0.93 —1.8to0 —0.8 — —
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TABLE V
19F chemical shifts relative to CFCl3 as internal standard (p.p.m.)

Compound Solvent d(ortho) 3(para) §(meta)
CeFsSH None 138.1 159.6 162.9
n-BuiSnSC¢Fs CCly 132.2 159.3 163.8
n-BupSn(SCeF's)2 CCly 131.7 156.5 162.5
Ph3SnSCgFs CCl4 130.5 158.1 163.7

1024 w, 1003 w, 961 s, 878 s, 868 s, 845 w, 771 w, 749 w,
696 s, 664 s, 602 m, 515 m, 458 w.

n-Bu.Sn(SPh),: 3573 m, 3560m, 3020w, 3002w,
2960s, 2924 s, 2874s, 2855s, 1579s, 1477s, 1463 s,
1438 s, 1415 w, 1378 m, 1342 w, 1301 w, 1249 w, 1181 w,
1154 w, 1082's, 1068 m, 1024 s, 1002 m, 961 m, 910 m,
879 m, 869 m, 745 vs, 691 vs, 665 m, 512 w, 485 m, 454 w,
423 m.

n-Bu,Sn(SCsFs).: 2965 w, 2930 w, 2880 m, 2860 m,
1640 m, 1628 w, 1512vs, 1485vs, 1470sh, 1463 sh,
1455sh, 1420w, 1402w, 1382w, 1320m, 1295m,
1252 w, 1194 w, 1152 w, 1146 w, 1090 vs, 1020 m, 981 vs,
960 sh, 880 sh, 860vs, 830sh, 775w, 751w, 717 m,
704 m, 681ls, 675m, 650 vw, 636m, 591 m, 575sh,
518 m, 510 w, 445 w.

Ph3SnSCeFs: 3065 w, 3050 w, 1641 w, 1629 w, 1513 vs,
1510 sh, 1495sh, 1488 vs, 1472sh, 1433s, 1360w,
1334 m, 1320 m, 1306 w, 1084 vs, 1075 vs, 1023 w, 1018 m,
999 m, 979 vs, 920w, 860vs, 729 vs, 722sh, 697 vs,
661 w, 631 vw, 621 vw, 460 m, 450 m, 445 w.
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Kinetic study of iridium(I) complexes as homogeneous hydrogenation catalysts’
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A study is described of the kinetics of reactions in which the complexes frans-IrX(CO)(PPhs),, where
X = Cl, Br, and I, are used for the catalytic homogeneous hydrogenation of olefinic bonds. Catalytic
activity is enhanced in coordinating solvents such as dimethylacetamide. The rate law is complex, showing
between zero and first order in each of iridium, substrate, and hydrogen concentrations, and the mecha-
nisms proposed show the importance of a dissociation step in making available a coordination site on the
transition metal complex. The dependence of rate on the halogen followed the order I > Br > Cl. Quite
remarkably, traces of oxygen in the system enhance the hydrogenation rate considerably.

Canadian Journal of Chemistry, 46, 217 (1968)

Introduction

In 1961 Vaska and Diluzio (1) had reported
that the square planar complex IrClI(CO)(PPhs),
reacted reversibly with molecular hydrogen to
form an octahedral Ir(IIT) dihydride complex in
which the hydrogen was present as anionic
hydride ligands.

[11  IrCKCO)PPh3); + Hy = IrCI(CO)PPh3):H.

It seemed possible that in such a reaction the
hydrogen molecule might be activated for chemi-
cal reaction. At the commencement of the present
work in 1965, there were no reports of homo-
geneous hydrogenation by iridium complexes.
Since then Vaska and co-workers (2, 3) have
briefly reported that the complexes IrX(CO})-
{PPh3), and the five-coordinate species IrH(CO)-
(PPh3)3 do act as catalysts in benzene solution
for the reduction of ethylene and acetylene.
Detailed kinetics were not reported, however,
and little could be said of the reaction mecha-
nisms. Chock and Halpern (4) have recently
studied the kinetics of oxidative-addition re-
actions such as [I] in benzene and dimethyl-
formamide solutions and clearly these are of
significance in the homogeneous catalytic re-
actions. We report here the results of the first
detailed kinetic investigation of the catalytic
hydrogenation reactions, particularly for the
IrCI{CO)(PPh3), catalyzed hydrogenation of
maleic acid in dimethylacetamide solution.

Experimental
Materials
Trans-ItCI{CO)(PPh3), was obtained from Johnson
Matthey, the sample having properties identical with a
sample prepared by the procedure of Vaska and Diluzio

IPresented at the 50th annual conference of the Chemi-
cal Institute of Canada, Toronto, June 1967.

(1). Both samples were used. The corresponding bromo
and iodo complexes were prepared according to the
methods of Chock and Halpern (4).

Reagent grade maleic acid and fumaric acid were
recrystallized before use. Prepurified H, and N, were
obtained from Canadian Liquid Air Co.; the H, was
passed through a Deoxo catalytic purifier to remove O»
before use. Ethylene was obtained as C.P. grade (99.5%,)
from Matheson Co. Benzene and N,N-dimethylacetamide
(DMA) were redistilled and dried over 5A molecular
sieve. Prior to use, the solvents were deoxygenated with
N,. All other chemicals used were of reagent grade,

Gas Uptake Measurements

The kinetics of the hydrogenation reactions were
studied by measuring the rate of uptake of gas at constant
pressure using the apparatus and procedure described
earlier (5). The systems were found to be extremely
sensitive to the presence of traces of oxygen, and rigorous
oxygen-free conditions were necessary in making up the
reactant solutions of complex and substrate. The initial
concentration of IrX(CO)(PPhs), in these experiments
was in the range 5 X 1074 to 6 x 1073 M and the sub-
strate concentration, for example maleic acid, was 10-2
to 107! M. The partial pressure of H, was varied from
approximately 180 to 800 mm and the corresponding
concentration in solution estimated from solubility data

(6)-

Spectrophotometric Measurements

The kinetics and equilibria of some reactions of the
chloro complex have been studied using spectrophoto-
metric techniques in the ultraviolet (u.v.)/visible range.
Oxygen was rigorously excluded by using an optical cell
fitted with an extended T-piece sidearm and stopcock
arrangement for evacuating and filling with solutions and
gases. Optical density measurements were made on a
Cary model 14 spectrophotometer fitted with a thermo-
stated cell compartment. Reaction rates could be investi-
gated by following the disappearance of selected absorp-
tion peaks with time: IrCI(COXPPh3)s, Amae, 340 mu
(e =3.1 X 103), Npax, 387mpu (e = 3.8 X 103), Auaxs
439 mu (e= 7 x 102). A reflection spectrum of a
powdered sample was measured over the range 320-750
my with a Bausch and Lomb Spectronic 600 spectro-
photometer fitted with a diffuse reflection attachment and
a magnesium carbonate reference disc.
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Results

Gas Uptake Experiments

Hydrogenation of substrates such as hex-1-ene
and cyclohexene using the IrCI{(CO)(PPh3),/H,
system at 50° in benzene at 1 atm H, pressure
was extremely slow and not practical for kinetic
studies. Vaska and Rhodes (2) had found that
ethylene could be catalytically hydrogenated in
benzene solution, but the process was inefficient.
With [IrCI(CO)PPhs),] = 10-3 M, H, ~ 1 atm,
and C,Hy; ~ 400 mm at 60°, a 40% yield of
ethane was obtained after 18 h; they also
reported that the iridium complex reacted
reversibly with the olefin as well as the H,.

[2] IrCHCO)PPh3), 4 Co.Hg4 = IrC{CO)(PPh3),C,Hy

We observed no reduction of ethylene after 1 h
under similar conditions but had observed the
equilibrium [2].

Incompatibility in solubility problems and the
knowledge that certain rhodium complexes
showed enhanced catalytic activity in non-
aqueous coordinating solvents such as dimethyl-
acetamide (5) prompted us to investigate the
activity of the iridium complexes in this medium.
Slow gas uptake was observed from C,H4/H,
mixtures (~ 1 atm) by a 5 X 10— M solution of
IrCI({CO)(PPh3), at 80°, but a system using the
solid substrates maleic or fumaric acid proved
more amenable for a detailed study.
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Fic. 1. Rate plot at 80° 5.36 x 10-3 M IrCl-
(CO)(PPh3);, 0.042 M maleic acid, 730 mm H,, DMA
solution.

Rates of H; uptake were conveniently mea-
sured in the temperature range 65-80°. Figure 1
shows a complete uptake plot for the hydrogena-
tion of maleic acid at 80°; in the absence of the
chloro complex there is no measurable uptake.
The initial rate increases for about 3000 s and
then becomes linear almost up to the end-point,
which corresponds to complete reduction to
succinic acid (isolated and characterized by
infrared and melting point). The rates in the
linear region have been estimated from the
uptake plots for series of experiments in which
the reaction parameters have been varied.
Figures 2, 3, and 4 show the variation of this
linear rate with concentration of the iridium
chloro complex, maleic acid, and hydrogen
respectively. For each reactant the dependence
is seen to be between zero and first order, being
essentially first order at lower concentrations
and tending to become zero order at higher
concentrations when the rates approach a
limiting value. Addition of 10-2 M triphenyl-
phosphine to a system essentially stops hydro-
genation altogether.

Much slower reactions were observed when
fumaric acid was used as substrate; the rates were
about 7 times slower than those for correspond-
ing maleic acid systems. Uptake plots using
dimethylsulfoxide as solvent were very similar to
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Fic. 2. Dependence of rate on [[1X(CO)(PPhj).],
80°, 0.07 M maleic acid, 730 mm Hj, DMA solution; (A)
chloro complex; (@) bromo complex; (O) iodo complex.
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Fic. 4. Dependence of rate on Hj pressure, 80°,
1.34 X 1073 M IrCY{CO)PPh3);, 0.07 M maleic acid,
DMA solution.

those observed in corresponding dimethyl-
acetamide systems, but the initial autocatalysis
region was more pronounced than in the latter.
An extended linear region was again observed
where the rates were about half those in dimethyl-
acetamide solution; the initial rates were about
3 times slower in the dimethylsulfoxide system.

The catalytic hydrogenation of maleic acid
has also been studied using the bromo and iodo
iridium complexes. The uptake plots are similar
to that shown in Fig. 1 for the chloro complex,
but the rates in the linear region are about 2.5
times faster in the bromo systems and 4 times
faster in the iodo systems. The dependences on
maleic acid and hydrogen are similar to those in
the chloro complex system. The dependence on
IrBr(CO)(PPh;), concentration is again between
zero and first order, but in the iodo complex
system there is a first order dependence on
iridium over the concentration range studied
(Fig. 2).

The presence of a few percent of added
oxygen in the gas phase increased the hydro-
genation rate of maleic acid by a factor of about
100 for the IrCI(CO)(PPh;), catalyzed reaction.

Spectrophotometric Experiments

The gas uptake measurements clearly indicated
that the hydrogenation reactions were not simple.
Spectrophotometric studies were thus carried out
to investigate separately the equilibrium between
IrCI(CO)(PPh3), and Hj (eq. [1]) and the possi-
bility of complexing between this chloro species
and maleic acid (cf. eq. [2]).

At temperatures above 30°, IrCI(CO)(PPhj3),
in DMA solution undergoes a quite rapid
reversible reaction with H,, the yellow color of
the chloro complex fading; the spectrum of the
dihydride shows a continuum below 400 mu with
slight absorption at 387 mu (¢ = 500) compared
with the chloro complex. The equilibrium con-
stant expression Ky[H,](= [IrCI(CO)(PPh3),H»]/
[IrCI(CO)(PPh3),]) is readily estimated (Table I).

TABLE I
Equilibrium constant for hydride formation

Temperature (°C) 40 S0 60 70 80
Kg[H;] 5.3 24 1.7 1.0 0.6

The spectrum of benzene solutions of IrC1(CO)-
(PPh3), remained unchanged in the absence of
oxygen and exhibited the same absorption peaks
as the reflection spectrum of a powdered sample
at 340, 387, and 439 my. In DMA solutions,
however, the optical density decreased slowly, as
shown in Fig. 5, to a steady equilibrium value.
No change in optical density was observed when
10-2 M triphenylphosphine was added. Con-
ductivity measurements indicated no chloride
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ion formation and the carbonyl group was not
being evolved as gaseous carbon monoxide. It is
concluded that the dissociation reaction

k
[3] IrCICO)PPhs) = IrCI(CO)PPh3)(S) + PPhs

-1
is occurring in DMA solution, a solvent molecule
(S) presumably coordinating. This system can be
analyzed by standard procedures (7) by the
relationship

1 [ D)’ — DD, } _ k(Do + Do)t
%L (D, = D)Dod ~ 23D0 — Do)’

where D, is the optical density at time ¢ and
subscripts 0 and e refer to initial and final equi-
librium values. A plot of the log term against ¢ is
also shown in Fig. 5 and is reasonably linear.
Absorption of the IrCI(CO)(PPh3)(S) species at
387 mu was taken as zero; the slight curvature of
the plot could result from a small contribution to
the absorption by this species. The equilibrium
constant K (= ky/k_;) is readily calculated from
Dy and D, and the approximate data obtained
are summarized in Table II.

TABLE II
Data for the dissociation reaction [3]

ks kg (M1s™h)  K(M)

25° 10-3 3.9 2.6x10-6
80° 104 75 1.3x10°6

In the presence of maleic acid (MA) the
decrease in optical density of IrCI(CO)(PPh3), in

DMA is much greater than in a corresponding
reaction without the acid, showing that com-
plexing is occurring. Again an equilibrium is
involved. Addition of triphenylphosphine com-
pletely inhibits complex formation, indicating
that maleic acid forms a complex with the
solvated species rather than the original IrCl-
(CO)PPh3),.

[4] IrCI(CO)(PPh3)(S) + maleic acid = complex

The kinetics of the complex formation are un-
affected by variation in maleic acid concentration,
showing that step [3] is rate determining followed
by a relatively fast equilibrium [4]. The optical
density curves can be analyzed by a procedure
similar to that described for reaction [3] on its
own. At 80° the data confirm that k; is about
10—4 s—1; K., is estimated to be about 1200 M1,

Discussion

The various equilibria and paths that could
be involved in the hydrogenation reactions are
summarized below.

