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Reaction of thiirane 1,1-dioxide (1) with aqueous barium hydroxide gives chiefly barium ethanesulfonate (3) together with
some ethylene and barium sulfite, and only a small amount (<5%) of barium 2-hydroxyethanesulfinate (2), the material
previously described by Hesse et al. as the major product of this reaction. Reaction of 1 with potassium hydroxide proceeds
analogously except for the formation of barium 2-sulfinatoethanesulfonate (6) from reaction of potassium sulfite with unreacted
1. This revision, when taken with what is already known of the final step of the Ramberg—Bicklund reaction, provides a
consistent picture of the reaction of thiirane 1, I-dioxides with hydroxide. For this reaction we suggest a common intermediate
with a pentacoordinated sulfur for formation of both the sulfonate anion and the olefin, though an attempt to confirm the
existence of such a species using H.'*O was unsuccessful.

JAMES FREDERICK KING, JOHN HENRY HILLHOUSE et KiISHAN CHAND KHEMANI. Can. J. Chem. 63, 1 (1985).

La réaction du dioxyde-1,1 de thiiranne (1) avec I’hydroxyde de baryum aqueux donne principalement I’éthanesuifonate de
baryum (3) avec un peu d’éthyléne et de sulfite de baryum et une faible quantité (<5%) d’hydroxy-2 éthanesulfinate de baryum
(2), le produit décrit antéricurement par Hesse et al., comme produit principal de cette réaction. La réaction du composé 1
avec I’hydroxyde de potassium se produit d’une.fagon analogue, a I’exception du fait qu’il se forme du sulfinato-2 éthane-
sulfonate de baryum (6) qui provient de la réaction du sulfite de potassium avec le composé 1 qui n’aurait pas réagi. Cette
nouvelle étude, entreprise a la lumiére de ce qui est connu de la derniére étape de la réaction de Ramberg—Bécklund, permet
de développer une image cohérente de la réaction des dioxydes-1,1 de thiirannes avec I’hydroxyde. Nous suggérons donc que
cette réaction implique un soufre pentacoordonné comme intermédiaire commun tant pour la formation de I’anion sulfonate
que pour celle de I’oléfine et ce en dépit du fait qu’on n’a pas réussi a confirmer ’existence d’un tel intermédiaire en utilisant
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In 1957 Hesse et al. (2) reported that thiirane 1, l-dioxide
(ethylene sulfone) (1), on reaction with aqueous barium hy-
droxide, gave barium 2-hydroxyethanesulfinate (2) plus a
small amount of ethylene and barium sulfite; the sulfinate (2)
was described as being thermally unstable, decomposing rapid-
ly to ethylene and barium sulfite above 50°C. Recently, while
exploring possible routes to 2-hydroxyethanesulfonyl chloride
(3), we had occasion to repeat some of these experiments and
found them to be seriously in error; in particular, we found that
2 constitutes only a small part of product from 1 and, in addi-
tion, is thermally quite stable. We now describe our investi-
gation and discuss its relevance to the mechanism of the final
step of the Ramberg—Backlund reaction.

Results and discussion

Reaction products :

Repetition of the reaction of 1 with aqueous barium hy-
droxide in our hands gave, as shown in Scheme | and Table 1,
barium ethanesulfonate (3) as the major product, along with
some ethylene and barium sulfite, plus a small quantity of the
2-hydroxyethanesulfinate (2). Similar reaction with potassium
hydroxide gave potassium ethanesulfonate (5), ethylene, a
small amount of the 2-hydroxyethanesulfinate (4), and a
further product shown to be potassium 2-sulfinatoethanesul-
fonate (6).

Ethylene and barium sulfite were identified by comparison
of ir spectra of the isolated products with those of authentic
materials. The formation of barium ethanesulfonate (3) was
proved by (a) the presence of the characteristic '"Hmr and “Cmr
signals of authentic 3 in the spectra of the reaction product, and
(b) conversion of the crude reaction product via ethanesulfonyl
chloride into crystalline ethanesulfon-p-toluidide, identical to a

'For part 26 see ref. 1.

[Traduit par le journal]

specimen prepared by a standard method. The presence of a
small amount of the 2-hydroxyethanesulfinate salts (2 and 4)
was indicated by a pair of triplets, at 2.60 and 3.92 ppm in the
'Hmr spectrum, and by peaks at 65.9 and 59.1 ppm in the
Cmr spectrum of the crude product, the same signals having
been observed already with authentic 2-hydroxyethanesulfinate
(see experimental section and ref. 3).

An early indication that the crude potassium hydroxide prod-
uct contained 6 was obtained by aqueous chlorination, which
converted it into potassium | ,2-ethanedisulfonate, as shown by
the replacement of the peaks ascribed to 6 by characteristic
singlets in the *Cmr and 'Hmr spectra, at 49.3 and 3.26 ppm,
respectively. The 2-sulfinatoethanesulfonate anion was then
characterized in the form of its potassium (6) and sodium salts.
The latter was made simply by treating 1 with aqueous sodium
sulfite; the recrystallized material showed appropriate 'H and
"*Cmr and ir spectra and good elemental analyses. Conversion
of this salt to the acid by ion exchange followed by neutrali-
zation with KOH gave 6, which also gave correct elemental

Cl,
K*"0;SCH;CH,S03K* —f5> K" 0;SCH,CH,S03K*

6

(1) H* ion exchange

(2) KOH
SO
Na2S03 2
Na*~0,SCH,CH,S03Na' <—H20 / \
1

analyses and the same ir and '*Cmr and 'Hmr spectra as the
sodium salt. This preparation also, of course, provides the
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SO, aqueous Ba(OH),
[\ 25°C
) 2 (<5%)
aqueous KOH

25°C

“—> (HOCH,CH,S0;);Ba?* + (CH;CH,SO3)Ba?* + CH;==CH, + BaSO;

3 (~50%) (~25%)

HOCH,CH,SO5K* + CH;CH,SO5K+ + Kt-0,SCH,CH,SO5K* + CH,=CH,

4 (<5%) 5 (~35%)

6 (~25%)

(~25%)

See Table 1 for conversions and yields in individual runs
SCHEME 1

TABLE 1. The reaction of thiirane 1,1-dioxide (1) with aqueous barium and potassium hydroxides

Percentage yields of products (% conversions”)

Reactants and conditions®

CH;CH,SO,"M™

HOCH,CH,S0,"M™"

M [OH™] [1] Time (h) (3 or 5) CH=CH-* (20r4) Recovered 1
Ba/2 0.33 0.16 24 49 (53) 14 (15) 3(3) 7
0.36 0.18 48 53 (53) 31 (31) 3(3) 0
K 0.314 0.28¢ 34 34 (48) 26 (37) 5 (6) 3
0.45 0.45 42 28 (42) 24 (36) 3(5) 10
0.34° 0.17¢ 24 42 (54) 22 (28) 3 4) 0

“At room temperature in 5 mL of H,O, except as noted.

“That is, yield after correcting for recovered 1, and, for the KOH reactions, the formation of potassium 2-sulfinatoethane-
sulfonate (6). Recovery of 1 is probably not quantitative and the conversions given are therefore likely somewhat under-

estimated.

“Ethylene production was not determined directly; the numbers given are the yields of the co-product, i.e. BaSO; from the

Ba(OH), reactions, and 6 from KOH.
“Ten millilitres of H-0.

‘At the end of the reaction the mixture was extracted with CH.Cl, and the aqueous layer brought to pH 7.00 with 1 M HCI
and worked up; the weight of the product (148 mg after drying) was corrected for the KCI present (estimated from the volume
of HCI added) to give an estimated product weight (105 mg) which was used (with the 'Hmr spectrum) in calculating these

yields.

explanation for the difference in products found with the reac-
tion of 1 with potassium and barium hydroxides. The reaction
with hydroxide anion gives ethylene and sulfite anion in both
cases, but whereas SO,*~ simply precipitates as barium sulfite
in the one case, it remains in solution and reacts with 1 in the
other. Analogous ring opening of 1 by such nucleophiles as
bromide or thiophenoxide ions has been reported by Vilsmaier
and co-workers (4,5). The small amount of 2 and 4, noted in
the reactions of 1 with hydroxide presumably also arises simi-
larly though, in accord with the pattern expected from hard—
soft acid—base theory, this is only a very minor pathway with
this nucleophile.

The numbers in Table 1 given as “percentage conversion”
give the percentages of products after correction for unreacted
1 and, in the reaction with KOH, diversion of 1 to form 6. Note
that each molecule of BaSO; or 6 must be accompanied by a
molecule of ethylene, and, as indicated in Table 1, it is on this
basis that the (minimum) yields of ethylene are assigned. If in
fact these reactions simply involve hydroxide anion without the
countercations, we would expect the numbers under the above
heading to be the same for both the barium and potassium
hydroxides. The values in Table | indicate that the products
from the two reagents are the same within the uncertainty of the
rather complex and imprecise procedures used, and there is
clearly no basis for suspecting any counterion effect.

Our experiments on the cleavage of 1 with hydroxide were
carried out a number of times and found to be reproducible
within the limits of the analytical method. Since we regard the

identity of the products as established beyond reasonable
doubt, it is pertinent to consider why Hesse et al. report such
different results. Their elemental analyses, of course, fit 3 as
well as 2, but their assertion that their product above 50°C is
rapidly decomposed into ethylene and barium sulfite is more
difficult to explain. We have found that authentic 2 is not
readily decomposed below 350°C (3) and is stable at 98°C for
at least 5 h; 3 is also completely unaffected by temperatures
much higher than 50°C. We note, however, that in our hands
work-up of the reaction of 1 with Ba(OH), after | h (the reac-
tion time used by these authors) showed only partial reaction;
specifically 3 was formed in <20% yield and a good deal of
unreacted 1 was recovered. Noting also that their experiments
were carried out before 'Hmr or even ir spectra were generally
used to examine crude reaction products, we are inclined to
suspect that unreacted thiirane 1,1-dioxide (1), perhaps with
residual base, is the source of the ethylene produced on heating
above 50°C as reported by Hesse ez al. (2).

The mechanism of the final step of the Ramberg—Bdicklund
reaction

Cleavage of a thiirane 1,1-dioxide (episulfone) is, of course,
the final step in the well-known Bordwell mechanism (6,7) of
the Ramberg—Béacklund reaction (6—9). This process com-
monly gives an olefin (and presumably sulfite anion), though
(saturated) sulfonate anions have been observed when (a) the
original substrate has two or three c-halogen atoms (10,11),
and (b) as a minor product in the reaction of chloromethyl ethyl
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sulfone (12). Whereas the report of Hesse et al. (2) describes
behavior of the parent thiirane 1,1-dioxide entirely different
from that of its alkylated derivatives, our findings fit well with
the picture of episulfone cleavage adduced from study of the
Ramberg—Bicklund reaction. It would appear that up to one
alkyl group (or else one or more halogen atoms) on the thiirane
1,1-dioxide permits a measure of cleavage to the sulfonate salt,
whereas more alkyl groups lead more or less entirely to olefin
formation.

Bordwell et al. have suggested that a species analogous to 7
is an intermediate in the methoxide-promoted desulfonylation
of cis-2,3-diphenylthiirane 1,1-dioxide (13), and Paquette (8)
has proposed that formation of B-chloroalkanesulfonate anions
arises by “attack of hydroxide at the sulfur atom with C—S
bond cleavage to give more stable carbanion”. We find it par-
ticularly attractive to combine these two pictures and to view
the two sets of products as proceeding from a common species,
e.g. 7 and (or) possibly 8; a species such as 7, by having two
reaction pathways (other than reversal to starting material)

- 6 - 6 _
6] OH 6] o
\k e
7 8

must therefore have a finite lifetime, and thus be a genuine
intermediate. Although such hypervalent sulfur species have
been subjects of discussion for many years and well-charac-
terized oxygenated 10-S-5 anions have in fact been prepared
(19,20), the existence of such species as actual intermediates in
the reactions of ordinary sulfones or sulfonic or sulfuric esters
has not been established. A good case for such intermediates
has been presented by Kice (21), but, on the other hand, the
conclusion in one recent examination of the reaction of aryl
arenesulfonates is that the reaction probably does not proceed
by way of an intermediate of finite lifetime (22).

The formation of such a hypervalent species (7 or 8) is
expected (13) to be easy, relative to one from an unstrained
precursor, owing to the release of considerable ring strain,
provided that the form of 7 with one carbon apical and the other
equatorial is formed.? It should be noted that this version of 7

*Although the thermal decomposition of episulfones has been exten-
sively studied (see ref. 14 for a summary), it is evident that the
relatively neglected base-promoted process is the important pathway
under the usual conditions of the Ramberg—Bécklund reaction. For
example, although the conversion of cis-2,3-diphenylthiirane 1,1-di-
oxide to cis-stilbene is known to take place readily under mild condi-
tions (e.g. in 1 h in CS; at 46°C) (13,15—17), for the reaction in
methanol at 25°C Bordwell et al. note that “a [methoxide] concen-
tration of 10™° M is sufficient to make the half-lives of the first-order
and second-order decompositions equal” (13). In agreement with
Mock’s activation data (18), which show the desulfonylation of neat
1 to be very slow at room temperature (k = 2.1 X 107%s™' at 25°C),
we find that the 'Hmr signal of 1 in D,O is undiminished after 1 week
at room temperature; our base-promoted reactions were 90% complete
within 5 min to 48 h depending on the hydroxide concentration.

*The C—S—C angle in 1 is reported to be 54.6° (23) in contrast to
the “unstrained” angle in dimethyl sulfone of about 103° (24); con-
version to this form of 7 would therefore effect a considerable reduc-
tion in ring strain since the C—S—C angle in the corresponding
unstrained system would be expected to be around 90° or perhaps
slightly less (cf. ref. 20).

is less symmetrical than 1 and that cleavage to the eth-
anesulfonate (3 or 5) might be expected to arise by cleavage of
the relatively weak sulfur — apical carbon bond, probably in a
general acid-promoted process akin to that suggested by Thi-
bblin and Jencks (25) for the opening of cyclopropanols and
related species. For the synthetically important extrusion to
form the olefin, Bordwell et al. have suggested that the hyper-
valent intermediate cleaves by way of a short-lived biradical
species. This proposal was made after the enunciation of orbital
symmetry rules for cheletropic reactions but before the possi-
bility of nonlinear cheletropic cleavage of three-membered
rings had been put forward; in the light of Dewar’s very recent
pronouncement that “multibond reactions cannot normally be
synchronous” (26), however, we would not presume to exam-
ine the mechanism of the cheletropic extrusion further at this
stage.

In the hope of obtaining experimental verification of the
existence of 7 as a species of finite lifetime, we tried carrying
out the cleavage of 1 in "*O-water. As with the others before us
who have carried out related experiments (27,28), however, we
found no incorporation of "*0 in the recovered starting sulfonyl
compound. As has already been clearly noted by Kaiser (29),
failure to observe 0-exchange does not rule out the inter-
mediacy of the pentacoordinated species, but merely that if
such a species (e.g. 7) is formed, either equilibration of the
oxygens or return to 1 must be slow relative to its further
reaction.

Experimental

Reagent grade chemicals and solvents were used without additional
purification unless otherwise noted. Melting points were determined
on a Kofler Hot Stage and are uncorrected. Infrared spectra were
obtained with a Beckman 4250 spectrophotometer and, unless other-
wise stated, refer to KBr discs. The 'Hmr spectra were obtained using
Varian T60 and XL100 spectrometers, with all reported chemical
shifts from the latter instrument; '*Cmr spectra were determined on a
Varian XL200 instrument using a sweep width of 5 K with 32 K
transforms. Mass spectra were run on a Varian MAT-311A spec-
trometer. Solvent evaporation on work-up was carried out using a
Biichi rotary evaporator connected to a water aspirator. Thiirane
1,1-dioxide (1) was prepared by the method of Hesse et al. (2) and
purified by distillation (78°C/1.5 Torr; | Torr = 1.33 Pa). The color-
less liquid so obtained gave, on cooling, white crystals, mp 18—19°C,
and the following spectra: ir (CHCl3) v, 3100 (m), 3020 (m), 1390
(m), 1375 (m), 1325 (vs), 1210 (w), 1175 (vs), 1005 (m), 750 (m, br)
cm™"; '"Hmr (CDCls) 8: 3.15 (s); “Cmr (CDCls) 8: 31.6. The 'Hmr
spectra of a solution of 1 in D,O (with TSP as the chemical shift and
integration standard), before and after standing | week at room tem-
perature, were identical. Sodium 2-hydroxyethanesulfinate, prepared
as described previously (3), showed '*Crmr signals at 5(D-0) 65.8 and
59.0.

Reaction of thiirane 1,1-dioxide (1) with base

(a) Potassium hydroxide

A 10-mL round bottom flask containing thiirane 1,1-dioxide (1)
(205 mg, 2.2 mmol) and KOH (125 mg, 2.2 mmol) dissolved in water
(5 mL) was evacuated (2 Torr) and connected to an evacuated ir gas
cell (NaCl plates, 10-cm path length) via an adaptor fitted with a
stopcock which was opened from time to time over a 2-h period to
collect the evolved gas in the cell. The ir spectrum showed peaks at
Pmax 3120 (w), 3020 (vw), 1920 (w), 1440 (s), 945 (s) cm™', as
observed also in the spectrum of authentic ethylene (Linde). The
reaction mixture was allowed to react a further 40 h, after which it was
extracted with CH.Cl, (4 X 50 mL). The organic extracts were com-
bined, dried with anhydrous MgSO,, and the solvent evaporated to
give unreacted 1 (20 mg, 0.22 mmol, 10%). The aqueous layer was
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evaporated and the last traces of water removed by azeotropic dis-
tillation with benzene and then by keeping under vacuum (5 Torr) for
24 h. The white powder (263 mg) thus obtained gave the following
'"Hmr spectrum (D,0) 3: 1.27 (1), 2.92 (q), 2.59—3.22 (symmetrical
A>B, multiplet), 2.60 (t), 3.92 (t). The peaks were assigned from
comparison with authentic spectra to potassium ethanesulfonate (5)
(1.27 and 2.92 ppm), potassium 2-sulfinatoethanesulfonate (6)
(2.59—3.22 ppm), and potassium 2-hydroxyethanesulfinate (4) (2.60
and 3.92 ppm), with the ratio of the peak areas coresponding to
relative amounts of 50, 44, and 6% of 5, 6, and 4, respectively. The
"*Cmr spectrum of this mixture confirmed the presence of these com-
pounds with peaks at 57.7 and 46.8 assigned to 6, at 48.2 and 11.2
due to 5, and 65.9 and 59.1 ppm due to 4. This material showed the
presence of water (presumably of crystallization) in the ir spectrum;
Veax: 3400 (s, br), 2920 (w), 1620 (w), 1170 (vs, br), 1030 (s), 970
(w, br), 740 (m), 690 (w), 580 (w), 510 (w, br), 420 (w) cm™". Upon
drying at 145°C/5 Torr for 36 h, the peak at 3400 cm™' was largely
removed, and the product mixture weighed 237 mg, which, when
taken with the relative proportions deduced from the ‘Hmr spectrum,
corresponds to yields of 24% of 6, 28% of 5, and 3% of 4.

The presence of 6 in the reaction mixture was further demonstrated
as follows. Chlorine gas was bubbled for 2 min into a solution of 50
mg of the reaction product in water (1 mL) at room temperature. The
yellow solution so obtained was washed with CH.Cl,, the aqueous
layer then evaporated, and the residual solid dried as before; the white
powder (55 mg) thus obtained showed peaks at 3.3 in the 'Hmr and
49.3 ppm in the *Cmr spectra characteristic of potassium 1,2-ethane-
disulfonate (42%), in addition to those at 2.9 and 1.26 ppm (‘Hmr)
and at 48.3 and 11.3 ("Cmr) due to unchanged potassium ethane-
sulfonate (5) (58%). In a separate experiment, authentic 6 (27 mg,
0.12 mmol) was oxidized as above by bubbling chlorine (2 min) into
a D,0 solution (0.5 mL) at room temperature. The 'Hmr spectrum of
the resulting solution showed peaks at 3.3(s) and 3.4—4.5 ppm (ap-
parent A,B>). On standing (1 h), the complex set of peaks at 3.4—4.5
ppm almost completely disappeared, with corresponding growth of the
singlet at 3.3 ppm (assigned, from comparison with authentic mater-
ial, to potassium |,2-ethanedisulfonate); the complex set of peaks at
3.4—4.5 is tentatively assigned to potassium 2-(chlorosulfonyl)
ethanesulfonate, K™ 0;SCH.CH,SO,Cl, which hydrolyses on stand-
ing.

(b) Barium hydroxide

Thiirane 1,1-dioxide (1, 75 mg, 0.815 mmol), Ba(OH),.8H.0 (257
mg, 0.815 mmol), and water (5 mL) were combined and the gas
evolved collected over a 2-h interval and identified (as ethylene) as
described above. The reaction mixture was allowed to react a further
22 h, after which the precipitated white solid was collected by fil-
tration and dried (25 mg, 0.115 mmol, 14%); the ir spectum, with
peaks at v,,,,, 1880 (w), 1630 (w), 1100 (w), 940 (vs, br), 640 (m), 500
(m) cm™', was identical to that of an authentic specimen of BaSO;
(prepared by mixing solutions of Na,SO; and BaCl, and collecting and

. drying the precipitate). The filtrate was extracted with CH,Cl, (4 X 50

mL); the organic extracts were combined, dried with anhydrous
MgSO0., and the solvent evaporated to yield unreacted 1 (5 mg, 0.054
mmol, 7%). CO, was bubbled into the water layer and the precipitated
BaCO; filtered off (and, after drying, identified by ir). The aqueous
filtrate was then evaporated and the last traces of water removed as
before. The white powder (95 mg) so obtained showed (a) 'Hmr peaks
at & (D;0) 1.29 (t, 3H), 2.95 (q, 2H), 2.60 (t, 2H), and 3.90 (t, 2H),
indicating (by comparison with authentic spectra) the presence of 3
and 2 in relative proportions of 94% and 6% respectively, (b) the
following ir spectrum, Vu,: 3400 (m, br), 2980 (w), 2940 (w), 1650
(w), 1450 (w), 1425 (w), 1200 (vs, br), 1050 (s), 780 (w), 750 (m),
520 (s) em™', and (¢) ’Cmr peaks at 3 (D,0) 65.9 and 59.1 ppm
assigned to 2, and 48.2 and 11.2 ppm due to 3. Upon drying at
145°C/5 Torr for 36 h, the peak at 3400 cm™' was largely removed
and the product mixture weighed 92 mg, which, when taken with the
relative proportions deduced from the 'Hmr spectrum and corrected
for BaCO; present (see below), corresponds to 49% and 3% yields of
3 and 2 respectively. The BaCO; above apparently arose because of

the solubility of Ba(HCO,),; the quantity was estimated at 16 mg (of
the 92 mg above) on the basis of a control experiment in which a
known comparable amount of Ba(OH), was treated with CQO, as above
and the weight of the precipitate (78%) and the material remaining in
solution (22%) determined; the ir spectra of both (after drying) were
identical to that of authentic BaCO,.

In another experiment, 1 (1.2 g, 13 mmol) and Ba(OH),.8H.0O
(2.4 g, 7.6 mmol) in water (37 mL) were allowed to react for | h.
Excess CO, was then bubbled into the mixture and the precipitate of
BaCO; and BaSO; (as shown by ir) collected by filtration, and the
filtrate evaporated (below 35°C) to yield a cream-coloured solid (0.92
g), the "Hmr spectrum (D-O, T60) of which showed two singlets, a
quartet, and a triplet (ratios roughly 12:6:2:3) corresponding to
water, 1, and 3 in the molar ratio 6:3: 1, or about 400 mg (17% yield)
of 3. Attempts to remove the water completely considerably increased
the ratio of 3 to 1, presumably by volatilizing the latter; the 'Hmr
spectrum (XL100, D,0), in addition to the peaks at 4.65 (s, HOD),
3.38 (s, 1), 2.92 (q, 3), and 1.27 (t, 3), also showed peaks at 2.58
and 3.90 ppm corresponding to 2 (about 8 mol% of the amount of 3
or ~1% yield). An aqueous solution of this material was passed
through a column of Rexyn 101 (H) and evaporated to yield a brown
syrup. Thiony! chloride (50 mL) and a few drops of N,N-dimethyl-
formamide were added and the mixture refluxed for 3 h, whereupon
the excess SOCl, was removed by evaporation to give a brown liquid
(0.4 g). To this liquid a solution of p-toluidine (0.5 g, 4.7 mmol) and
triethylamine (1.0 mL, 7.2 mmol) in benzene (15 mL) was added.
After standing overnight the solution was extracted with 1.0 M HCI
(2 X 10 mL) and water (10 mL). The benzene layer was dried,
filtered, and the solvent evaporated to yield a brown oil (0. 16 g) which
was recrystallized from benzene — petroleum ether (60—80°C) to
yield off-white crystals (10 mg), mp 79—80°C; mixture mp with
authentic etl,. nesulfon-p-toluidide gave no depression; 'Hmr and ir
were identical to those of an authentic specimen, mp 79~80°C (30).

(c) K'*OH in H,*0

A solution of K'*OH was made by dissolving small pieces of potas-
sium (39 mg, 1 mmol) in 0.32 mL of H,"0 (97.5 at.% "*0), supplied
by MSD Isotopes division of Merck Frosst Canada Inc., Montreal,
Canada, under a slow stream of nitrogen at 0°C. Thiirane 1,1-dioxide
(1) (92 mg, 1 mmol) was then added to the above solution with stirring
at room temperature. Gas evolution started immediately. After 30 s,
the reaction mixture was extracted with CH.Cl, (4 X 20 mL). The
organic extracts were combined, dried with anhydrous MgSQO., and
the solvent evaporated to yield unreacted 1 (30 mg), which upon
analysis by mass spectrometry showed SO, peaks at m/e 64 and 66 in
the ratio 100 to 5.6; natural abundance thiirane 1, 1-dioxide showed the
same peaks in the ratio 100 to 5.2.

Preparation of sodium and potassium 2-sulfinatoethanesulfonates

Thiirane 1,1-dioxide (1) (191 mg, 2.08 mmol) and sodium sulfite
(anhydrous, 225 mg, 1.79 mmol) dissolved in DO (0.5 mL) were
allowed to react for 1.5 h, the reaction being monitored by 'Hrmr. The
unchanged 1 was removed by extraction with chloroform, and the D,O
solution then evaporated and the white solid so obtained dried as
before, to yield sodium 2-sulfinatoethanesulfonate (385 mg, 99%
based on Na,SQ,). The analytical specimen was recrystallized from
ethanol—water and dried at 125°C/1 Torr for 24 h; mp >360°C (dec.);
ir Vinga: 2910 (m), 2820 (w), 1190 (s), 1040 (s), 980 (w), 962 (w), 932
(w), 755 (m), 690 (w), 590 (w), 540 (w) ¢m '; 'Hmr (D-O) &:
2.61—3.22 (m, A,B,); “Cmr (D,0) &: 57.6, 46.8. Anal. calcd. for
C>H,OsS;Na,: C 11.01, H 1.83, S 29.36; found: C 11.02, H 1.82, §
29.31.

A portion of the above salt was converted to the potassium salt (6)
by passing the aqueous solution through Rexyn 101(H) (Fisher) cation
exchange resin and neutralizing to pH 7.0 with | M KOH solution.
Evaporation of the water gave a white solid which was recrystallized
from ethanol—water and dried as before; mp 319—320°C (dec.); ir
identical to that of the sodium salt. Anal. caled. for C;H405S:Ks: C
9.59, H 1.60, S 25.56; found: C 9.63, H 1.57, S 25.43.
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Preparation of potassium 1,2-ethanedisulfonate

This was made by the reaction of aqueous K>SO, with [,2-dibromo-
ethane (31). The compound so obtained gave the following spectra: ir,
Vinax: 3400 (m, br), 3020 (m), 2960 (w), 2940 (w), 1210 (vs, br), 1040
(s), 770 (s), 560 (s) cm™"; 'Hmr (D-0) 8: 3.3 (s); “Cmr (D-0) 8: 49.1.