Kn
IrCI(CO)P; + H, = IrCI(CO)P,H;

ky |l ko
K'm
P + IrCI(CO)P = IrCI(CO)PH, ?
% H,
+N, +
\\
MA . MA

I K k> Ny Lks
IrCI(CO)P(MA) + H; — IrCI(CO)P -+
succinic acid (where P = PPhy)

The molecular hydride IrCI(CO)(PPh3),H; is
rapidly formed in the systems but is not directly
involved in the main hydrogenation step; a
reaction of this hydride with the olefin substrate
would give an overall first order dependence on
iridium and no initial autocatalysis would be
expected in the uptake plot. Catalytic activity
results from loss of a triphenylphosphine ligand
from the original complex in a relatively slow
step (k1), giving rise to this autocatalytic region.
The fourth coordination position of the IrCl-
(CO)(PPh3) species is probably occupied by a
solvent molecule. This species forms a complex
with maleic acid in a rapid equilibrinm (K,,),
which could then react with H, (k, path).
Alternatively the hydride species IrCI(CO)-
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(PPh3;)H, could be formed in a further
equilibrium (K'g), this then reacting with maleic
acid (k5 path). Either path, or reaction involving

both, gives a rate law of the same form. Once the
slow dissociation has been established, the rate
law obtained for reaction by both paths is

(koK + k:K'w) [Ho][MA][Ireorml

rate =

where K = kl /k—l- The kZKm and k}K’H terms
refer respectively to the k; and k3 paths; k3K'y
becomes zero if the k, path predominates and
vice versa. Such a rate law agrees at least quali-
tatively with the data obtained. The reaction is
between zero and first order in H, and maleic
acid; addition of triphenylphosphine inhibits the
reaction, and the reaction becomes less than first
order in iridium, since with increasing total
iridium concentration the extent of association
back to IrCI(CO)(PPhj), increases (this is
reflected in the [PPh3]/K term in the denomi-
nator).

Since we have no evidence for the existence of
the K'y equilibrium but have evidence and data
for the maleic acid equilibrium, we tend to favor
the k, path. The rate law simplifies to

[5] rate =
kK, [H 2] [NI A] [Irtotnl]
1 + Kn[MA] + [PPh;s](1 + Ku[H:]) /K

and a somewhat more quantitative testing of the
data can then be made. An expression such as [5]
is normally analyzed by writing the inverse
function (rate~l) and plotting, for example,
rate—} against [MA]-1at constant [H,]. However,
remembering that

[PPh;] = [IrCL(CO)(PPh3)] +
[IrCI(CO)(PPhs)MA],

it is readily shown that the [PPh;}/K term also
varies with both maleic acid and H, concentra-
tions, and good linear inverse plots are not
obtained. However, at sufficiently high maleic
acid concentration the limiting rate will be given
by ky[Ho][Irwe]; Fig. 3 indicates a limiting
value of about 5 x 10=6 M s-1, which gives
ky[H;] = 1 x 1073 s~1. Taking a value of 3.5
% 103 M atm—!for the H, solubility (quoted for
dimethylformamide (6)) gives kp = 0.3 M1 s~1
at 80°. For the initial autocatalytic part of the
gas uptake plots, it can be shown that for rela-
tively small values of time ¢, the total hydrogen
uptake approximates to kjkKin[H,][MAT[IrCl-
(CO)(PPh3),]¢2/2. Figure 6 shows a plot of H,

14+ Ki[MA]+ K’H[H

2] -+ [PPhs] (1 -+ KH[H‘Z])/K '

uptake against #2 for the data of Fig. 1; the
initial linear slope is 7 X 1010 M s—2, Using the
ki1, K, and Ky values determined spectroscopic-
ally gives k5 = 0.1 M—1s~1 at 80°, which is con-
sidered in reasonable agreement with the value
estimated from the limiting rate, particularly in
view of the uncertainty associated with the
equilibrium constants. Any absorption at 387 mp
by the IrCI(CO)(PPh;) or IrCI{CO)PPh;)MA
species (assumed to be negligible) could give
considerable error in K and K, and also the
spectroscopic data are obtained at concentrations
of about one tenth those used in the gas uptake
measurements.

40

H, Uptake x 10°,M
n
(@]

2 4 6 8 0

(Time)? x 1076, 52

Fic. 6. Plot of total H, uptake vs. 2 for the data of
Fig. 1 (autocatalytic region).

To give the curved dependences shown in
Figs. 2, 3, and 4 it is necessary that the three
denominator terms K, [MA], [PPh;]/K, and
Ky[PPh;][H,]/K be of comparable magnitude;
that this is so can readily be shown by calculation
over the range of concentrations used.

The kinetic and equilibrium data could be
consistent therefore with a hydrogenation step
involving reaction of molecular H, with an
olefin complex formed from a slowly produced
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intermediate IrCI(CO)(PPhs). However, the
alternate path of reaction with the olefin with a
corresponding H, complex cannot be completely
ruled out,

Mechanisms of catalytic hydrogenation have
been discussed in detail by several workers (3,
8-10). All systems must involve intermediate
hydride species, but it is not known whether
coordination of the olefin as a w-bonded ligand
is a general feature. A plausible mechanism for
the k, path suggested here is shown in the
following scheme.

(where P = PPhj and S = solvent)

Hydride formation is accompanied by formal
oxidation of the metal; hydrometallation of
olefinic bonds (the second step) is well substan-
tiated, being an example of a much wider class
of insertion reactions.

A system much in common with the one
described here is the recent one reported by
Wilkinson and co-workers (10) on the hydro-
genation catalyst RhCI(PPhs); in benzene solu-
tions. This system is somewhat simpler in that
the dissociation step

RhCI(PPh3); = RhCI(PPh3); -+ PPhy

is rapid even at 25° and lies essentially to the
right, giving a high catalytic activity. In this
system, however, it seems that the k3 path
involving reaction of RhCI(PPh3),H, with the
olefin is dominant. Both studies show the im-
portance of the dissociation step in making
available a coordination site on the transition
metal complex.

The efficiency of the catalyst is governed
principally by the equilibrium constant X for the
dissociation step; this is small (10—% M at 80°)
for the IrCI(CO)(PPh3), complex. The first order

dependence on iridium concentration noted for
the iodo complex indicates greater dissociation
for this complex, which could give rise to the
increased catalytic activity. Other workers (2, 4)
have reported increasing chemical reactivity of
the IrX(CO)(PPhs), complexes in the order
I > Br > Cl in benzene solutions where there is
no measurable dissociation.

A lower rate of reduction for fumaric acid is
reasonable, since spectroscopic measurements
indicate that the complexing with this substrate
is weaker, corresponding to a smaller X, value.

Catalytic activity of the IrCl(CO)(PPhj),
species in the different solvents is seen to decrease
in the order dimethylacetamide > dimethyl-
sulfoxide > benzene. Both the donor strength
and solvating power of the solvents are likely to
be important for this type of system. Good co-
ordinating solvents enhance the solvent path for
the associative trigonal-bipyramidal substitution
mechanism of square planar d® complexes (11).
Rates of hydrogen addition to IrX(CO)(PPh3),
complexes and hydrogenation rates catalyzed by
the RhCI(PPh3); complex are increased by the
use of more polar solvents (4, 10) and these
findings have been interpreted in terms of re-
action through a highly polar transition state.
Generally the donor strength and solvating
power of dimethylacetamide and dimethyl-
sulfoxide are thought to be very similar (12).

The reason for the marked increase in the
hydrogenation rate in the presence of small
amounts of O, is not understood. The known
equilibrium

IrCI(CO)(PPh3); + O = IrCI(CO)(PPh3);0,

is presumably involved, and the oxygen adduct
is known to be light sensitive, giving as yet
unidentified products (13). This oxygen effect is
being further studied.
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A rapid exchange of fluorine between hexafluorophosphate ion and BF; or PFs in methylene chloride
solution has been found to occur by a bimolecular mechanism. The exchange rates were determined by
fluorine magnetic resonance spectroscopy and the apparent Arrhenius activation energies were obtained.
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Introduction

The phenomenon of fluorine bridge bonding
in Lewis acid fluorides and their anions has been
found to occur frequently (1-5). It has also been
observed that on the nuclear magnetic resonance
(n.m.r.) time scale there is often rapid intra- and
inter-molecular fluorine exchange. The purpose
of this investigation was to attempt a quantita-
tive determination of exchange rates in order to
find the mechanism of some of the exchange
reactions and the participation, if any, of fluorine
bridge bonding in the fluorine exchange process.
The hexafluorophosphate anion is an ideal
system for magnetic resonance exchange rate
investigations, since it has two narrow, well-
separated resonance lines and contains only spin
1/2 nuclei. There have been two previous reports
that it will readily undergo fluorine exchange
6, 7.

Numerous discussions of the measurement of
exchange rates by changes in nuclear magnetic
resonance line shapes have been published
(8-11). Only in the simplest cases have analytic
functions for the line shapes been determined.
Even in these cases calculation of the line shapes
is so tedious that a computer is normally
used. For the present study a computer was pro-
grammed for a general N site case using the
stochastic approach of Kubo (12, 13). At the
limits of fast and very slow exchange this reduces
to the usual simple approximations of a change
in line widths alone.

Experimental

Commercially obtained boron trifluoride and phos-
phorus pentafluoride were distilled at low temperature
into storage bulbs of the vacuum line and kept over
phosphorus pentoxide. No signal from POF3 could be
detected in the fluorine resonance spectrum of the PFs.
The solvent, methylene chloride, and the tetrabutyl-

1Issued as NRCC No. 9783.

ammonium hexafluorophosphate were purified as before
(7). Tetrabutylammonium perchlorate was synthesized
and purified according to Fuoss et @l. (14). Fluorotri-
chloromethane, used as an internal fluorine resonance
reference, was distilled at room temperature into a
storage container of the vacuum system and transferred
as the vapor to the n.m.r. sample tubes. Tetrabutyl-
ammonium hexafluorophosphate was vacuum dried in
the sample container and the other components added
by standard vacuum line techniques. The n.m.r. sample
tubes were sealed before removal from the vacuum
system and kept in liquid nitrogen at all times except
when their spectra were being obtained. For those
samples with a very low concentration of BF3 or PF5 it
was necessary to prepare several milliliters of solution in
order to use a sufficient quantity of gas for accurate
measurement. In these cases the entire sample container
was kept at “Dry Ice” temperature and then tilted to
introduce some of the sample into the n.m.r. tube. The
tube was then sealed while its contents and that of the
main sample container were kept at “Dry Ice’’ tempera-
ture. At this temperature essentially all of the BF; or
PF 5 will be in solution, This procedure was adopted to
insure that no changes in concentration would occur
between the bulk sample and that in the n.m.r. tube.
Despite all these precautions the principal error in this
work is probably the value for the concentration of BF3
or PFs. There was no independent method of checking
that the entire amount of BF3 or PF3s was transferred to
the n.m.r. tube. The variation in 7 values for almost
identical samples was greater than the deviation from
Arrhenius plots for individual samples. All concentrations
are reported as molalities (s77) assuming complete solution
of the gas in the solvent,

Fluorine resonance spectra were obtained at 94.1 MHz
on a Varian spectrometer modified to operate by a
“time division”” scheme. The pulsing frequency of 10 KHz
was generated by a crystal oscillator. For very wide lines
the spectra were calibrated with the side bands of the
pulsing frequency. Narrower lines were measured by
conventional side band techniques and referred via a
frequency counter to the same crystal oscillator used for
the pulsing. The probe temperature was controlled by a
Varian controller using a platinum resistance thermo-
meter and calibrated against a copper—constantan ther-
mocouple in a dummy sample tube. The sample temp-
eratures should be accurate within 1 °C.

All the data were correlated by least square procedures
and any errors quoted are standard deviations.
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Results and Discussion

The spin coupling constant of the hexafluoro-
phosphate ion was found to be independent of
temperature in the interval of this study. The
chemical shifts of all the fluorine containing
species moved slightly to low field with lower
temperature, Theoretical spectra were calculated
for chemical shift values in the middle of the
temperature range studied. Since the theoretical
spectra only depend on the difference in chemical
shift of the exchanging species there should be no
appreciable effect of temperature dependent
chemical shifts upon the theoretical spectra.
Some typical theoretical spectra for the PFg—
resonance regions of the system PFg— plus BF5
with a population ratio of 12:1 are shown in
Fig. 1. Throughout this study only the reson-
ances in the PF¢~ region of the spectrum were
measured. Normally, the other species was
present in much lower concentration and ac-
curate measurement of its resonance would be
difficult. From a study of the slow exchange
region of the theoretical spectra, i.e. where the
separate peaks of the PF¢~ resonance are well
resolved, it was found that provided the popu-
lation ratio was greater than 5:1 the usual
approximations for an exchange-broadened
doublet were completely adequate to describe
the spectra. For the system PFg— plus BF;
measurements were made in the rate regions
where both one and two lines occurred, Only in
the two-line region were sufficiently narrow
lines observed that corrections were required for
the natural line width in the absence of exchange.
Because of the uncertainty of the spectrum for
PFs in the absence of exchange (5) it was not
possible to calculate theoretical spectra for the

T
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Fic. 1, Theoretical spectra of the PFs~ region of the
system PFg~ + BF3.

system PFg~ plus PFs over the entire range of
exchange rates. Therefore measurements were
only made in the slow exchange region and with
population ratios where it had been shown that
the exchange-broadened doublet approximation
was adequate,

The technique of measuring exchange rates
by nuclear magnetic resonance spectroscopy, as
employed in this study, measures the lifetime, r,
of fluorine on a particular chemical species under
equilibrium conditions. The relationship be-
tween this lifetime and the change in concen-
tration with time measured in conventional
chemical kinetics is

(1] 7 = [X]/(d[X]/db).

The most general kinetic expression for the
exchange of a fluorine on phosphorus in tetra-
butylammonium hexafluorophosphate with a
fluorine of BF; or PFs is

2] M = E[(Bu).NPF|[MFY,

where MF is either BF; or PF5. Therefore

B] k= 6 [(Bu)NPF]" * [MF] ™.

This implicitly assumes that only one fluorine
atom is exchanged between the phosphorus
fluoride species and MF on each effective
encounter. If more than one is exchanged there
will be no change in the form of eq. [3] but k will
be multiplied by an appropriate constant.

It is assumed that the variation of rate con-
stants with temperature will follow the usual
Arrhenins dependence. It is then possible to
directly compare the data for a given system at
all temperatures and concentrations by a plot of
log k versus the reciprocal temperature. This
procedure is desirable when it is not possible to
compare the rates at the same temperature for
all concentrations. Such a plot for the system
PFs~ plus PFs, where x = 1/2 and y =1, is
shown in Fig. 2, From this data the Arrhenius
activation energy for this exchange is 1.5 4+ 0.2
kcal mole—1. Samples with concentrations of
tetrabutylammonium hexafluorophosphate from
2.16 x 10-t to 343 X 102 m and with PFs
concentrations from 9.5 x 10-3 to 1.30 x 103
m were studied. Over this concentration range
the exponents x = 1/2 and y = 1 fit the data
much better than other simple numbers. For
example, with x = 1 and y = 1, AE is found to
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be 0.9 &= 0.5 kcal mole™!. The raw data for this
system are presented in Table I. Much more
extensive data was obtained for the system PF¢—
plus BF3. The Arrhenius activation energy for
fluorine exchange was found to be 4.6 4 0.2
kcal mole~l. The tetrabutylammonium hexa-
fluorophosphate concentration was varied from
8.70 x 10~! to 3.47 X 102 m and the BF; con-
centration from 9.29 x 102 to 1.33 X 1073 m.
Again the exponents x = 1/2 and y = 1 were
found to give the most satisfactory fit with the
experimental results.

TABLE 1
Lifetimes for fluorine exchange in the PFs~ + PF 5 system

TCK) [PFs] [PFs] 7 x 103
213 0.0343 0.00130 19.84
223 . . ’ 16.72
233 ’ ’s 15.66
177 0.0822 0.0095 8.13
213 0.0806 0.00150 40.8
223 v ' 30.0
213 0.216 0.00147 57.5
223 . " 47.2
233 ’y EH 40.7
243 2 ” 30.8
253 ” ” 29.0
263 " ; 232
273 » . 20.5

430
2,20 4
410 — ’
400 o .
log k390 . ’
380 [~ Y ’
370k ’
3.60 |-
asoltL— 1 I |

] I
365 4.00 4,40 4.80 5.20 560
10%T

F1c. 2. Temperature dependence of the exchange rate
in the system PF¢~ + PFs.

The dependence of exchange rate upon the
concentration of BF; or PF5 to the first power
is what would be expected for a normal bimo-
lecular mechanism and rules out the possibility
that the rate-controlling process is the dissocia-
tion of PF¢— to PFs and fluoride ion. This is
also consistent with the very low activation

energies for the exchange reactions. A possible
explanation of the half order dependence upon
concentration of tetrabutylammonium hexa-
fluorophosphate is its existence in methylene
chloride solution as ion pairs. If the exchange
reaction only occurs with the free PF¢~ ion and
not when it is part of an ion pair the observed
kinetics may be explained by the following
scheme.

fast
(Bu)sNPFs =2 PF¢~ + (Bu)sN+

__[PFT
- [(B11)4NPF6] ’

provided that the dissociation occurs to only a
slight extent. Substituting this into eq. [2] with
x =1/2and y = 1 yields

” d[(BuzftNPFs] =\/kK [PFs|[MF],

which is of the usual form for a bimolecular rate
process.

Such a scheme is also consistent with the very
low Arrhenius activation energies which were
measured. Since both the rate constant for
exchange and the equilibrium constant for
dissociation will decrease with decreasing tem-
perature, the temperature dependence of their
ratio will be less than the variation of either
alone. According to the above scheme it is the
temperature dependence of this ratio which
determines the apparent activation energy.

Some support for the existence of the aggre-
gate species is derived from molecular weight
determinations. The molecular weights of tetra-

K

" butylammonium hexafluorophosphate and the

homologous compound tetrabutylammonium
hexafluoroarsenate were determined by vapor
pressure osmometry on 2 X 1072 M solutions
in methylene chloride. In both cases the apparent
molecular weight was about 59, greater than
the formula weight. This suggests that both
these compounds exist in solution primarily as
ion pairs with the possibility of some association
to higher aggregates. Conductivity studies on
similar compounds in nonpolar solvents suggest
that ion pairs predominate until quite low con-
centrations (14).

If the proposed mechanism is correct, one
would predict a reduction in the rate of exchange
upon addition of another tetrabutylammonium
salt, since this would reduce the concentration
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of PFs~ by a common ion effect. Unfortunately,
it was not possible to test this hypothesis, since
no anion could be found which did not react
with BF3. Even tetrabutylammonium perchlor-
ate was found to complex with boron trifluoride
under the conditions used to study the exchange
reaction,

A bimolecular mechanism for fluorine ex-
change requires PFg~ and either BF 5 or PF5 to
form an intermediate species or transition state.
It is possible that the two fluorine-containing
species are joined together by fluorine bridge
bonding in this reactive intermediate. This would
be consistent with the interactions observed with
other nonmetallic fluorides.

Conclusions

Boron trifluoride and phosphorus penta-
fluoride were found to readily exchange fluorine,
by a bimolecular mechanism, with tetrabutyl-
ammonium hexafluorophosphate. The very low
apparent Arrhenius activation energies may
arise from a combination of dissociation and
exchange processes. It is possible that tetrabutyl-
ammonium hexafluorophosphate exists pri-
marily as ion pairs in CH,Cl, solution but that
fluorine exchange only occurs with the free
PF¢—ion.
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Infrared and Raman spectral studies of KNO,-KNO, solutions!
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Potassium nitrite frequently contains significant nitrate impurity, detectable by vibration spectroscopy.
Analyses based independently on infrared and Raman band intensities permit a quantitative determi-
nation of the nitrate impurity. Reassignment of some previously reported vibrational frequencies is

discussed.
Canadian Journal of Chemistry, 46, 229 (1968)

For many years the accurate measurement of
physical chemical properties of potassium
nitrite has been hampered by its lack of purity.
In 1937 Bureau (1) reported nitrate, chloride,
and carbonate as the major impurities. Improved
preparations have eliminated all but the nitrate.
Rapoport (2) found 0.3 to 1% nitrate impurity
in G.P.R. KNO, listed at 97 % nitrite minimum.
The assay of commercial reagent grade KNO,
varies from 89 to 979 nitrite. Much of the
remaining weight is water. Since drying trans-
forms the crystals to an unmanageable plastic
the salt is commonly shipped moist. Recrystal-
lization of KNO, does not remove the nitrate
impurity. This difficulty was explained by
Bureau (1) who found that the solid formed in
equilibrium with its saturated solution was a
solid solution of KNO; and KNO,, with com-
position almost identical with the solution com-
position. Ray (3) was able to purify KNO, by an
ion exchange method ; however, this achievement
has not yet received the attention it deserves.

The development of a procedure for purifica-
tion has probably been hindered by the lack of
a suitable analytical method for the determina-
tion of small amounts of nitrate in nitrite. The
failure to find nitrate listed as an impurity on
the label of reagent grade nitrites illustrates the
analysis problem and has probably led to con-
siderable incorrect data in the literature. The
usual difference techniques involve a nitrite
analysis followed by either oxidation or reduc-
tion procedures and subsequent analysis for
nitrate or total nitrogen. These procedures can
be found in most analytical chemistry texts but
are of little use if the nitrate is less than 2% of
the nitrate—nitrite mixture, in part because of the

1Presented in part at the 50th Canadian Chemical
Conference, Toronto, Ontario, June 4-7, 1967.

instability of the nitrite ion in acid media. The
resulting nitrous acid disproportionates into
nitrate and gaseous oxides (4). A nonaqueous
titration proposed by Cundiff and Markunas (5)
is also incapable of providing valid data when
the nitrate concentration is low. The overlap of
ultraviolet absorption bands hinders the use of
electronic spectra (6). A semimicro analysis of
Leithe (7) is reported to determine nitrate to
0.059% in nitrate-nitrite mixtures. This method
is far from routine and has two major draw-
backs; the instability of the standard solutions
and possibility of producing more nitrate during
the mitrite reduction with sulfamic acid.

The infrared spectrum of the nitrite ion is well
documented (8-10). Raman spectra have been
recorded by photographic methods (11), but
to our knowledge have not been studied with
modern photoelectric instruments. For the
nitrite ion with C,, symmetry the predicted
spectrum consists of three coincident infrared
and Raman lines (Fig. 1). The frequencies given
in the figure are those observed from a 14.0 M
aqueous solution of KNO,, The », frequency is
sensitive to the cation and solution concentra-
tion. The assignments are consistent with quali-
tative observed degrees of depolarization of the
Raman bands.

The predicted spectrum for the unperturbed
nitrate ion of Dj, symmetry is also shown in
Fig. 1. Differences from this idealized spectrum
have been described elsewhere (12).

For both solid KNO, and the concentrated
aqueous solution, variations from the simple
three line infrared spectrum have been reported
(8,13,14). Weston and Brodasky (8) have
attributed the spectral variations to changes in
the nitrite environment. This explanation
aroused our interest since in this laboratory
infrared and Raman spectroscopy are being used
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Fig. 1. Infrared and Raman spectra of unperturbed
NO3~ and NO,~.

to study ionic interactions in aqueous solutions.

In this paper we will show that the anomalies
in the infrared spectrum of KNO, are due to
nitrate impurities. Experiments involved in
characterizing the nitrate impurity have led to
development of simple quantitative infrared and
Raman analyses for small quantities of nitrate
in potassium nitrite. Previous infrared studies of
nitrate-nitrite mixtures have been qualitative
(15) or of little value for low nitrate: nitrite ratios
(16). To our knowledge no previous Raman
work has been done on nitrate-nitrite mixtures.

Experimental

Chemicals were the highest purity commercially
available. KNO, and NaNQO;, were Baker and Adamson
reagent grade with 95 and 989 minimum nitrite assay
respectively. Ba(NO,), was supplied by Alfa Chemicals
and listed at from 97 to 99 % nitrite. KNOj3 was Analar
999% pure and used without further purification. NaNO,
and Ba(NO;), were easily purified by recrystallization
from aqueous solution. KNO, was purified by the ion
exchange method of Ray (3), using Dowex 2-X8, 50-100
mesh anion exchange resin.

Pure KNO; was also prepared by mixing solutions of
purified K,SO4 and Ba(INO»)» and filtering off the BaSO4.

The purity of the nitrites was verified by absence of the
v; nitrate frequency at high Raman sensitivity. The v;
nitrate line could be observed from the KNO, before
purification. It could also be seen in the effluent of the
NaNO; regenerant from the ion exchange purification
of the KNO3.

Nitrate-nitrite mixtures for the quantitative analyses
were prepared by addition of KNO3 to a known volume
of concentrated KNO, purified by ion exchange. The
small volume change on mixing did not measurably
change the nitrite concentration. A series of solutions was
prepared in D,0O for aqueous infrared studies, All
solutions were filtered through fine porosity sintered
glass filters and although yellow were free from turbidity.

Solid mixtures were prepared by two methods. Aliguots
of aqueous solutions containing KNO, and KNO;3 were
dehydrated by evaporation to dryness followed by
vacuum drying at 100 °C. A second series of solid samples
was prepared by crystallization from the aqueous
solutions.

Raman spectra obtained with a Cary 81 Raman
spectrophotometer were excited by the 4358 A mercury
line. A slit width of 10 cm~! was used. Aqueous solutions
were contained in a 5 ml thermostated glass Raman cell.
Infrared spectra were obtained with the Beckman IR-9
spectrophotometer operated on “three times standard”
slits. Aqueous solutions were contained between silver
chloride plates separated by a 0.025 mm Teflon gasket.
Spectra of the solid mixtures were obtained for Nujol
mulls between AgCl plates or solid powders pressed
against an AgBr prism in the Wilks model 9 M.A.T.R.
attachment. The latter method has the advantage of
giving a clear spectrum in the region usually obscured by
organic mulling agents. The infrared and Raman spectra
for the agueous mixtures were run at a constant tempera-
ture of 25 4= 0.2 °C controlled by a Haake constant
temperature circulator. The solid samples were not
thermostated.

The relative integrated Raman intensities were ob-
tained by measurement of the band areas with a standard
planimeter. The relative absorbances of the infrared
bands were measured from peak heights. For the solids
these proved to be less base-line sensitive.

Results

The observed spectral lines for high purity
commercial KNO, are given in Table I. Band
positions are expected to be accurate to =1
cm~l. The change in frequency for the bands
in the 800 cm~! region is as expected for the
change from solid to solution. If the bands at
1330, 810, and 1240 cm~! are assigned to v,
v, and v; respectively for the nitrite ion, three
bands remain. Reference to Fig. 1 shows that
the 833 or 837, 1055, and 1387 cm™! bands can
be assigned to nitrate present as impurity. The
1055 cm~! band is Raman active but not infra-
red active. The 833 or 837 cm~! band is infrared
active but not Raman active, The 1387 cm™!



Can. J. Chem. DdeIoaded from www.nrcresearchpress.com by 210.87.254.5 on 09/05/12
L For personal use only , :

BROOKER AND IRISH: INFRARED AND RAMAN SPECTRAL STUDIES 231

08

®

o7t

1 L

1000 900 800

cm”

0 0-2 0-4 0-6 08 I-0
MOLARITY KNOg

Fig. 2. Portion of the Raman spectrum of 14.0 M KNO, and solutions with increased nitrate concentration

from 0.1 to 0.9 M.

Fig. 3. The Raman intensity ratio I1g55/310 versus concentration of KNQO;,

band is seen for the solid by M.A.T.R. but is not
seen for Nujol mulls or aqueous solutions. For
Nujol mulls the 1387 cm~! band is masked by
absorption of the oil. In both the Raman and
infrared spectra of aqueous solutions the broad
envelope from the »1—»; nitrite region prevents
its detection. w4 of nitrate at 719 cm—1 is not
observed due to its inherent weakness. In all
cases the bands assigned to the nitrate impurity
exhibit enhancement on addition of nitrate.

A portion of the Raman spectrum of 14.0 M
KNO, as purchased and with increasing nitrate

TABLE 1

Vibrational spectrum of high purity
commercial KNO,

Observed frequencies

Raman* Infrared Assignment
810 810%*, 80671 va NOz~
833* 8377% vz NOj;~
1055 1 NO3_
1240 1240*% v3 NO,~
1330 1330*% v NO,~
1387% vy NOj3~
*Aqueous solution.
TNujol mull,
ISolid M.AT.R.

is shown in Fig. 2. The 1055 cm~! band attrib-
uted to nitrate can be seen in the spectrum of
unadulterated commercial KNO, and increases
with added nitrate. The 810 cm™1 nitrite band is
invariant, The ratio I1gss/l31¢ is directly propor-
tional to concentration (Fig. 3). Since the nitrite

870 850 830 80 750 770 750
cm™

Fig. 4. Portion of infrared spectrum of solid KNO,.

Lower trace: purified; middle trace: commercial salt;

upper trace: crystallized from solution containing
0.3 M KNOs.
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FiG. 5. The infrared absorbance ratio Ag37/Agos from Nujol mulls versus the concentration of KNOj3 in solutions
from which the solids were obtained; (O) dehydrated, (@) crystallized.
Fig. 6. The infrared absorbance ratio Ag33/Agyg for the KNO3;-KNO; mixture in D>O solution versus con-

centration of KNOs.

concentration is constant the ratio is inde-
pendent of refractive index or color changes.
The intensity ratio from the commercial salt
corresponds to a nitrate molarity of 0.094, i.e.
0.49 wt. % impurity.