Preparation of barium ethanesulfonate (3)

Ethanesulfony! chloride (1.0 g, 7.8 mmol) was stirred with
Ba(OH),.8H,0 (2.3 g, 7.3 mmol) in water (100 mL) for 3 h at room
temperature. The water was removed by evaporation and the off-white
residue (2.0 g) so obtained recrystallized from 95% alcohol to give 3
as colorless needles, mp >395°C; ir (Nujol) v,...: 1255 (m), 1220 (w),
1187 (s), 1162 (s), 1052 (s), 784 (m), 575 (m) ecm™"; 'Hmr (D-0) &:
1.29 (t, 3H), 2.94 (q, 2H); "*Cmr (D,0) &: 48.2, 11.2 ppm.

Stability of barium 2-hydroxyethanesulfinate (2)

Barium 2-hydroxyethanesulfinate (2) (49 mg, 0.28 mmol) prepared
as described elsewhere (3) was kept at 98°C for 5 h, at the end of which
time the 'Hmr spectrum of the material (48 mg, 98%) was that of
unchanged 2; 2 shows no mp but decomposes above 350°C (3).
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MAURICE BERGER, JEAN CADET, and JACQUES ULRICH. Can. J. Chem. 62, 6 (1984).

Steady-state <y-radiolysis of deaerated agueous solutions of thymidine has been carried out in the presence of
2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl (TAN), a well-known radiosensitizing agent. The eight main radiation-induced
TAN addition products to thymidine have been isolated and characterized by 'H and '*C nmr, cd, and fast-atom bombardment

mass spectrometry measurements.

MAURICE BERGER, JEAN CADET et JACQUES ULRICH. Can. J. Chem. 62, 6 (1984).

La radiolyse vy en régime stationnaire de solutions aqueuses désaérées de thymidine a été effectuée en présence de
tétraméthyl-2,2,6,6-pipéridone-4-N-oxyl (TAN) qui est un agent de radiosensibilisation. Les huit produits d’addition radio-
induite de la molécule de TAN avec la thymidine ont été isolés et identifiés par diverses méthodes spectroscopiques: rmn 'H
et "C, dc et spectrométrie de masse par bombardement avec des atomes rapides.

Introduction

Various nitroxyl free radicals including nor-pseudopelletier-
ine-N-oxyl (NPPN) and 2,2,6,6-tetramethyl-1,4-piperidone-
N-oxyl (TAN) have been shown to sensitize hypoxic living
cells to the lethal action of ionizing radiations (1, 2). The
radiosensitizing ability of TAN appears to be higher in bacterial
cells than in mammalian cells (3, 4). Two mechanisms which
involve DNA as the major cellular target have been proposed
for the biological action of several classes of radiosensitizers
(5). The first postulates the oxidation of DNA anionic radicals
(generated as anion—cation radical pairs by the direct action of
ionizing radiation in purine and pyrimidine bases) through elec-
tron transfer reactions with TAN or NPPN. This would prevent
the recombination of anion and cation radicals, resulting in
permanent damage to the biopolymer. A second reaction is the
covalent binding with radiation-induced DNA radicals (6). The
formation of covalent TAN—DNA adducts has been reported
upon irradiation either in aqueous solutions of DNA (7) or
within living cells (8). Such lesions, the structures of which
remain unknown, have been detected in Chinese hamster cells
as M. luteus sensitive sites (9). Pulse radiolysis experiments
have shown that the second-order reaction rate of TAN with the

-radicals resulting from the addition of OH radicals across the

5,6 bond of pyrimidine DNA components is an efficient
process (10). The two main addition products of TAN to
radiation-induced 5-hydroxy-5,6-dihydrothymin-6-yl and 6-
hydroxy-5,6-dihydrothymin-5-yl radicals have been isolated
and characterized (11). In the present study, thymidine has
been used as a DNA model compound for a further in-
vestigation of the binding of TAN with the various nucleoside
radicals induced by the water radiolysis species. We show that
the bulk of the adducts result from the binding reaction of TAN
with the radicals derived from addition of OH radicals at either
carbon C(5) or carbon C(6).

Results
Steady-state +y-radiolysis of oxygen-free aqueous solutions

! Author to whom all correspondence should be addressed.

of 1 mM thymidine containing 2 mM 2,2,6,6-tetramethyl-1,4-
piperidone-N-oxyl (TAN) led to the formation of a complex
mixture of nucleosides and thymine derivatives. These
compounds were separated by two-dimensional thin-layer
chromatography on silica gel plates (12). Eight nucleosides
which exhibit high chromatographic mobility gave a coloration
characteristic of carbonyl-containing compounds by spraying
the chromatoplates with the 2,4-dinitrophenylhydrazine re-
agent (13). This is consistent with the presence of the piper-
idone moiety in the above nucleosides. These TAN—thymidine
adducts were further purified and separated from the radiation-
induced diastereoisomers of 5,6-dihydrothymidine and 5,6-di-
hydroxy-5,6-dihydrothymidine by preparative thin-layer chro-
matography on silica gel, followed by reversed—phase high
performance liquid chromatography. These TAN—thymidine
adducts, which represent about 50% of the overall radiation-
induced degradation products (Table 1), were further charac-
terized on the basis of various spectroscopic measurements.
Further confirmation was provided by comparison with the
adducts generated in alternate chemical routes.

The eight thymidine derivatives 2—9 showed no absorption
around 260 nm, in line with the saturation of the 5,6-pyri-
midine bond of these nucleosides (14). The six more stable
thymidine—TAN adducts 2—7 were analyzed by fast-atom
bombardment (FAB) mass spectrometry. This soft ionization
technique is particularly suitable for the mass spectrometry
measurement of polar and fragile molecules, such as the TAN
adducts (Fig. 1). A prominent pseudo-molecular ion (M +
Na)* at m/z = 452 was observed in the positive mass spectrum
of each of the six nucleosides 2—7. The pseudo-molecular ion
(M — H)~ exhibited in the negative ionization mode at m/z =
428 is of relatively low intensity. These spectroscopic data
strongly suggest that these compounds result from the addition
of a hydroxyl radical and of a TAN molecule to the starting
thymidine. The same conclusions can be deduced from the
observation of a pseudo-molecular ion in the field desorption
(FD) and the desorption by chemical ionization (DCI) spectra
of compounds 2 and 3 respectively. In addition, the fragmen-
tation patterns of these adducts, particularly those obtained in
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TABLE 1. Yield of the radiation-induced TAN addition products 2—9
to thymidine in oxygen free aqueous solution

Nucleosides G value”
trans-(58,68)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-oxo-
[-piperidinoxy)-5,6-dihydrothy midine (2) 0.11
trans-(5R ,6R)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-oxo-
1-piperidinoxy)-5,6-dihydrothymidine (3) : 0.10
cis-(55,6R)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-oxo-
I-piperidinoxy)-5,6-dihydrothy midine (4) 0.05
cis-(5R,65)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-oxo-
1-piperidinoxy)-5,6-dihydrothy midine (5) 0.06
trans-(55,6S5)-6-hydroxy-5-(2,2,6,6,-tetramethyl-4-oxo-
1-piperidinyl-N-oxide)-5,6-dihydrothymidine (6) 0.05
trans-(5R,6R)-6-hydroxy-5-(2,2,6,6,-tetramethyl-4-oxo-
I-piperidinyl-N-oxide)-5,6-dihydrothymidine (7) 0.03
(5R*) and (55*)-5-(2,2,6,6,-tetramethyl-4-oxo- |-
piperidinyl-N-oxide)-5,6-dihydrothymidine (8, 9) 0.07
Thymidine (1) —-0.89

“Absorbed dose: 1.5 kGy; | mM thymidine and 2 mAM TAN aqueous
solutions.

*Number of molecules formed or destroyed per an absorbed dose of 1 Gy.
The G values are the average of four independent measurements (accuracy to
+5%).

FD-ms, provide significant structural information. Thus the
base peak at m/z = 259 corresponds to the loss of the TAN
radical, whereas major fragments can be assigned to the TAN
residue (m/z = 170) and the deoxyribose residue (m/z = 117)
respectively. Mass spectrometric analyses of the two other
nucleosides 8 and 9 were not so conclusive due to extensive
thermal decomposition of the samples.

The 250-MHz 'H nmr spectra of the thymidine—TAN
adducts 2—7 in D,O confirm the presence of the piperidine
moiety. In particular, they exhibit four singlets in the range
1.04—1.44 ppm which correspond to the resonance signals of
the methyl substituents of the piperidone ring. We also note the
presence at a slightly higher field (1.55—1.70 ppm) of an
additional singlet which was assigned as the pyrimidine methyl
group. The chemical shift of this signal and those of the H(6)
pyrimidine proton (5.23—5.40 ppm) are characteristic of
5,6-dihydrothymine derivatives. Similar 'H nmr features are
observed for the nucleosides 6 and 7, suggesting an isomeric
relationship for the adducts 2—7. On the other hand, the two
last products 8 and 9 have a different structure with a methylene
group (J .., = — 14 Hz) at the C(6) carbon and the TAN residue
attached to the C(5) carbon.

Site of attachment of the TAN moiety

Considerations of the 'H nmr chemical shift values of the
H(6) proton and of the thymine methyl group are not of interest
for determining the site of attachment of the piperidone ring,
either at the C(5) or the C(6) positions (Fig. 2). The comparison
of the chemical shift values of H(6) for the adducts 2—7 does
not show any significant differences which could be related to
the « or B position of the TAN substituent. The lack of any
selective downfield shift effect associated with other electro-
negative o substituents such as a hydroperoxide group has been
previously noted for 5,6-dihydrothymidine derivatives (15). It
must also be mentioned that the chemical shift of the pyrim-
idine H(6) proton is sensitive to the orientation of the aglycone
about the N-glycosidic bond (16). On the other hand, *C nmr
has been shown to be a suitable spectroscopic method for
investigating the effects of substituents at carbons C(5) and

7

C(6) in various 5,6-dihydrothymine derivatives (17). The rele-
vant '*C chemical shift values of the six thymidine—TAN
adducts 2—7 and of various 5,6-dihydrothymidine derivatives
are listed in Table 2. The comparison of the C(5) and C(6)
chemical shifts of the compounds 2—7 with the corresponding
carbons of the c¢is and trans diastereoisomers of 5,6-dihydroxy-
5,6-dihydrothymidine shows that the C(6) resonance signal of
compounds 2—5 is shifted downfield by about 9 or about
13 ppm. A similar deshielding effect is observed for the C(5)
of the thymidine—TAN adducts 6 and 7. This strongly suggests
that the TAN substituent is at position 5 in nucleosides 6 and
7 and at position 6 in adducts 2—S5. The magnitude of the «
effect of the TAN substituents (as determined by using
5-hydroxy-5,6-dihydrothymidine and 6-hydroxy-3,6-dihydro-
thymidine as the reference compounds) is 41 —45 ppm for the
C(6) carbon and about 38 ppm for the C(5) carbon. The lower
value for the latter carbon may be due to the more severe
crowding of this carbon which is suggested by the molecular
model. The variation in the magnitude of the « effect at the
C(6) carbon could be the result of changes in the syn—anti
conformation of the nucleobase with respect to the sugar
moiety, as discussed in more detail in the second paper (18).
Polarization effects resulting from the close vicinity of the
O(1') atom with the C(6) carbon in compounds 2 and § would
be at the origin of this shielding effect.

Further confirmation of the assignment of the position of the
TAN substituent was provided by the radiation-induced syn-
thesis of the various thymidine—TAN adducts 2—9 from
5,6-saturated thymidine derivatives. In the first series of re-
actions, the y-radiolysis of oxygen-free aqueous solutions of
(—)-trans-(55,65)-5-bromo-6-hydroxy-5,6-dihydrothymidine
(12) (18) in the presence of 4.7 mM TAN and 0.1 M tert-
butanol gives rise to the adduct 6, whereas irradiation of the
(+)-trans-5-bromo-6-hydroxy-5,6-dihydrothymidine (13) gen-
erates the adduct 7 (Fig. 3). A reasonable mechanism for their
formation would involve, in the initial step of the reaction, the
departure of the Br atom through an electron capture dis-
sociation process (20). A recombination reaction between the
resulting 6-hydroxy-5,6-dihydrothymid-5-yl radical and the
TAN molecule would generate, with retention of configuration
at the C(6) carbon (21), the adducts 6 and 7 respectively.

In the second series of reactions, evidence is provided for the
adducts 2—5. The two pairs of cis and trans diasteroisomers of
C(6) addition products, 5,3 and 4,2 respectively, can be pre-
pared in a selective way by using a radiation-induced pro-
cedure. y-Irradiation of deaerated aqueous solutions of the 5R
diasteroisomer of 5-hydroxy-5,6-dihydrothymidine (11) con-
taining 2 mM TAN generates adducts 3,5, whereas the two
other adducts 2,4 are obtained from (55)-5-hydroxy-5,6-di-
hydrothymidine (10). In addition, a mixture of both the 5R*
and 55* adducts, 8 and 9, the absolute configuration of which
has not been determined, is produced in both irradiated solu-
tions. Under the experimental conditions used, the hydroxyl
radical is the main radiolysis-reactive species which may ab-
stract a hydrogen at carbon C(6) or lead to the loss of a hy-
droxyl group at carbon C(5). Similar abstraction of a hydroxyl
group has been observed in X-irradiated 5-hydroxy-5-methyl-
barbituric acid (22). A recombination reaction of the resulting
oxyl radical with TAN (23) gives rise to a pair of cis and trans
diastereoisomers of C(6) adducts 5,3 or 4,2 with retention of
the C(5) configuration (Fig. 4). It should be noted that the
addition of the TAN molecule to the carbon C(6) is less stereo-
selective than to carbon C(5). This loss of stereospecificity is
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FIG. 1. FAB-ms spectra of the TAN—thymidine adduct 5: {a) positive mode; (b) negative mode.

probably due to the presence of the two bulky substituents on
the carbon C(5) preventing the preferential trans radical
addition which is usually observed with respect to the 5- or
6-monosubstituted carbon within the pyrimidine ring (24).

Nature of the linkage to the TAN substituent
The covalent addition of nitroxyl radicals to carbon-centered

radicals may generate either hydroxylamine derivatives (25) or
N-oxide type compounds (26). Chemical transformations of the
adducts 2—9 provided the most convincing evidence that the
TAN moiety is linked via the nitroxyl oxygen to carbon C(6)
in nucleosides 2—5 (hydroxylamine) and via the nitroxy! nitro-
gen to carbon C(5) in nucleosides 6—9 (N-oxide). Catalytic
hydrogenation is expected to convert the substituted hydroxyl-



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.42 on 09/06/12
. For personal use only. e Lo

BERGER ET AL.

TABLE 2. "*C Chemical shifts (8, ppm) of relevant pyrimidine carbons of TAN—
thymidine adducts and various diastereoisomers of 5,6-dihydrothymidine derivatives in

D’_)O“
Nucleosides CH; C(5) C(6)
trans-(58,6S8)-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-
|-piperidinoxy)-3,6-dihydrothymidine (2) 20.1 70.7 89.1
trans-(5R,6R)-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-
{-piperidinoxy)-5,6-dihydrothymidine (3) 19.8 70.7 93.7
cis-(58,6R)-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-
1-piperidinoxy)-3,6-dihydrothymidine (4) 23.8 73.2 93.4
cis-(5R,65)-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-
1-piperidinoxy)-5,6-dihydrothymidine (5) 24.0 73.6 89.1
trans-(58,6S8)-6-hydroxy-5-(2,2,6,6-tetramethyl-4-oxo-
1-piperidinyl-N-oxide)-5,6-dihydrothymidine (6) 14.6 80.9 79.5
trans-(SR,6 R)-6-hydroxy-5-(2,2,6,6-tetramethyl-4-oxo-
1-piperidinyl-N-oxide)-5,6-dihydrothymidine (7) 15.0 80.1 80.8
(—)-(58)-5-hydroxy-5,6-dihydrothymidine (10) 22.3 69.5 48.3
(+)-(5R)-5-hydroxy-5,6-dihydrothymidine (11) 22.7 69.6 48.2
(+)-(5R)-5,6-dihydrothymidine 13.3 35.8 43.2
(—)-(55)-5,6-dihydrothymidine 12.8 35.8 43.1
(+)-cis-(58,6R)-6-hydroxy-5,6-dihydrothymidine 10.5 42.2 77.6
(—)-cis-(5R,6S)-6-hydroxy-5,6-dihydrothymidine 10.4 42.5 76.7
(+)-cis-(58,6R)-5,6-dihydroxy-5,6-dihydrothymidine 22.8 73.6 80.7
(—)-cis-(5R,65)-5,6-dihydroxy-5,6-dihydrothymidine 22.9 73.5 79.9
(+)-trans-(SR,6R)-5,6-dihydroxy-5,6-dihydrothymidine 19.2 72.2 80.8
(—)-trans-(5S,65)-5,6-dihydroxy-5,6-dihydrothymidine 19.3 72.1 80.2
“All chemical shifts were referenced to external TMS.
e ? i i
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FIG. 2. Structure of three possible TAN—thymidine adducts with a A 0¢
5R stereoconfiguration.
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FIG. 3. Specific synthesis of the thymidine—TAN adduct 6 by
~v-radiolysis of deaerated aqueous solution of (—)-trans-5-bromo-6-
hydroxy-5,6-dihydrothymidine 12.

amine derivative to an alcohol and an amine through heterolysis
of the N—O bond according to an Sy2 mechanism (27).
Hydrogenolysis of the four adducts 2—35, in the presence of
Pd/C, generated in a quantitative way the thymidine glycols
and the 2,2,4,4-tetramethylpiperidone. However, the two C(5)
thymidine—TAN addition products 6 and 7 remain unchanged
under these hydrogenolysis conditions.

The latter compounds 6 and 7 are unstable in solutions and
undergo various transformations which can be rationalized on
the basis of the postulated N-oxide structure. In particular, they
show extensive decomposition after standing for 48 h in neutral

FIG. 4. Preparation of the thymidine—TAN adducts 2, 4, 8, and 9
by vy-irradiation of oxygen-free aqueous solutions of (55)-5-hydroxy-
5,6-dihydrothymidine (10).

aqueous solution at 20°C. The major degradation product was
characterized as 5-hydroxymethyl-2'-deoxyuridine (14) by
comparison of some of its spectroscopic features (uv, El-ms,
'H and "*C nmr) with those of the authentic sample synthesized
according to Baker et al. (28). A likely mechanism for its
formation would involve a Cope rearrangement, which is char-
acteristic of N-oxide type compounds (29). Hydrogen abstrac-
tion from the methyl by the N—O function through a planar
pentagonal transient state and subsequent departure of the
piperidone substituent would generate a nucleoside with a
methylene group (Fig. 5). Elimination of the hydroxyl at
carbon C(6) would give rise to a reactive carbonium ion, which
by reaction with water is converted to S5-hydroxymethyl-
2’-deoxyuridine (14). In H,O, the corresponding hydroper-
oxide 15 is obtained as the result of the nucleophilic attack by
the perhydroxyl ion on the carbonium ion intermediate (30). It
is interesting to note that similar reaction mechanisms have
been proposed in the biosynthetic pathway of 5-hydroxy-
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FiG. 5. Cope rearrangement of the thymidine—TAN adduct 6 or 7
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FIG. 6. Rearrangement of the thymidine—TAN adduct 6 or 7 to
5R* and 5S5*-1(2-deoxy-B-D-erythro-pentofuranosyl)-5-hydroxy-5-
methyl hydantoin (16, 17) and N-(2-deoxy-B-D-erythro-pentofuran-
osyl) formamide (18).

methyl-2'-deoxyuridine-5'-monophosphate which is catalyzed
by dUMP hydroxymethylase (31). We may note that N-1-(2-
deoxy-B-D-erythro-pentofuranosyl) barbituric acid (32), which
would result from initial hydrogen abstraction reaction at
carbon C(6), is produced, but in very low yield. This lower
yield could be explained by the lack of planarity for the penta-
gonal transient state, due to the half-chair conformation of the
5,6-saturated pyrimidine ring. The formation of thymidine (1)
from the other C(5) thymidine—TAN adducts 8 and 9 in
aqueous solution would also strongly suggest a N-oxide type
structure for these compounds. A Cope rearrangement appears
as a likely mechanism for the generation of 1.

Radical reactions, as the result of homolytic scission of the
C—N bond of adduct 6 or 7 (vide infra) are predominant in
aerated aqueous pyridine solutions. The major decomposition
products were characterized as thymidine (1) (10%), the four
cis and trans diasterecisomers of 5,6-dihydroxy-5,6-dihydro-
thymidine (20%), the N-(2-deoxy-B-D-erythro-pentofuranosyl)
formamide (18) (33), and the SR* and 55 * diastereoisomers of
N-(2-deoxy-p-D-erythro-pentofuranosyl)-5-hydroxy-5-methyl-
hydantoin (16, 17) (34). The formation of the two latter classes
of products may involve a Meisheimer mechanism (35) which
would generate the 6-hydroxy-5,6-dihydrothymid-5-yl radical
from homolytic scission of the C(5)—N bond. Subsequent fast
reaction of this pyrimidine radical with molecular oxygen
would give rise to the corresponding hydroxyhydroperoxyl
thymidine radical (36). Disproportionation reactions between
these peroxyl radicals are expected to produce oxyl radicals
(37), which through subsequent {3 scission reactions would lead
to the opening of the pyrimidine ring (Fig. 6). N'-(2-deoxy-
B-D-erythro-pentofuranosyl)-N'-formyl-N*-pyruvylurea is the
expected product of this reaction. Hydrolysis of this unstable
intermediate gives rise to the formamide compound 18 in
40% yield, whereas recyclization generates the hydantoin
nucleosides 16, 17 in about 20% yield.

The loss of oxygen from the molecular ion in electron impact

mass spectrometric analysis may be diagnostic for the N-oxide
structure (38). This particular ion (M — 16) has not been
observed in the FAB mass spectrometry measurements of
adducts 2—7, which show little fragmentation.

Determination of the absolute configuration of adducts 2—7

As mentioned above, the radiation-induced degradation of
the SR diastereoisomer of 5-hydroxy-5,6-dihydrothymidine
(11) in the presence of TAN gives rise to the trans and cis C(6)
adducts 3 and 5 with retention of the initial 5R configuration.
In the same way, the two 5 diastereoisomers 2 and 4 have
been prepared from the (55)-diastereoisomer of 5-hydroxy-
5,6-dihydrothymidine (10) (39). The cis and trans config-
uration of the two nucleosides of each pair of SR and 5§
diastereoisomers could be deduced by considering the y-effect
of the C(6) TAN substituent on the '*C nmr chemical shift value
of the pyrimidine methyl group. An upfield shift effect of about
3 ppm is observed for the trans thymine glycol (11) and the
corresponding 2’-deoxyribonucleoside derivatives (Table 2)
when the C(6) hydroxyl group is in a gauche relationship with
the C(5) methyl substituent. A similar upfield shift effect is
noted for the adducts 2 and 3 by comparison with the second
58 and 5R diastereoisomers 4 and 5 respective]y. The mag-
nitude of this y-effect is higher than for the 5,6-dihydroxy-
5,6-thymidine, as expected for a bulky C(6) substituent. As a
result, a 6R configuration and 6S configuration can be deduced
for 3,4 and 2,5 respectively.

The assignment of the C(6) configuration of the TAN—
thymidine adducts 6 and 7 is also based on their selective
preparation in 90% yield from the corresponding (55,6S) and
(5R,6R) 5-bromo-6-hydroxy-5,6-dihydrothymidine (12 and
13). As discussed above, a trans addition of the TAN molecule
to the 6-hydroxy-5,6-dihydrothymid-5-yl radical is expected to
take place preferentially, giving rise to the (55,6S) and
(5R,6R) TAN—thymidine adducts 6 and 7, respectively.

Mechanisms of the radiation-induced formation of the adducts
2-9

Interaction of the ~y-rays with dilute aqueous solutions of
thymidine and TAN leads to the formation of three reactive
species (40): OH radicals (G = 2.72), solvated electrons (G =
2.63), and hydrogen atoms (G = 0.55). Under the experi-
mental conditions used, about 40% of the OH radicals will
react with thymidine (41): kop+ara = 3.9 X 10° M~'s™". The
remaining 60% are scavenged by the TAN molecules (42):
(konstan = 6.3 X 10° M~' s7"). The pyrimidine ring of the
nucleoside is the preferential site of reaction of the OH' radicals
through addition at the carbons C(5) and C(6) as shown by esr
flow experiments (43). Recombination reactions of these radi-
cals with the TAN molecule give rise to the C(5) adducts and
the four cis and trans diastereoisomers of the C(6) addition
products. The reaction of the solvated electrons with thymidine
takes place mostly on the pyrimidine moiety (41). The resulting
anionic radical is exposed to be quantitatively oxidized to the
starting thymidine, since pulse radiolysis experiments have
shown that electron transfer reaction from electron pyrimidine
adduct to TAN is an efficient process (6, 8). The formation of
the two adducts 8 and 9 may also be accounted for by the
recombination reaction of 2,2,6,6-piperidone-N-oxyl with the
radiation-induced 5,6-dihydrothymid-5-yl radical (42). This
radical arises from the preferential addition of the hydrogen
atom to the carbon C(6) within the thymine moiety (44). It
should be noted that, in the present work, adducts with TAN
covalently bound to the sugar moiety of thymidine were not
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detected. On the other hand, this latter class of adducts has
been shown to be relatively important when purine 2'-deoxy-
ribonucleosides are exposed to +y-rays in deaerated aqueous
solution containing N-oxyl radicals (45).

Conclusion

The main radiation-induced TAN adducts to thymidine have
been isolated and characterized as recombination products be-
tween TAN and transient 5-hydroxy-5,6-dihydrothymid-6-yl
or 6-hydroxy-5,6-dihydrothymid-5-yl radicals. This constitutes
a first step to further studies dealing with the radiation-induced
binding of TAN to the thymine moiety within isolated DNA. In
particular, the knowledge of the structure and chemical prop-
erties of these various thymidine—TAN adducts will facilitate
their detection in enzymatic hydrolysates of DNA which has
been irradiated in the presence of TAN.

Experimental

Materials

Thymidine was purchased from Sigma (St. Louis, Missouri) and
used without further purification. 2,2,6,6-Tetramethylpiperidone was
obtained from Aldrich (Beerse, Belgium). 2,2,6,6-Tetramethylpiper-
idone N-oxyl was synthesized according to Briere e al. (46). The two
trans diastereoisomers of 5-bromo-6-hydroxy-5,6-dihydrothymidine
(12, 13) were prepared by addition of Br, to an aqueous solution of
thymidine (19) and separated by preparative reversed-phase high
performance liquid chromatography.

The four cis and trans diastereoisomers of 5,6-dihydroxy-5,6-di-
hydrothymidine (47), the two cis (55,6R) and (5R,6S) diastereo-
isomers of 6-hydroxy-5,6-dihydrothymidine (48), and the 5R and 5§
diastereoisomers of 5-hydroxy-5,6-dihydrothymidine (11, 10) (49)
were prepared according to literature procedures. The (—)-(55)-
dihydrothymidine has been obtained according to Kondo and Witkop
(14), whereas the (+)-(5R)-diastereoisomer has been prepared by
hydrogenation of an aqueous solution of thymidine in the presence of
Pd/C as the catalyst (50). 5-Hydroxymethyl-2'-deoxyuridine has been
synthesized according to Baker et al. (28). ["*CH,]thymidine has been
obtained from the Service des Molécules Marquées du Commissariat
a I’Energie Atomique (Saclay, France). The radioactive nucleoside
was purified prior to use on a Nucleosil octadecylsily! silica gel
column to remove self-radiolysis decomposition products.