A portion of the infrared spectrum of solid
KNO, purified by ion exchange is shown in Fig.
4 together with the spectrum of the commercial
salt and a solid formed from a nitrate-nitrite
solution., The linearity of Ag37/Agps Vversus
concentration of added nitrate is shown in
Fig. 5. Division by Agps compensates for varia-
tion in sample thickness. The linearity, obtained
for solid samples, indicates their homogeneity
and is consistent with the solid solution nature
of the mixture. The slight decrease of slope in
the graph for the crystallized solid indicates
that only slight removal of nitrate occurs on
crystallization.

The intensity ratio, Agj33/Agio, 1S plotted
versus concentration of added nitrate (Fig. 6)
for the KNO3;-KNO, mixture in D,O solution.
The line does not pass through the origin
because the intense 810 cm~! band contributes
intensity at 833 cm~1, In each of the above
procedures nitrate concentrations could be
obtained with 5%/ accuracy. The concordance of

the three analytical methods confirms the above
interpretation and indicates a 0.5% nitrate
impurity in the commercial Baker and Adamson
salt.

Discussion

The weak band at 833 cm~! in the infrared
spectrum of concentrated aqueous KNO, has
previously been attributed to a split of the »,
nitrite band by ionic interactions in solution (8).
The band at 8§37 cm~1 from the crystal was at-
tributed to v, of nitrite, split by crystal forces or
lattice interactions (8, 13). These are curious
explanations, since the nitrite bending mode is
a totally symmetric A species. Anbar et al. (13)
observed a similar split in AgNO>, i.e. bands at
846 and 829 cm~l. We have prepared pure
AgNO, as a precipitate from AgClO4 and
NaNO, solutions and observed only one band at
846 cm~l, in agreement with the single band
observed by Weston and Brodasky (8). The band
at 829 cm~1 observed by Anbar et al. could be
nitrate impurity or free nitrite,

The »; nitrate band at 1055 cm—! has not
been reported before for reagent grade KNO,.
The shift of the band maximum from 1049
cm~! where it occurs in a dilute solution of
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KNO; (17) can be attributed to cation inter-
actions. The magnitude and direction of the
shift are as expected from a 14 M potassium ion
concentration (17, 18). The 10 wavenumber shift
for v, of nitrate ion from 827 cm~! in solid
KNO; to 837 ecm~! in the KNO3-KNO, solid
solution may also be attributed to changes in
the environment.

The band at 1387 cm—! has been seen pre-
viously in the infrared spectrum of KNO, run
as a KBr disc (8) and as a deposit on a fluorite
plate (19). Weston and Brodasky (8) assigned
the band (1384 cm™1) to », nitrite shifted by an
orientation effect that changed the coupling
between lattice and internal vibrations. Failure
to observe vy of nitrite probably prompted this
explanation. However, »; 1s very weak in the
infrared and often is completely masked in the
solid by the strong broad »;. In our opinion the
837 cm—1 and 1384 cm~! bands observed by
Weston and Brodasky (8) arise from nitrate
impurity in the KNO, salt. The only bands
attributable to pure KNO, crystal are 806 cm—1,
1240 cm™1, and 1330 cm™1.

In our estimation the quantitative infrared
analysis will detect as low as 0.2 wt. 9 nitrate
impurity in nitrite. The infrared methods are
primarily useful for the potassium salt, due to
the solid solution properties of the KNO;-
KNO; mixtures. The Raman method probably
permits detection of even lower concentrations
of nitrate impurity. The M.A.T.R. solid samples
were not used for quantitative analysis because
an order break in the IR-9 at 1200 cm—! causes
a discontinuity in the spectrum and prevents the
drawing of an accurate base line.
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Reactions of oxygen atoms with 2-propanol and methanol
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An investigation of the reaction of 2-propanol at 25 °C with oxygen atoms in the ground electronic
state, O(3P), and, as a corollary, with the excited mercury atoms, Hg 6(3P,), has been carried out. The
reaction of oxygen atoms with methanol at 25 °C has also been briefly studied. The general mechanism
of reaction of O(3P) atoms with simple alcohols is discussed.

Canadian Journal of Chemistry, 46, 235 (1968)

Introduction

In our recent study (1) of the reaction of
oxygen atoms in their ground electronic state,
O(3P), with ethanol it has been established that
abstraction of an alpha-hydrogen atom from
ethanol to give the alpha-ethanol radicals,
CH;CHOH, takes place in the primary step.
The radicals form predominantly acetaldehyde
and 2,3-butanediol, by mutual disproportiona-
tion and combination, respectively. To test the
generality of this finding, we have now extended
the study of the reactions of oxygen atoms with
alcohols to 2-propanol and, briefly, to methanol.
The major initial organic reaction products
observed with the three alcohols studied so far,
methanol, ethanol, and 2-propanol, can be
explained as resulting from the disproportiona-
tion and combination of the corresponding
alpha-alcohol radicals, CH,OH, CH3;CHOH,
and (CHj3),COH. In the present article the
results obtained with 2-propanol and methanol
are reported and their implications are discussed.

Experimental

Oxygen atoms in their ground electronic state, O(3P),
were produced by the mercury-photosensitized decom-
position of nitrous oxide. The cylindrical quartz reaction
vessel, reactor A of the previous study (1), was 5cm in
diameter, 10 cm long, and had a total volume of 240 ml.
The mercury resonance radiation was supplied from a
low-pressure mercury lamp placed at a distance of 11 cm
from the reaction vessel window.

Anachemia Chemicals Ltd. reagent grade 2-propanol
was used after repeated bulb-to-bulb distillation in vacuo
and thorough degassing at —78 °C. It was further de-
gassed at —196 °C before each run. No impurities could
be detected in the purified 2-propanol on a 300 ft dino-

1Issued as NRCC No. 9697.

ZNRCC Postdoctorate Fellow. Present address: De-
partment of Applied Chemistry, Faculty of Engineering,
Kyushu University, Fukuoka, Japan.

nylphthalate capillary column with a flame ionization
detector. Analytical reagent methanol was obtained from
Mallinckrodt Chemical Works Ltd. Nitrous oxide was
obtained from Matheson Company and was purified by
repeated bulb-to-bulb distillation in vacio at —196 °C.

The reactions were carried out at room temperature,
25 £0.5°C.

2-Propano! + O(3P) Atoms

Analysis of the products was similar to that used in the
previous study (1). After irradiation, the reactant mixture
was condensed by liquid nitrogen and the noncondensable
gas was collected by means of a Tépler pump and analyzed
for N,, CO, CH4, and H;. The condensable product was
transferred into a LeRoy still and about 809 of the
unreacted nitrous oxide was distilled off at —160 °C.
The nitrous oxide distillate, analyzed on the 300 ft
dinonylphthalate capillary column with flame ionization
detector, contained no detectable amount of acetone
although there was a trace of acetaldehyde, which was not
determined quantitatively. The residue from the LeRoy
still, which contained the remainder of nitrous oxide
together with the unreacted 2-propanol and the reaction
products, was analyzed for acetone by gas chromatograph
on a composite column of 4 m dinonylphthalate and 4.5 m
Carbowax (1). No products other than acetone and a
trace of acetaldehyde were detected on this column,

Qualitative analysis for the less volatile “liquid”
products was done separately using samples subjected to
long reaction times. After the removal of the noncon-
densable gases at —196 °C, the reaction vessel was washed
with acetone and the solution was analyzed at 120 °C on
the trimer acid column (1). Pinacol was found to be the
major liquid product. A quantitative determination of
pinacol was made on a sample obtained by trapping the
liquid products in a known amount of n-propanol and
analyzing on the trimer acid column. The chromato-
grams also showed the presence of two unknown products,
at shorter retention times and in much smaller amounts
than pinacol.

2-Propanol + Hg 6(3P;) Atoms

The experimental procedure was essentially the same
as used in the study of the reaction of oxygen atoms,
except for the simplified separation of the products
because of the absence of nitrous oxide.

Methano! + O(3P) Atoms
Since it has been reported that methanol reacts with
borosilicate (Pyrex) glass to form methyl borate and that
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the formation of the borate is suppressed to an undetect-
able amount when a small amount of water is present (2),
we have used a 90 mole 9 aqueous solution of methanol
as the source of methanol vapor. Over such a solution the
partial vapor pressures of methanol and water are 114 and
3.0 Torr at 25 °C, respectively (3). It is most unlikely that
the presence of less than 39 water vapor would affect
in any way the reaction of O(3P) atoms with methanol.
In the analogous reaction of O(3P) atoms with ethanol it
was found that up to 59 water vapor had no appreciable
effect on the yields of reaction products. The aqueous
methanol solution was degassed repeatedly at —78 °C
and its vapor showed no organic impurity in detectable
amounts on the 300 ft dinonylphthalate capillary column
with flame ionization detector.

The noncondensable gas was analyzed in the same
manner as in the study of the oxygen atom reaction with
2-propanol. The analysis of the liquid products for
ethylene glycol was carried out as follows. After the
removal of the noncondensables, the residue, which
contained the unreacted nitrous oxide and methanol
together with water and other reaction products, was
washed out with water. In other cases the liquid products
were trapped into a known amount of »-propanol after
the removal of compounds volatile at —78 °C. Both the
aqueous and the n-propanol extract were examined on a
7 ft Porapak Q column at 150 °C to determine the amount
of ethylene glycol. The chromatograms showed no
products other than ethylene glycol.

Results and Discussion

Quenching Cross Section of 2-Propanol

The quenching cross section of 2~-propanol for
the Hg 6(3P;) atoms, ¢2,.p, was determined by
the same competitive method as was used in the
case of ethanol (1) and a large number of other
substances (4). The reciprocal rate of nitrogen
production is plotted in Fig. 1 against the 2-
propanol to nitrous oxide ratio in agreement
with the simple linear relationship between the
two derived and discussed earlier (4). The plot
gives a value of 6.4 A2 for ¢2,.p based on 18 A2
for o2y,0 (4). This value appears reasonable
when compared with 3.5 A2 obtained similarly
for ethanol (1).

Reaction of 2-Propanol with O(3P) Atoms

The reaction was studied using 500 Torr
nitrous oxide with, alternatively, 10 and 40 Torr
of 2-propanol. The volatile products were found
to consist of a large amount of acetone and of
small amounts of H,, CO, CH,, and acetalde-
hyde. Pinacol was also found to be a reaction
product. The quantitative analyses were directed
mainly towards a determination of the initial
yield of acetone. The yields of acetone relative
to that of nitrogen at finite reaction times are

0.6

1/RN, (gemole™ min)

o.s[» X /0o

{CH3),CHOH /N,0.

Fig. 1. Plot of the reciprocal rates of nitrogen
production against the ratio of the partial pressures of
2-propanol and nitrous oxide (25°C; light intensity
equivalent to 2.60 umoles N, per min; irradiation time
2 min; 50 Torr N;O; 4.9 to 42 Torr 2-propanol).

plotted in Fig. 2 as a function of the extent of
the reaction. The very small change in the
relative yield of acetone with reaction time at
both pressures of 2-propanol shows that acetone
reacts considerably slower than 2-propanol with
OQCP) atoms and therefore suffers very little
secondary attack. The initial yields of acetone
and of the minor products, obtained by extra-
polating to zero reaction time, are shown in
Table 1. At 40 Torr 2-propanol, it is also found
that the relative yield of pinacol is 0.11 (after
40 min irradiation, N5 = 96 ymoles). The over-
all reaction of 2-propanol with O(3P) atoms can
therefore be represented by the following
stoichiometric equations.

1l  (CH3),CHOH + O = (CH;):,CO + H,0
[2] 2(CH3),CHOH + O =
(CH;)C(ON)C(OH)(CH3); + H>0

The oxygen atom material balance requires that
the sum of the relative yields of acetone and
pinacol should be unity and this is seen to be so
within the experimental error.

Reaction of 2-Propanol with Hg 6(3P;) Atoms
The mercury-photosensitized reaction was
studied using 40 Torr of 2-propanol. Acetone
and H, were found to be the major products,
together with small amounts of CH,, CO, and
acetaldehyde. Formation of pinacol was con-
firmed qualitatively. The quantum vyields of
volatile products are shown as a function of
reaction time in Fig. 3. The decrease in the
quantum yield of acetone with increasing
irradiation time shows its secondary reaction
with the Hg 6(3P;) atoms, which is under-
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TABLE I

Initial yields of products of the reactions of O(3P) and of Hg 6(3P;) atoms with
2-propanol at 25 °C

2-Propanol + O(P),
yields relative to N»

2-Propanol (40 Torr) 4 Hg 6(3Py),
initial quantum yields, ¢q

Products (10 Torr) (40 Torr) (@) ) ©
(CHj3),CO 0.73 0.85 0.60 0.25 0.38
H» 0.03-0.04 0.03-0.04 0.77 0.72 0.98
CO 0.007 0.005 ~0.005 ~0.000
CHg4 0.004 0.004 <0.01 ~0.000
CH3CHO <0.005 ~0.000
(a) Present work,
(b) Reference 5, continuous illumination.
(¢) Reference 5, intermittent illumination.
1.0
] ° <] - 00 %—0—p *e:
L ol s T g
= \ ry a £ a— B W e z
~ | > = -
S | Z oor ys Sy /—(c;i)zco §
»~: 0.5 g Ho.os <Z:§
T a _e—CHg c
o P e - —ooa
| o o) [T —
~ o 5 10 5
[RRADIATION TIME { min )
L [ !
Y 10 20 30 FrG. 3. Quantum yields of products in the reaction of
N (pmote ) 2-propanol with Hg 6(3P1) atoms (25 °C; light intensity

FiG. 2. Relative yields of acetone in the reaction of
O(3P) atoms with 2-propanol (25°C; light intensity
equivalent to 2.60 umoles N; per min): (A) 500 Torr N2O,
40 Torr 2-propanol; (B) 500 Torr N»O, 10 Torr 2-pro-
panol; (C) 500 Torr N0, 40 Torr 2-propanol, 3.4 Torr
butene-1.

standable in view of its large quenching cross
section (02 = 53 A2 (4)). The minor products
CH,4, CO, and acetaldehyde are most likely
formed in secondary reactions. The initial
quantum yields, obtained by extrapolations to
zero reaction time, are shown in Table I, with
the results of Knight and Gunning (5) shown
also, for comparison. There is a large difference
between the quantum yields of acetone obtained
in the two studies, while the yields of hydrogen
are in good agreement.

Rate of Reaction of 2-Propanol with O(3P)
Atoms
The reaction rate was measured by the
competitive method using butene-1 as the refer-
ence substance. The relative yield of acetone in
2-propanol /butene-1 mixtures is plotted against

equivalent to 2.60 umoles Ny per min; 40 Torr 2-pro-
panol).

the extent of reaction in Fig. 2(C). For the
conditions employed, the extrapolated value of
[(CH3),CO/Nj]5-; at zero reaction time is 0.30.
With this value and the corresponding value of
0.85 in the absence of butene-1, a calculation
similar to that used in the case of ethanol (1)
gives 9.6 x 1010 cc mole~!s~1 for the reaction
rate of 2-propanol with oxygen atoms at 25 °C
(Table I). The rate constant for 2-propanol is
therefore 1.5 times larger than the value of
6.2 x 1010 ¢c¢c mole~! s~1 for ethanol (1), which
is in agreement with the trends observed in the
reactivity of alcohols towards OH radicals
(1.1-3.5) (6, 7), CHj; radicals (1.3-1.6) (8, 9),
H atoms (2.3-3.1) (9, 10), and excited quinone
(2.1) (11). The strength of the alpha-CH bond
in 2-propanol has been reported as 90.3 kcal/
mole (12), a value which is almost the same as
that in ethanol (1). On the basis of the approxi-
mate parallelism between the reaction rates
toward oxygen atoms and the strength of the
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TABLE II
The yields of products in the reaction of O(P) atoms with methanol at 25 °C

Relative yields (N, = 1)

N,O CH3;0H Irradiation N, HCHO
(Torr) (Torr) (min) (umole) C,HgOy* H, CcOo CHy4 testt

501 97.6 10 23.6 n.d. 0.037 0.033 None

505 98.8 10 24.5 0.43 (A) 0.047 0.027 None

501 98.4 20 49.0 0.53 (A) 0.037 0.031 None

505 98.2 30 74.7 n.d. 0.032 0.027 None

501 98.1 63 158.7 n.d. 0.024 0.026 None

507 98.0 100 248.8 0.34(B)  0.031 0.027 None Negative

*n.d. = not determined; (A) = products collected by trapping in n-propanol; (B) = products collected by washing the reaction vessel

with water,

tChromotropic acid test (19); ‘“‘negative’’ signifies HCHO [N; < 0,04.

bonds attacked (1), the difference in the reaction
rate between 2-propanol and ethanol can be
accounted for by a small difference of about
0.5 kcal/mole between the alpha-CH bond
strengths in the two alcohols, which is well
within the uncertainty of the thermochemical
data.

Major Processes in the Reaction of 2-Propanol
with O(3P) and Hg 6(3P;) Atoms
The following reactions have been postulated
(5) to explain the reaction of 2-propanol with
Hg 6(3P;) atoms.
[3] (CH3),CHOH + Hg 6(3P;) —
(CH3);CHO" + H + Hg 6(1S¢)

14] (CH3),CHOH + H — (CH;);COH + H;

[5] (CHj3)CHOH + (CH;3).CHO" —
(CH3)COH + (CH3)CHOH

[6] 2(CH3):COH — (CH3),CO + (CH3):CHOH
[71  2CH3):COH — (CH3)C(OH)C(OHXCH3)2

Reactions analogous to [3]-[5] could also be
postulated as the primary reactions in the attack
of O(P) atoms on 2-propanol. However,
electron spin resonance studies of the reaction
of OH radicals with solid, liquid, and aqueous
2-propanol show selective abstraction of an
alpha-hydrogen (13-16) and a similar result
has been obtained in the photolysis of iodine /2~
propanol mixtures (17). Also, hydrogen atoms
abstract an alpha-hydrogen 105 times faster than
a beta-hydrogen from 2-propanol in aqueous
solution (18). The formation of pinacol as a
major product and the value of the reaction rate
of 2-propanol with O(3P) atoms determined in
the present work also support selective abstrac-
tion of alpha-hydrogen by oxygen atoms. It
appears likely therefore that the primary

reactions in the attack of O(3P) atoms on 2-
propanol are

[8] (CH3)2CHOH + OCGP) — (CH3)COH + OH and
{91 (CH3)>CHOH + OH — (CH3)COH + H:O,

followed by reactions [6] and [7], as above. At
the same time, reactions analogous to [3]-[5]
cannot be ruled out.

If the predominant fate of (CHj3),COH
radicals were only disproportionation and
combination in reactions [6] and [7], the initial
values of (CHj3),CO/N; and (CHj3),CO/H, in
the reactions of 2-propanol with oxygen atoms
and with mercury atoms, respectively, would be
expected to be the same or very similar. The
observed values in Table I show a reasonably
good agreement among the two reaction systems,
in contrast to the fairly large difference between
the analogous quantities in the case of ethanol
(1). The one-step formation of acetone,

{10] (CH3);CHOH + O(P) — (CH;3)>CO + H»0,

is therefore not important under present
conditions.

The somewhat smaller yield of acetone at the
lower pressure of 2-propanol (10 Torr), follow-
ing a similar trend in the yield of acetaldehyde
observed in the reaction of ethanol with oxygen
atoms (1), is difficult to explain quantitatively on
the basis of the experimental information
available at present. It is unlikely to be due to
appreciable secondary reactions of acetone since
the results in Fig. 2 show that the secondary
reactions probably take place only to a very
small extent. Similarly, the slight increase in
quenching by 2-propanol at the higher pressure
(40 Torr) is too small to explain the difference in
the yield of acetone.
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TABLE 111

The initial yields of the carbonyl compounds and of glycols in the reactions of alcohols
with O(3P) and Hg 6(3P;) atoms at 25 °C

Relative yields*

Pressure Source Carbonyl compound Glycol
of alcohol of
Alcohol (Torr) data O(3P) Hg 6(3P1) oeP) Hg 6(3P;)
Methanol 40 Ref. 23 0.02
98 Present <0.04% >0.53
100 Ref. 24 0.05%
Ethanol 40 Ref. 25 0.15
50 Ref. 1 0.55 0.32 0.37 0.53
2-Propanol 40 Ref. 5 0.35
40 Present 0.85 0.78 <0.15§ <0.22§

*The yields in the reaction with O(3P) atoms are relative to nitrogen and in the reaction with Hg 6(3P;) atoms

relative to hydrogen taken as unity.
tAfter 100 min illumination.
}After 120 min illumination.

§Estimated from the yield of acetone as a difference from unity.

Reaction of Methanol with O(3P) Atoms

Several experiments were carried out with
98 Torr methanol in the presence of 500 Torr
nitrous oxide. Ethylene glycol was found to be
a major product. The experimental results are
summarized in Table II. As mentioned in the
previous paper on ethanol (1), the recovery of
such volatile products as ethylene glycol by
trapping in m-propanol is not complete. The
actual initial yield of ethylene glycol can there-
fore be expected to be appreciably higher than
0.53, the highest value observed. This can also
be deduced from the fact that formaldehyde was
not formed in detectable amounts and that no
products other than ethylene glycol could be
found by gas chromatography.

In the reaction of methanol with Hg 6(3P,)
atoms the following primary reactions are
generally accepted,

[11] CH30H + Hg 6(°P1) — CH3;0" + H + Hg 6(1S0)
[12] H + CH;0H — "CH,0H + H
[13]  CH:O" + CH30H — ‘CH,0H + CH;OH,

and the reaction product consists almost entirely
of hydrogen and ethylene glycol (4). In the
reaction of O(3P) atoms with methanol, on the
other hand, the primary reactions are likely to be
reactions [14] and [15] in view of the relative
strengths of the relevant bonds in methanol.

[14] CH3;0H + O(*P) — *CH,0H + OH
[15] CH;0H + OH — -CH,0H + H,0

The 'CH,OH radicals may be expected to
combine predominantly to form ethylene glycol,

[16] *CH,OH + "CH,0H — CHy(OH)CH,(OH),

and to disproportionate into formaldehyde and
methanol only to a very minor extent

{171 -CH;OH + ‘CH,OH — HCHO + CH3;0H.

Disproportionation and Combination of
Alpha-Alcohol Radicals

The relative yields of the major organic
products of the reactions of alcohols with
O(3P) and Hg 6(3P,) atoms, the glycols and the
carbonyl compounds, are summarized in Table
II1. The yields of the glycols decrease and those
of the carbonyl compounds increase in the order
CH;0H, C,HsOH, (CH;),CHOH. This trend
can be understood in terms of the number of
beta-hydrogen atoms in the respective alpha-
alcohol radicals, which may be expected to
determine the disproportionation to combination
ratio by analogy with alkyl radicals (20). The
data in Table III are therefore consistent with
the usual assumption that the glycols and the
carbonyl compounds are formed, respectively,
by combination and disproportionation of
alpha-alcohol radicals. The ratio of dispropor-
tionation to combination of the alpha-alcohol
radicals is about an order of magnitude larger
than that of the corresponding alkyl radicals
with the same number of beta-hydrogen atoms
(0.12-0.14 for C,Hs and 0.5-0.63 for i-C3H7).
The increased ease of disproportionation relative
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to combination is apparently due to the presence
of the electron-withdrawing OH groups in the
alpha-alcohol radicals.

Mechanism of Reaction of O(3P) Atoms with
Alcohols

The results of the present and our earlier (1)
study show that O(3P) atoms react with methanol,
ethanol, and 2-propanol, and presumably with
other simple alcohols, by abstracting the most
weakly bound hydrogen atoms in the alcohol
molecules. In contrast to this, Avramenko,
Kolesnikova, and Xuznetsova (21) have recently
studied the reaction of oxygen atoms with
methanol in the presence of molecular oxygen
and concluded that the one-step formation of
formaldehyde, reaction [18], is the major
primary process.

[18] CH;0H + O —» HCHO + H,0 or
CH;0H + O — (complex) — HCHO + H,O

They used a flow system, producing oxygen
atoms by electrical discharge in a stream of
molecular oxygen, and observed formaldehyde
as essentially the exclusive carbon-containing
product. They considered the possibility that
formaldehyde could be formed in the secondary
reaction of the methoxy radicals with O,

[197 *CH,0H + 0; — O,CH,0OH — HCHO + HOq,

but rejected it on the basis of their experiments
with H atoms and methanol in the presence of O,.

Evidently the conclusions of Avramenko and
co-workers (21) and the experimental results
with methanol in the present work are mutually
inconsistent, Under conditions of our experi-
ments formaldehyde is at best a very insignificant
product, while the yield of ethylene glycol is
equivalent to at least 539/ of the oxygen atoms
consumed in the process and probably to appre-
ciably more than that. This indicates that the
major process is the abstraction of one hydrogen
atom from methanol in the primary step. In
qualitative agreement with this view is the obser-
vation of strong emission of the OH band in the
study of the reaction of oxygen atoms with
methanol by Harteck and Kopsch (22). Never-
theless, it is necessary to point out the existence
of these two radically different points of view,
which are not confined to the reaction of oxygen
atoms with methanol but extend to other
reactions of oxygen atoms as well. Elsewhere

(26) we have briefly discussed some of the
features inherent in the flow system — electrical
discharge technique, which in our opinion may
complicate mechanistic studies and perhaps be
responsible for the apparent discrepancies.
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Acid strengths of some substituted picric acids
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The aqueous dissociation constants for a number of substituted picric acids and related compounds
have been determined spectrophotometrically, and the values obtained correlated with the mid-equiv-
alence potentials obtained by half-neutralization in acetone solution. Analysis of these results together
with those obtained similarly for substituted benzoic acids shows that while the mid-equivalence
potential method affords a rapid and convenient means of making a good estimate of the acid strength
of a compound, it has its limitations and is only strictly applicable within the confines of a series of
closely similar compounds. The observed pK. values of a large series of polysubstituted phenols were
correlated with the predicted values obtained from the Hammett relation, and good agreement obtained,
even with substituted picric acids; styphnic acids appear to behave anomalously.

Canadian Journal of Chemistry, 46, 241 (1968)

It has recently been suggested (1) that the
aqueous dissociation constant of an acid may
be rapidly estimated by measuring the glass
electrode potential of a half-neutralized solution
of the acid in acetone solution. The discrepancy
between the dissociation constant of styphnic
acid (2,4,6-trinitroresorcinol) inferred from such
a mid-equivalence potential and the value we had
obtained by spectrophotometric measurement
led us to investigate the method in more detail.
Experimental work consisted of (a) the deter-
mination of the dissociation constant in water
of a large number of picric acids and related
compounds and (4) the parallel measurement of
the mid-equivalence potentials of the picric acids,
and also of a large number of benzoic acids, the
aqueous dissociation constants of which were
known. An analysis was then made of the
relationship between the mid-equivalence poten-
tial, the solvent in which it was determined, and
the aqueous dissociation constant of the acid
involved.

Discussion

Although it has long been recognized that
picric acid is a very strong acid, there has been
no common agreement as to what its exact
dissociation constant is; the following values
for the pK, have been recorded: 0.29 (2),
0.33(3), and 0.96 (4). For the related acids
methylpicric and dimethylpicric pK, values of
0.81 and 1.38 respectively have been found (5, 6).
It has been accepted that the picric acids are too
strong for the usual electrolyte methods to give
good results, and the best values are based on

spectrophotometric measurements. These are
rather tedious and suffer from a lack of precision
in the values assigned for the extinction coefficient
of the undissociated acid.

Elder and Mariella (1) found that the mid-
equivalence potential (the electromotive force
(e.m.f.) as measured with a glass electrode/
modified calomel electrode pair in a standard
acetone solution of acid half-neutralized with
tetrabutylammonium hydroxide) gave a measure
of the relative acidity of a wide series of acids.
These authors pointed out that there was a
linear relationship between the relative acidities
so determined and such aqueous dissociation
constants (expressed as pK) as had been deter-
mined, This rapid and convenient method is in
effect a simplified version of the potentiometric
microtitration technique developed by Simon
et al. (7-9). Simon has used this method exten-
sively, working on the premise that the apparent
pH of a solution at half-neutralization of the
functional group to be determined is equivalent
t0 pK'sovents Where K'sowens 1S the apparent
dissociation constant for a given solvent system.
Such apparent dissociation constants are func-
tions of the nature of the solvent, the structure of
the acid involved, concentration, and determina-
tion procedure. However, rigid standardization
of the technique employed can give pK'govent
values dependent only on the structure of the
acid being investigated and the solvent system
used. It has been shown (10, 11) that such
PK sowvent values may justifiably be interpreted
in analogous fashion to thermodynamic pK
values; however, it must be borne in mind that
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Fic. 2. Plot of mid-equivalence potential versus pK for substituted benzoic acids (in acetone solution).

such values are specific to a given system, and
that extensive extrapolation may not be war-
ranted.