Spectroscopic measurements

The uv absorption spectra were registered on a Beckman spec-
trophotometer Model 5230. The ir spectra using the KBr micropellet
method were obtained on a Perkin—Elmer spectrophotometer Mode!
177. Field desorption mass spectra were obtained on a Varian-Mat 311
spectrometer. (The intensity of the current of desorption was 10 mA.)
Fast-atom bombardment (FAB) mass spectrometry was carried out in
a Model MS 50 spectrometer equipped with a commercially available
FAB gun. Desorption of the molecules was obtained by exposure to
a beam of 8-keV xenon atoms in a glycerol mull. Chemical ionization
mass spectra using NH; as the reactant gas were performed on a
Nermag R 10-10 C apparatus. The 'H nmr and "“C nmr spectra
operating at 250 MHz and 62.83 MHz respectively were obtained on
a CAMECA TSN 250 apparatus in the Fourier transform mode.
Deuterium oxide was used as the solvent with 3-(trimethylsilyl)-
propionate-2,2,3,3-d, as the internal reference. Circular dichroism
spectra (cd) were registered on a Roussel Jouan Il dichrograph using
methanol as the solvent.

Irradiation procedure

The +v-radiolysis experiments were carried out with three “'Co
sources located in a pool. The dose rate, which was determined ac-
cording to Fricke’s method, was 110 Gy/min. The flasks which were
used for the irradiation experiments were previously filled with bi-
distilled water (pH 6.5) and exposed to high doses of y-rays (10°Gy)
in order to destroy the organic impurities within the glass. The

aqueous solutions of thymidine were deaerated by bubbling nitrogen
for 15 min prior to irradiation.

Chromatographic analyses

Analytical two-dimensional separations of radiation-induced de-
composition products of thymidine were carried out on precoated
silica gel 60 Fiss plates (Merck, Darmstadt, G.F.R.) with the two
following solvent systems (12): 1. lower phase of chloroform—
methanol—water (4:2:1) to which was added 5% of methanol; 1.
ethyl acetate — 2-propanol — water (75:16:9). Preparative thin-layer
chromatography was performed on thick precoated silica gel plates
(Merck). Detection of far-uv absorbing compounds was made by
fluorescence quenching with a 254-nm emitting Desaga mineral
lamp. The 2’-deoxyribonucleosides were visualized as pink -spots
after spraying the plates with the cysteine — sulfuric acid reagent and
subsequent heating for 3 min at 100°C. The carbonyl-containing
compounds were detected on the chromatogram by using the 2,4-di-
nitrophenylhydrazine spray reagent (13).

Quantitative analysis

The ["“C] radio-labelled compounds were detected on the thin-layer
silica gel plates by autoradiography using Kodak NS-2T X-ray sensi-
tive films. Detection of radioactivity as low as 0.01 wCi/cm® was
made after overnight exposure. The detected radioactive compounds
were further scraped off the silica gel and suspended in | mL water for
2 h. Under these conditions, the radioactive recovery was nearly
quantitative. The {3 scintillation counting was accomplished on a
Packard model 2425 Tricarb spectrometer.

Isolation and characterization of the radiation-induced TAN ~
thymidine adducts

A solution of | mM thymidine (484 mg) and 2 mM TAN (680 mg)
in 2 L of deaerated water was irradiated for 45 min with ®°Co y-rays
(absorbed dose: 4950 Gy). The solution was evaporated to dryness
under reduced pressure. The resulting residue was dissolved in 2 mL
of aqueous methanol (1:1) and applied to 5 preparative thick-layer
chromatoplates. The developing solvent was a mixture of chloroform
and methanol (9:1). The faster-moving broad uv-absorbing zone
(R 0.35), which gives rise to a yellow coloration with the 2,4-dinitro-
phenylhydrazine spray reagent, was extracted with 50% aqueous
methanol (3 X 10 mL). Evaporation of the solution to dryness gave
a syrup (129 mg) which was deposited on 5 thin-layer precoated silica
gel plates. Two uv absorbing zones were resolved (R 0.53 and 0.43
respectively) by using chloroform—methanol (9: 1) as the developer.
The fastest eluting uv absorbing zone (R 0.53) was shown to contain
a mixture of three thymidine—~TAN adducts 4, 8, and 9 (46 mg) after
being extracted with 50% aqueous methanol (3 X 6 mL). The slower
eluting uv absorbing zone (R 0.43) was scraped off and the silica gel
was further extracted with 50% aqueous methanol (3 X 6 mL). Evap-
oration to dryness of the resulting solution yielded 67 mg of a colorless
syrup which contains the four thymidine—TAN adducts 2, 3, 5,
and 7.

cis-(5S,6R )-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-1-piperidin-
oxy)-5,6-dihydrothymidine (4)

The oily residue (46 mg) which is a mixture of adducts 4, 8, and 9
was extracted from the faster uv-absorbing zone and applied to 3
precoated silica gel plates. The tlc plates were developed with ethyl
acetate as the solvent. Two main zones which give a positive col-
oration with the cysteine—H»SO, or the 2,4-dinitrophenylhydrazine
spray reagents were detected by fluorescence quenching at 254 nm.
The fastest eluting zone (R 0.62) was scraped off and the resulting
silica gel was extracted with 3 X 5 mL of water—methanol (1:1).
Evaporation to dryness of the filtrates yields 14 mg (1.7%) of an oily
compound which was shown to be homogeneous by reversed-phase
high performance liquid chromatography analysis on a C-18 Nucleosil
column using a mixture of water—methanol (7:3) as the solvent (k' =
1.50); uV (Amax H20): 206 nm; 'H nmr (D-O, TSP) 8: 1.14 (s, 3, CHa),
1.21 (s, 3, CHs), 1.32 (s, 3, CHa), 1.44 (s, 3, CHs), 1.59 (s, 3, CHs
thymine), 2.42 (ddd, 1, H-2"), 2.94 (m, |, H-2"), 3.74 (dd, 1, H-5"),
3.82 (dd, 1, H-5"), 4.0 (m, L, H-4"), 4.47 (m, [, H-3"), 5.41 (s, L,
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H-6), 5.78 (dd, 1, H-1'); '°C nmr (D,O, TMS) 3: 19.8 (q, CH,
thymine), 23.7, 24.3, 32.3, 33.8 (q, 4 X CHj; piperidonc), 38.7 (t,
C-2"), 53.6 (t, CH, piperidone), 53.7 (t, CH. piperidone), 63.0 (t,
C-5'), 66.1 (s, C-2, C-6 piperidone), 70.7 (s, C-5 thymine), 72.3 (d,
C-3"),87.0(d, C-4"),92.8(d, C-1"),93.7 (d, C-6 thymine); cd (¢ I .4,
methanol): [8]as0 +0, [0]270 — 140, [8]260 — 1720, [8]250 —4650, [0]40
—1720, [0]asz =0, [0]230 +3500; FAB-ms, m/e (relative intensity),
positive mode: 452 (30, M™ + Na), 430 (8, M™ + H), 265 (20), 172
(15, TAN + 2H), 117 (58, 2-deoxyribose); negative mode: 428 (12,
M~ — H), 283 (17), 257 (41, M~ — TAN), 241 (6, thymidine-H),
142 (15,5-hydroxy-5,6-dihydrothyminc), 125 (18, thymine-H), 116
(14, 2-deoxyribose-H).

(5R*) and (5S%)-5-(2,2,6.,6-tetramethyi-4-oxo- 1 -piperidinyi-N-
oxide)-5,6-dihydrothymidine (8, 9)

Extraction of the slowest uv-absorbing zone (R 0.31) yielded 23
mg of a mixture of thymidine—TAN adducts 8 and 9 which were
further separated on the C-18 Nucleosil octadecylsilyl silica gel col-
umn under the above conditions. Two main fractions corresponding to
nucleosides 8 (k' = 4.36) and 9 (k' = 4.85) were collected. Evapo-
ration to dryness of the aqueous methanol solutions gave respectively
9 mg of 8 (1.1%) and 8 mg of 9 (1%) as oily compounds.

Compound 8: 'H nmr (DO, TSP) 3: 1.18 (s, 3, CH.), 1.21 (s, 3,
CH;), 1.22 (s, 3, CHa), 1.27 (s, 3, CHs), 1.57 (s, 3, CH; thymine),
2.18(ddd, 1, H-2"), 2.35 (ddd, 1, H-2"), 3.57 (d, 1, H-6a), 3.70 (dd,
1, H-5"), 3.76 (dd, 1, H-5), 3.92 (m, 1, H-4"), 4.17 (d, [, H-6b),
4.41 (m, 1, H-3"), 6.31 (dd, 1, H-1").

Compound 9: 'H nmr (D,O, TSP) &: 1.16 (s, 3, CHa), 1.22 (s, 3,
CHa), 1.23 (s, 6, 2 X CH3), 1.56 (s, 3, CH; thymine), 2.16 (ddd, 1,
H-2"),2.28 (ddd, 1, H-2"),3.48 (d, 1, H-6a), 3.73 (dd, 1, H-5"), 3.76
(dd, 1, H-5"),3.92 (m, I, H-4"),4.12(d, I, H-6b), 4.4 (m, |, H-4"),
6.29 (dd, 1, H-1").

Cis-{5R.68)-3-hydroxy-6-(2,2,6,6-tetramethyl-4-ox0-1-piperidin-
oxy)-5,6-dihydrothymidine (5)

The mixture (67 mg) of the four thymidine— TAN adducts 2, 3, §,
and 7 was extracted from the second 2’-deoxyribonucleoside-con-
taining band (R, 0.42), applied to 5 silica gel precoated plates, and
eluted with ethyl acetate as the solvent. Extraction of the fastest
eluting band (R 0.61) provided a mixture (25 mg) of the TAN-
addition products § and 7, which were further separated by reversed-
phase hplc on the C-18 Nucleosil column as reported above. Evapo-
ration to dryness of the methanolic aqueous solution containing the
fastest eluting compound (4" = 1.14) yielded 12 mg of 5 (1.4%) as an
oily compound; uv (Apax H20): 216 nm; 'H nmr (D-O, TSP) &: 1.09
(s, 3, CHj), 1.24 (s, 3, CH3), 1.29 (s, 3, CHa), 1.42 (s, 3, CHa), 1.54
(s, 3, CH; thymine), 2.35 (ddd, 1, H-2"), 3.15 (ddd, 1, H-2"), 3.76
(m, 2, H-5" and H-5"), 3.93 (m, 1, H-3'), 4.48 (m, 1, H-4"), 5.36 (dd,
1, H-1"); "*C nmr (D-O, TMS) 3: 24.0 (g, CH, thymine), 24.2 (q, 2,
X CH; piperidone), 32.4 (q, 2 X CH, piperidone), 38.6 (t, C-2'),
53.5 (t, 2 X CHj; piperidone), 63.0 (t, C-5), 66.0 (s, C-2 and C-6
piperidone), 72.5 (d, C-3"), 73.6 (s, C-5 thymine), 85.5 (d, C-1"),
86.3 (d, C-4'), 89.1 (d, C-6 thymine); cd (¢ 1.2, methanol): [6]36 =0,
[0]a80 +310, [0]260 +2480, [8]250 +6470, [8]246 +7100, [6]240 +4920,
[6]232 £0; FAB-ms m/e (relative intensity), positive mode: 452 (10,
M™ + Na), 430 (3, M* + H), 265 (7), 172 (46 TAN + 2H), 117 (67,
2-deoxyribose); negative mode: 428 (20, M~ — H), 275 (16), 257 (73,
M~ — TAN), 241 (4, thymidine-H), 142 (31, 5-hydroxy-5,6-dihydro-
thymine), 125 (22, thymine-H), 116 (37, 2-deoxyribose-H).

trans-(5R,6R )-6-hydroxy-5-(2,2,6,6-tetramethyl-4-oxo-1 -piperidin-
yI-N-oxide)-5,6-dihydrothymidine (7)

The slowest eluting fractions (k" = 3.50) were collected and evap-
orated to dryness, yielding 11 mg of 7 (1.3%) as an oily compound;
UV (Amax H20): 215 nm; 'H nmr (D,O, TSP) 8: 1.08 (s, 6, 2 X CH,),
1.17 (s, 3, CH3), 1.29 (s, 3, CH,), 1.64 (s, 3, CH; thymine), 2.27
(ddd, 1, H-2"), 2.36 (ddd, 1, H-2"), 3.74 (dd, 1, H-5"), 3.79 (dd, 1,
H-5), 3.95 (m, 1, H-4"), 4.44 (m, 1, H-3"), 5.32 (d, |, H-6), 6.25
(dd, 1, H-1"); "C nmr (D;0, TMS) &: 15.0 (g, CH; thymine), 23.6
(q, CH3), 23.7 (q, CH3), 33.9 (q, CHa1), 34.0(q, CH3), 39.1 (1, C-2"),

53.9 (t, CH, piperidone), 54.3 (t, CH- piperidone), 62.6 (t, C-5'),
67.3 (s, C-2 or C-6 piperidone), 68.0 (s, C-6 or C-2 piperidone), 72.0
(d,C-3"), 80.1(d, C-6), 80.8 (s, C-5), 86.2 (d, C-1"), 86.7 (d, C-4');
cd (C 1.6, mCthanOl): [6]31() iO, [6]30(, _200, [6]1«)4 _220, [6]339 i0,
[0]270 +2900, [8]255 +6230, [0]540 4450; FAB-ms m/e (relative in-
tensity), positive mode: 452 (15, M™ + Na), 430 (6, M* + H), 172
(48, TAN + 2H), 154 (18), 130 (48), 117 (2-deoxyribose); negative
mode: 428 (22, M~ — H), 275 (18), 257 (76, M~ — TAN), 142 (32),
125 (22, thymine — H), 116 (36, 2-dcoxyribose — H).

trans—(5S,68 )-5-hydroxy-6-(2,2,6 ,6-tetramethyl-4-oxo- 1 -piperidin-
oxy)-5,6-dihydrothvmidine (2)

The silica gel containing the slowest eluting thymidine—TAN ad-
ducts 2 and 3 (R 0.30) was cxtracted with 50% aqucous methanol (3
X 6 mL). The evaporation of the resulting solution to dryness gave 26
mg of the two nucleosides 2 and 3 which were applied to the C-18
Nucleosil column and eluted with methanol —water (7:3) as the sol-
vent. The fractions containing the fastest cluting nucleoside (k' =
3.43), as monitored by its uv absorption at 230 nm, were collected.
Evaporation to dryness of the aquecous methanol solution yiclded 15
mg of 2 (1.8%) as an oily compound; uv (A H-0): 206 nm; 'H nmr
(D-O, TSP) &: 1.04 (s, 3, CHs), 1.07 (s, 3, CHy), 1.23 (s, 3, CH.),
1.43 (s, 3, CH3), 1.69 (s, 3, CHs thymine), 2.34 (ddd, 1, H-2"), 3.14
(ddd, 1, H-2'), 3.72 (dd, 1, H-5"), 3.80 (dd, 1, H-5), 3.88 (m, |,
H-4"), 4.47 (m, 1, H-3"), 5.24 (d, 1, H-6), 6.29 (dd, 1, H-1"); *C nmr
(D20, TMS) &: 20.1 (q, CH; thymine), 23.6 (g, 2 X CH,), 32.8 (q,
CH3), 33.0 (g, CH3), 53.8 (t, CH, piperidone), 53.9.(t, CH; piper-
idone), 62.5 (t, C-5'), 64.4 (s, C-2 or C-4 piperidone), 65.8 (s, C-4
or C-2 piperidone), 70.7 (s, C-5 thymine), 71.7 (d, C-3'), 85.5 (d,
C-1"), 86.0 (d, C-4), 89.1 (d, C-6 thymine); cd (¢ 1.2, methanol):
(61310 =0, [0]s0 +190, |0]s60 +2840, [6]:55 +3800, |6]246 +2830,
[0]240 £0, [6]230 —8400; FAB-ms, m/e (relative intensity), positive
mode: 452 (35, M* + Na), 430 (12, M™ + H), 354 (6), 265 (20), 172
(22, TAN + 2H), 117 (40, 2-deoxyribose); negative mode: 428 (22,
M™ — H), 283 (15), 257 (42, M~ — TAN), 241 (8, thymidine — H),
142 (16, 5-hydroxy-5,6-dihydrothymine — H), 125 (16, thymine —
H), 115 (15, 2-deoxyribose — H); FD-ms, m/e (relative intensity):
430 (40, M™ + H), 259 (100, M* — TAN), 170 (75, TAN), 117
(15, 2-deoxyribose).

trans-(5 R, 6R )-5-hydroxy-6-(2,2,6,6-tetramethyl-4-oxo-1 -piperidin-
oxy)-5,6-dihydrothymidine (3)

The fractions containing the slowest eluting thymidine—TAN ad-
duct 3 (k" = 4.57) were collected and evaporated to dryness, yielding
14 mg (1.7%) of an oily compound; uv (A.x H-O): 214 nm; 'H nmr
(D20, TSP) &: 1.07 (s, 3, CHa), 1.17 (s, 3, CH3), 1.26 (s, 3, CH,),
1.44 (s, 3, CH,), 1.66 (s, 3, CHs thymine), 2.42 (ddd, 1, H-2"), 2.96
(ddd, 1, H-2"), 3.73 (dd, 1, H-5"), 3.79 (dd, 1, H-5"), 3.99 (m, 1,
H-4"), 4.45 (m, 1, H-3"), 5.34 (s, 1, H-6), 5.75 (dd, 1, H-1"); "*C nmr
(D;0O, TMS) 3: 19.8 (q, CH; thymine), 23.7 (q, CH,), 24.3 (q, CH.),
32.3 (g, CH3), 33.8 (q, CH3), 53.6 (t, CH: piperidone), 53.7 (t, CH,
piperidone), 63.0 (t, C-5'), 66.1 (s, C-2 and C-6 piperidone), 70.7 (s,
C-5 thymine), 72.3 (d, C-3'), 87.0(d, C-4"), 92.8 (d, C-1"), 93.7 (d,
C-6 thymine); cd (¢ 1.8, methanol): [8]a00 %0, [08]s70 —300, [0]260
— 1480, [6]2ss — 1780, [6]246 — 1290, [8]245 +0, |6]230 +8200; FAB-
ms, m/e (relative intensity), positive mode: 452 (28, M™ + Na), 430
(11, M* + H), 265 (18), 172 (51, TAN + 2H), 117 (82, 2-deoxy-
ribose); negative mode: 428 (29, M~ — H), 257 (58, M~ — TAN),
241 (8, thymidine — H), 142 (26, 5-hydroxy-5,6-dihydrothymine —
H), 125 (37, thymine — H), 115 (25, 2-deoxyribose — H); DCI-ms
(NH3) m/e (relative intensity), positive mode: 430 (40, M* + H),
276 (10, M™ — TAN + NHa,), 243 (11, thymidine + H), 172 (42,
TAN + 2H).

trans-(5S,68S)-6-hydroxy-5-(2,2,6,6-tetramethyl-4-oxo- I -piperidinyl-
N-oxide)-5,6-dihvdrothymidine (6)

The main uv absorption band (R; 0.22), which contained the
starting thymidine (1) and the thymidine—TAN addition product 6,
was scraped off and the two nucleosides were extracted with 50%
aqueous methanol (3 X 6 mL). The resulting solution was evaporated
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to dryness and applied to the C-18 Nucleosil reversed-phase column,
The eluent was a mixture of water and methanol (7:3) and the de-
tection of the nucleosides was monitored at 230 nm. The latest eluting
nucleoside consisted of thymidine (k" = 1.05). The fractions contain-
ing the thymidine—TAN adduct (k" = 4.58) were collected and evap-
orated to dryness, giving 12 mg of a colorless oily compound (1.4%),
UV (Amax H20): 214; 'H nmr (D0, TSP) 8: 1.10 (s, 6, 2 X CH,), 1.21
(s, 3, CHs), 1.31 (s, 3, CHa), 1.65 (s, 3, CH; thymine), 2.20 (ddq,
1, H-2"), 2.44 (ddd, 1, H-2"), 3.74 (dd, 1, H-5"), 3.79 (dd, 1, H-5),
3.96 (m, 1, H-4"), 4,46 (m, 1, H-3'), 5.39 (s, 1, H-6), 6.26 (dd, I,
H-1’); "°C nmr (D,0, TMS) &: 14.6 (g, CH, thymine), 23.6 (g, 2 X
CH3), 33.8 (q, 2 X CHa), 37.8 (t, C-2"), 53.8 (t, CH, piperidone),
54.3 (CH. piperidone), 63.1 (t, C-5"), 63.8 (s, C-2 or C-4 piperidone),
64.2 (C-4 or C-2 piperidone), 72.5 (d, C-3"), 79.5 (d, C-6 thymine),
80.9 (s, C-5 thymine), 85.1 (d, C-4’), 86.6 (d, C-1"); cd (¢ 1.3,
methanol): [8]so =0, 18]300 +80, [8]2s3 +600, [B]276 +0, [0]260
—1500, [8]240 —3870, [8]220 —3760; FAB-ms m/e (relative intensity),
positive mode: 452 (18, M™ + Na), 430 (10, M* + H), 172 (40, TAN
+ 2H); negative modec: 428 (20, M~ — H), 257 (70, M™ — TAN), 116
(40, 2-deoxyribose — H).

Decomposition studies of the adducts 2—7 in aqueous solutions

The TAN—thymidine adduct 6 (45 mg) was dissolved in 100 mL of
water (pH 6.5) and the resulting aerated solution was stirred for 48 h
at 30°C. Two-dimensional thin-layer chromatographic analysis of an
aliquot of the solution shows, besides the starting compound, the
presence of a far-uv absorbing nucleoside. Preparative separation of
this nucleoside was made on two thick silica gel tlc plates by using
solvent system Il. Extraction of the silica gel (R.~O.§5) with methanol
(3 x 6 mL) provided 11.5 mg of a nucleoside which was characterized
as 5-hydroxymethyl-2'-deoxyuridine (14) by comparison of its uv,
'H nmr, and FAB mass spectrometric features with those of the
authentic sample (28).

Under the same experimental conditions, the partial decomposition
of 7 (~60%) generated 5-hydroxymethyl-2-deoxyuridine (14) in 45%
yield as the major product.

It has to be pointed out that the other TAN—thymidine adducts 2~5
did not undergo any detectable degradation in the above conditions,
even at a higher temperature (60°C).

Conversion of the adducts 6 and 7 to 5-hydroperoxymethyl-2'-
deoxyuridine (15)

The solution of the adduct 6 (35 mg) in 80 mL of 30% aqucous
hydrogen peroxide was stirred for 15 h at 30°C. The solution was
evaporated to dryness under reduced pressure (107* Torr; | Torr =
133.3 Pa) to remove H>O,. The resulting residue was deposited on
three thin-layer precoated silica gel plates which were further eluted
with the solvent system Il. The silica gel containing the main uv
absorbing band (R, 0.50), which gave a positive test for a peroxidic
compound by spraying the chromatogram with a methanolic solution
of KI, was scraped off and extracted with 3 X 6 mL of methanol.
Evaporation of the methanolic solution yielded 8.8 mg of S-hydro-
peroxymethyl-2’-deoxyuridine (39%), which showed uv and 'H nmr
spectroscopic properties identical to those of the authentic sample
(30). Work-up in a similar way of the minor uv absorbing band gave
1.2 mg of 5-hydroxymethyl-2'-deoxyuridine (14) (5%).

Treatment of the adduct 7 under the above conditions yielded
5-hydroperoxy-2'-deoxyuridine (15) and 5-hydroxymethyl-2’-deoxy-
uridine (14) in 35% and 6% yields, respectively.

Stability studies of the thymidine adducts 2—7 in pyridine—water
solutions

The TAN addition product to thymidine, 6 (85 mg), was dissolved
in 100 mL of 50% aqueous pyridine. The resulting solution was
stirred, open to the air, for 3 h at 60°C. The solution was evaporated
to dryness and the resulting residue was applied on two precoated
silica gel plates. Solvent system Il was used as the developer. Six main
bands, which gave a pink coloration after spraying the chromatoplates
with the cysteine — sulfuric acid reagent, were extracted with 3 X 5
mL of methanol. Evaporation to dryness of the resulting solutions

yielded six homogeneous nucleosides which were characterized by
comparison of their uv, 'H nmr, cd, and mass spectrometric features
with those of the corresponding authentic samples: N-(2-deoxy-pB-
D-erythro-pentofuranosyl) formamide (18) (R 0.22; 22.2 mg, 40%);
(+ )-cis-(5S,6R)-5,6-dihydroxy-5,6-dihydrothymidine (R, 0.30; 9.8
mg, 10%); (—)-cis-(5R,65)-5,6-dihydroxy-5,6-dihydrothymidine (R,
0.33; 9.4 mg, 10%); thymidine (1) (R, 0.52; 7.9 mg, 9%); (+)-
(SR*)-1-(2-deoxy-B-D-erythro-pentofuranosyl)-5-hydroxy-5-methyl-
hydantoin (16) (R, 0.57; 7.9 mg, 9%); (—)-(55*)-1-(2-deoxy-B-D-
erythro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (17) (R, 0.61;
8.5 mg, 10%).

Under similar experimental conditions, the degradation of the
adduct 7 gave rise to the following compounds, which were separated
by thin-layer chromatography on precoated silica gel plates as reported
above: N-(2-deoxy-B-D-erythro-pentofuranosyl) formamide (18) (R,
0.22; 29.3 mg, 41%); (+)-cis-(55,6R)-5,6-dihydroxy-5,6-dihydro-
thymidine (R, 0.30; 8.4 mg, 9%); (—)-cis-(5R,6S5)-5,6-dihydroxy-
5,6-dihydrothymidine (R 0.33; 8.6 mg, 9%); (+)-(5R*)-1-(2-deoxy-
B-D-erythro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (16) (R,
0.57; 7.7 mg, 9%); (—)-(55*)-1-(2-deoxy-B-D-erythro-pentofuran-
osyl)-5-hydroxy-5-methylhydantoin (17) (R, 0.61; 8.4 mg, 10%).