It is possible to derive an expression

pKISolvent = Qng - constant,

where Q is a term covering the various factors
such as solvation energy inherent in the deter-
mination of pK’geivens- Since the mid-equivalence
potential, (e.m.f.); 5, and the apparent dissocia-
tion constant are merely different scale readings
of the same galvanometer deflection, one may
write (e.m.f.);,, = OpK, + C as the expression
for the linear relationship that Elder and
Mariella found. This relationship will only be
general providing that the term @ remains
constant; our results indicate that this is not so,
and that while one given class of compounds
(e.g. picric acids) have a certain linear relation-
ship, this is not directly extensible to another
class of acids (e.g. benzoic acids). Thus we
conclude that while the mid-equivalence poten-
tial method affords a rapid means of making a
good approximation of the pK, value of an acid,

it is really only valid within the confines of a
series of closely related compounds, and that
casual interpolation may give misleading results,

The relationship between mid-equivalence
potential and dissociation constant for 8 picric
acids is plotted in Fig. 1; a good straight line can
be drawn through the plot. The results are also
given in Table I, and from this it can be seen
that the actual mid-equivalence potential re-
corded varied with the electrode system used.
If, however, one takes the differences, A(e.m.f.),
between the mid-equivalence potential of the
test acid and that of a standard acid, in this case
picric acid, both measured with the same
electrode system, then consistent results are
obtained.

The relationship between mid-equivalence
potential and dissociation constant for 22 benzoic
acids in two different solvent systems is plotted
in Figs. 2 and 3 (cf. Table II). These plots show
that, for a given solvent, one straight line cannot
be drawn, but that two are necessary, one for the
ortho-substituted benzoic acids and the other
for the meta/para-substituted. As might be
expected the slope of the plots is different in the
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TABLE 1
Mid-equivalence potentials of picric acids in acetone solution*
(e.m.f.), /o observed Ale.mf) piorie
No. Acid pKs A B C A B C
1 t-Butylpicric 1.593 152 111 215 125 133 119
2 Dimethylpicric 1.215 150 90 202 123 112 106
3 Methylpicric 1.000 85 39 142 58 51 46
4 Ethylpicric 1.002 74 — 138 47 — 42
5 Picric 0.402 27 —12 96 0 0 0
6 Methoxypicric 0.367 35 2 107 8 10 11
7 Iodopicric 0.152 8 — 79 —19 — —17
8 Bromopicric —0.050 —18 —53 48 —45 —41 —48
9 Chloropicric — — —58 37 — —46 —59
10 Dichloropicric — — — 30 — — —66
to —9t to —105

*Electrode system: A = glass electrode facetone solution/agar bridge faqueous KCl/calomel electrode; B = glass electrode facetone solu-
tion /methanolic KCl/calomel electrode; C = as B, but with different glass electrode.

1The initial reading was 30 mV, but this decreased slowly to —9,

TABLE 1I
Mid-equivalence potentials of benzoic acids

Acetone solution Ethanol solution

A(e.rn.f.)aemoiu A(e.m.f.)ﬂenzo'xc

No. Acid pKy* (e.m.f)y2 (m (e.m.f)y (m
20 2-Aminobenzoic 4.91 581 9 470 22
21 4-Aminobenzoic 4.86 640 68 488 40
22 4-Hydroxybenzoic 4.57 617 45 471 23
23 4-Methoxybenzoic 4.47 610 38 458 10
24 4-Methylbenzoic 4,37 598 26 452 4
25 3-Aminobenzoic 4.36 572 0

26 3-Methylbenzoic 4.27 590 18 445 -3
27 Benzoic 4.20 572 0 448 0
28 4-Fluorobenzoic 4.14 546 —26

29 2-Methoxybenzoic 4.09 586 14

30 3-Hydroxybenzoic 4.08 585 13 451 3
31 4-Chlorobenzoic 3.98 547 —25 423 —25
32 4-Bromobenzoic 3.97 532 —40

33 2-Methylbenzoic 3.91 592 20 438 —10
34 1-Naphthoic 3.70 567 —5 421 —27
35 3-Nitrobenzoic 3.49 472 —100 392 —56
36 4-Nitrobenzoic 3.42 485 —87 377 —71
37 2-Hydroxybenzoic 2.97 399 —173 351 —97
38 2-Chlorobenzoic 2.92 518 —54 385 —63
39 2-Iodobenzoic 2.86 516 —56

40 2-Bromobenzoic 2.85 494 —178

41 2-Nitrobenzoic 2.17 457 —115 353 —95

*pK, values taken from McDaniell and Brown (27).

two solvents. These results indicate how the O
term may not only vary from solvent to solvent,
but also how it may vary between different types
of acid. It should be noted that in both solvents
the 2-hydroxybenzoic acid and to a lesser extent
the 2-aminobenzoic acid do not fit the ortho
relationship. This deviation, which is probably
the result of powerful intermolecular hydrogen
bonding, illustrates the dangers of casual
interpolation.

A check on the objectivity of the results is
given by Fig. 4, where our mid-equivalence
potentials determined in acetone solution are
plotted against the apparent dissociation con-
stants determined by Simon in a methylcello-
solve /water system (9). The data for both ortho
and meta /para acids group onto the same line,
suggesting that the variation of the g term as a
function of the structure of the acid involved is
similar in both solvent systems.
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Plot of mid-equivalence potential versus pK for substituted benzoic acids (in ethanol solution).

FiG. 4. Plot of mid-equivalence potential (in acetone) versus pK’mcs (in 80 % methylcellosolve/20 %, water) for

substituted benzoic acids.

When the results for the picric acids and for
the benzoic acids are combined into a single plot
(cf. Fig. 5), it can clearly be seen that there is no
unique relationship between the mid-equivalence
potential and aqueous dissociation constant for
all acids, but rather a family of lines, one for
each class of acids. It is possible that this concept
of a strictly limited relationship explains why a
simple interpolation of the observed mid-
equivalence potentials of styphnic acid and of
trinitrophloroglucinol suggests dissociation con-
stants markedly different from those we deter-
mined spectrophotometrically. The mid-equiva-
lence potentials of 4 styphnic acids, 5 dinitro-
phenols, and 8 picric acids are plotted against
pK, values in Fig. 6 (cf. Table III). Examination
prompts the following suggestions. (1) Our
determination of the primary dissociation con-
stants of styphnic acid and trinitrophloroglucinol
would have to be reduced by two orders of
magnitude for them to fall on the picric acid line.
(2) It seems probable that with the removal of
one ortho-nitro group the dinitrophenols no
longer fall on the picric acid line, but form
another family with a lower Q value. As with
the benzoic acids the ortho-amino compound
does not conform. (3) Tt is possible that the
styphnic acids constitute another family, with
a line of steeper slope.

Some calculations were made to see whether

the experimentally determined acid strengths
checked with those predicted by the Hammett
relation log K = polog Ky (12). Barlin and
Perrin (13) have shown that pK values may be
predicted for polysubstituted phenols provided
that appropriate ¢ constants are used. The
values suggested by these authors are satis-
factory except for ortho-methoxy (where 0.04
gives better results than the suggested 0.00) and
ortho-nitro. The results from polynitrophenols
indicate that a value of 1.40 is the correct one for
ortho-nitro substitution, even though for 2-
nitrophenol itself this predicts a lower pK than
is actually observed. Using a least mean square
analysis for a series of 86 phenols it was found
that the pK could be predicted by the relation:
pK = 9.94 — 2.26 Zs, with a relative deviation
of 0.18. The observed and calculated results and
o constants used are given in Tables IV and V.
Examination of the predicted values shows that
serious deviation from the observed values
normally only occurs when there are substituents
on both sides of a nitro group. The effect of such
grouping would be to hinder the coplanarity of
the nitro group with the benzene ring, and by
thus reducing the resonance effect give an
observed pK value higher than that predicted.
A single very bulky substituent between two
nitro groups will produce the same effect. Such
deviation can be noticed for 3,5-dimethyl-4-
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Fic. 6. Plot of mid-equivalence potential versus pX for various di- and tri-nitrophenols.

TABLE III

Mid-equivalence potentials of styphnic acids and dinitrophenols in
acetone solution

A(e'm-f-)!’icr ic
mV)

No. Compound pK: (e.m.f)1/2
11 Styphnic acid 1.74 10 —17
4.86 561 534
12 Methylstyphnic acid 1.17 48 21
(Trinitroorcinol) 5.04 632 605
13 Chlorostyphnic acid 1.13 122 95
— 640 613
14 Hydroxystyphnic acid 1.26 —71 —98
(Trinitrophloroglucinol) 4.16 528 501
7.66 791 764
15 2,4-Dinitrophenol* 4.13 329 302
16 6-Methyl-2,4-dinitrophenol* 4.35 339 312
17 6-Chloro-2,4-dinitrophenol 2.01 210 183
18 6-Bromo-2,4-dinitrophenol 2.35 209 182
19 6-Amino-2,4-dinitrophenol 1.00 343 316

*pK value taken from literature (28, 29), the others were determined in this laboratory.

nitro-, 3,5-dimethyl-2,4,6-trinitro-, and 3-z-butyl-
2.4,6-trinitro-phenol. Allowing for this effect
the predicted strength of the picric acids agrees
well with the experimentally determined values.
The Hamimett relationship can be extended to the
di- and tri-hydroxyphenols, with a good measure
of agreement for simple substitution (the

discrepancy for 2-methyl-p-hydroquinone is-

quite exceptional), but it breaks down with the
introduction of a third nitro group.

One might expect a correlation between the
pK, value and the OH stretching frequency for
the picric acids, and indeed Fig. 7 (cf. Table VI)
shows the normal type of plot. It should be noted
that the styphnic acid values do not fall on this
plot. A similar form of correlation, though over



246

CANADIAN JOURNAL OF CHEMISTRY, VOL. 46, 1968

TABLE IV
Experimental and predicted pK values for phenols*
pK pK

Substituent Found Caled. Substituent Found Calcd,
2-Me 10.28 10.23 2-Br 8.39 8.36
3-Me 10.09 10.10 3-Br 9.03 9.06
4-Me 10.26 10.32 4-Br 9.34 9.33
2,3-Me; 10.42 10.39 2-1 8.46 8.52
2,4-Me, 10.61 10.62 3.1 9.06 9.15
2,5-Me; 10.22 10.39 4-1 9.31 9.26
2,6-Me, 10.59 10.53 2-NO; 7.21 6.78
3,4-Me;, 10.42 10.48 3-NO; 8.35 8.34
3,5-Me; 10.15 10.25 4-NO, 7.15 7.14
2,4,5-Mej 10.57 10.78 2,6-Me;-4-NO; 7.22 7.73
2,4,6-Me; 10.88 10.91 3,5-Me;-4-NO, 8.24 7.45
2-Et 10.2 10.23 2,4,6-Me3-3-NO> 8.98 9.31
3-Et 9.9 10.10 2,4-(NO3), 4.09 3.97
4-Et 10.0 10.28 2,5-(NO3y)> 5.22 5.17
3-Et-5-Me 10.1 10.25 2,6-(NO3)> 3.7 3.61
2-Ph 9.97 9.94 3,4-(NO»), 5.42 5.53
3-Ph 9.64 9.80 2,4-(NO3);-6-Me 4.35 4.27
4-Ph 9.55 9.60 2,4-(NO2),-6-Cl1 2.01 2.44
2-CH,OH 9.92 9.85 2,4-(NO;),-6-Br 2.35 2.39
3-CH,0OH 9.83 9.76 2,6-(NOz),-4-Cl 2.97 3.09
4-CH,OH 9.82 9.76 2,4,6-(NO2)3 0.40 0.81
2-CH,OH-4-Me 10.15 10.23 2,4,6-(NO3)3-3-Me 1.00 0.97
2,4-(CH,OH), 9.77 9.67 2,4,6-(NO,)3-3-Et 1.00 0.97
2,6-(CH,OH), 9.66 9.76 2,4,6-(NO2)3-3,5-Me;, 1.57 1.13
2,6-(CH,OH),-4-Me 9.92 10.14 2,4,6-(NO,)3-3-tBu 1.59 1.04
2,4,6-(CH,0H); 9.66 9.58 2,4,6-(NO>3)3-3-MeO 0.37 0.63
2-MeO 9.98 9.85 2,4,6-(NO;y)3-3-Cl —0.20 —0.03
3-MeQ 9.65 9.76 2,4,6-(NOy)3-3-Br —0.05 —0.07
4-MeO 10,21 10.19 2,4,6-(NO7)3-3-1 0.15 0.02
2-MeO0-4-CHO 7.40 7.52 2,4,6-(NO3)3-3,5-Clz —0.7 —0.86
2-MeQO-5-CHO 8.89 9.04
2-Me0-6-CHO 7.91 8.15
3-Ac 9.19 9.08
4-Ac 8.05 8.04 2-OH 9.85 9.85
3-MeS 9.53 9.60 3-OH 9.15 9.17
4-MeS 9.53 9.47 4-OH 10.85 10.78
3-MeSO; 8.40 8.40 2-Me-4-OH 10.20 11.07
4-MeSO, 7.83 7.86 2,3,5,6-Mes-4-OH 11.51 11.68
3,5-Me;-4-MeSQO, 8.13 8.18 2,6-Cl;-4-OH 7.33 7.70
3-CN 8.57 8.56 2-NO»-4-OH 7.63 7.61
4-CN 7.95 7.95 2,6-(NO;),-4-OH 4.42 4.45
2,6-Mez-4-CN 8.27 8.54 2-NO,-6-0 6.70 6.69
3,5-Me,-4-CN 8.21 8.27 2,3-(OH), 9.01 9.08
2-F 8.81 8.72 3,5-(OH), 8.45 8.40
3-F 9.28 9.17 2,4,6-(NO2)1-3-OH 1.74 0.04
4-F 9.81 9.80 2,4,6-(NO,)3-3-OH-5-Me 1.17 0.20
2-Cl 8.48 8.40 2,4,6-(NO2)3-3-OH-5-Cl 1.13 —0.79
3-Cl 9.08 9.10 2,4,6-(NO;)3-3,5-(OH), 1.26 —0.73
4-Cl 9.42 9.42
2,3-Cl; 7.70 7.57
2,4-Cl, 7.85 7.88
2,5-Cl, 7.51 7.57
2,6-Cl, 6.79 6.87
3,4-Cl, 8.59 8.58
3,5-Cl, 8.19 8.27

*Experimental pX values taken from literature (29) unless determined in this laboratory.
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TABLE V