The other adducts 2—5 are stable in pyridine—water at 60°C. In
particular, no detectable decomposition of these adducts was observed:
after storage under the above conditions over a period of 24 h.

v-Radiolysis of deaerated aqueous solutions of 5-bromo-6-hydroxy-
5,6-dihydrothymidine (12) or (13) in the presence of TAN

A 0.1 M tert-butanol solution of 200 mg of (+)-trans-5-bromo-
6-hydroxy-5,6-dihydrothymidine (13) and 200 mg of TAN in 250 mL
of bi-distilled water (pH 6.5) was deaerated by bubbling with a stream
of nitrogen for 15 min and subsequently exposed to vy-rays from the
*Co source of 2.5 h (absorbed does 16.5 kGy). The solution was
evaporated to dryness and the resulting residue was applied on a
preparative high performance silica gel column Sl 500 (Waters,
Miiford). Elution was carried out with solvent system Il at a flow-rate
of 50 mL per minute. The separation of the major adduct 7 from
the starting bromohydrin and TAN was achieved after one recycle.
Evaporation of the corresponding fraction (k" = 2.24) as detected by
refractive index yielded 154 mg of 7 (61%) which was shown to be
homogeneous by analytical reversed-phase high performance liquid
chromatography and two-dimensional silica gel thin-layer chroma-
tography (eluents 1 and 11). Its 'H nmr and FAB mass spectrometric
data were identical to those obtained for the adduct 7 (vide supra).

v-Irradiation of the aqueous solution of the (—)-trans diastereo-
isomers of S5-bromo-6-hydroxy-5,6-dihydrothymidine (12) in the
presence of 4.7 mM TAN and 0.1 M tert-butanol gave rise to the
TAN—thymidine adduct 6 in a 64% yield.

y-Irradiation of an aqueous solution of 5-hydroxy-5,6-dihydro-
thymidine containing TAN

Two hundred milliliters of a degassed aqueous solution of 52 mg of
(55)-5-hydroxy-5,6-dihydrothymidine (10) and of 70 mg of TAN was
irradiated with the y-rays of “Co for | h (absorbed dose 6600 kGy).
The solution was evaporated to dryness and the resulting syrup was
deposited on a preparative silica gel thin-layer plate. The developing
solvent was a mixture of chloroform and methanol (9:1). The broad
band (R; 0.42) which gave a positive coloration with both the
2,4-dinitrophenylhydrazine and cysteine — sulfuric acid sprays,
which are characteristic of carbonyl containing compounds and 2'-de-
oxyribosides respectively, was extracted with 3 X 4 mL of methanol.
Evaporation to dryness of the resulting solution yielded || mg of a
yellow syrup. This residue was dissolved in | mL of 70% aqueous
methanol and 0.2 mL of this solution was applied per analysis on the
ODS-3 reversed-phase hplc column. Elution was carried out with a
mixture of water and methanol (7:3) as the solvent. Four main frac-
tions were detected by their uv absorption at 220 nm and collected.
Evaporation to dryness yielded the four homogeneous TAN-—
thymidine adducts, which were characterized by comparison of their
'"H nmr and FAB mass spectroscopic features with those obtained for
the authentic samples (vide supra): fraction 1 (k' = 1.50), 3.2 mg of



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.42 on 09/06/12
‘ RS For personal use only. T :

14 CAN. J. CHEM. VOL. 63. 1985

4; fraction 2 (k' = 3.42), 3.5 mg of 2; fraction 3 (k' = 4.34), 1.2 mg
of 8; and fraction 4 (k" = 4.84), 1.4 mg of 9.

Under similar experimental conditions, the y-irradiation of 52 mg
of the SR diastereoisomer of 5-hydroxy-5,6-dihydrothymidine (11) in
the presence of TAN generated four thymidine — TAN adducts. Initial
thin-layer analysis, followed by reversed-phasc high performance lig-
uid chromatography, provided four main fractions: fraction 1 (k" =
1.15), 3.4 mg of 5; fraction 2 (k' = 4.57), 3.7 mg of 3; fraction 3 (k'
= 4.35), 1.5 mg of 8; and fraction 4 (k" = 4.85), 1.4 mg of 9.

Hydrogenolysis of thymidine—TAN adducts

The nucleoside (10 mg) to be hydrogenolysed was dissolved in 10
mL of methanol; 300 mg of previously hydrogenated Pd/C (Merck,
Darmstad, GFR) were added to this solution. Hydrogenolyses were
carried out under 50 bars (1 bar = 100 kPa) for 5 h, while stirring the
solution. The methanolic solution was then filtered through a Celite
pad and evaporated to dryness. The oily residue was analyzed by tlc
on silica gel and (or) hplc on the C-18 reversed phase column.
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v-Irradiation of oxygen-free, aqueous solutions of 2’'-deoxythymidine in the presence of the organic nitroxide free radical,
2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl (TAN), leads to a complex mixture of products in which the TAN moiety is linked
to the C5 or C6 position of a 5,6-saturated thymine ring. Extensive 'H and *C nmr data are provided for the eight TAN —dT
adducts which are produced in the largest amounts. The results show that the conformational properties of the sugar moiety
are dependent on the point of attachment of the TAN group and the configuration of the saturated thymine ring.

FRANK E. HRUSKA, MAURICE BERGER, JEAN CADET et MIECZYSLAW REMIN. Can. J. Chem. 63, (5 (1985).

La radiolyse y de solutions aqueuses de désoxy-2'-thymidine et d’un radical libre nitroxyde, la tétraméthyl-2,2.6,6
pipéridone-4 oxyle-1 (TAN), engendre un mélange complexe de produits qui résultent de I’addition de la molécule de TAN
sur les carbones 5 ou 6 pyrimidiniques. Une étude détaillée de rmn 'H et "’C a été effectué par les huit dérivés d’addition
radio-induite du TAN avec la thymidine. Les propriétés conformationnelles du fragment osidique de ces produits dépendent
du site d’attachement de la molécule de TAN et de la configuration du carbone (6) du cycle pyrimidinique.

Introduction

The free radical reactions in +y-irradiated aqueous solutions
of 2’-deoxythymidine (dT) in the presence of the organic nitro-
xide free radical, 2,2,6,6-tetramethyl-4-piperidone-N-oxyl
(triacetoneamine-N-oxide, or TAN), lead to a complex array of
products with the TAN moiety linked to a 5,6-saturated thy-
mine base. In the previous, companion paper extensive chemi-
cal, mass spectrometric, and 'H and "*C nmr data were used for

O N—O

structural and configurational assignments of several series of
adducts with a TAN group at the C5 or C6 position of the
pyrimidine ring (1). In vitro evidence (2,3) indicates that TAN,
and other organic nitroxides, can react with hydroxy! radical-
induced transients in DNA, but the nature of the products has
not been determined. The adducts of the type described (1) are
likely candidates, though addition of TAN to other bases, or to
the sugar, cannot be discounted (4). The addition of the TAN
group to the thymine base, with the concomitant 5,6-saturation
of the ring, would have profound effects on its hydrogen
bonding and stacking properties, and on the stereochemistry of
the sugar phosphate backbone of a polynucleotide, but no infor-
mation on its effects is available. Similarly, no structural data
for any TAN adduct has been provided by X-ray crystal-
lography.- In this study we discuss 'H and "*C nmr data which
provide information about the conformation of the TAN—dT
adducts in aqueous solution and should contribute to our
growing knowledge of modified nucleosides. Furthermore, our
data should be useful for identifying any TAN adduct isolated
from DNA.

'Permanent address: Chemistry Department, The University of
Manitoba, Winnipeg, Manitoba, Canada.

In Fig. 1 are shown the four diastereoisomeric forms of
5-TAN-6-hydroxy-3,6-dihydro-2'-deoxythymidine (5T series)
and the four diastereoisomeric forms of 5-hydroxy-6-TAN-5,6-
dihydro-2'-deoxythymidine(6T series). Structures are shown
for the adduct in each series, ST1 and 6T1, which has the R
configuration at C5 and C6. For the six remaining molecules
only the C5—C6 fragment is given to show their configurations
at C5 and C6: 55,6R in 5T2 and 6T2; 5R,6S in 5T3 and 6T3;
58, 65 in 5T4 and 6T4. It is important to note that evidence (1)
points to linkage at C5 via the nitroxyl N-atom in the 5T series
and at C6 via the nitroxyl O-atom in the 6T series. Note also
that in each series (5T, 6T) the T1 and T4 bases constitute, in
isolation, an enantiomeric pair with a #rans relationship be-
tween the TAN and hydroxyl groups, whereas the T2 and T3
bases constitute a ¢is enantiomeric pair. As pointed out (1), the
four 6T isomers, but only two of the ST isomers, could be
isolated in quantities sufficient for study; arguments were
presented that the two are the trans isomers, 5ST1 and 5T4.
Space-filling models reveal more severe crowding of substitu-
ents on the pyrimidine ring in the 5T series. Thus, the absence
of significant amounts of the cis isomers, 5T2 and 5T3, may be
areflection of the more critical stereochemical requirements for
the formation of the 5T molecules. The cis isomers may, how-
ever, be present in the additional fraction of as yet unidentified
products of +y-irradiation.

Figure 2 shows the structure of two additional adducts iso-
lated in sufficient quantity, the diastereoisomers of 5-TAN-
5,6-dihydro-2'-deoxythymidine with a TAN group linked to
C5 via the nitroxyl N-atom and with a C6-methylene function.
The molecules are denoted STR and 5T S according to their R
or § configuration at C5, but we could make no absolute
configurational assignment with the available spectroscopic
data (1).

Essential for our discussion of the data for the 5T and 6T
series are the four diastereoisomers of 5,6-dihydroxy-5,6-
dihydro-2’-deoxythymidine which are major products of
~v-irradiation of aerated, aqueous solutions of dT (5). They are
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FiG. 1. Structures of the 5T and 6T series of 2’'-deoxythymidine —
TAN adducts. The linkage is to the nitroxyl N- and O-atoms in 5T and
6T, respectively. In each series the T1 and T4 bases are, in isolation,
enantiomers with trans-oriented TAN and hydroxyl groups; the T2
and T3 bases are enantiomers with cis-oriented TAN and hydroxyl
groups. The bases are represented in the anti conformer range about
the N-glycosyl link; rotation by 180° makes them syn. M is CHs.
Absolute configurations of C5 and C6: T1 (R,R); T2 (S.R); T3 (R,S);
T4 (S,S).

denoted D1, D2, D3, and D4, which have respectively the
SR,6R, 55,6R, 5R,6S, and 55,65 configurations at C5 and
C6. Replace TAN by a hydroxyl group in the 5T (or 6T) series
to obtain the correspondingly numbered D isomer (Fig. 1).
Thus, 5T1, 6T1, and D1 all have the SR,6R configuration, and
so on. Note that the D1 —D4 and D2—D3 base pairs in isolation
are enantiomers with frans and cis oriented hydroxyl groups,
respectively. 'H nuclear magnetic resonance data have been
reported for the D molecules (6). Similarly useful for
comparison with the data of 5TR and 5TS are the two
diastereoisomers of 5-hydroxy-5,6-dihydro-2’'-deoxythymi-
dine, generated also in ~v-irradiated, aerated aqueous solutions
and labelled SHR and SHS according to their configuration at
CS5 (Fig. 2). A detailed 'H and "*C nmr study of this SH series
has not been presented. In conjunction with the crystal-
lographic structure available for the SHS isomer (7), our solu-
tion spectroscopic data could be used to assign the config-
urations of the two SH diastereoisomers (1).

Experimental

Materials

The 5T, 6T, and 5T (RS) series of TAN adducts (Figs. 1, 2) were
prepared by <y-radiolysis of oxygen-free solutions of dT (1 mM)
containing 2 mM TAN, and purified as described (1,8). The SHR and
5HS isomers (Fig. 2) were prepared by vy-radiolysis of deaerated,
aqueous solutions of dT (10 mM) containing 20 mM cysteine as
described (9).

Nuclear magnetic resonance experiments

The nucleoside samples were lyophilized three times from 99.9%
D,0O (Commissariat Energie Atomique, Saclay) and dissolved in
99.9% D,O to a concentration of 0.1 M. (3-Trimethylsilyl)pro-
pionate-2,2,3,3-d, (TSP) was used as internal reference. Metal ions
were removed using Chelex 100 resin columns (Bio-Rad, Richmond,
CA). For the 'H T, and nOe measurements the nmr tubes (5-mm od)

(a) (b)
M HO
HO M
H H
H H
5HR 5HS

HO 2~

F1G. 2. Structures of (a) the ST(RS) series of TAN adducts, STR
and 5TS (linked via the nitroxyl N-atom), and (b) the 5H series of
derivatives, SHR and 5HS. M is CHi. R and S refer to the C5
configuration. The bases are drawn in the anti conformer range about
the N-glycosyl link. The absolute configurations have been deter-
mined for the 5H series but not for the 5ST(R,S) series.

were sealed under nitrogen. The 'H nmr spectra were obtained at
250 MHz (Cameca TSN 250, FT mode, 20°C). Homonuclear de-
coupling experiments facilitated the spectral assignment. H2’ and H2"
were assigned following coupling constant arguments (10); H5" and
H5" were assigned from chemical shift trends (11) and selective deu-
teration experiments (12). Spectral analysis (LAOCOON III) and
computer-simulated spectra were the final test of the chemical shift ()
and coupling constant (J) data, and are listed in Tables | and 2. The
uncertainties in 3 and J are estimated to be about 0.1 Hz at 250 MHz.

The proton T, data (30°C) were obtained by the inversion recovery
pulse sequence (180°—r—90°—T,) with a pulse delay of at least 5T,
between sequences (13). Ten spectra with delay times ¢ in the range
0.1 s to 15 s were collected; peak heights as a function of ¢ served as
input for a least-squares computer program (probable uncertainty
~5%). The homonuclear 'H nOe experiments were carried out as
described elsewhere (14). The nOe enhancements were expressed as
the percentage change in peak height of the H6 (or H1') resonances
upon saturation of the H1" (or H6) resonances. The enhancements are
averages of twenty measurements, reproducible to +3%. The T, and
nOe data are given in relevant sections below. Unfortunately, due to
the rapid decomposition of the 5-TAN derivatives and the difficulties
encountered in their synthesis and isolation, only their conventional
'H (and "“C) nmr spectra, but no 7, or nOe data, were obtainable.

'H-Decoupled "*C nmr spectra were obtained at 25.1 MHz (Varian
XL-100-15; 21°C) on aqueous solutions (~0.1 M in nucleoside con-
taining about 1% dioxane as internal reference). The assignment of the
spectra was made by comparison with published data (15, 16), off-
resonance 'H-decoupling, and, for Cl’, C4’, and C6, selective 'H-
decoupling experiments. The 8(*’C) data in Table 3 are reported in
ppm downfield from external TMS with internal dioxane measured at
67.86 ppm. With the available material, the weak carbonyl resonances
could not be detected in reasonable times.

Results and discussion

Geometry of the pyrimidine and TAN rings

Evidence points to a distorted half-chair conformation for
5,6-saturated pyrimidines in which CS and C6 lie on opposite
sides of the mean plane defined by Ni—C2—N3—C4 (7,
17—19). Of the molecules considered here, crystallographic
data are available only for SHS, which shows a half-chair with
the S5-hydroxyl and S5-methyl groups in pseudo-axial and
pseudo-equatorial positions, respectively (7). Conventional
methods for determining solution conformations (vicinal
J(HH)) are not applicable to the ring systems of the molecules
under study (Figs. 1, 2). Space-filling models of the 6T mole-
cules suggest a ring pucker with the bulky TAN group in an
axial position. The models also suggest that, to accomodate the
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TABLE 1. Proton chemical shifts for radiation-induced TAN—thymidine addition products”

CH,
(base)

CH:

Nucleoside” (piperidine) H6

HY

H2' H2"  H3¥ H4' HS' H5"

6T1 1.66  1.07
1.17
1.26
1.44
I.14
1.21
1.32
1.44
1.09
1.24
£.29
1.42
1.04
1.07
1.23
1.43
1.08 (x2)
1.17
1.29
1.10 (x2)
1.21
1.31
(.18
1.21
1.22
1.27
1.16
1.22
1.23 (x2)
SHR 1.47 -
SHS 1.47 —

5.34

612 1.59 541

6T3 1.54 5.36

6T4 1.69 5.24

5TI1 1.64 5.32

5T4 1.65 5.39

STR 1.57

5TS 1.56 3.48
4.12
3.48¢
3.43
3.51

5.75

5.78

6.35

6.29

6.25

6.26

296 242 445 399 379 373

2.94 242 447 400 3.82 374

3.15 235 448 393 376 3.76

3.14 234 447 388 380 372

236 227 444 395 379 374

244 220 446 396 379 374

235 218 441 392 376 3.70

2.28 216 441 392 376 3.73

229 215 437 391 377
230 2.16 438 3.91

“Chemical shifts in ppm from TSP as internal reference to an accuracy of +0.1 Hz.

*0.10 M in D,O at 20 = 1°C.
“The C6 protons are isochronous.

TABLE 2. Proton coupling constants (Hz) for the sugar moiety of 2'-deoxyribonucleosides in
aqueous solution (20°C)

Nucleoside 1,2 1’2" 22" 2'.3 273 34 4S5 4S 5.5
671 7.1 6.5 -13.6 6.5 3.4 33 4.0 5.9 —12.1
6T2 7.2 6.5 —13.6 6.6 32 3.5 4.1 5.6 -12.1
6T3 8.4 6.4 ~14.5 6.8 3.1 2.7 3.5 3.5¢ —12.5%
6T4 8.1 6.5 —14.8 7.0 3.0 3.0 3.0 4.2 —12.5
STI 7.9 6.0 —13.6 6.2 3.3 3.0 3.4 4.0 —12.3

" 5T4 9.2 5.6 —14.0 5.9 2.2 2.4 4.4 4.6 -12.3
STR 7.9 6.5 —14.0 6.2 3.6 3.1 4.1 4.6 —12.4
5TS 7.7 6.4 —14.1 6.3 3.8 2.9 3.9 4.9 —12.3
SHR 7.8 6.5 —14.0 6.8 3.4 34 4.1 5.2 —12.3
SHS 7.7 6.6 —14.2 6.8 3.5 3.6 4.0 5.5 —12.3

“Only the sum of connected coupling constants J(4'5') and J(4'5") () is significant when 3(5') = 3(5").
*Estimated; not measurable when 3(5') = B(5").

6-TAN group in this orientation, the torsion angle about the
C6—O0 bond in the C5—C6—0O—N fragment (which defines
the relative orientation of the pyrimidine and TAN groups)
must be in the antiperiplanar range (180° = 30°). Rotation out
of this range leads to severe crowding of the TAN methyl
groups and the substituents on the base and sugar moieties.
Crowding of groups is even more severe in the 5-TAN adducts
since the TAN group is accompanied on C5 by the bulky

5-methyl group. (The absence of the cis adducts, 5T2 and 5T3,
in the products of y-radiolysis is probably a reflection of this
more serious crowding.) Molecular models suggest that consid-
erable distortion of the pyrimidine ring would be required to
accommodate the 5-TAN group in the trans isomers, 5T1 and
5T4, as well as in STR and 5TS.

In the absence of vicinal H—H coupling interactions, only
limited structural information about the TAN moiety can be
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TABLE 3. "*C chemical shifts (3,ppm) of radiation-induced TAN —thymidine adducts in aqueous solution®

Thy TAN
Nucleosides® I’ 2 3/ 4’ 5’ 5 6 CH; CH; —CH, —C—
6T1 92.8 387 723 8.0 630 707 937 198 237 53.7 66.1(2)
24.3 53.6
32.3
33.8
6T2 92.6 388 722 87.0 63.0 732 934 238 237 53.3 63.0
24.4
32.1 53.5 64.9
33.3
6T3 85.5 38.6 72.5 86.3 630 73.6 89.1 240 242(2) 53.5(2) 66.0(2)
32.4(2)
6T4 85.5 386 71.7 8.0 625 707 89.1 20.1 33.0 53.8 64.4
32.8 53.9 65.8
23.6
5T1 86.2 39.1 72.0 8.7 626 808 80.1 150 23.6 53.9 67.3
23.7 54.3 68.0
33.9
34.0
5T4 86.6 37.8 725 851 63.1 80.9 795 146 23.6(2) 53.8 63.8
33.8(2) 54.3 64.2

“These spectra were obtained using the Varian XL-100-15 (25.15 MHz) and the Cameca TSN 250 (62.87 MHz) spectrometers.

All chemical shifts were referenced to external TMS.
?20% w/v in D,O. Ambient probe temperature 21°C.

(@) (b) (c)

t o .

y o N-\'O © 6 © 02
H5" 2 Q h
o N N

ANTI SYN ANTI
6T1,6T2 6T1,6T2 6T3,6T4

FI1G. 3. View of the 6T molecules which shows the position of the
6-TAN group and 2-keto oxygen of the base relative to the sugar
moiety in the anti and syn conformations. TAN is represented by
O—N. The view of syn 6T3 and 6T4 (not shown) resembles anti 6T1
and 6T2 in the position of the TAN group. To obtain views of the
correspondingly numbered 5T or D molecule, replace TAN by OH.
The diagram on the left shows a projection along C4'—C5’ with the
g" conformation. t and g~ give the location of O5’ in the t and g~
conformations.

gleaned from our 'H nmr data. It is interesting that, in the
—CH;,—CO—CH;— portion of the spectrum (an ABXY pat-
tern with geminal coupling constants of 13.5 Hz), a four-bond
coupling of 2.2 Hz is noted between one pair of protons, with
a smaller coupling of about 0.7 Hz between the other pair.
This suggests that one of the four-bond H—C—C—C—H
fragments approaches an all-trans conformation favorable for
coupling (20), whereas the second fragment assumes a less
favorable conformation. It is noteworthy that just this situation
obtains in the twist-boat conformation found for the TAN
molecule in organic solvents (21, 22).

Conformation about the N-glycosyl bond (x)

Steric interactions involving the sugar ring with H6, the
2-keto oxygen, and the TAN methyl groups should have the
largest direct role in determining the preferred conformations
about the x bond in the 6T series. Space-filling models suggest

that, with an antiperiplanar C5—C6—O—N fragment, rotation
about the N-glycosyl link is highly hindered and that relatively
narrow ranges of x angles are accessible to the 6T molecules.
Thus for the 6R pair, 6T1 and 6T2, relatively few contacts are
made in a conformation represented in Fig. 3(a) (x = —130°%
anti domain) which places the TAN group off the sugar ring to
its O4' side. (See Davies and Dixon (23) for definitions of
torsion angles.) A second conformation (Fig. 3(b); x = 50°; syn
domain) places the TAN group off the sugar and near to the C2'
protons. For the 6§ pair, 6T3 and 6T4, an acceptable con-
formation is found in the anti domain (Fig. 3(c); x = —130°)
which places the TAN group near to the C2’ protons in a region
similar to that in Fig. 3(b). A syn conformation for the 6S pair
(x = 50°) also seems possible; a perspective is not given but it
places the TAN group in a region near O4’, similar to that in
Fig. 3(a). Other conformations, which place the 6-TAN group
over the sugar ring, seem unlikely.

A variety of data lead us to conclude, in a qualitative way,
that the 6R adducts, 6T1 and 6T2, prefer the syn domain of ¥
angles whereas the 6S pair, 6T3 and 6T4, prefer the ant
domain. Thus, in nOe experiments in aqueous solution (30°C),
saturation of H1’ of 6T1 or 6T2 led to an 11% enhancement of
the integrated intensity of the corresponding H6 singlet; similar
enhancements in H1' intensity were noted when the H6 proton
was saturated. This suggests proximity of the H6 and HI’
protons, which is achieved in the syn conformation (Fig. 3(b))
(24, 25). On the other hand, in the same experiments on the 65
pair, 6T3 and 6T4, no significant intensity changes (=1%)
were noted for either H1' or H6, consistent with the separation
of these atoms in the anti conformation (Fig. 3(c)).

Following the structural studies by 'H spin-lattice relaxation
time measurements of Preston and Hall (26) and Chachaty and
Langlet (27), we find further evidence in Table 4 for the prox-
imity of H1' and H6. In dT, the parent, unsaturated nucleoside,
a relatively long T, (H1') is observed (=3 s); saturation of the
pyrimidine ring to form the D2 glycol leads to a small decrease
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TABLE 4. 'H longitudinal relaxation times (T;,s) of nucleosides®

6T! 6T2 6T3 6T4 D2 dT
H-1’ 0.67 0.49 1.02 1.15 2.54 3.07
H-2’ 0.47 0.34 0.28 0.33 0.61 0.80°
H-2" 0.49 0.45 0.50 0.55 0.66 0.80
H-3' 2.00 1.90 2.10 1.55 1.88 2.27
H-4' 1.60 0.92 1.10 1.38 2,23 2.48

H-5',H-5" 0.53 0.41 0.44 0.53 0.66 0.76
CH:(Thy) 0.49 0.43 0.54 0.40 0.80 1.41

H-6 0.47 0.36 0.48 0.52 1.33 1.88
CH; (a) 0.24 0.23 0.24 0.22 — —
CH: (b) 0.41 0.32 0.37 0.45 — —
CH: (¢) 0.29 0.25 0.28 0.26 — —
CH; (d) 0.41 0.31 0.36 0.43 — —
CH; (a) 0.41 0.36 0.60 0.45 — —
CH: (b) 0.43 0.35 0.61 0.38 - . —

“In D,O at 30°C.
*Isochronous protons.

(17%) in T, (H1’). But formation of the 6T adducts-leads to a
sharp drop in T, (H1") t0 0.49 s — 1.15 s. This trend to shorter
T, values for H1' (and for the other protons on the nucleoside
fragment, in general) is presumably a reflection, in part, of the
longer correlation times for the heavier TAN adducts. How-
ever, much shorter 7, (H1") values are noted for 6T1 (0.67 s)
and 6T2 (0.49 s) than for 6T3 (1.02 s) and 6T4 (1.15 s). This
additional relaxation process in the syn 6R pair can be assigned
to interactions with H6 which are not possible in the anti 6
pair. The striking difference between the 6R and 6S pairs is
not, however, seen in the T (H6) data. We think that, for two
reasons, I, (H6) might be less sensitive to a syn, anti con-
version. First, H6 should be most strongly relaxed by dipolar
interactions with the TAN methyl and 5-methyl protons, which
are independent of the x angle. (Note that 7, (H6) is always
shorter than T, (H1") (Table 4).) Second, the contribution to the
H6 relaxation from H1’ in the syn conformation is replaced by
a comparable contribution from H2' in the anti conformation.
(Table 4 also contains T, data for the remaining protons which
serve to further characterize the molecules and may be of inter-
est to readers).

With normal, unsaturated pyrimidine bases qualitative infor-
mation about the x angle has been obtained from chemical shift
comparisons, particularly for the H2' sugar proton, which ex-
periences a large deshielding in the syn conformation due to the
juxtaposition of the 2-keto oxygen (28—32). To show more
clearly the effects of the. TAN modification, correlation dia-
grams (Fig. 4) were constructed with the & data for the methyl
(M), H6, H1’, H2', and H2" protons of the 6T, 5T, and D
molecules (Table 1 and ref. 6). Data for H3', H4', H5', and
H5" are not given since they show smaller variations. Data are
also shown for H1’, H2', and H2" of dT and m®dU (6-methyl-
2'-deoxyuridine), which prefer the anti and syn conformations,
respectively, in the crystal and aqueous solution states (10, 29,
32, 33).

A striking feature of the diagram is the similarity, for 6T1
and 6T2 on the one hand and for 6T3 and 6T4 on the other
hand, in the data for H1’, H2', and H2", the sugar protons of
which are expected to sense most strongly the shielding effects
of the TAN and base moieties. Within each pair the differences
in & are on average only 0.02 ppm, whereas differences in &
between the pairs is large (ca. 0.5, 0.2, and 0.08 ppm for H1’,
H2’, and H2", respectively). Particularly noteworthy are the

large deshielding effects of H2' relative to the data for the dT,
D, and 5T molecules (ca. 0.5 ppm for the 6R pair and 0.7 ppm
for the 65 pair) and the large shielding effects of H1' for the 6R
pair (ca. 0.5 ppm). In line with the 7| and nOe measurements,
these trends suggest a similarity in x for 6T1 and 6T2, and for
6T3 and 6T4; that is, in the 6T series the conformation about
the N-glycosyl bond depends strongly on the configuration at
C6 but not at C5. Furthermore, in line with the proposal that
6T1 and 6T2 are syn, their H2' protons resonate downfield by
0.55 ppm from dT and, in fact, only 0.01 ppm from H2' of
m®dU. It is also interesting that the upfield shift of H1' in the
6R pair relative to the 65 pair parallels the change in H1' in
m®dU (syn) relative to dT (anti), though the effect is much
larger in the TAN series (0.55 ppm versus 0.1 ppm). The
relatively smaller variations in 8(H2") are less useful as con-
formational probes.

The similarity in 3(H1") for dT, 6T3, and 6T4 is in line with
the proposed anti conformation for the 6S pair (Fig. 4). Of
considerable concern, however, is the large deshielding (ca.
0.75 ppm) of their H2" protons relative to dT. The effect is
larger than that for the 6R pair and in isolation would have led
us to assign a syn type conformation to the 6.5 pair as well. We
attempt to reconcile this effect with the anti conformation in the
following way. Space-filling models reveal that, with an anti-
periplanar C5—C6—O—N fragment, H6 and the TAN methyl
protons form a shallow cavity in which is located the nitroxyl
nitrogen. In the anti conformation of the 6 pair, with the TAN
group at the C2’ side of the sugar, H2’ can comfortably enter
the cavity and approach the N-atom, which we propose is the
origin of its strong deshielding. We are not aware of dis-
cussions of the shielding properties of N-atoms singly-bonded
to three substituents, one of which is oxygen. However, evi-
dence that N-atoms can strongly deshield a nearby proton is
provided by the 2.1 ppm deshielding of the chloroform proton
in its association with N-methylpyrrolidine (34). Of course, we
do not suggest hydrogen bonding interactions for H2', no more
here than to the 2-keto oxygen in the syn conformation of the
6R pair.

Unfortunately, only conventional nmr spectra (but no nOe or
T, data) could be obtained for the 5-TAN adducts since they are
relatively unstable in solution. However, little variation (0.14
ppm or less) is seen in the shielding of any sugar proton for the
entire collection of 5T, 5T(R,S), 5H, and D molecules (Table
1 and Fig. 4). Furthermore, the values for H1' and H2' are
identical to the corresponding value in dT to within about 0.1
ppm, whereas the 8(H2") values are typically only 0.1—0.2
ppm upfield from that of dT. Thus a predominantly ant: con-
formation is assigned to this group of 5,6-saturated nucleo-
sides. This conclusion is supported by the observation that SHS
is anti in the crystal state (7). It seems, then, that whereas the
68 to 6R configurational change in the 6T series effects a
rotation from the anti to the syn conformation, no such effect
is apparent for the 5T and D molecules. Thus, it seems that the
6-TAN can only be accommodated on the C2’ side of the sugar
(Figs. 3(b), (c)), whereas the steric requirements of the smaller
6-hydroxyl group of the 5T and D molecules are much less
critical.

Pucker of the sugar ring

The data in Table 2 show that the values of the cis coupling
constant J(1'2") are remarkably similar for the majority of the
5,6-saturated systems (6.4—6.6 Hz) with slightly smaller
values for 5T1 (6.0 Hz) and 5T4 (5.6 Hz). In the D series (6)
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FIG. 4. Chemical shifts of the methyl (M), H6, H1', H2', and H2"
protons of the 6T, D, and 5T series. & in ppm from TSP (Table 1). For
each series: isomer | (open rectangle); isomer 2 (open triangle);
isomer 3 (solid triangle); isomer 4 (solid rectangle). See also legend
in lower left corner. & for H1’, H2’, and H2" for dT(+) and m®dU(*)
shown at the 6T levels.

J(1'2") lies in the range 6.1—6.7 Hz with D1 and D2 at the
upper end of the range, and D3 and D4 at the lower end. The
values of the cis coupling J(2'3") are in the ranges 6.5—7.0 Hz
for the 6T and 5H molecules and 5.9—6.3 Hz for the 5T and
5T(R,S) molecules. In the D series (6) J(2'3") is in the range
6.4—7.0 Hz. Overall, only small changes in the cis couplings
are seen relative to those of dU (2'-deoxyuridine) (J(1'2") =
6.7 Hz; J(2'3") = 6.8 Hz (35)), suggesting that the formation
of the 5,6-saturated derivatives does not lead to large changes
in the pseudorotational parameters (P, 7,) (36, 37). That the cis
couplings of dU are similar to those of 6T1 and 6T2 for which
a syn conformation is proposed is interesting, since in the syn
nucleoside m®dU increases are observed in J(1'2") (8.6 Hz) and
J(2'37) (8.2 Hz) (29). Such increases can be rationalized by
shifts in the values of P(N) and P(S) towards to O4'-endo
conformation (38). It may be that these changes in pucker,
which do not accompany the syn 6T1 and 6T2 bases, are
characteristic of 5,6-unsaturated pyrimidine nucleosides. A
study of the 5,6-saturated derivatives of m®dU could provide
useful information about this possibility.

The trans coupling constants for the molecules in Table 2
(as well as for the D series (6)) show the overall trend J(1'2')
> J(2"3") = J(3’4’), which indicates a preference for the
S(2'-endo) pucker over N(3'-endo) (Table 5) which is noted for
normal 2'-deoxyribosides (39, 40). In less pronounced trends,
the J(1'2") couplings are similar in the 6T1, 6T2 pair (7.1 Hz,
7.2 Hz) and are similar in the 6T3, 6T4 pair (8.4 Hz, 8.1 Hz).
A vparallel trend is noticed for J(1'2') in the D1, D2 pair
(7.5 Hz, 7.2 Hz) and in the D3, D4 pair (8.5 Hz). For
the remaining molecules J(1'2') falls in the narrow range
7.8 = 0.1 Hz, except for 5T4 (9.2 Hz). J(2"3") and J(3'4") fall
into the narrow range 2.2—3.8 Hz and show the inverse cor-
relation with J(1'2") observed for normal 2'-deoxyribosides.

The calculated %S values in Table 5 show that, relative to
dU, all of the 5,6-saturated systems show a greater bias for
2’-endo, the largest being 82% for 5T4. A similar trend toward
higher %S in the 5,6-saturated system is also noted for the
ribosides, uridine (U) and 5,6-dihydrouridine (h*U) (19). In the
syn nucleoside, m®dU, a destabilization of 2'-endo occurs, and
a bias now exists for 3'-endo. This shift towards 3'-endo is not
seen for 6T1 and 6T2, suggesting again that in the syn con-

TABLE 5. Calculated populations of the
2’-endo (S) pucker” and of the g*, t, g~
rotamers about the C4'—C5' bond”

Nucleoside §  g* t g
6T1 70 37 45 18
6T2 67 39 41 19
6T3 73 67 — —
6T4 74 64 30 6
5T1 74 62 26 11
5T4 82 47 29 23
5TR 73 50 30 20
5TS 5 48 34 17
SHR 68 43 37 19
SHS 66 41 41 18
du 60 51 37 12
m°dU 44 35 51 14

%S = (8.4 — J(3'4")/7.3 as in ref. 41,
which follows ref. 42, and 10J(3'4’) for
m°dU.

"Following ref. 43.

formation, 5,6-unsaturated and 5,6-saturated pyrimidine bases
may, in general, have different effects on sugar pucker.

C4'—C5' conformation

Interesting trends in the C4'—C5’ conformation (Fig. 3(a))
are apparent in the sum J(4'5") + J(4'5") () (Table 2). In one
group of molecules T varies from 8.7 Hz to 9.9 Hz and is larger
than the value for dU (8.5 Hz) (35) and dT (8.6 Hz) (10). At
the upper extreme are the 2 values for 6T1 and 6T2, which are
similar to that of m®dU (10.1 Hz) (29, 30). In the second group,
which comprises 5T1 and the 6S pair, 6T3 and 6T4, £ is in the
narrow range 7.2 = 0.2 Hz and resembles the value for the
riboside U (7.4 Hz) (44). Relative to dU, the molecules in the
first group show a diminished contribution from the g con-
former (Table 5). The largest decrease is seen for 6T1 and 6T2
whose conformer distribution approaches that of m°dU, where
a bias for t over g* is noted. The destabilization of g* in syn,
5,6-unsaturated pyrimidine nucleosides has been attributed to
repulsion of the 5'-hydroxyl and 2-keto groups (28—30). How-
ever, it is clear from, in particular, the data for SHS that
5,6-saturation of an anti base can lead to comparable decreases
in %g*. The nmr studies also point to a destabilization of g*
upon 5,6-saturation of pyrimidine ribosides (19).

In contrast, the second group of 5,6-saturated derivatives
(5T1, 6T3, 6T4) show an enhanced %g" relative to dU. A bias
towards g* is apparent with an overall conformer distribution
resembling that of U (g*: 62%; t: 32%; g™: 5%; calculated from
data in ref. 44). No interactions which should enhance %g* are
apparent to us in molecular models and thus we can only state
the obvious: the overall conformation of these molecules is the
result of complex steric and electronic factors. However, it is
interesting to note that in the anti conformation of the 65 pair,
6T3 and 6T4, van der Waals contact is made between the
5'-hydroxyl group of the sugar and the protons of a TAN
methyl group; in the syn conformation of the 6R pair, 6T1 and
6T2, this contact is prevented by the intervening 2-keto oxygen
of the base. Also, with 5T4 aside, there is the prevailing trend
in the TAN molecules for %g* to increase with increasing %S,
the converse of a previously noted correlation (45).

The calculated values of %g™~ (Table 5) are interesting in the
light of data for ribosides and other 2’-deoxyribosides (41, 46,
47). In both the ribose and deoxyribose series, the g~ con-
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FiG. 5. Plot of %g~ versus %S for a series of pyrimidine nucleo-
sides. Solid circles: 5,6-saturated TAN adducts. Open circles: 5,6-
unsaturated 2’-deoxyribosides (data from refs. 41, 47). Solid squares:
5,6-unsaturated ribosides, cytidine (C), uridine (U), uridine methyl-
ated on the base (m*U, m*U, m*U, m°U), and at the 2’-position of the
sugar (Um).

formation is the least likely, but g~ is more completely
suppressed in the ribosides. Figure 5 shows that, with the
exception of the data for m®dU, 5TI, and 6T4, a reasonable
correlation is obtained between %g ™~ and %S. The plot suggests
that g~ is highly unlikely in a 3’-endo sugar. Extrapolation
indicates that a maximum of about 40% can be obtained for g~
in a sugar which is 100% S. These solution studies agree with
observations on crystalline nucleosides and tRNA which
demonstrate that g~ is likely only for 2'-endo sugars (48, 49).
The exclusion of g~ in 3'-endo sugars probably stems from
crowding of the 3'- and 5'-hydroxyl groups, which is analo-
gous to the unfavorable parallel 1,3-interactions between oxy-
gens in acyclic sugar derivatives (50), the alleviation of which
is an important conformational factor in these systems. (Pre-
sumably for similar reasons, the g~ conformation of the hy-
droxymethyl group of glucopyranosides is also unimportant
(51—53).) The crowding of the hydroxyl groups in 3’-endo, g~
is removed by a change in the pucker, or by rotation into g* or
t. A thorough analyses of the C4'—C5’ rotamer populations
has been presented (41). -

BC chemical shifts

The effects of TAN modification and of configurational
changes at C5 and C6 on the "C chemical shifts (Table 3) are
more clearly seen in Fig. 6, which shows the data for the
methyl (M), C5, C6, and C1’ carbons. Data for the remaining
carbon atoms are not reproduced since they show smaller vari-
ations. Using the glycols (D series) as the reference points, one
can note a number of interesting trends.

L. In the 6T series, TAN substitution has a small effect on
(M) and &(C5) (<1.5 ppm) relative to the corresponding D
isomer. M is more shielded in the trans isomers (T1, T4) than
in the cis isomers (T2, T3), by about 4 ppm in the 6T series and
in the D series as well. Viewed differently, this means that, in
the 6T and D series, the 5R to 5S configurational change causes
a 4-ppm deshielding of M when C6 is R but a 4-ppm shielding

|

D

IR
5T]ﬁ|c.l5

GTh I

D CIS

[
5T| tTrANs

1 1 1 i 1 N 1 I

PPM 9 88 85

FIG. 6. Chemical shifts of the methyl (M), C5, C6, and C1’
carbons of the 6T, D, and 5T series in ppm from external TMS
(Table 3). For each series: isomer 1 (open rectangle); isomer 2 (open
triangle); isomer 3 (solid triangle); isomer 4 (solid rectangle). See also
legend in lower left corner.

when C6 is S. Thus, 3(M) reflects significantly the config-
uration at C5 and C6, but less so the nature of the C6 substit-
uent (OH or TAN). Similar but attenuated trends also develop
in 8(C5).

2. In the D series, 8(C6) is essentially independent of the
configuration at C5 and C6, with an overall spread of only
1 ppm for the four isomers. 6-TAN substitution effects a large
deshielding of C6, the extent of which depends on the config-
uration of C6, i.e. 13 ppm for the 6R pair and 9 ppm for the
68 pair. Furthermore, the 6R to 6S change causes an upfield
shift of about 4.5 ppm in C6, whereas a configurational change
at C5 has little effect (compare 6T1 with 6T2, and 6T3 with
6T4). Thus, in contrast with 8(M) and d(C5), 8(C6) in the 6T
series reflects most strongly the nature of the 6-substituent (OH
or TAN) and to a lesser extent the configuration at C6, with the
configuration at C5 being unimportant.

3. In the D series, 8(C1') is essentially independent of con-
figuration at C5 or C6 with an overall spread of about | ppm
for the four isomers. 6-TAN substitution in the 6R config-
uration deshields C1' by about 7 ppm, but 6-TAN substitution
in the 65 configuration has no effect on 8(C1') (<1 ppm). Thus
the change in configuration 6R to 65 causes an upfield shift of
about 7 ppm in C1’, but configurational changes at C5 have
minimal effect (<0.3 ppm). Though these "C shifts are not
easily related to conformation, it is interesting to note that the
anti conformation was assigned to the D isomers and the 65
pair of 6T isomers, but the syn conformation was assigned to
the 6R pair.

4. A remarkable feature of Fig. 6 is that in the 6T series the
M and C5 chemical shifts are “paired” according to the cis or
trans geometry of the pyrimidine ring. That is, we see a simi-
larity in 8(C5) for the cis isomers (6T2: 73.2 ppm; 6T3:
73.6 ppm) and for the zrans isomers (6T1: 70.7 ppm; 6T4:
70.7 ppm), and a parallel behavior for 3(M). In striking con-
trast, 8(C6) and d(Cl’) are paired according to the config-
uration C6 rather than to the ¢is or trans nature of the ring. That
is, we see a similarity in 3(C6) for the 6R pair (6T1: 93.7 ppm;
6T2: 93.4 ppm) and for the 65 pair (6T3: 89.1 ppm; 6T4:
89.1 ppm), with parallel behavior for 8(C1"). In a qualitative
way, one can rationalize the presence of these two pairing
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schemes by noting that in isolation the T1 and T4 bases are
trans enantiomers, whereas the T2 and T3 bases are cis en-
antiomers (Fig. 1). In the absence of differential shielding
effects from the sugar, corresponding base carbons in an
“enantiomeric pair” will be identically shielded. The pairing of
d(M) and 8(C5) according to cis and trans geometries suggests
the absence of significant shielding of C5 and M by the sugar,
in line with the separation of the groups. The pairing of 8(C6)
according to the R and § configurations at C6 indicates that,
unlike C5 and M carbons, C6 experiences important shielding
effects of the sugar. Furthermore, we are inclined to suggest
that the pairing of 8(C6) is a reflection of the differences in
conformation about the N-glycosy! link for the 6R pair (syn)
and 6S pair (anti). This view is supported by the observation
that the atoms of the sugar moiety, which are expected to sense
configurational changes at C6 and conformational changes in
the N-glycosyl link (C1’ (Fig. 6) as well as H1’, H2’, and H2"
(Fig. 4)), have chemical shifts paired in the same way as C6.

5. Comparing that data for 5T1 and 5T4 with the D isomers,
we see that 5-TAN substitution causes a 9-ppm deshielding of
the CS carbon which is comparable to the effect of the 6-TAN
group on C6 for 6T1 and 6T2 (~9 ppm) but less than the effect
on C6 for 6T3 and 6T4 (~13 ppm). Comparison of these
effects is complicated, however, because of the differences in
conformation for 6R (syn) and 685 (anti) pairs of 6T isomers.
5-TAN substitution has a large shielding effect on the 5-methy]l
group (4—5 ppm), in contrast with the minor deshielding effect
of a 6-TAN group (<1 ppm). C6 and C1’ (and the other
carbons) experience only small changes upon 5-TAN substi-
tution (>1 ppm). The similarity in the chemical shifts for
corresponding carbons of 5T'1 and 5T4 demonstrates that the
sugar has no important configuration-dependent shielding
effects on the base carbons.
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The conformational dependence of 6J:'C in some 4-fluorophenyl derivatives
of methane, ethene, and cyclohexane
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The spin—spin coupling over six bonds between '°F and ''C nuclei on the sidechain in thirteen 4-fluorophenyl derivatives
appears to be mediated by a o—1 mechanism. Its magnitude depends somewhat on the hybridization state of the carbon atom
carrying the coupled nucleus, as well as on the electronegativity of substituents attached to this carbon atom. A consistent
behaviour of this coupling is observed if its value is assumed to be proportional to sin® 0, where 0 1s the angle by which the
bond carrying the coupled carbon nucleus twists out of the ring plane. However, in 4-fluorostyrene J "is a electron coupling
in the planar form, so that its magnitude decreases as the viny! group twists out of the benzene plane The o— contribution
to this coupling is smaller than the 1 component. (’J:'C is used to assess the conformational preferences of a number of
compounds, including 4-fluoro-a-methylstyrene, 4,4’-difluorodiphenylmethane, 1,1-dichloro-2,2-bis(4-fluorophenyl)ethane,
and 1-(4-fluorophenyl)-N-methylcyclohexylamine.

TED SCHAEFER, JAMES PEELING, GLENN H. PENNER, ALBERTA LEMIRE et RUDY SEBASTIAN. Can. J. Chem. 63, 24 (1985).

Le couplage de spin 1 travers six liaisons entre les noyaux du "F et du '*C des chaines latérales de 13 dérivés fluoro-4
phényles semble étre contrdlé par un mécanisme de type o—. Son amplitude dépend en partie de |’état d’hybridation de
’atome de carbone portant le noyau couplé et aussi de ’électronégativité des substituants leCS sur ce carbone. On observe
un comportement consistant de ce couplage si on admet que sa valeur est proportionnelle 2 sin 6, ol 0 est I’angle de torsnon
hors plan de la liaison portant le noyau de carbone couplé. Cependant, dans le cas du fluoro-4 styréne, le couplage "J est
un couplage d’électrons  dans une forme planaire; il en résulte que son amplitude diminue lorsque le groupe vinyle sublt une
torsion hors du plan du benzéne. La contribution o— & ce couplage est plus faible que celle de la composante 1. On a utilisé
la valeur de °J < pour déterminer les préférences conformationnelles de plusieurs composés comprenant les fluoro-4
o- methylstyrene difluoro-4,4’ diphénylméthane, dichloro-1,1 bis(fluoro-4 phényl)-2,2 éthane et (fluoro-4 phényl)-1 N-mé-

. H.CH.
in which "J can be °/, - or SJ

thylcyclohexylamine.

Introduction

In the study of long-range spin—spin coupling constants,
their mechanisms, and their application to conformational
problems (1-16), it has been shown (5) that 6J " varies as
sin 6 in toluene derivatives. Here 8 is the angle by which the
a C—H bond twists out of the benzene plane. The coupling
proceeds via a o—m mechanism and involves the sidechain
proton and the para ring proton. Similarly, /" the coupling
between the sidechain proton and the para carbon-13 nucleus
also varies as sin®> 8 (17, 18), implying that this parameter
allows an extension (8) of the J method (1) as a conformational
tool. In this method, a hindered rotor model provides a re-
lationship between the expectation value of sin®> @ and the
barrier to rotation about the Csp®—Csp” bond. The expectation
value and the observed couplm% are simply related by eq. [1],
" and “Jgo is the value of "J

[1] "J = "Jy (sin® 6)

when 6 is 90° in 1. The J method can also discriminate among

s H /5
e H—Cdeeee H—C< LA
H H
1 2

preferred ground-state conformations. For example, 3 and 4
can be established as the low-energy forms of ethylbenzene
(19) and cumene (20), respectively.

' On sabbatical leave from the University of Petroleum and Miner-
als, Dhahran, Saudi Arabia, in 1982—1983.

[Traduit par le journal]

CH; CH

| Vo
----- Cr=vn- ---H—C—\-———---

3 4

".I,f‘CH has also been investigated as a conformational indi-
cator for p-fluorotoluene derivatives (21). The conformational
barriers obtained for identical s1decha1ns differed somewhat
from those found by the use of 6J ', although identical pre-
ferred conformations were 1dent1fled Part of the discrepancy
possibly may be attributed to a non o—a component of ¢J F.cH
but this could not be proved. Perhaps a para fluorine substitu-
ent alters the barriers by altering hyperconjugative interactions
of the sidechain C—H and C—C bonds with the benzene
system. Another possibility is that the o— 1'r component of
6J F.CH varies somewhat between compounds, %/ » Hs be1n more
sensmve to ring substituent perturbations than is ® ' (22).

It seems sensible, therefore, to extend the 1nvest1gat10ns to
6J5¢ = ¢J(C-B,F) in compounds of type 2. The mechanism of
this coupling might emerge and a comparison with &),
677", and, indeed, 75" may establish its viability in con-
forrnat1onal work. Because the coupling is measurable in the
'3C nmr spectrum under conditions where 'H is decoupled, the
experimental work is relatively simple and can be relatively
easily done with low-field FT nmr spectrometers.

Experimental

Most of the compounds were obtained from Aldrich Chem. Co. The
4-fluoro-n-propylbenzene, and 4-fluoro-tert-butylbenzene were pre-
pared from the p-amino derivatives via the diazonium salts. The
4-fluoroethylbenzene was synthesized from the 2-(4-fluorophenyl)-



Can. J. Chem. bownloaded from www.nrcresearchpress.com by 210.87.254.40 on 09/06/12
_ SR For personal useonly. . R

SCHAEFER ET AL.

25

TABLE 1. "*C, "F spin—spin coupling constants in Hz in some 4-fluorophenyl

compounds
Sidechain ' %] ) % ¥ A
CH,* 241.4 21.16 7.774 3.22 0.73 —
CH,CH,* 241.35 21.13 7.78 3.17 0.67 1.023(19)
CH(CH,)," 241.7 21.04 7.76 3.12 0.64 0.804(11)
C(CH;)5" 242.1 20.79 7.70 3.17 0.58 0.602(3)
CH>CH.CH;* — 21.11 7.72 — — 1.108(10)
CH,CH,OH"” 242.0 21.09 7.81 3.13 0.59 1.262(9)
CH,COOH* 242.9 21.40 8.07 3.30 0.71 1.179(8)
CH,COCH,” 242.9 21.40 8.00 3.22 0.61 1.201(8)
1-NHCH;-c-C¢H,o?  242.7 20.76 7.67 3.15 0.47 0.47
CH,—CH.F* 242.6 21.30 7.91 3.21 0.66 0.942(2)
C(CH3)=CH," — 21.41 8.00 329 039 0.27°
C(c-C3Hs)=CH," 244.8 21.40 7.99 3.27 — 0.369(1)F
CH=CH," — 21.71 8.08 3.31 0.59 2.245(30)
CH(4-F—CsH,) 244.8 21.52 8.10 3.31 # 0.801(2)
(CHCl)*"

“50 v/v % in acetone-ds.
30 v/v % in acetone-de.
“40 v/v % in acetone-ds.

“Numbers in parentheses are averages of deviations from the mean.

%] to the methylene carbon is 1.57(2) Hz.
/%] to the methylene carbon is 1.42 Hz.
#The aliphatic C nmr peaks are broad.

"This is 1,1-dichloro-2,2-bis(p-fluorophenyl)ethane (DFDD).
‘Coupling to phenyl carbon of the second ring.

ethanol via the bromide and its Grignard reagent. The '*C nmr spectra
were acquired at 305 K on a Bruker WH 90 FFT nmr spectrometer.
A typical run involved 64 acquisitions into 16K and a spectral window
of 400 Hz. The sample concentrations and solvents employed are
noted in Table 1. The 'H transitions were strongly irradiated in all
these experiments, so that spectral analytical complexities did not
arise.

However, the 'H nmr spectrum of 4-fluoroethylbenzene had not
been previously analyzed and yielded to a LAME analysis (23, 24).

The "*C nmr spectrum of 4-fluorobenzyl cyanide was too broad to
extract "J,F,'C, no doubt as a consequence of partially relaxed coupling
to "N, whose spin-lattice relaxation time must fall into a range in
which the T, of C-f becomes inconveniently short.

INDO MO FPT computations (25, 26) were done on an Amdahl
V/8 system.

Results and discussion

(a) Coupling parameters
In Table 1 the observed "J™C (n = 1-6) values are given for
fourteen 4-fluorophenyl derivatives. In fluorobenzene the "JF¢

values are —245.1, 21.02, 7.79, and 3.20 Hz for n = 1-4,

respectively (28), and are no doubt of the same sign for the
compounds in Table 1; the magnitudes vary only slightly from
compound to compound. Coupling constants of this kind have
been discussed previously in some detail (29). /¢ in
4-fluorotoluene is of unknown sign and, in view of previous
discussions for SJ;‘H in fluorobenzene (22, 30), may well con-
tain o and 7 components of opposite sign.? ¢J7 values are
discussed in detail below.

Table 2 gives the 'H nmr spectral parameters for 4-fluoro-
ethylbenzene, not previously reported.

6JF.C

(b) The coupling mechanism of
Because /)" and SJE‘CH in toluene and its derivatives

2The sign of */™ in 4-fluorotoluene, as well as for analogous

couplings in other 4-fluoropheny! derivatives, is under study here.

TABLE 2. The 'H nmr spectral parameters for a solution of
4-fluoroethylbenzene in acetone-d, at 90.020 MHz and 305 K

Parameter Value Parameter Value
ven," " ~76.668(14) apHcH -0.618(3)
Ve, 50.569(4) *Jas 0.393(3)
- 464.187(8) T 0.302(3)
V3 446.575(6) 6, 0.812(3)
*J(CH,,CH,) 7.597(2) Peaks 162
s 8.474(8) Transitions 255
assigned

N 9.010(4)

* e 2.398(7) Largest 0.052
difference

*as 2.866(4) e

. 5.462(4) RMS deviation 0.020

“In Hz at 90.020 MHz to low field of the 'H nmr peak of acetone-d,.

"In order to estimate shifts relative to tetramethylsilane, add 183.64 Hz
to these v values.

“Numbers in parentheses are standard deviations in the last significant
figure.

(5-8), 6J;"CC'B in an ethylbenzene derivative (8), and &J ;‘CH in
4-fluorotoluene and its derivatives (21) are most likely domi-
nated by a o—m mechanism, it appears likely that ¢/ ;'C will
behave similarly.

Certainly, INDO MO FPT calculations of the above o—
couplings confirm their sin’ 8 dependence (5, 8). Such cal-
culations on 4-fluoroethylbenzene yield eq. [2] for standard
geometries (27)

[2] /7€ Hz = 0.055 + 0.862 sin® §

As argued for other couplings previously (5, 8), the number
0.055 is an artifact of the computation, so that eq. [2] should
become eq. [3], where 0.055 Hz is subtracted from 0.862 Hz.
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TABLE 3. Values of /5, estimated from /) “"* and ®J;

F.CH2 . . .
* in toluene derivatives

Sidechain 6y (sin® )y  (sin® O) i o o o (sin®0)  (sin* O) U0 o
CH; -0.62° 0.500 — — — 1.127 0.5 — — —
(1.15) _
CH,CH; —0.477(3) 0.385¢ 0.730°  1.023(19)  1.401  0.812(3)* 0.363" 0.775  1.023 1.320
-0.45° 0.363¢ 0.774°  1.023(19)  1.321 _ (1.289)
CH(CHs),  —0.25% 0.204 0.648°  0.804(11) 1.241  0.560(10)*  0.250" 0.625  0.804 1.286
(1.280)
C(CH,)s — — 0.500 0.602(3)  1.204

“In toluene (6) in Hz.