Apparent ¢ constants for substituents in phenols*
(pK = 9.94 — 2.26 Z0)

Substituent Gortho Ometa Gpara
Methyl —0.13 -0.07 —0.17
Ethyl —0.13 —0.07 —0.15
t-Butyl -0.10
Phenyl 0.00 0.06 0.15
Methylol 0.04 0.08 0.08
Methoxy 0.04' 0.08 —0.11
Methylthio 0.15 0.21
Methylsulfonyl 0.68 0.92
Formyl 0.75 0.36 1.03
Acetyl 0.38 0.84
Fluoro 0.54 0.34 0.06
Chloro 0.68 0.37 0.23
Bromo 0.70 0.39 0.27
Todo 0.63 0.35 0.30
Cyano 0.61 0.88
Nitro 1.40 0.71 1.24
Hydroxy 0.04' 0.34 —0.37

*Constants marked / differ from those previously proposed (13).

a much smaller range of wavenumbers, is found
for the OH bending frequency. An interesting
observation is that aminostyphnic acid has no
peak in the 3100-3200 cm—! range; the peak
at 3410 cm—! is undoubtedly NH stretching, and
so probably is the less intense peak at 3290 cm—!,

Experimental

All but one (no. 10) of the picric acids were prepared
by mixed acid nitration of the corresponding phenol;
they were purified by recrystallization from ethanol or
acetone to constant melting point, and the purity then
checked by thin layer chromatography on silica gel using
a variety of solvent mixtures, of which methylene
chloride facetic acid 20/1 was typical. Trinitroorcinol was
prepared by mixed acid nitration of orcinol, trinitro-
phloroglucinol by treatment of triacetoxybenzene with
cold 98 % nitric acid. The monopyridinium salt of trinitro-
phloroglucinel was treated with phosphorus oxychloride
to give chlorostyphnic acid, m.p. 117 °C (Found: C,
24.5; H, 1.5; N, 14.0. C¢H,CIN304.H,0 requires C,
24.2; H, 1.3; N, 14.1), and this was converted via 5-
ethoxytrinitroresorcinol to aminostyphnic acid, which
was identical with that prepared by alkaline hydrolysis of
pentanitroaniline. The pyridinium salt of chlorostyphnic
acid was treated with phosphorus oxychloride to give
dichloropicric acid. Melting points were determined on a
Kofler hot-stage microscope; the melting points observed
(and corresponding previous references) were: r-butyl-
picric acid 171° (14), dimethylpicric 108° (15), methyl-
picric 109° (16), ethylpicric 88° (4), picric 122° (17),
methoxypicric 86° (18), iodopicric 196° (19), bromopicric
147° (20), chloropicric 114° (21), dichloropicric 138° (22),
2,4,6-trinitroresorcinol 174° (23), S-methyltrinitroresor-
cinol 164° (23), 5-chlorotrinitroresorcinol 117°, 5-amino-
trinitroresorcinol 240° (24), trinitrophloroglucinol 167°
(25).
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Spectrophotometric Determination of pK Values
The method used was that of Richard and Sykes (26),
which does not require a knowledge of the extinction
coefficients involved, If an acid dissociates according to
the expression
K
HA =H'+ A,

then assuming that both the undissociated acid and the
anion absorb light in the wavelength range studied, one
may write

d(K + ¢) = Enaca + EsKa,

where d is the optical density per unit cell length, ¢ is the
hydrogen ion concentration, E is the appropriate extinc-
tion coefficient, and « is the initial concentration of acid.
If at a standard acid concentration cg one obtains an
optical density 4y for any given wavelength, then one may
write

c—cp _ K+ +0)

d—dp a(Es’ — Ena)

It follows that a plot of (¢ — co)/(d — dy) versus ¢ at
constant wavelength should be linear, with slope =
(K + co)/a(Es» — Ega) and intercept = K(K + cg)/a(Ey’
— Eg,), and that intercept/slope should equal X.

Mixtures of varying proportions of 5 N perchloric acid
and 5 N sodium perchlorate (total volume 4.8 ml) were
made up to 50 ml with 0.003 M solutions of the picric
acids, the resultant ionic product being 0.5, The optical
density was measured over the range 340-430 mu, and
then (¢ — co) /(d — dy) plotted against the hydrogen ion
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TABLE VI
Correlation of pX, with OH stretching and bending frequencies

OH stretching OH bending
No. Acid pK, (cm™1) (cm~?)
1 tert-Butylpicric 1.59 3195 1165
2 Dimethylpicric 1.57 3200 1173
3 Methylpicric 1.00 3175 1170
4 Ethylpicric 1.00 3175 1171
5 Picric 0.40 3157 1177
6 Methoxypicric 0.37 3158 1181
7 Todopicric 0.15 3165 1172
8 Bromopicric —0.05 3167 1177
9 Chloropicric —0.20 3157 1176
10 Dichloropicric —0.7 3195 1170
11 Styphnic 1.74 3118 1157
14 Hydroxystyphnic 1.26 3100 1172
12 Methylstyphnic 1.17 3205 1167
concentration for various wavelengths, Under the best 6. M. M. Davis, M. Paaso, and R. A. RopinsoN.  J.
conditions the intercept /slope ratio was the same for all Res. Natl. Bur. Std. A, 64, 531 (1960).
wavelengths; with acids stronger than picric the plots /- W. SiMoN, E. KovArs, L. H, CHOPARD-DIT-JEAN, and
tended to be curved, and thus the ratios were less precise. 8 EV %EILBRONNEE' Hely. Chim. Acta, 37, 1872 (1954).
The mass dissociation constants obtained in this were ' 40.21131(()11;2117)0:1 - HEILBRONNER.  Helv. Chim. Acta,
transformed, approximately, into thermodynamic aqueous 9. W. SIMON. Angew. Chem. Intern. Ed. Engl. 3, 661

dissociation constants by applying the Debye-Huckel
expression, For simplicity it was assumed that the second
ionization of the styphnic acids did not start until the
first was complete. The average difference of three units
between pK: and pK makes this a fair assumption, but
our failure to get a satisfactory differential plot for pKir
of chlorostyphnic acid suggests that it is not an inviolate
one.

Determination of Mid-Equivalence Potential

The preparation of tetrabutylammonium hydroxide
solution and the general conditions for determining the
mid-equivalence potential followed those of Elder and
Mariella (1). An Electronic Instruments Ltd. (E.LL.)
Model 23 direct reading pH meter was used, with an
E.IL. or a Cambridge Instruments 1.td. wide-range glass
electrode. It was found that the use of an agar bridge with
a normal calomel electrode (electrode system A) gave
quicker and more reproducible results than did a modified
calomel electrode (electrode systems B and C). In the
case of polybasic acids after the initial reading a further
1/3 mmole of alkali was added to determine the second
mid-equivalence potential.

Infrared spectra were determined in carbon tetra-
chloride solution, using 4 cm Infrasil cells for the
4000-2500 cm~! region, and as Nujol and Florube
mulls, using a Perkin—-Elmer 237 instrument.
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Note on the thermodynamic state of laminar flow and on the viscosity of liquids!
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Fluids in a steady state of laminar flow (shear) are not in their thermodynamic equilibrium states.
They have more energy and (or) less entropy than their corresponding static states.

Phenomenological considérations suggest that in the case of ‘ideal’ liquids, shear states involve
dilational energy increases, while in the case of ideal gases shear states involve entropy decreases
associated with distortions of momentum fluxes.

It is shown that the viscosities of some liquids (metals, hydrocarbons, water, etc.) can be described
approximately by the equation

F2 [ M\23
[a] 1= 38D (m) ;

where 7 is the viscosity, 8 the compressibility, D the coefficient of self-diffusion, M the molecular weight,
p the density, and N, Avogadro’s number. F measures the strain or effective dilation necessary for a ‘layer’
to flow over an adjacent ‘layer’. Ideally F should be about 0.06 but varies from about 0.05 for metals
to 0.14 for water.

Equation [¢] implies that liquids in a state of laminar flow are somewhat dilated compared with the
static state at the same temperature and pressure. The density change as a function of the velocity

gradient «” is given by

dp _ _E
{61 > ="D

Canadian Journal of Chemistry, 46, 249 (1968)

Introduction

In this paper we present a simple pseudo-
thermodynamic description of fluids in a
laminar flow state.

The description implies that under certain
conditions a liquid in a state of laminar flow will
be somewhat dilated, compared with the normal
liquid at the same temperature and hydrostatic
pressure. This implication is capable of experi-
mental verification and hence the validity of
some of the phenomenological aspects of the
description can be tested experimentally.

The description also implies that the ‘activa-
tion energy’ of liquid viscosity is not primarily
associated with the heat of evaporation, but is
rather more a combination of the fluid shear
strain potential and the activation energy of
self-diffusion.

Some Ideal Laminar Flow States

Let N be the probable number of molecules
per unit volume of a fluid ‘layer’ having a mean
or ‘mass’ velocity u in, say, the --x direction.
Let P be the mean value of any reasonably
definite additive molecular property of the fluid.

INRCC No. 9767.
2NRCC Postdoctorate Fellow.

(M 273,
u

pNv

The net property transported per second
through unit area perpendicular to the “+x
direction by the flowing fluid can be written

[1] T'p = ¢cNuP,

where I'p is the net flux in the +x direction of
the property P and ¢ is a dimensionless statistical
correlation factor between the means N, P, and u.

Let the ‘flux’ be the ideal flux equivalent to
moving an imaginary plane at a velocity u
through a static fluid which is in reversible
equilibrium with externally applied forces. Let
Ag be the mean Helmholtz free energy or
Helmholtz potential per molecule of the fluid,
then ignoring any kinetic energy effects (i.e.
ignoring Helmholtz potentials relative to a
moving frame of reference) the ideal flux of
Helmholtz potential is given by

[2] I‘An = Nlle.

Since we shall consider N as virtually constant,
¢ is unity for the ideal case.

This ideal ‘process’ is thermodynamically
reversible in the sense that there is no creation
of entropy or other energetically dissipative
effects.

If, however, the velocity u is that of a fluid
layer relative to an adjacent, say, lower layer
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whose velocity is taken arbitrarily as zero, this
‘process’ will, in general, not be reversible. Work
must be done on the system and (or) entropy
created per second within the system to main-
tain the relative motion. The ‘moving’ layer
and the adjacent ‘stationary’ reference layer will
not in general correspond to a system whose
thermodynamic properties lie on what Gibbs
calls ‘the surface of dissipated energy’. Such a
system will have either too much energy to be in
equilibrium with its entropy or too little entropy
to be consistent with its energy in the state of
‘dissipated energy’. In either case the Helmholtz
potential 4 or £ — TS, if we can use these terms
in such cases, will be larger than that of a static
system containing the same matter at the same
temperature and either having the same volume
or at the same hydrostatic pressure as measured
remote from any shearing stresses.

If for the relative flux of Helmholtz potential
carried by the moving layer we write

[3] iy = cNuAd,,

this potential flux will be larger than the ideal
flux of eq. [2] and must involve some irreversi-
bility. While I'y,- has the dimensions of work
per second flowing through unit area it is not,
of course, a measure of the actual work done
per second. However, we can write,

4] Taw =T aw +T" 4w =W+T" 40,

where W is the actual work done per second (or
its equivalent) to maintain the total flux. Thus
I, or W represents the irreversible part of
the potential flux and I 4, the ‘reversible’ flux.

We assume that in a simple fluid in a laminar
flow state a fraction of the molecules will be
statistically indistingnishable from those in the
corresponding equilibrium or bulk state and that
the remainder will have either too much energy
and (or) too little ‘entropy’ to correspond to the
equilibrium state. Thus we assume that it is
meaningful to write

[5] A'l_l' = ¢uA + (1 - ¢1I)A0 =
¢u(A - AO) —{'— A0>

where 4 and A4 are independent of the relative
velocity u (or of the velocity gradient »”) while
¢, is of course dependent on u, i.e. when v — 0,
¢, — 0. Accordingly, 4 — Ay or A+ is assumed
a characteristic of the fluid in the laminar flow
state.

If the external forces which maintain the
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flow are suddenly eliminated the relative
motion of the two layers and hence the excess
potential ¢, A+ will decrease due to diffusive
interchange of molecules between the two layers.
Hence the instantaneous rate of loss of potential
should be proportional to ¢,4+D’, where D’
is the ‘velocity’ of molecular interchange
between the layers. Also the rate of gain of
potential should be proportional to (1 — ¢,)A*u.
In the steady state of flow these rates must be
equal and we write

[6] ¢UA+DI = K(l - ¢u)A+u:

where K is a proportionality constant for a
given fluid.
Evidently,

(71 ¢y = Ku[(Ku + D').
Hence also,
8] Tiw = c'Nug, A+ + Nudg= W + 1",

where Nud, and I, represent the reversible
part of the potential flux and we assume that
we can equate ¢’ Nu¢, A+ to the irreversible work
done per second (and (or) to the rate of creation
of any entropy at the temperature 7 of the system
which may be carried along with the flux) to
maintain the flow.

Let the volume per molecule of the layers in
relative motion be as shown in the following
sketch.

y

L; ;
U x

Lz 2

Since L, is also the distance between layers,
u = L,(du/dy) = Lu’, where v’ is the velocity
gradient.

The irreversible Helmholtz potential flow
through the molecular volume is

L, )

If W is the isothermal irreversible work done

per second (or its entropy equivalent) by the

shearing stresses or by the pressure gradient

against the viscous forces we can write for the
isothermal flow through the cell, L., L,, L,,

[10) W = L,L.L

9] L,L.I" 4 = ¢'L,L.Nu¢ At =

dpu _ =
t e L, L'y =
¢ dulATIn

L, ’
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where 7 is the viscosity, and «’ is the velocity
gradient, Therefore

_ duwld?]
) "= WL
Inserting the value of ¢, from eq. [7] and put-
ting ©' = u/L,,

_ C”L,/[A-I—]
77 (Ku+ DHL.LY
where ¢’/ includes the proportionality ‘constant’

of eq. [6] as well as statistical correlation
coefficients, i.e. ¢’' = ¢’K.

[12]

Ideal Values of A+ and D’

For a Newtonian viscous fluid in a state of
laminar flow the stress tensor is equivalent to a
shear stress, the shear stress being proportional
to the rate of change of ‘deformation’. Accord-
ingly, principal stresses on small volumes of the
viscous flowing fluid are not equal and the
fluid behaves as though it had a transient
modulus of rigidity.

In dilute gases, the shear stress deformation
involves no work against intermolecular forces
but only a deformation of the velocity distri-
butions f{v,), f{v,), etc., and the corresponding
momentum fluxes. Hence compared with layers
having the same kinetic energy but no relative
velocity, At must be largely a measure of an
entropy decrease.