*In 3,5-dibromoethylbenzene (19).

“In ethylbenzene (33).

 Assuming Ji""? = —1.24 Hz.

“(sin® B)¢ = 1.5 — 2 (sin® B)y;.

‘In 4-fluorotoluene (21), 1.12 in CS,, 1.15 Hz in acetone-ds.
#In the 4-fluorotoluene derivatives.

" Assuming /5 2 = 2.28 Haz.
In 3,5- dlbrom01sopropylbenzene (20).

{sin? 6),: = 0.75 — 0.5 (sin® Q)F

[3] € Hz = 7§ sin? 6 = 0.807 sin’ 0

In other words, INDO MO FPT computations imply a o—r
mechanism for J,f‘ , where 0 is the angle by which the C—C
bond of the sidechain twists out of the benzene plane. As
expected on the basis of the known positive signs of &/ ,f‘CH and
SJSCH (17, 22), ‘SJ,f‘C is computed as positive.

However, ®J5y is no doubt computed as too small in mag-
nitude, just as is %/ 5 in 4-fluorotoluene (5). This discrepancy
has to do with the INDO parameterization, which should not
perturb the functional form of eq. [3]. An artificial way of
reproducing a correct N o would be to alter the C—F bond
length, because such a coupling will depend on the overlap of
the m orbitals at C-4 with the fluorine orbitals. In fact, 6]
depends exponentially on the C—F bond length, a 51tuatlon
previously noted for other o—1r couplings, for example, 6J
in a pyridine—borane complex (31). The discussion below sug-
gests that eq. [4] agrees with experiment.

[4] %5€ Hz = (1.29 = 0.06) (sin® 0)¢

A second question concerns the dependence of S/ on a
substituent attached to the coupled carbon. INDO MO FPT
computations yield eq. [5] for 2-(4-fluorophenyl)ethanol, in
which the electronegative hydroxyl group is attached to the
coupled carbon atom.

[S] 97 Hz = 0.046 + 1.066 sin® 0

Relative to 4-fluoroethylbenzene the &7 .l;(’)c value has increased
by 26%. As before, write eq. [6] in which the angle indepen-
dent term is deleted on the basis of previous experience. The

[6] °/;° Hz = 1.02 sin’ 6

calculated increase in the presence of an electronegative sub-
stituent has its experimental counterpart in the increase of 'JH¢
in methane derivatives, interpreted as originating in an en-
hanced s-electron density at the carbon-13 nucleus caused by
the polar substituent (32).

The experimental deduction of /5 now proceeds as fol-

lows. Table 3 contains /, " and ®/}" values and the (sin’ 8)
values for a series of toluene derivatives in which the sidechain

is CH,, CH,CH;, CH(CH,),, or C(CHs);. The (sin® 8) values

. . CH F.CH
are given on the assumption that /"™ and /5" are o—m

couplings and are obtained from ¢/ (observed) 8J4o (sin’ 6)
where (sin” 0) is the expectatlon value of sin §. The (sin’ )5
numbers follow from {sin’ G)F 1.5 — 2 {sin® ) for ethyl
substituents and from (sin® 0)s = 0.75 — 0.5 (sin® ) for
isopropyl substituents if 3 and 4 are considered to be the pre-
ferred conformations of the two sidechains. The observed 6J
parameters then yield 6190 in the last column of Table 3.

The 6] magnitudes range from 1.20 to 1.40 Hz, the eight
values yleldmg an average of 1.29 x 0.06 Hz, where 0.06 Hz
is the standard deviation. In view of measurement errors in all
the couplings involved and of the fact that 4-fluorophenyl are
treated on the same footmg as 3,5-dibromophenyl groups, a
smaller uncertainty m 615C % 1s not expected. It might be argued,
for example, that 8J 5" appears to decrease monotonically with
an increase in the number of methyl substltuents and that this
implies an intrinsic dependence of %75 on the substituent B to
the coupled carbon in constrast to the calculated increase
above in 4J$T ,  caused by an « substituent on the coupled car-
bon. This dependence may exist but, in our opinion, is un-
proven and is difficult to establish from the present data set.

An example of the errors in the twofold barriers caused by
the uncertainty in %/ comes from ethylbenzene. A 6190 of
1.29 Hz implies a V, of 1.8 kcal/mol (1 cal = 4.184 J),
whereas 1.40 Hz leads to 1.2 kcal/mol. This last number, of
course, is that deduced from 6] “in 3,5- dibromoethyl-
benzene (19). If 6J HCH s 0.45 Hz, as reported for ethylbenzene
(33), then V, follows as 1.6 kcal/mol

A conservative conclusion is that %/ is predominantly a
o— coupling, and that it yields the preferred conformation of
the sidechain and also a rough estimate of the barrier to internal
rotation about the exocyclic carbon—carbon bond for these
alkyl substituents.

(¢) Conformational applications of 6] ne

i) 4,4’ -Dzﬂuorodzphenylmethane

Here 6] involves an sp ? carbon atom in the second benzene
rlng, in contrast to the sp carbon atoms discussed in the pre-
vious section. However, 6J and GJ,fC have been used to
study the preferred conformatlons of diphenylmethane deriva-
tives (34), so that the following comparisons may be made. The
latter couplings implied that the gable conformation, S, having
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C,, symmetry, obtained from a heavy-atom coplanar con-
formation by rotation of each benzene ring by 90° about the
sp?—sp’ carbon-carbon bond, was preferred. In other words,
C-1 of the second benzene ring lies preferably in a plane per-
pendicular to the plane of the first benzene ring. As far as 6J

is concerned, the preferred conformation is therefore analogous
to 3 for ethylbenzene.

6J for 4,4’ dlﬂuorodlphenylmethane is 0.942(2) Hz.
Therefore (sin® )¢ is 0.942/1.29 or 0. 730 #+ 0.035, assuming
675 as unaltered from its value for an sp* carbon and its error
as 0.06 Hz. The V7 is 1mp11ed as 1.2; £ 0.2 kcal/mol for
rotation about the sp>—sp® bond. The temperature dependence

of 45" yielded V; as 1.55 + 0.25 kcal/mol, whereas %J5°
3,5- d1bromod1phenylmethane gave Vyas 1.1 = 0.3 kcal/ mol
(34). These results imply that °J5; is not very sensitive to the
hybridization state of the carbon atom carrying the coupled
nucleus.

(’J:‘C confirms that the preferred conformation of diphenyl-
methane has the C,—C—C,’ plane perpendicular to the ben-
zene planes. If the preferred conformatlon were one in which
this plane lay in a benzene plane, then sJ would most likely
have a magnitude of less than 0.5 (1.29) or 0.65 Hz instead of
the observed 0.94 Hz. See refs. 34 and 35 for a fuller dis-
cussion of other suggested conformations. The use of ®J7¢
an indicator of preferred conformations in ortho-substituted
diphenylmethanes appears sensible, as it does for diphenyl-
ethanes.

(iig 1.1-Dichloro-2,2-bis(4-fluorophenyl)ethane (DFDD)

87 in DFDD is 0.801(2) Hz and again involves a carbon
atom of the second benzene ring, suggesting a conformation
closely related to that of diphenylmethane. In the crystal, the
benzene rings do indeed lie in face-to-face positions (36) and
corresponding atoms in these rings are related by reflection
across a mirror plane containing the HCCH atoms of the ali-
phatic fragment. The latter has very nearly tetrahedral bond
angles. If 5§ corresponded to the preferred conformation in
solution, that is, if 0., were 90°, and if the rotation about the
sp*—sp® carbon—carbon bond were naively treated as twofold,
then the internal barrier would be deduced as about 0.6
kcal/mol ({sin®> 8)c = 0.801/1.29), about 1 kcal/mol lower
than in the difluorodiphenylmethane above. That this inter-
pretation would be erroneous can be seen as follows.

First, in solution the C—H bonds of the aliphatic fragment
can also take on gauche conformations with respect to each
other. Thus, in a 5 mol% solution in CCl, at 305 K, *J"# is only
7.76(8) Hz. The usual approach to the estimation of the mag-
nitudes of the trans and gauche couplings (37-39), together
with a *J."" of 10.5 Hz in sym-tetrachloroethane (40) and 11.3
Hz in sym-tetraphenylethane (41a), and a*J, " 6f 2.2 Hz in the
former, implies a *J;"" of about 10.9 Hz and a* " of2.3Hz
in DFDD. A 2-site treatment then yields the trans population
as 63%. In an acetone-dy solution the frans population in-
creases to 82%, *J"* having increased to 9.35(3) Hz.

Furthermore, *J8H 578 and M are —0.451(5),
0.233(3), and 0.25(2) Hz, respectively, in the acetone solution.

These numbers imply(l 7, 21) that not 5, but a conformation
with 0 nearer 60°, is that of lowest energy. For a twofold barrier
one may write (7) %M = 0.336 (sin’ 8)) + 0.188, so that
(sin? 8);; becomes 0.134. Also (21), 9/, ™ = 2.27 (sin® O);,
yielding (sin 8); as 0.110. The mean value is 0. 122, implying

a barrier of 2.9 kcal/mol. An empirical plot (415) of 4yHcH
versus V, values suggests a twofold barrier of 3.0 kcal/mol. An

estimate of (sin> 8) then follows as 0.75 — 0.5 (0.122), or

0.69, and ®J; becomes 0.69(1.29), or 0.89 Hz. The observed
value is 0.80 Hz.

Of course, better agreement is not expected because the
barrier can hardly be purely twofold, the gauche and trans
conformations are treated as having the same conformation
about sp°—sp* bonds, and because the barriers in the two forms
need not be the same. However, the argument does demon-
strate DFDD as more rigid than 4,4’-difluorodiphenylmethane
and that 8., is much nearer 60° than 90°. A detailed in-
vestigation in which additional long-range couplings, such as
nJCH (8), are measured in solutions of varying polarity, may
well lead to a sensible description of the internal dynamics of
DFDD.

(iii) 2-(4-Fluorophenyl)ethanol and 1-(4-fluorophenyl)-

propane

In these compounds an ¢lectronegative substituent, hydroxy
or methyl, is attached to the coupled carbon. The INDO MO
FPT computations above imply a 26% increase in 78 in the
presence of the hydroxyl substituent. Assuming a linear de-
pendence of 6y5:C % on E,, the electronegativity of the substituent,
where Ey = 2.1, Ecy = 2.5, Eoy = 3.5, and assuming that *J &
is 1. 29 Hz when X = H and 1.63 Hz when X = OH, leads to

a ®J5 of 1.39 Hz for X = CH3

In the propane derivative, %/ ,is 1.11(1) Hz, implying (sin’
)< as 0.799 and Vz as 1.85 = 0.3 kcal/mol, based on a 0.06-Hz
uncertainty in 6Jgo. In the 3,5-dibromo derivative (42) of
1-phenylpropane, 6.] ' is —0.428(2) Hz, leading to a barrier
of 1.9 = 0.2 kcal/ mo] Of course, the existence of gauche and
trans conformers about the sp’—sp® carbon—carbon bond has
been lgnored in this comparison, which is meant only to sug-
gest 6J&C as a feasible conformational marker. The detalled
discussion (42) of the barriers about the sp’-sp’
carbon—carbon bonds in the trans and Cgauche forms, given for
5/ measurements, applies to °J; also and need not be
repeated here, except to note that the gauche is much larger
than the trans barrier.

Turning to the ethanol derivative, one has (sin’ 6)§ as
1.26/1.63 or 0.773 and therefore a V, of 1.6 = 0.3 kcal/mol.
In CS, solution, GJZ"CH in 2-(3,5-dibromophenyl)ethanol is
—0.380(4) Hz (42) and leads to an average V, for the trans and
gauche conformers of 3.1 + 0.3 kcal/mol. Of course, in the
CS, solution the proportion of trans and gauche forms varies
with concentration (42), intermolecular self-association of
2-phenylethanol favoring the frans form.

For the ﬂuorophenylethanol derivative, 8J} ¢ , 1s here quoted
for a 30 v/v % solution in acetone-ds (Table 1), in which the
trans conformer will be favored strongly by intermolecular
hydrogen bonding to solvent and other solute molecules. The
trans form, of course, has a smaller barrier than does the
gauche form, the latter having considerable steric hindrance to
rotation due to the proximity of the phenyl and hydroxyl sub-
stltuents Consequently the average V, of 1.6 kcal/mol found
from ®/5C in acetone-ds solution is reasonable, implying, in
fact (42), that 2-(4-fluorophenyl)ethanol exists predominantly
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in the trans conformation in acetone solution.” The trans form
has a barrier of near 1.2 kcal/mol, while that in the gauche
form must be greater than 4 kcal/mol (42) in CS, solution.

(iv) 4-Fluoro-a-methylstyrene and a-cyclopropyl-4-

fluorostyrene

These compounds do not have a proton necessary for the
measurement of ;" or 47", so that %/} remains as a
conformational 1nd1cat0r Now although styrene is probably
planar in the ground state (43, 44), the present compounds most
likely are not, the o substituents entailing destabilization of a
coplanar arrangement of the benzene and olefinic moieties.
Furthermore, the internal rotational potential may not be two-
fold. Nevertheless, some conformational information is avail-
able from ¢/,

In the - methyl styrene, 6J is 0.27 Hz. A naive approach,
in which 6J is taken to 1nd1cate a conformation, goes as
follows. Assume 6J is ao—m coupling as suggested by INDO
MO FPT calculatrons also 1nd1cat1ng that 6J "€ for this bonding
situation is somewhat smaller than ¢/ , foran ethyl substltuent
and that (’Jgo is therefore 1.13 Hz. It follows that sin’ 6 is 0.235
and that 6 is 29°, the angle by which the CH; group twists out
of plane. This number happens to agree with the 30° (45a)
deduced from ultraviolet spectral extinction coefficients and
from transition frequencies of the conjugation bands. Photo-
electron spectral data imply a 6 of 29 * 6° in a-methylstyrene
(45b). The same approach for the a-cyclopropylstyrene yields
0 as 35°, employing a 6J of 0.369(1) Hz (a-terr-butylstyrene
(45a) apparently has 6 = 64°).

If & = 0° were to represent the preferred conformation and
the internal barrier to rotation about the sp’-sp’
carbon—carbon bond were twofold, then the ¢/ FC values would
yield barriers of 1.4 and 0.8 kcal/mol for the methyl and
cyclopropyl derivatives, respectrvely That 8 = 90° is not the
preferred conformation is evident from the ,F,C numbers,
which are less than 0.5 Ji° for both compounds, the latter
being the value in the limit of a vanishing barrier for a potential
minimum at § = 90° this conclusion is independent of the
barrier symmetry.

If a twofold steric barrier exists in the a-methylstyrene anal-
ogous to that in ethylbenzene of stable perpendicular form 3, it
opposes the twofold conjugational barrier favoring planarity. It
may therefore be that the net barrier is lower than in styrene
itself, estimated as twofold and ranging from 1.0 to 2.2
kcal/mol (43, 46), with an outlier at 0.5 kcal/mol.

No reliable value of V, is available for 4-fluorostyrene. J he

is 2.245(30) Hz. INDO MO FPT computatlons have it that 6JF <
is of maximum magnitude when 8 is 0° and decreases as 0
increases, no doubt because the coupling is dominated by a
pure 7 mechanism involving the electrons of the olefinic dou-
ble bond. The decrease goes as sin’ 6 and is calculated as

[7] %€ Hz = 1.54 — 0.85 sin” §

Of course, it may well be that a g— mechamsm comes into
play as 6 increases from zero, so that this 8¢ » would not go to
zero at = 90°, It is 1nterest1ng, therefore, that J FCH(CH;) in
4-fluoro-a-methylstyrene is comcputed as 0.71 Hz at 8 = 90°
(o0—m mechanism) whereas (’J (=CH,) is 0.69 Hz for eq.

*Given sufficient sensitivity of the spectrometer, J:‘ may there-
fore be the most convenient indicator of trans/gauche ratios in mole-
cules of this kind, its measurement being straightforward compared to

the analyses of spectra from complex spin systems.

[7]. In other words, the INDO MO FPT computations imply
that the coupling to the olefinic carbon nucleus consists of two
positive contributions, both dependent on sin®> 6. The con-
tributions differ by 90° in their maxima, the 7 component being
the larger.

The important conclusion is that for the B-olefinic car-
bon nucleus decreases as 9 increases, as observed for the
a-methyl and a-cyclopropyl derivatives, being 1.57 and 1.42
Hz, respectively; this is smaller than the 2.24 Hz in
4-fluorostyrene, whose ground state conformation is pre-
sumably planar. These observations are in qualitative agree-
ment with the 1nd1cat10n above that the r is larger than the o—
component of &J} €

The assumptlon of a twofold internal barrier, together with
the harmonic approximation for the torsion about the exocyclic
bond, leads to a V> of 0.5 or 1.0 kcal/mol from the microwave
spectrum (44) of 4-fluorostyrene, and 1.0 kcal/mol from vi-
brational assignments in the 288-nm absorption spectrum (43).
Heat capacity data (47) give V, as 2.87 kcal/mol. An MO
calculation suggests 3.9 kcal/ mol (48). The latter barrier
would lmply that the observed 6J is within a few percent of
its maximum value, that is, at 8 = 0. Further work is needed,
possibly involving long-range couphngs from s1decha1n 'H, l3C
nuclei and "°F, 'H, "*C nuclei in the benzene ring.*

(v) 1-(4-Fluorophenyl)-N-methylcyclohexylamine

In phenylcyclohexane the low-energy conformer contains
the « C—H bond in the plane of the benzene ring, analogous
to 4 for 2-phenylpropane, and 6J " entails a twofold barrier to
rotation about the exocyclic carbon carbon bond of 2.1 * 0.3
kcal/mol (49). In the presence of an N-methyl substituent on
the a carbon atom, the phenyl group attached to this atom will
most likely prefer a conformation obtained by a rotation of 90°
from the bisected conformer in phenylcyclohexane, namely 6.
The angle 6 will be 30° for a conformation in which the phenyl
group is axial or equatorial.

63 F.C
JI

F.

%77 is 0.46, Hz and therefore (sin® 8); is 0.364 = 0.017 if
(’Jg(‘)c is taken as 1.29 = 0.06 Hz, as used above for tetrahedral
carbon linkages. This value of (sin® 8), being less than 0.5,
confirms 5 as the preferred conformer and V, follows as 1.6 =
0.3 kcal/mol. Whether the internal barrier is indeed twofold is
not certain, so that this number must be treated with circum-
spection. The identification of 6 as the ground state seems
certain, however.

(vi) 4-F luorophenylacenc acid and 4-fluorophenylacetone
In these compounds, 6J involves a trigonal carbon atom

*“It is amusing that 1.57/2.24, the ratio of the couplings to the B
olefinic carbon in the a-methyl derivative and the 4-fluorostyrene
itself, yields 33° as the angle of twist in the former, as also deduced
from the coupling to the methyl carbon (30°). For the a-cyclopropyl
compound, 6 is then 37°, compared to the 35° deduced from the ¢y j'c
for the coupling to the carbon nucleus in the 3-membered ring. These
results may well indicate that the coupling to the B olefinic carbon
nucleus is near zero at 8 = 90°. However, a proper dynamical model
is needed, together with a reliable potential energy profile for the
internal rotation.
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attached to electronegative substituents. Whatever the value of
éJlf'C at 8 = 90°, from the values of 1.20 and 1.18 Hz for the
ketone and acid, respectively, it is clear that the perpendicular
form, of type 3, is very stable. %/ is expected to be larger than
the 1.13 Hz assessed above for an olefinic carbon, by analogy
with the 26% increase in %/ 5 for an aliphatic carbon caused by
an attached electronegative substituent. If a similar increase
applied to the carbonyl bond, /o would be 1.42 Hz. In that
event, the barrier to rotation about the sp>-sp? carbon—carbon
bond, assumed twofold, would be about 2.3 kcal/mol for both
the ketone and the acid. Obviously, this is a very rough esti-
mate of V.

Therefore, &/ ,f‘CH was measured for these two compounds in
acetone-dg, yielding 0.67(2) and 0.70(2) Hz for the ketone and
acid, respectivel¥. The electronegativity of the COOH group is
2.8 (50), and &J 9(',CH is therefore estimated as 2.12 Hz by the
procedure described for ¢/ " (1. Then (sin? 8)} is 0.323 =
0.018 Hz and V; becomes 2.5 = 0.5 kcal/mol, where %" for
the two compounds is averaged to 0.68s = 0.03 Hz. It appears
that /7€ and ¢/ yield similar conclusions about the con-
formational dynamics of these two compounds, agreeing that
the low-energy conformer is analogous to 3.
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Hydrogen, hydrogen sulphide, mercaptoethano! disulphide, and ethanol yields from the radiolysis of 2-mercaptoethano! are
consistent with the same mechanism postulated for other sulphydryl-containing molecules. In all cases studied gy in neutral
solution appears to be enhanced (gu = 0.7-0.9 molecule per 100 eV). However, there is no basis for attributing this to reaction
[10] which was postulated in earlier work:

[10] e, + RSH <> RS-+ H,

but is not supported by independent data from H atom studies.

MANCHAR LAL et DAVID A. ARMSTRONG. Can. J. Chem. 63, 30 (1985).

Les rendements en hydrogéne, en sulfure d’hydrogéne, en disulfure de mercaptoéthanol et en éthanol, obtenus lors de la
radiolyse du mercapto-2 éthanol, sont en accord avec le mécanisme postulé pour d’autres molécules contenant des groupes
sulfhydryles. Dans tous les cas étudiés, il semble que la valeur de g, en solution neutre soit augmentée (g = 0,7—0,9 molécule
par 100 eV). Toutefois, il n’y a aucune donnée expérimentale qui puisse permettre d’attribuer ce résultat a la réaction [10] qui

avait été postulée dans un travail antérieur

(10] e, + RSH — H RS- + H,

mais ces résultats n’ont pas €té confirmés par des données indépendantes obtenues a partir d’études sur des atomes

d’hydrogénes.

Introduction

Sulphydryl groups play an important role in many cellular
processes (1). At the same time they are known to be highly
susceptible to ionising radiation, and low molecular weight
sulphydryl-containing molecules have been shown to act as
sacrificial protectors (2). Their reactions with the free radicals
formed in irradiated aqueous solutions are therefore of consid-
erable interest. The following reaction mechanism, with RSH
as the sulphydryl molecule, has been shown to adequately
describe the products observed for cysteine (3, 4), penicil-
lamine (5), and glutathione (6) in | to 10 mM aqueous solutions
subjected to ®°Co or fast electron radiolysis. These are also the
main primary reactions in

[1] H, 0~ 27-OH + 2.6¢_ , T 0.6 -H+ 0.7 H:O, + 0.5 H;
2] e, +H —-H.

[3] RSH + -:OH — RS- + H,0

[4] RSH + ‘H— RS- + H,

[5] RSH + ‘H— R- + H,S

[6] RSH +e,— R-+ SH”

[7] RSH + R-— RS- + RH

[8] RS- + RS:— RSSR

[9] 2RSH + H,0, — RSSR + 2H,0,

dithiothreitol, but in that case there are some additional second-
ary reactions (7, 8). Reaction [9] is slow except at high pH and
can usually be neglected in acid solutions (3, 9).

At pH 4-7 reaction [2] can be neglected and, since the
contribution of reaction [5] is small in this pH range, the mech-

[Traduit par le journal]

anism then predicts G(H,S) = G(RH) = g.- (3—6). While this
was observed with the sulphydryl molecules noted above, the
values of G(H,S) and G(RH) from 2-mercaptoethanol, al-
though equal, were reported to be only half of 8, (10). Jayson,
Stirling, and Swallow attributed that observation to the occur-
rence of reaction [10]:

H+

[10] e, + RSH - H. + RS-

Intuitively this seems to require the existence of a relatively
long-lived RSH™ ion

[11] e, + RSH— RSH"
[12] RSH™ + H* > RS- + H,

and no evidence for that has been reported for aqueous systems.

The apparent difference between 2-mercaptoethanol and the
other sulphydryl-containing molecules was obviously of funda-
mental interest. Also, since the former compound is often used
as a model sulphydryl species, it is important that its mech-
anism of radiolysis be well understood. We have therefore
reinvestigated the radiation chemistry of aqueous mer-
captoethanol. A detailed study of the pH dependence of the
hydrogen yields was made, since reaction [10] (or [11]-[12])
would significantly augment G(H,) in the pH range 4-7.
Hydrogen sulphide, RSSR, and RH (i.e. ethanol) yields were
also determined. Experiments were performed at both the
Bhabha Atomic Research Centre (BARC) and at the University
of Calgary.

Experimental

Materials
Mercaptoethanol (Sigma Chemical Co. pure grade) was subjected
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TABLE 1. Yields of H, and ethanol as a function of pH

Concentration of
2-mercaptoethanol
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FiG. 1. Product yields as a function of pH for H, O, EtOH [], H,S
A'in 107* M RSH and EtOH < and H,S V in 2 X 10™* M RSH, this
study; filled symbols — as above from ref. 10.

to distillation under vacuum before use in the earlier experiments, but
later it was found to be satisfactory to use it directly. Nitrogen used
for preliminary deaeration of solutions at BARC, Bombay, was
IOLAR-2 from the Indian Oxygen Co. Ltd. Water was triply distilled
by standard methods. Fresh solutions were made for each experiment
and final degassing was carried out by freeze, pump, thaw cycles (3).

Irradiations

These were performed in “"Co sources, which gave dose rates of 40
or9 X 10" eV min~'dm™* (BARC, Bombay) and 7 x 10'® eV min™'
dm™’ (Calgary). Analyses were carried out immediately after irra-
diations.

60

Analyses

Hydrogen: Aliquots of degassed solution in cells fitted with break
seals were connected to a vacuum system, which was used to extract
the gases volatile at liquid nitrogen temperature (3) and collect them
in a standard volume. Hydrogen was then analysed by gas chro-
matography with a 2 m X. 0.66 cm diameter stainless steel column
filled with 30— 60 mesh SA molecular sieve at room temperature and
with N, as carrier gas (BARC) or by following the drop in pressure
when the hydrogen was allowed to diffuse through a heated palladium
thimble (Calgary (3)).

Ethanol: This analysis was carried out by gas chromatography with
N, carrier gas on a Carbowax number 6 column (10% chromosorb
WAW) in a 1.6 m 0.66 cm diameter copper tube at 85°C.

Hydrogen sulphide: This was determined by both the ammonium
molybdate and methylene blue methods (3).

Disulphide: Concentrations of RSSR in the irradiated solutions
were obtained from the absorbances at 248 nm using an extinction
coefficient of 324 M ™' cm™". In this case the *’Co vy dose rate was 4
% 10® eV min~' dm™>.

Results

As in the case of cysteine, product concentration versus dose
plots were linear in the region below 107 eV dm™. Yields of

(M) pH G(H>,) G (ethanol)
0.06 6.0 0.2 1.0, = 0.05 2.25 = 0.05
—0.13

0.06 1.1 = 0.1 23 *+0.1 1.0: = 0.0s
-0.10

0.06 0.4 = 0.1 2.5 *0.1 1.0 = 0.1
-0.10

products in molecules per 100 eV of radiation energy absorbed
were obtained from their slopes. Hydrogen, H,S, and ethanol
yields for 2 X 107 and 107> M 2-mercaptoethanol solutions
are presented as a function of pH in Fig. |. Yields for more
concentrated solutions are contained in Table 1.