However, in the case of liquids having con-
siderable tensile strengths, the deformation
involves displacements from the time average
equilibrium positions of molecules with respect
to their considerable intermolecular forces, i.e.
involves work against the net intermolecular
and stress forces of the corresponding bulk
state.

Referring to the two layers, where the upper
layer flows over the stationary reference layer,
if the state of stress results from shearing
stresses only, i.e. little or no hydrostatic pressure
but only such couples as are necessary to main-
tain the laminar flow and to prevent rotation,
we might expect that the molecules of the upper
layer would tend to rise over the repulsive
fields of the lower layer since the repulsive
fields are much steeper than the attractive. In
regions where molecules ‘rise’ in passing from
one equilibrium position to another, there
would be local dilations and we might expect
A* to include a work of dilation. Of course in
the gradient free state, thermal fluctuations

would also lead to local dilations and compres-
sions, but in the laminar flow state the statistical
weights of the local dilations should be increased
when the hydrostatic pressure is small. When
the attractive and repulsive fields balance,
any appreciable compression will require a
much larger 64 than a corresponding dilation.
Hence we write

[13] A+ = 545 + 54",

where 64y is the Helmholtz potential of the
corresponding dilation of the bulk liquid and
dA" provides for the difference in thermodynamic
properties of the bulk fluid and that of an equal
volume of the same fluid having velocity
gradients.

For the bulk liquid we assume Hooke’s law
in the form (v — vg)/vo = —B(p — po), where 8
is the compressibility and pg the initial hydro-
static pressure. Hence,

2

7)0F~
26

vot+dz
[14] 64 = —f pdu = — vpoF,
00
where F = §v/vg.
When F is appreciable and pg small,

[15] 5Ag = voF2/28,

where § replaces f to provide for variation of
compressibility with dilation.

In the bulk state of given volume and tem-
perature the entropy, S, will be a maximum and
§” for the flowing fluid of equal volume and
temperature will be equal to or less than S.
Thus we can write

Q — 60
Q

where k is the Boltzman constant, T the tem-
perature, and Q the appropriate partition func-
tion for the bulk fluid,

Putting 62/Q = F, in eq. [16], we get from
eqs. [13] and [15]

[17] A+ = voF2[2 4 kTF,.

Dense liquids just above their freezing
temperatures have been described as ‘random
close-packed’ structures. In close-packed (c-p)
structures of spheres no sphere can move
appreciably from its mean position. The closest
packed regular structure having planes of spheres
which can move through the structure is the
tetragonal-sphenoid (t-s) structure. In a c¢-p
bulk liquid at ‘rest’ thermal fluctuations will

[16] SA'=— kT log = kT5Q/9,
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probably produce structures of a variety of
forms including pseudo t-s structures. We shall
assume that in the laminar flow of more or
less c-p spherical-molecule liquids the statis-
tical weight of the pseudo t-s structures are
increased, the increases being proportional to
velocity gradients. The t-s structure has a 6%
greater volume than the corresponding c-p
structure. The minimal rise of a molecule lying
in the well formed by three others when it rolls
over any two is also 6%. Accordingly, we shall
assume that under ideal conditions F in eq. [17]
should be of the order of 0.06. Since at high
temperatures and low densities F should
approach zero and Fp approach that for an
ideal gas, we can write empirically

[18] A+ = avoF 2|28 + bkTFq,,

when F, refers to the ideal dilation (6%) of a
close-packed liquid and Fu, to the change in
partition function per unit gradient of the ideal
gas.

The empirical parameters ¢ and b are assumed
to be functions of the temperature, critical
temperature, liquid structures, etc. At tempera-
tures well above the critical and at low densities,
a— 0 and b — 1. At low temperatures and
high densities of liquids of considerable tensile
strengths £2 /28 should control 4, i.e. a should
be of the order of unity and 4 should be con-
siderably less than unity in many cases.

If the volume of the liquid is kept constant
during the flow A+ should have about the same
value as that of the low constant pressure A+
but will be the result of a combination of com-
pressions and dilations. Consequently the en-
tropy term in 4+ will probably be somewhat
larger. The 64 of compression of condensed
systems at room temperature consists of an
energy decrease but a greater decrease in 7°5. The
8Ap we have used is the equivalent dilational
potential of the bulk fluid at near zero initial
pressure. The actual value of A+ consists of
shear strain potential against a transient modu-
lus of rigidity. It is only when the hydrostatic
pressure is near zero that a unidirectional
dilational potential of a bulk fluid resembles a
shear strain potential of an elastic solid. At
high pressures of bulk fluids the §4 of dilation
is of course negative. The value of 4+ for flow
must always be positive, If the initial hydrostatic
pressure of the flowing fluid is high, the dilation

for flow will probably be about the same as at
lower pressures, but the “distortional” or shear
strain potential probably somewhat greater,
since one would expect the “transient modulus
of rigidity” to increase with increasing pressure.
Evidently the term pgvoF in eq. [14] is not to
be taken as a measure of the variation of A+
with pressure.

Hence putting in the value of 4+ from eq.
[18] and assuming D’ >> Ku, i.e. at low rates of
shear,

¢""L,[avoF,° /2B + bET Fo,)
(19] =" 7 7 £,
D'L,L,

For the ideal gas of simple kinetic theory
(step lengths statistically independent of veloc-
ities) D’ will be considerably less than the mean
speed, v. Most of the molecules emanating
from the upper layer will pass through the lower
‘layer’. D’ should be of the order of DLy/\2,
where D is the self-diffusion coefficient v)/3,
Ly = N7153, and \ the mean free path.

In the case of a more or less close-packed
liquid, however, practically all molecules eman-
ating from the upper layer which reach the lower
layer will become statistically part of the lower
layer and D’ should be of the order D/L,.

Putting in the appropriate values of D’ we
get for ideal gases and ideal liquids the following.

Ideal gases,

[20] n=c'"" Fo,Nmy\.

Ideal liquids,

_ "L, [avoF" /2B + bRTFoy)
K DL,L? :

Putting Ly = Lo(l -+ F), Lz = Lz = Lo, Vo = L03
= M/oN,, where M is gram molecular weight,
p the liquid density, and N, Avogadro’s number,

[22] 7 =I[c"( + F)2/D][M/pN,]2/3 x
[aF2[28 + bKTFo,).

Neglecting F compared with unity and
assuming b small,

[21]

Cichz <M>2/3
9 = —
23] 77 5ED N,

F* [ M\
9 =
[24] "= 38D <pNv> :

If the physical ideas underlying eqs. [23] and [24]
have any validity, F, should be of the order of
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TABLE 1
Apparent dilations, F, for laminar flow of various liquids

g x 1011 0 D x 105

Liquid T (°K) 7 (cP) (c.g.8.) (g/cc) (cm2 s71) F

H,0 298.2 0.8937 4.57 0.99704 2.44 0.1421
CH3;0H 208.2 0,544« 12.55 0.7866% 2.27 0.1366
C,HsOH 298.2 1.078 11.46 0.785 1.01 0.1086
CHy4 102.6 0.1440¢ 18.154 0.4372¢ 3.017 0.1008
CsHs 208.2 0.596 9.67 0.8737 2.21 0.0970
A 85 0.272/ 20.504 1.414 1.53% 0.1148
CCly 203.2 0.969 10.40 1.5940¢ 1.30¢ 0.0944
C,HsBr 295.7 0.389% 13.23 1.44 4.06 0.1291
CaHsI 292.55 0.596" 9.77 1.934b 1.212 0.0734
Hg 313.2 1.450 0.412 13.4973 1.69m 0.0488
Ga 303.7 1.960 0.24¢ 6.095¢ 1.67 0.0460
Na 371.2 0.7264* 2.10¢ 0.93» 4.2 0.1038
In 492.2 1.94¢ 0.32¢ 7.05° 1.677 0.0480
Sn 505.2 2.14% 0.31° 6.98% 2.60" 0.0610

*All values quoted for viscosity, density, and isothermal compressibility are taken from ref. !, except where marked by
superscript. All values of D are from ref. 2, except where marked.
“Ref. 3. bRef. 4. cRef. 5. dRef. 6. ¢Ref. 7. fRef. 8. 7Ref. 9. ARef. 10. +Ref. 11. jRef, 12, ¥sRef. 13. IRef. 14.

mRef.15. nRef. 16, oRef. 17.

TABLE I
Variation of F with temperature

T (°K) 7 (cP)s g X 101> o (g/u)e D x 1035 F
Methane
94.9 0.1765 15.12 0.4481 2.31 0.0900
102.6 0.1440 18.15 0.4372 3.01 0.1008
105.6 0.1348 18.84 0.4328 3.31 0.1039
111.4 0.1190 20.30 0.4241 3.91 0.1094
T (°K) 7 (cP)! 8 x 10114 o (gfa) D x 105/ F
Carbon tetrachloride
293.2 0.969 10.40 1.5940 1.30 0.0944
303.2 0.843 11.14 1.5748 1.57 0.996
313.2 0.739 12.19 1.5557 1.87 0.1061
323.2 0.651 13.29 1.5361 2.21 0.1124
T (°K) 7 (cP)¢ 8 x 10114 o D x 1050 F
Mercury
0 1.685 0.400 13.5955 1.33 0.0461
40 1.450 0.412 13.4973 1.69 0.0488
80 1.298 0.426 13.4003 2.04 0.0515

aRef. 7. bRef. 6. cRef. [2. dRef. 1. e¢Ref. 3.

0.06 and the numerical values of ¢! for liquids
of similar structures should be about the same.
Values of F calculated by eq. [24] from known
values of 8, D, 5, etc. appear in Table I.
Evidently 4 is roughly inversely proportional
to 8D and F is of the order of 0.06, varying
from about 0.05 to 0.15. In the table 8D varies

S/Ref. 14. 9Ref. 15.

by more than a 100-fold while the variations of
F are comparatively small. If the ‘deformation’
involves ‘breaking’ of hydrogen bonds the ap-
parent value of F will be larger than the actual
value.

In Table II some variations of F with tempera-
ture are calculated on the same basis. The
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apparent increase in F with temperature suggests

that the entropy term is not negligible.
Equation [24] implies that a Newtonian

liquid well below its critical temperature must

be somewhat dilated when in a state of laminar

flow at constant external hydrostatic pressure.
From eqs. [8] and [24]

[25] Y — vo = u'L2voF/|D,

where v, is the specific volume of the layer
having the relative velocity u = u'L, with respect
to an adjacent layer; v is the specific volume of
normal liquid. Hence in terms of the density
change,

F{M\",
(26 bo/po = — ] <pNv> w.

For liquid water at room temperature using
the values of D, F, etc. from Table I,

[27] 8p/py = —[5 x 10712 (second)] u' (per
second).

Assuming that one can detect a density change
of the order of 10~2 by interferometry, u’ will
have to be of the order of 103 per second, or
more, in order that the predicted dilation be
detectable. The temperature difference required
to permit the flow of heat equivalent to the
work of shear is readily calculated and will be
small if the thermal conductivity of the vessel
walls is high and the fluid layer very thin. The
temperature control, however, will have to be
very good. For water at room temperature
dp/dT = —2x10~4, Hence variations in tem-
perature greater than 1076 °C will mask dila-
tions due to shear at velocity gradients of the
order of 103 per second. However, when the
velocity gradient varies with distance from the
walls, in a steady state of shear, one should
be able to distinguish between thermal and
velocity gradient dilations. In viscometers of
the inner rotating cylinder type it is easily
shown that at appreciable distances from the
surface of the rotating cylinder, under ordinary
laboratory conditions, dilations associated with
thermal gradients (i.e. those necessary to dissi-
pate the work done per second as heat flow) will
be much larger than the “viscosity dilation” of
eq. [27]. However, very near to the surface of the
rotating cylinder the viscosity dilation will be
the larger. The combined effects will lead to an
intercept in the density vs. distance plot, the

intercept being a measure of the viscosity
dilation.

Discussion

The description of the ideal gas viscosity
sketched above is intended to illustrate the
possible effect that an entropy in A+ could have
on the temperature coefficient of viscosity.
The detailed molecular momentum scattering
methods of calculating gas viscosities, such as
those involving sophisticated tensor statistics,
even those of simple classical kinetic theory, are
of course much more direct than our pseudo-
thermodynamic method.

Practically all theoretical descriptions of both
gas and liquid viscosities involve a modifica-
tion of the equilibrium state distribution laws,
partition functions, etc. However, it is seldom
emphasized that such modifications imply
positive A4+ values in the laminar flow state. If
the thermodynamic properties of a fluid in the
laminar flow state were identical with those in
the corresponding static state it would seem
that there could be no viscous force.

While the physical nature of the viscous
forces of gases and gas-like liquids are reason-
ably well understood, the situation concerning
liquids is not so clear. It might help the theorist
considerably, if experimental information con-
cerning the nature of A+ were available,

If it can be shown experimentally that New-
tonian liquids, well below their critical tempera-
tures, in the state of laminar flow are in fact
dilated more or less as indicated by eq. [26],
it might contribute a good deal to our knowledge
of the mechanisms of liquid viscosities. The
experimental determination of the temperature
and pressure coefficients of F might prove
particularly illuminating.
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The infrared spectra of rare earth acetates have been studied to examine the metal-acetate bonding,
The thermal decomposition of rare earth acetates as well as lead and copper acetates have been investi-
gated in detail by employing thermogravimetric analysis and differential thermal analysis. Thermal
decomposition of calcium dicarboxylates (malonate to sebacate) have been studied employing t.g.a.
and d.t.a. Infrared spectra of the dicarboxylates have also been studied. Preliminary results on the
products of decomposition of dicarboxylates have been reported.

Canadian Journal of Chemistry, 46, 257 (1968)

Introduction

The thermal decomposition of calcium acetate
to acetone and calcium carbonate is a well-
known reaction. There is, however, little or no
information on the thermal decomposition of
other metal acetates in the literature. In the
present study, the thermal decompositions of
copper acetate, lead di- and tetra-acetates, as
well as of a few rare earth acetates, have been
investigated employing differential thermal
analysis (d.t.a.), thermogravimetric analysis
(t.g.a.), and infrared spectroscopy. In addition,
the infrared spectra of rare earth acetates have
been examined in order to study the nature of
the metal-acetate bonding in the rare earth
series.

The thermal decompositions of several metal
oxalates, particularly those of rare earths, have
been studied exhaustively in the past few years
(1, 2 and references cited therein, 3, 4). Prepara-
tion of ketones by the decarboxylation of the
metal salts of long chain dicarboxylic acids has
long been known to organic chemists. While
this method 