Discussion

The effects of pH exhibited by the yields for high and low
concentrations in Table | and Fig. | are similar, and the trends
seen are in agreement with those observed with cysteine (3, 4).
The yields of hydrogen sulphide and ethanol reported by Jay-
son, Stirling, and Swallow for 2-mercaptoethanol at pH 5.5 and
0.0 have been included in Fig. 1. Their results at the lower pH’s
are in good agreement with the present data. On the other hand,
at pH 5.5 their values of G (H,S) and G (ethanol) are much less
than the ones reported here for pH 4 to 6 in Fig. | and Table
1. The reason for this is not clear. However, if the lower yields
of G (H,S) and G(ethanol) at pH ~5 were correct and reaction
[10] had occurred to the extent postulated in ref. lO the hydro-
gen yields would have been higher than gy + G,,, (see below)
by one molecule per 100 eV and close to 2 molecules per 100
eV. Clearly this 1s not the case. lf gu Is taken as 3.6 at pH =
1.3 (11) and GM as 0.3, in 107> M 2-mercaptoethanol solu-
tions, then the mechanism given in the Introduction predicts
G (H,S) or G(ethanol) + G(H,) = 3.65 + 0.3, = 3.95(11). The
sum of the yields from the smoothed curves in Fig. | at pH 0.5
is 3.8s, in reasonable agreement. Likewise k;/ks is given by
(G(Hy) — 0.30,) (GH-S)™" (3). The value of 5 thus estimated
from the 1072 M solution yields at pH 0.5 is typical of primary
sulphydry] compounds such as cysteine and methyl mercaptan
(3, 12). The mechanism also predicts G(RSSR) = (1/2) [gch
+ gu + goul, which is 3.1 molecules per 100 eV for 107> M
RSH, taking into account the solute reactivity (5). The result
obtained here at pH 6 was 3.4 molecules per 100 eV, which is
in agieement, and is the same as the experimental yield report-
ed in ref. 10. It was also similar to the disulphide yields from
other sulphydryl molecules (3, 6).

The similarity to these other thiol compounds may be further
demonstrated. At pH 6 the mechanism predicts that {G (H,S) or
G (ethanol) + G(H,)} should be equal to (g, + gy + GH ) which
is 3.2 4+ 0.30 = 3.6 (5). The sum of the experimental yields
is 2.25 + 1.0s = 3.3, which is also in satlsfactory agreement.
The yleld of hydrogen should be equal to GH7 + g X kyf (ks +
ks). If G,_h is taken as 0.3 and k,/(k, + ks) is assumed to be pH
independent, then gy must be = 0.9 molecule per 100 eV. This
is significantly larger than the normally accepted value of 0.6
(11). However, a similar discrepancy has been observed for
cysteine and methyl mercaptan, for which the hydrogen yields
in 1072 M solutions are also ~1.0 molecule per 100 eV (3).

The origin of this extra hydrogen is not clear. Wilkening et
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al. (3) have argued against the occurrence of reaction [13] on
the basis of Littman, Carr, and Brady’s report (13) that reaction
[14] is relatively efficient,

[13] el + RSH— RS~ + H-

aq

[14] ‘H + RS™ — R + SH™

an observation which demonstrates that the exit channel to R+
+ SH™ is more favourable than that to H- + RS™. Alternative
explanations of the excess hydrogen are the absorption of ener-
gy from subexcitation electrons (14) and the scavenging of dry
electrons in reaction [15],

[15] e~ + RSH— RS™ + H-

for which the energetics would be different from [10]. Further
experiments will be required to resolve this problem.
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The oxidation of captopril (CpSH, 1-(D-3-mercapto-2-methylpropanoyl)-1-proline) by glutathione disuifide (GSSG) via
thiol/disulfide exchange to form, in the first step, CpSSG and GSH and, in the second step, CpSSCp and GSH, has been
studied in aqueous solution by 'H nmr. Due to slow rotation around the amide bond(s) of CpSH and CpSSCp and of the
captopril part of CpSSG, separate resonances are observed for the cis and trans conformations across these bonds. Con-
formational equilibrium constants were estimated as a function of pH for CpSH, CpSSCp, and CpSSG from the intensities of
resonances for the cis and trans isomers. These equilibrium constants were used in the determination of equilibrium constants
for the two steps in the oxidation of CpSH by GSSG. The results suggest that CpSH has a greater tendency to reduce disulfide
bonds by thiol/disulfide exchange at physiological pH, and thus form mixed disulfides, than do the thiol groups in amino acids.
Also, the conformational equilibrium constants indicate that, at physiological pH, approximately two thirds of the captopril,
either free or in a disulfide form, has the trans conformation.

DALLAS L. RABENSTEIN et YVON THERIAULT. Can. J. Chem. 63, 33 (1985).

Faisant appel 2 la rmn du 'H et opérant en solutions aqueuses, on a étudié I’oxydation du captoprile (CpSH, (D-mercapto-3
méthyl-2 propanoyl)-1 proline-1) par le disulfure de glutathion (GSSG) via un échange thio/disulfure qui permet de former
le CpSSG et le GSH dans une premiére étape et le CpSSCp et le GSH dans une deuximéme étape. A cause de la rotation lente
autour des liaisons amide(s) du CpSH, du CpSSCp et de la partie captoprile du CpSSG, on a pu observer des résonances
distinctes pour les conformations cis et trans par rapport a ces liaisons. Utilisant les intensités des résonances des isoméres
cis et trans, on a évalué les constantes d’équilibres conformationnels du CpSH, du CpSSCp et du CpSSG en fonction du pH.
On a utilisé ces constantes d’équilibre pour déterminer les constantes d’équilibre des deux étapes de I’oxydation du CpSH par
le GSSG. Les résultats suggerent que, par comparaison avec les thiols des acides aminés, le CpSH a une plus grande tendance
a réduire les liaisons disulfures, par un échange thiol/disulfure a pH physiologique, et ainsi & former des disulfures mixtes.
Les constantes d’équilibres conformationnels indiquent également, a pH physiologique, qu’approximativement les deux tiers

33

du captoprile, tant sous la forme libre que sous la forme de disulfure, existe sous une conformation trans.

Introduction

Captopril, 1-(D-3-mercapto-2-methylpropanoyl)-1-proline,
is used clinically for the treatment of hypertension (1-3). Anti-
hypertensive activity is thought to result from inhibition of
angiotensin I-converting enzyme, with the thiol group of cap-
topril binding to the active site of the enzyme (1-3). The thiol
group is also the key functional group in the metabolism of
captopril, with major metabolites being captopril disulfide and
mixed disulfides with thiol-containing amino acids, peptides,
and proteins (4-7).

Captopril exists in solution as an equilibrium mixture of
trans (1) and cis (2) isomers with respect to the conformation

CH CH
_~CH; ~CH>
CH, \CH" HOZC(|3H \C
2 H,
HSCH,CH N / = HSCH,CH N ./
¢~ SCHCO,H TN N,
CH; | CH; ||
o) o)
1 2

across the peptide bond (8). Although the conformational equi-
librium of captopril has been characterized in detail (8), the
chemistry of formation of disulfides from captopril and their
conformational equilibria have not. This is of interest since it
has been suggested that disulfide metabolites may play a role
in determining the nature and time course of adverse reactions
to captopril (9). In this paper, we report the results of an 'H nmr
study of the formation of symmetrical and mixed disulfides by

' Author to whom correspondence should be addressed.

[Traduit par le journal]
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|

|
NH, CH,

‘OzCCHCHzCHzﬁNHCHﬁNHCH2C02‘

3

oxidation by glutathione disulfide (3) via thiol/disulfide ex-
change as described by egs. [1] and [2].

[1] CpSH + GSSG = CpSSG + GSH
[2] CpSH + CpSSG = CpSSCp + GSH

where CpSH, CpSSCp, GSH, GSSG, and CpSSG are cap-
topril, captopril disulfide, glutathione, glutathione disulfide,
and captopril-glutathione mixed disulfide, respectively. As
part of this study, the cis—trans conformational equilibrium
across the amide bond(s) of CpSH and CpSSCp and the cap-
topril part of CpSSG have also been characterized by 'H nmr.

Glutathione disulfide was chosen for this study because it
occurs naturally (10), captopril—glutathione mixed disulfide
(CpSSG) has been detected as a metabolite of captopril (4, 5),
and, with the cystine between two amino acid residues, GSSG
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serves to a first approximation as a model for disulfide bonds
in proteins.

Experimental

The captopril and captopril disulfide used in this study were gifts
from The Squibb Institute for Medical Research, Princeton, N.J.
Glutathione disulfide was obtained from Sigma Chemical Co. The
99.7% D0, 40% NaOD in D0, and 35% DCIl in D,O were obtained
from Merck Sharp and Dohme, Ltd.

The 'H nmr spectra were measured at 360 MHz on a Bruker WM-
360 spectrometer operating in the pulse/Fourier transform mode. The
probe temperature was 25 + 1°C. Chemical shifts were measured
relative to internal tert-butyl alcohol and are reported relative to the
methyl resonance of sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS). The resolution was increased in some spectra with the Gaus-
sian resolution enhancement routine in the Aspect 2000 software.

The pH measurements were made at 25°C with a Fisher Accumet
pH meter equipped with a standard glass electrode and a fiber-tipped,
saturated calomel reference electrode, or a microcombination elec-
trode. Fisher certified standard solutions having nominal pH values of
4.00, 7.00, and 10.00 were used for calibrating the pH meter. The
exact pH of each standard solution was determined by comparison
with freshly prepared N.B.S. pH standard solutions (11). pH values
reported are the meter readings; to indicate that pH readings for DO
solutions were not corrected for the deuterium isotope effect (12), they
are reported as pH*.

Solutions were prepared in 99.7% DO containing 1 M KCI and
approximately 0.0001 M tert-butyl alcohol. Na,H,EDTA (0.003 M)
was also added to solutions containing thiols, e.g. the equilibrium
mixture resulting from the reaction of CpSH with GSSG, to complex
traces of heavy metals which would catalyze the oxidation of the thiols
(13). The solvent mixture was deoxygenated by bubbling with argon
or nitrogen before addition of thiol to minimize oxidation by dissolved
oxygen. Inert gas was also blown over the solution during adjustment
of pH, and nmr tubes were flushed out with the gas before transfer of
an aliquot of solution to the tube. To ensure that no air oxidation of
thiol occurred in the measurement of equilibrium constants for
thiol/disulfide exchange reactions of CpSH with GSSG, the sample
solutions were degassed further by taking them, in an nmr tube,
through at least three freeze—pump—thaw cycles on a vacuum line.

Results

In aqueous solution, captopril and its disulfides exist in a
conformational equilibrium due to cis/trans isomerization
across the captopril amide bond. To quantitatively characterize
the oxidation of CpSH by GSSG, it was necessary to first
characterize these conformational equilibria for CpSH,
CpSSCp, and CpSSG.

Conformational equilibria

The 360-MHz 'H nmr spectra of captopril and captopril
disulfide are shown in Fig. 1. Each spectrum consists of two
highly coupled spin systems: the —CH,CHCH; spin system
from the 3-mercapto-2-methylpropanoyl part and the
—CH,CH,CH,CH— spin system from the proline residue.
The spectra are further complicated by the presence of cis and
trans isomers with respect to the conformation across the amide
bond. This results in a doubling of the resonances in the spec-
trum of captopril, as is clearly evident in the multiplet patterns
at 3.4-3.9 and 4.26-4.39 ppm for the hydrogens on C; and C,
respectively of the proline residue and the methyl resonances at
1.12—1.17 ppm (Fig. 2). In the 3.4—3.9 ppm region, the reso-
nances at 3.4—-3.66 and 3.66-3.9 ppm are from the cis and
trans isomers respectively (8). In the 4.26-4.39 and
1.12-1.17 ppm regions, the more intense multiplets are from
the trans isomer. The assignment of the other resonances for

TABLE 1. Identification of captopril-containing

species

Conformation of the Species

Species captopril amide bond(s)  number
CpSH,,, trans |
CpSH., cis 2
CpSSCpin trans, trans 3
CpSSCpir) trans, cis 4
CpSSCpiees cis, cis 5
CpSSGq, trans 6
CpSSG., cis 7

TABLE 2. cis—trans Conformational equilibrium constants for
proline-containing molecules”

Compound Low pH®  Neutral pH*  High pH*
Glycyl-L-proline” 0.19 0.54 0.72
Glycyl-L-hydroxyproline* 0.14 0.52 0.59
L-Alanyl-L-proline® 0.12 0.54 0.89
Captopril 0.15 0.59 0.41
Captopril disulfide 0.207 0.397 0.397
Captopril—-glutathione

mixed disulfide 0.16 0.49 0.35

“Defined as K., = [cis]/[trans] where cis and trans refer to the con-
formation across the proline amide bond.

®Carboxyl, thiol, and amino groups, if present, are protonated.

“Carboxyl groups deprotonated; thiol and amino groups, if present, pro-
tonated.

“Carboxyl, thiol, and amino groups, if present, deprotonated.

‘Reference 13.

/Kr/l = [CiS]mlul/[tra”S]lowl~

captopril are: 1.8—2.4 ppm, the hydrogens on C; and C, of the
proline residue; 2.48-3.06 ppm, the two hydrogens on C3 and
the one hydrogen on C2 of the 3-mercapto-2-methylpropanoyl
part. The spectrum of captopril disulfide is composed of the
spectrum for the captopril unit in four different environments
due to the cis—trans isomerism: CpSSCpy,, in which both am-
ide bonds are trans, CpSSCpy., in which one amide bond is cis
and the other is trans, and CpSSCp,., in which both amide
bonds are cis. This results in an apparent lower resolution over
the 1.9-2.4 and 3.2-3.8 ppm regions due to the overlap of
resonances for the two trans environments (CpSSCp,, and
CpSSCpy.y) and overlap of resonances for the two cis environ-
ments (CpSSCp., and CpSSCp). Four doublets from the
four different environments are observed in the methyl region
(Fig. 2). The assignments are given in Table 1; the basis of
these assignments is discussed below.

Fractional concentrations of the two isomers of captopril
were determined as a function of pH* from the relative in-
tensities of the two methyl doublets and from the relative in-
tensities of the resonances for the hydrogens on C; of the
proline residue in the cis and trans isomers. The fractional
concentrations of the trans isomer are 0.87 = 0.01, 0.63 =
0.01, and 0.71 = 0.01 for the fully-protonated, mono-
protonated, and deprotonated forms of captopril, which corre-
spond to the equilibrium constants, K./, = [cis]/[trans], listed
in Table 2.

The fractional concentrations of the three isomers of cap-
topril disulfide were determined from the relative intensities of
the methyl resonances (Fig. 2). Equations [3]—[6] describe the
equilibria between the three forms of captopril disulfide.
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FIG. 1. The 360-MHz 'H nmr spectra of 0.062 M captopril (pH* 6.0) and 0.042 M captopril disulfide (pH* 6.0). The gain was reduced by
2 in the 1-1.5-ppm region.
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CpSSCpun _ [CpSSCp]

6 K('(' © T
3] Zz N [6] M [CpSSCpu]

CpSSCpuey = CpSSCpicc o .
Equilibrium constants were determined at pH* 5.90, 5.99, and

_ [CpSSCpy..)] 6.10 and the results are: K..;, = 0.144 = 0.005, K./, = 0.84
[4]  Kew = [CpSSCpun] + 0.01, and K,/ = 0.171 = 0.006. Total fractional concen-
[CpSSCpu] trations of the cis and frans environments® were also deter-

(tc)

S Kew = Tooo
5] /e [CpSSCp“,)] ®Fractional concentration of trans = (2[CpSSCpun) +

[CpssCpue])/2[CpSSCplioar-
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FIG. 2. The methyi resonances for the solutions described in the legend to Fig. 1. Resolution was enhanced by doing a Gaussian multiplication
with the Bruker Aspect 2000 software. Resonance assignments are given in Table 1.

mined as a function of pH* directly from relative intensities of
the cis and frans C;—H resonances. The fractional concen-
tration of the trans conformation is 0.72 *+ 0.03, independen'
of pH oyer the pH* range 3.75-11.02, corresponding to an
equilibrium constant, K,;, = [cis]ew/[translea, of 0.39 +
0.05. This is in excellent agreement with the value predicted by
the above values for K,.u, K./, and K.,.> As the pH is
decreased and the carboxylate groups are protonated, the frac-
tional concentration of the trans isomer increases to 0.83 at
pH* 0.75, corresponding to K.,, = 0.20.

CH,
CH, . CHCOz
CH,—N
C—0
(71 H3C—C|H =
e
S
|
]
NH, (|:H2 NH,

‘OzCCHCHzCHZ(”:NHCH(HZNHCHZCOZ‘

3K('/I = (2Ku~/u + Kl(‘/ll)/(z + Ku-/u)-

To obtain a solution containing CpSSG for the study of its
conformational equilibrium (eq. [7]) 0.009 M CpSH was
reacted with 0.18 M GSSG at pH* 7.1 in 1 M KCI solution.
CpSSG, GSH, and CpSSCp were formed by thiol/disulfide
exchange, as described by eqgs. [1] and [2]. After reaction for
15 min, the solution was stirred in air for 18 days to oxidize
CpSH to CpSSCp and GSH to GSSG to simplify the nmr
spectrum. The methyl region of the 'H nmr spectrum is shown
in Fig. 3 and the assignments are given in Table |. As indicated
in Fig. 3, the dominant resonances are from CpSSG. Using the

CH,
. CH
-0,CCH—N
C=0
H3C-—?H
T
S
|
S
|

‘OZCCHCHZCHzﬁNHCHﬁNHCHZCOZ‘
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1
1.20 118 116
ppm

FIG. 3. The methy! region of the 'H nmr spectrum of a pH* 7.0
solution contaning captopril—glutathione mixed disulfide and cap-
topril disulfide. Details of the preparation of the mixed disulfide are
given in the text. Resolution was enhanced by doing a Gaussian
multiplication with the Bruker Aspect 2000 software.
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o
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Fraction
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021

FIG. 4. The fractional concentrations of captopril-glutathione
mixed disulfide in which the amide bond of the captopril part has the
trans and cis conformations.

relative intensities of the methyl doublets for CpSSG, the frac-
tional concentrations of the trans and cis forms of CpSSG were
determined as a function of pH* over the pH* range
0.92-10.98 (Fig. 4). The equilibrium constants listed in Table
2 were obtained from these fractional concentrations.

Oxidation of CpSH by GSSG

To characterize the oxidation of CpSH by GSSG, equi-
librium constants were determined for the reactions described
by egs. [1] and [2]. CpSH was reacted with GSSG in sealed
nmr tubes, which had been degassed by the freeze—
pump—thaw technique to minimize air oxidation, and then
concentrations at equilibrium were determined by 'H nmr. Fig-
ure 5 shows the methyl region of the nmr spectrum for a pH*

1.20 1.18 1.16 1.14 112
ppm

FIG. 5. The methyl region of the 'H nmr spectrum of a solution
prepared by reacting 0.045 M CpSH with 0.041 M GSSG at pH* 6.0
for 341 h in a degassed, sealed nmr tube. Resolution was enhanced by
doing a Gaussian multiplication. Resonance assignments are given in
Table 1.

6.0 solution at equilibrium; the spectrum was obtained 341 h
after mixing the reactants to ensure that equilibrium had been
achieved. As indicated in Fig. 5, the spectrum contains reso-
nances for the cis and trans forms of CpSH, CpSSCp, and
CpSSG. The concentrations of the various species were deter-
mined from the relative intensities of the resonances in Fig. 5
and the initial reactant concentrations. Using the determined
concentrations, the conditional equilibrium constants, K. and
K., as defined by egs. [8] and [9] and the equilibrium reactions
in Fig. 6, were calculated.

_ [CpSSGluu [GSH]
[Cps Hi]loml [GS SG]

CpSSCplioa [GSH
[9] KZC — [ p p] l|[ ] .
[CPSH]mtul [CPSSG](olal

(8] K

where [CPSH]lolal’ [CPSSCP]mml, and [CPSSG]mml are the total
concentration (cis + trans) of CpSH, CpSSCp, and CpSSG.
The procedure involved determining the fractions of the total
area of the methyl resonances due to CpSH, CpSSCp, and
CpSSG. The total area of the resonances for CpSH was
obtained by doubling the sum of the areas of its resonances at
1.13 and 1.14 ppm. That due to CpSSCp was calculated from
the area of its resonances at 1.17 and 1.19 ppm and the values
determined above for K./, K./, and K., and that for CpSSG
was calculated as the difference between the total methyl reso-
nance area and the areas for the CpSH and CpSSCp resonances.
Using these fractions of the total methyl resonance area and the
initial concentration of CpSH, the concentrations of CpSH,
CpSSCp, and CpSSG were obtained. From these concen-
trations and the initial GSSG concentration, the concentrations
of GSH and GSSG were calculated. The values calculated for
K. and K, from three separate experiments in the pH* range
5.9-6.1are 2.1 = 0.1 and 1.5 = 0.6 respectively. The rather
large uncertainties reflect the accumulation of errors that results
from obtaining concentrations by difference.
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CpSH, GSSCpy,,
K‘C
Kyt + GSSG === GSH + Ko
CpSH(c, GSSCDM
CPSH,, GSSCpy, CoSSCom
Kac \\\\
Kyen + Kopen ==—— @GSH + Keem CpSSChyq
CpSHy, GSSChR, CpSSCPy "/Keu.c

FIG. 6. The thiol/disulfide exchange equilibria and CpSH,
CpSSCp, and CpSSG conformational equilibria occurring in a solu-
tion prepared by reacting CpSH and GSSG. The subscripts ¢ and ¢
indicate trans and cis conformations across the amide bond(s) of
captopril in CpSH and CpSSCp or the captopril part of CpSSG.

Discussion

Conformational equilibria

Assignment of the trans conformation to the more abundant
isomer(s) of CpSSCp and CpSSG is based on previous findings
that the trans conformation is the more abundant for proline-
containing dipeptides and related molecules, e.g. tert-butyl-
oxycarbonyl-glycyl-L-proline-benzylester (14), glycyl-L-pro-
line, glycyl-L-hydroxyproline, L-alanyl-L-proline, N-acetyl-
sarcosine, glycylsarcosine (15), and captopril (8), and that the
fractional concentration of the trans conformation increases
when the carboxylate group is protonated (15). For example,
the fractional concentration of the trans conformation of
glycyl-L-proline increases from 0.65 to 0.84 when the carbox-
ylate group is protonated (15), which is very similar to the
increases found in this study for the more abundant isomers of
CpSSCp and CpSSG.

The cis/trans equilibrium constants for the carboxyl-
protonated (low pH) forms of CpSH, CpSSCp, and CpSSG are
quite similar to each other and to those for dipeptides in which
proline is the C-terminal residue, as indicated by the results in
Table 2. The enhanced stability of the trans isomer at low pH
probably results from intramolecular hydrogen bonding be-
tween the carboxylic acid hydrogen and the captopril amide
carbonyl oxygen, which is not possible in the cis isomer. Evi-
dence has been presented previously which indicates this to be
the origin of the enhanced stability of the trans isomer of
peptides in which protonated proline or sarcosine is the C-
terminal residue (15—17). It is interesting to note that K/, is
approximately the same for the high pH forms of CpSH,
CpSSCp, and CpSSCbutis somewhat less than for the high pH
forms of the proline-containing dipeptides. The origin of the
enhanced stability of the trans conformation in the captopril
unit at high pH is not obvious.

The magnitude of the cis/trans equilibrium constants for the
neutral pH forms of CpSH, CpSSCp, and CpSSG suggests that,
at physiological pH, approximately two thirds of the captopril
has the trans conformation, regardless of whether it is free or
in a disulfide form.

Ozxidation of CpSH by GSSG

The reactive species in the oxidation of CpSH by GSSG via
thiol/disulfide exchange (eqs. [1] and [2]) is presumably
CpS™, since it is well established that thiol /disulfide exchange
proceeds via the thiolate anion (18—27). At pH 6, only a small
fraction of CpSH is in the form of CpS~, and thus the constants
obtained in this work for egs. [1] and [2] are conditional equi-

librium constants. Conditional equilibrium constants for
thiol/disulfide exchange in related systems are essentially pH
independent up to pH values at which deprotonation of the thiol
groups begins to occur (18), suggesting that the conditional
equilibrium constants obtained in this work describe the reac-
tion of CpSH with GSSG up to at least pH ~8.

The conditional equilibrium constant for the overall reaction

(eq. [10])
[10] 2CpSH + GSSG = CPSSCp + 2GSH

K., is calculated to be 3.2 = 1.2 using the relation K;. =
K\ .K,.. If the equilibrium position were governed by random
distribution, K. and K,. would be 2 and 0.5 respectively and
K. would be 1. For comparison with the values for the reaction
of CpSH with GSSG, K, = 1.27, K, = 0.27, and K5 = 0.34
for the reaction of cysteine (CSH) with GSSG at pH 6.6 and
25°C (27) and K,. = 1.36, K,. = 0.039, and K;, = 0.053 for
the reaction of penicillamine (PSH) with GSSG at pH 7.4 and
25°C (18). The values for K; for the reactions involving CpSH
and CSH are within a factor of 3 of the random distribution
value, whereas that for PSH is somewhat smaller. PSH differs
from CpSH and CSH in that it has two bulky methyl groups
next to its thiol group, which hinders its reaction with
penicillamine —glutathione mixed disulfide in the second step
(18).

The overall equilibrium constant K. is related to the differ-
ence between the formal electrode potentials, E”, of the
GSSG/GSH and CpSSCp/CpSH couples according to eq.

[11].
[11] AE” = EgSSG/GSH

With the value of 3. 2 for K., AE° is calculated to be 0.015 V.
For comparison, EGSSG/GSH ECSSC/CSH, where CSSC is cys-
tine, is reported to be in the range —0. 013 to —0.018 V at pH
6.6-7.0 (21, 23, 27) and Egssc/osi — EPSSWPSH, where PSSP is
penicillamine dlsulflde is —0.0378 V at pH 7.4 (18). Values
reported for Eggsg sGsn are —0.205 V vs. the standard hydrogen
electrode at 30°C and pH 7 (19) and —0.24 V at 40°C and pH
7 (28). These results indicate that CpSH has a greater tendency
to reduce disulfide bonds by thiol/disulfide exchange than do
the thiol groups in amino acids and that, if the disulfide bond
in GSSG is similar to those in proteins, CpSH is capable of
reducing protein disulfide bonds. These conclusions are sup-
ported by the finding that CpSH can activate papain by reduc-
tion of a disulfide bond at the active site and that CpSH is a
more efficient activator of papain than is cysteine (29).

o __RT
- ECpSSCp/CpSH T WF In K3,
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LUCIE WILSON, R. BICCA DE ALENCASTRO, and C. SANDORFY. Can. J. Chem. 63, 40 (1985).

The anesthetic potency of n-alcohols exhibits a somewhat irregular dependence on the length of the hydrocarbon chain. An
attempt has therefore been made to ascertain if this is related to the relative tendency for hydrogen bond formation by these
alcohols. No such relationship was found. The result was rather that the degree of association by hydrogen bond formation
of dissolved alcohols appears to be independent of the chain length, that is of the extent of other interactions that exist in these

solutions.

LUCIE WILSON, R. BICCA DE ALENCASTRO et C. SANDORFY. Can. J. Chem. 63, 40 (1985).

Le pouvoir anesthésique des alcools normaux dépend d’une maniére quelque peu irréguliére de la longueur de la chaine
paraffinique. Nous avons par conséquent examiné la possibilité que cela soit lié a la tendance relative des alcools de former
des liaisons hydrogéne. Les résultats montrent que tel n’est pas le cas. Par contre il a pu étre démontré que le degré d’association
par liaisons hydrogéne est indépendant de la longueur de leur chaine paraffinique, c’est-a-dire des autres interactions

intermoléculaires qui s’exercent dans ces solutions.

Introduction

The anesthetic potency of n-alcohols has been recognized by
Posternak and Arnold in 1954 (1). This potency varies with the
length of the paraffin chains of the n-alcohols, increasing stead-
ily from methanol (C,) to dodecanol (C,,). Then a surprising
observation is made: tetradecanol (C,4) has no anesthetic poten-
cy at all. Tridecanol (C,;) has been reported to be intermediate
between C;; and C,4 or having no potency at all (2-5).

General anesthesia is known to be a matter of molecular
associations. The current “hydrophobic theory” coupled with
the “unitary hypothesis” stems from the Meyer—QOverton rule
which is based on the smooth relationship between anesthetic
potency and solubility in lipids. According to this theory anes-
thetics exert their action in the hydrophobic part of the lipids in
the neuron membranes. (For reviews see refs. 6—-8.) We have
challenged this view and proposed instead a pluralistic theory
(9-12). According to it hydrophobic interactions can induce
only weak anesthetic action while strong anesthetic action im-
plies changes in polar interactions (hydrogen bonds) at ion-
channels. Strong experimental indication for this on model
gramicidin ion-channels has been provided by Urry and co-
workers (13) (ion—channels are formed in proteins crossing the
lipid membrane).

Whatever the case might be, it is of interest to examine the
effects of alcohols on the neuron membrane. According to
Richards and co-workers (2—4), n-alcohols with less than ten
carbon atoms (C,-C,) decrease the gel to liquid crystal transi-
tion temperature (T,) of the membrane and increase its fluidity.
Alcohols with more than ten carbon atoms act in the opposite
way: they increase the transition temperature and decrease the
fluidity of the membrane. Decanol has no appreciable effect on
either. These observations do not parallel anesthetic potency
and cast doubt on the validity of the lipid solubility theories of
anesthesia.

Miller and co-workers (5) took a different view. According
to these authors, as well as Lawrence and Gill (14), the disor-

dering effect of n-alcohols on the membrane decreases steadily
with increasing chain length. They explain the cutoff by a rapid
decrease, to below anesthetic levels, of the attainable concen-
tration in the bilayer.

Now, alcohols can associate hydrophobically wih their hy-
drocarbon chains and by H-bonding using their OH groups.
Since the possible role of H-bonding in the anesthetic proper-
ties of alcohols has not been considered by previous authors,
we have undertaken a comparative study of H-bonding in n-
alcohols from C; to C;5. While this work has not provided an
explanation for the “cutoff” an intriguing result has been ob-
tained which may have a bearing on our understanding of the
anesthetic potency as well as of certain physicochemical prop-
erties of n-alcohols.

Outline of the work

The method used was infrared and near-infrared spec-
troscopy. The part of the spectrum due to the OH stretching
vibrations was recorded for the n-alcohols from C, to C5 in
carbon tetrachloride solutions. This was done at 23°C and then
at 37°C, to approach physiological conditions and at 5°C where
a larger proportion of the alcohol molecules is self-associated.

Subsequently we recorded the spectra of the alcohols using
saturated hydrocarbons of different chain lengths as the sol-
vent. This was done in order to explore the effect of
solute—solvent interactions on the extent of self-association by
H-bonding.

At the next stage binary mixtures of alcohols were studied.
The alcohols were chosen in such a way that one of them had
less than 10 and the other more than 10 carbons. As mentioned
above (2-4), these should be antagonistic as to membrane
disordering (fluidization) and the raising or lowering of the
temperature of the membrane phase transition.

Finally spectra of mixtures of alcohols and carboxylic esters
of different chain lengths were recorded. Esters contain a car-
bonyl group which, as a proton acceptor, is similar to those that
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alcohols might encounter if they enter the cell membrane.
Analogous measurements have been carried out in the near-
infrared on v(OH) overtones.

Experimental

Alcohols were purchased from the Aldrich Chemical Company or
the Sigma Chemical Company and were 99% pure or better. They
were further purified by distillation. The alkanes, from the Sigma
Chemical Co. were passed through a silica gel column dried over
magnesium sulfate and distilled under dry nitrogen atmosphere. The
esters and N,N-diethylpalmitamide were Eastman products and were
used without further purification.

Spectrograde carbon tetrachloride was supplied by A & C American
Chemicals. Tetrachloroethylene (Eastman) was distilled under vacu-
um in order to eliminate traces of phosgene, and was protected from
light.

The purity of the compounds was checked by recording their uv
spectra or by gas phase chromatography. All samples were kept in a
dry box under nitrogen atmosphere. Solutions were prepared gravi-
metrically and the spectra were recorded immediately afterwards.

The infrared spectra were recorded with a Perkin-Elmer model 621
instrument, using cells of 0.320 and 0.577 mm with silver chloride
windows. The overtones were recorded on a Cary-17 instrument using
silica cells of 1.07 and 3.00 cm. Resolution was about 2 cm™' for both
instruments.

Temperature was made constant by using a MGW Lauda-
Thermostat. For maintaining 5°C a mechanical pump immersed in
melting ice was used. Temperatures were measured by a copper—
constantan thermocouple.

The spectrum of the solvent was recorded in the same cell and at the
same temperature as the spectrum of the solution and was subtracted
from the latter. The apparent molar absorption coefficients were com-
puted by using the total alcohol concentration since the concentrations
of the various monomer, dimer, . . . species cannot be determined with
precision.

The calibration of the cells was regularly checked against benzene
bands: 1960 cm™' for cells whose optical path was less than 0.1 mm;
for thicker cells the 845 cm™' band was used.

Results and discussion

The v(OH) bands in the solution spectra of alcohols have
been the object of numerous investigations (refs. 15, 16, see
ref. 17 for an early review). The “free” (non-hydrogen bonded)
OH group has its band at about 3640 cm™, in methanol about
5—10 cm™' higher. At higher concentration a band at about
3485 cm™! belongs to the (linear) dimer. When the concen-
tration is further increased the broad and intense “polymer”
band appears, centered at about 3350 cm™', due to the interna]
OH groups which are both proton donors and proton acceptors.
The end OH groups of dimiers and polymers contribute to the
apparent intensity of the free band. The dimer is well defined
in a narrow concentration range only, since at higher concen-
tration it is overlapped and covered by the broad and intense
polymer band.

The relative intensities of the related overtones are very
different. While in the fundamental region the polymer band is
much more intense than the free band, in the overtone region
the opposite usually holds (18—20). The reasons for this were
the object of previous studies (21). (In H-bonded species me-
chanic and electric anharmonicities can make contributions of
opposite sign to the intensity of the overtones.) In addition to
the weakness of the overtones of H-bonded OH groups, we
encounter another difficulty: this is the presence of strong
v(OH) + v(CH) combination tones (22). Both CH and OH
deuteration and low temperature measurements were needed in

_ —hexanol
------ methanol
60 4
IE -
o
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o
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| 4
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FiG. 1. The OH stretching region of the infrared spectra of meth-
anol (dashed line) and n-hexanol (solid line) in 0.2 M carbon tetra-
chloride solutions.

order to assign the overtones for the H-bonded OH groups (20).
For all these reasons only the free band was used in the work
reported here. This free band is located near 7100 cm™'. As the
fundamental, it might receive contributions from the end OH
groups of dimers and polymers.

Self-association of n-alcohols (C,—Cs)

Figure | shows the OH stretching region of the ir spectrum
of a 0.20 M solution of n-hexanol in carbon tetrachloride. The
monomer, dimer, and polymer bands are easily recognized at
3640, 3480, and 3345 cm™', respectively. The spectrum of
methanol also given in Fig. 1 is slightly different. All the other
n-alcohols from C; to Cyg taken at 0.20 M concentration give
spectra which are practically superimposable to that of n-
hexanol. Thus, since both the free and polymer bands have
evidently the same half-width from C; to C4, the molar absorp-
tion coefficients may be considered proportional to the in-
tensities. Table 1 lists the e values for both bands for all the
alcohols which were studied. Obviously, they are all equal
within the limits of experimental error.

This result quite certainly does not constitute a basis for an
explanation for the anesthetic “cutoff” observed. Nor does it
make the changes in gel to liquid crystal transition temperature
or the degree of fluidization that alcohols induce in the neuron
membrane understandable.

This seems to indicate that the extent of H-bonding is not the
fact underlying the variations of the anesthetic potency with
chain length or of the membrane deforming effect of n-
alcohols. The astonishing observation is that the extent of asso-
ciation by H-bond formation is independent of the number of
carbon atoms in n-alcohols.

The spectra were also recorded at 37°C and at 5°C. The
results are shown in Tables 2 and 3. While the values of the
apparent molar absorption coefficients are, of course, different,
from the point of view of the present discussion the result is the
same: €, is independent of the number of carbons.

Only methanol and to a lesser extent, ethanol exhibits some
slight differences; €, values of the free band are lower and those
of the polymer band are higher than that of the alcohols C; to
Cys indicating a somewhat higher degree of association
(Table 1).



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.42 on 09/06/12
A For personal use only. o

42 CAN. ). CHEM. VOL. 63, 1985

TABLE 1. Absorbances and apparent molar absorption coefficient (e4) of free (3640
cm™ ") and associated (3345 cm™') OH stretching vibrations of n-alcohols (0.2 M in
CCl, at 23°C)

Absorbance of Absorbance of € of the €, of the
the free band the polymer band  free band  polymer band
n-Alcohols (x£0.01) (£0.0D) (£2.7) (x2.7)
C, 0.289 0.290 39.0 39.2
C, 0.278 0.288 37.6 38.9
C, 0.300 0.278 40.5 37.4
C, 0.298 0.280 40.3 37.8
Cs 0.302 0.279 40.8 37.7
Ce 0.298 0.281 40.1 38.0
C, 0.298 0.281 40.2 38.0
Cy 0.302 0.278 40.9 37.6
Cs 0.302 0.279 40.6 37.9
Cio 0.302 0.281 40.5 38.0
Cu 0.300 0.280 41.0 37.8
Cn 0.300 0.278 40.5 37.5
Cis 0.301 0.279 40.4 37.7
Cis 0.298 0.281 40.3 38.0
Cie 0.299 0.281 40.4 38.1
(o 0.301 0.281 40.7 38.0
Mean value of €, for n-alcohols C; to C4 40.5 37.8

TABLE 2. Apparent molar absorption coefficients (e5) of
the free (3640 cm™') and associated (3485 and 3370 cm™")
OH stretching vibrations of n-alcohols (0.2 M in CCl, at

37°C)
€p of the € of the € of the
free band  dimer band  polymer band
n-Alcohols (2.7 (£2.6) (£2.7)
C, 44.9 16.8 18.6
Cs 44.6 16.7 18.8
C, 44.5 16.6 19.0
Ce 44.6 17.0 18.7
Cio 44 .4 16.9 18.6
" 44.7 16.5 19.1
C 44.5 17.1 18.5
Cis 45.0 17.0 18.8
Cie 44.5 16.6 18.9
Mean value
of ex 44.6 16.8 18.8

n-Alcohols in n-alkanes of different chain length

The question to which we sought an answer is as follows: is
the extent of H-bond association of alcohols influenced by van
der Waals interactions between the alkane solvent and the
alcohols? For providing an answer the OH stretching region has
been recorded for 0.2 M solutions of the alcohols C,, Cq, Cs,
Cio, Cy3, and Cy; in n-hexanol, n-dodecane, and n-tetradecane.
Table 4 shows the results.

It is of interest to note that the mean molar absorption coef-
ficient of the free band is 17.8 in n-heptane while it is 40.5 in
CCly. As to the polymer band the corresponding values are €,
= 68.7 for n-heptane and 37.8 for CCl,. This demonstrates the
known fact (23-26) that in Cl-containing solvents the degree
of H-bond self-association of alcohols is less than in hydro-
carbon solvents.

A glance at Table 4 shows that the degree of H-bond self-
association is independent of both the length of the chain of the
n-alkane used as a solvent and the length of the chain in the

TABLE 3. Apparent molar absorption coefficients (ex) of the
free (3635 cm™') and associated (3325 cm™') OH stretching
vibrations of n-alcohols (0.2 M in CCl, at 5°C)

ea of the free band

€4 of the polymer band

n-Alcohols (£2.0) (x£2.0)
C, 31.6 70.3
C, 28.9 70.2
C, 33.8 70.2
C, 339 70.2
Cs 34.0 70.0
Cs 34.0 70.3
C, 33.7 70.1
Cy 33.6 70.4
Co 33.9 70.2
Co 34.1 70.0
Cu 33.8 70.4
Cn 33.9 70.3
Cis 339 70.5
Cy 33.7 70.2
Cie 339 70.2
Cis 34.0 70.1

Mean value of €x

for n-alcohols

C:; to Clg 33.9 70.2

alcohol.

Thus while halogenated solvents do interfere with H-bond
formation, the latter appears to be independent of the length of
the hydrocarbon chain.

Mixtures of “antagonistic” alcohols

If short chain alcohols (C, to Cy) on the one hand and alco-
hols having longer chains (C;; to Cy,) on the other exert op-
posite influence on the physicochemical properties of lipid
bilayers, it is logical to expect that binary mixtures of alcohols,
one chosen from C,—C, and the other from C,,;—C,; will behave
as antagonists as to their anesthetic action. Richards et al.
found, however, that the effect in any of the pairs studied is
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TABLE 4. Apparent molar absorption coefficients (€,) of the free
(3640 cm™') and associated (3330 cm”') OH stretching
vibrations of n-alcohols dissolved in different n-alkanes (0.2 M

at 23°C)
n-Alcohols/ €, of the free band €, of the polymer band

n-alcanes (£3.2) (£3.1)
C./C, 17.8 68.6
Cp 17.7 68.9

Ci 17.6 68.5
Ce/C 17.7 68.7
Ci» 17.8 68.6

Cis 17.8 68.6
Cys/Cy 18.0 68.9
Ci2 17.7 68.5

Cus 17.7 68.7
Ci/C, 17.9 68.7
(O 17.8 68.7

(O 18.0 68.8
Ci2/Cy 17.6 68.6
Ci2 17.9 68.6

Ci 17.9 68.7
Ci3/Cq 17.7 68.6
Ci 17.9 68.7

Cus 17.8 68.7
Mean value of €, 17.8 68.7

additive, not antagonistic (2—4). In an attempt to ascertain
whether or not there exists a parallel trend in the
free/associated intensity ratio in the ir spectra we recorded (at
23°C) the OH stretching region for a number of such pairs in
CCl, solutions, each of the components having a concentration
of 0.1 M. The result obtained is that the intensities are perfectly
additive. No indication has been found for antagonism. The
results shown in Table 5 are practically the same as found for
solutions containing a single alcohol at 0.2 M concentration
(Table 1).

Mixtures of alcohols and esters or amides

Alcohols entering the lipid bilayer might form H-bonds of
the O—H...: C=0 type with the carbonyl groups of the
lipids. In order to study this possibility (ref. 27 and references
therein), we have examined the spectra of the ethyl esters of
myristic, lauric, capric, and caprylic acids. The solutions con-
tained 1.0 M of one of these esters and 0.2 M of an n-alcohol
in CCl,. Under these conditions the self-association of the
alcohols diminishes considerably. Figure 2 gives as an example
the spectrum of a solution containing n-heptanol and ethyl
myristate. The polymer band at 3345 cm™' has almost entirely
disappeared. The free OH band has lost nearly half of its
intensity. Instead, a new band appears at 3545 cm™' which has
been previously assigned to the OH stretching motion in the
O—H...: O=C hydrogen bond (27). Its relatively high fre-
quency indicates a weak H-bond. (The band at 3455 cm ™' is the
first overtone of the carbonyl band whose fundamental is at
1735 cm™.)

All alcohols from C; to Cy; behave in the same way, the
spectra which we obtained are superimposable. This shows that
at the same concentration the length of the chain has no appre-
ciable influence on the degree of alcohol—ester H-bond for-
mation. This is the same result as what has been obtained for
alcohol-alcohol association.

Similar results have been obtained for amide—alcohol
association. Only one example is given: that of N,N-diethyl-

TABLE 5. Apparent absorption coefficients (e,) of the free (3640

cm™") and associated (3345 cm™') OH stretching vibrations of binary

mixtures of “‘antagonistic” n-alcohols (0.1 M for each component in
CCl, at 23°C)

Binary mixtures € of the free band €, of the polymer band

of n-alcohols (£2.6) (x£2.5)
Ce + Cp 40.5 38.0
C, +Cy, 40.6 37.6
Ce + Ci» 40.3 38.1
Ci + Ci2 40.6 37.9
Co + Ci3 40.9 37.9
Cy + Cis 40.7 37.8
Mean value of €, 40.6 37.9
60
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FIG. 2. The OH stretching region of the infrared spectra of a mix-
ture of methanol (0.2 M) or n-heptanol (0.2 M) and ethyl myristate
(1.0 M) in CCl, solution at 23°C.

palmitamide. Certain lipids, like sphingomyelin contain an am-
ide group instead of an ester group. The H-bond is of the same
type: O—H... : O=C. The length of the chain in the alcohols
had no apparent influence on the OH stretching bands. Only
methanol and ethanol exhibited slight differences with respect
to the others (cf. Lesikar (28)).

In order to increase the chances of association the series of
alcohol—ester spectra were also recorded at 5°C. Since at this
temperature the free OH band disappears completely for 1.0 M
solutions, the concentration of the esters was decreased to
0.5 M while that of the alcohols was kept at 0.2 M. Under the
circumstances the O—H... : O==C band is found at 3520 in-
stead of 3545 cm™'. (The carbonyl overtone is at 3445 cm™)
The free OH band shifts from 3640 to 3635 cm™', the polymer
band from 3345 to 3325 cm™'. Typical examples are shown in
Tables 6, 7, and 8 for esters at 23°C and at 5°C and for amides
at 23°C, respectively. They exhibit no dependence on the
length of the chain in the alcohols. The same applies to the
chain length in the esters. Again methanol and ethanol exhibit
slight differences with respect to the other alcohols.

Overtone studies
The first overtone of the free OH stretching vibration (v =
0— v = 2) of n-alcohols gives a well-defined band near 7100
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FiG. 3. The first overtone of the free OH stretching vibration of
n-octanol and n-tetradecanol (0.2 M in tetrachloroethylene at 23°C).

TABLE 6. Apparent molar absorption coefficients (e4) of the

free OH stretching vibration (3640 cm™') and the

OH...0=C association band for mixtures of n-alcohols
(0.2 M) and ethyl laurate (1.0 M) in CCl, at 23°C

€4 of the
€ of the free band O—H...0=C band

n-Alcohols (=2.0) (£2.1)
C 23.7 61.0
C, 23.0 60.8
Cs 24.4 56.7
Cs 24.0 56.8
Cs 24.6 56.7
Ce 24.3 56.9
C, 24.2 56.8
Cy 24.4 56.7
Cy 24.5 56.5
Cio 24.1 56.9
Cy, 24.4 56.8
Ci> 24.7 56.6
Cis 24.4 57.0
Cu 24.4 56.9
Cis 24.3 56.8
Cis 24.5 56.9

Mean value of €,

for n-alcohols

Csto Ciy 24.4 56.8

cm~'. An example is given in Fig. 3. The first overtone of the
associated OH stretching vibration is very weak, broad, and
ill-defined. In the present work only the first overtone of the
free OH band has been used.

First, the OH overtones of 0.2 M solutions in tetrachloro-
ethylene were recorded for the whole series. Unfortunately, the
coincidence of the free OH overtone band with a CH, combina-
tion band introduces an additional source of error. (This band
contains two quanta of a CH, stretching vibration and one
quantum of the CH, scissoring vibration.) In the related n-
alkanes the intensity of this CH, combination increases linearly
with the number of CH, groups. Actually, when we subtracted

TABLE 7. Apparent molar absorption coefficients (e,) of the free

(3635 cm ') and associated (3325 cm™') OH stretching vibration and

of the OH...O=C association band for mixtures of n-alcohols
(0.2 M) and ethy! laurate (0.5 M) in CCl, at 5°C

€x of the €, of the € of the
free band O—H...0=C band  polymer band
n-Alcohols (£2.0) (+2.0) (%£2.0)

C, 21.4 57.2 41.2
C; 19.8 52.1 44.1
(O 23.5 52.1 44.2
Cs 23.6 52.4 44.5
C; 23.3 52.0 4.1
Cy 235 52.1 44.0
Cn 23.5 52.5 4.3
Ciz 23.7 52.6 44.1
Cis 23.5 52.0 44 4
Cu 23.5 52.0 44.0
Cis 23.4 52.1 44.1
Ciz 23.6 52.1 44.0

Mean value of
€4 for n-alcohols
CitoCuy 23.5 52.2 44.2

TABLE 8. Apparent molar absorption coefficients (e4) of the
free (3640 cm™') OH stretching vibration and of the
OH...0O=C association band for mixtures of n-alcohols
(0.2 M) and N,N-diethylpalmitamide (1.0 M) in CCl, at 23°C

€ of the
e of the free band O—H...0=C band

n-Alcohols (+2.0) (2.1
C, 23.7 61.0
C 23.1 60.8
Cs 24.4 56.8
C,y 24.6 56.7
Cs 24.2 56.9
Cs 24.2 56.7
C, 24.5 56.7
Cy 24.4 56.9
Cs 24.4 56.8
Cuo 24.2 56.5
Cn 24.8 56.8
Ci 24.6 56.7
Cis 24.3 56.9
Cu 24.5 56.8
Cie 24.5 56.9
Cus 24.4 56.9

Mean value of €4

for n-alcohols

Csto Cix 24.4 56.8

from the alcohol spectrum that of the respective alkane we
found again that the intensity of the OH band is independent of
the number of CH, groups in the alcohols. While this corrobo-
rates the results yielded by the fundamentals at the same con-
centration, this procedure is, for the above mentioned reason,
less accurate. Therefore we renounce giving the numerical
data.

The intrinsic intensity of the free band

The following objection could be made to the above inter-
pretation of our results: it is conceivable that the intrinsic in-
tensity of the free band decreases gradually with increasing
chain length while that of the polymer band increases propor-
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TABLE 9. Integrated band areas for the free OH band of
0.04 M solutions of n-alcohols in carbon tetrachloride

Relative band areas
with respect to

Band areas
Alcohol  (cm™* L mol™") C, C,
C, 712x35 1.00=0.10 0.90x0.09
C, 72055 1.01=0.12 0.91=0.12
C, 795+45 1.12x0.12 1.00=0.11
Cy 813x55 1.14+0.12 1.00=0.13
Cio 88555 1.24=0.12 1.11x0.13
C» 859+40 1.20%0.11 1.07x0.11
Cis 835x35 1.17x0.11 1.05+0.12
Cs 763+20 1.07%0.08 0.96x0.08
Cis 755%35 1.06%0.11 0.95%0.12

tionately and that these trends are compensated for by a parallel
decrease in the H-bonded/free ratio as the chain length in-
creases. (The opposite situation would also be conceivable.) In
order to test this possibility, the integrated intensities of very
dilute (0.04 M) solutions of ten of our alcohols were deter-
mined.

The solvent, carbon tetrachloride, was dried on anhydrous
magnesium sulfate until complete disappearance of the infrared
water bands. Two solutions were prepared for each alcohol and
the spectrum was recorded several times between 3700 and
3200 cm™'. The band areas, between 3660 and 3612 cm™',
were determined with a polar compensation planimeter (model
KP-27, Koizumi, Japan) calibrated with a rectangle of known
surface area, close to that of the bands. The integration was
carried out six times for each curve and the average of the
results was taken. In view of the great similarity of all the
bands, slit or wing corrections were not applied; the integration
was extended from 3660 and 3612 cm™' in all cases.

The results are given in Table 9. Clearly, the differences that
are observed are within the limits of experimental error. If
experimental error is disregarded, a trend appears whereby the
intensity of the free band increases gradually until C,q, then it
decreases until C;;. We cannot attach to this any significance
at this stage although many years ago Mullins (29) found a
similar trend in the activity coefficients. The cutoff at C,,
certainly cannot be explained by these results.

Conclusions

We now have to answer the question: can the degree of
H-bonding of alcohols be related to their anesthetic potency?
The answer is clearly no in as much as self-association is
concerned in either carbon tetrachloride or in paraffins of dif-
ferent lengths; the same applies to H-bonds between alcohols
and esters or amides. An important observation can be made,
however, the degree of association by H-bond formation in
dissolved alcohols appears to be independent of the extent of
other van der Waals or hydrophobic interactions that might
exist in these solutions. The OH group does not seem to be the
active factor in the anesthetic action of alcohols and one can
speculate that their strong tendency for H-bond formation
probably makes it difficult for them to reach the ion channels.

Neither hydrophilic, nor hydrophobic interactions seem to
explain the curious dependence of the anesthetic potency of
alcohols on their chain length. They are not so favorable a test

case for the theories of anesthesia as they might appear to be at
first sight.
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Complexation du cuivre(Il) par les phénylsérines thréo et érythro:
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PATRICK SHARROCK. Can. J. Chem, 63, 46 (1985).

Les complexes cuivriques de la phénylsérine thréo et érythro ont été étudiés en solution par conductimétric ct potentiométrie.
Les constantes de formation de complexes ont été obtenues en fonction de la température. La déprotonation en milicu basique
du groupement OH des acides aminés B-hydroxylés est favorisée par la présence de I'ion métallique. La phénylsérine thréo
a donné a 298 K les constantes de formation suivantes: Cu(L), K, = 7,99; Cu(L)., K> = 6,71; Cu(L,H..)), K = —9,51;
Cu(L.H_,), K, = —10,83. Les constantes correspondantes pour I'isomere érvthro sont: K, = 7,70; K> = 6,70, K, = —9.,82
et Ky = —11,20. Les paramétres thermodynamiques pour la formation des complexes successifs Cu(L) et Cu(L), sont: —AH
=213et44,7kl mol™'; AS = 82 et 132 ) K™' mol ™", respectivement, pour la forme thréo ainsi que —AH = 20,7 et 44,1;
AS = 79 et 129 pour la forme érythro. Une enthalpie additionnelle de —21 kJ mol ™' correspond 2 la déprotonation des
complexes. Ces résultats et les structures des complexes sont commentés.

PATRICK SHARROCK. Can. J. Chem. 63, 46 (1985).

Conductimetric and potentiometric measurements in aqueous solution as a function of temperature show that cupric ions
promote the deprotonation of the hydroxy side chain of threo and erythro B-phenylserines. The threo ligand yields at 298 K
the formation constants: Cu(L), K, = 7.99; Cu(L).., K> = 6.71; Cu(L,H.,), K; = —9.51; Cu(L,H-,), K; = —10.83. The
erythro isomer yields the corresponding constants: K, = 7.70, K, = 6.70, K; = —9.82, and Ky = —11.20. Thermodynamic
parameters for the first two complexation steps are —AH = 21.3 and 44.7 k¥ mol™'; AS = 82 and 132 J K™ mol ',
respectively, for the threo form and —AH = 20.7 and 44.1, AS = 79 and 129 for the ervthro form. Deprotonation of the
complexes corresponds to an additional enthalpy of —21 kJ mol '. These results and the structures of the complexes are

discussed.

Introduction

La premiére synthése de la phénylsérine fut décrite par Er-
lenmeyer en 1892 (1). La phénylsérine reste un acide aminé
rare et a été peu étudiée en présence d’ions métalliques mis a
part quelques travaux sur ses bases de Schiff utilisées comme
modeles enzymatiques (2). Une étude rapporte la formation de
complexes cuivriques avec la phénylsérine (3) mais comme il
existe deux isomeres de la phénylsérine, a savoir les formes
thréo et érythro, il nous a paru utile de clarifier I’étude des
complexes des phénylsérines pures, ce qui n’a encore jamais
été fait. Shaw et Fox réussirent a séparer les deux isoméres des
1953 (4) et la thréo phénylsérine (L) fut reliée via une décar-
boxylation enzymatique a la (—) artérénol (5). Le chlo-
ramphénicol est un bactéricide dont la structure est reliée a celle
de la phénylsérine, ce qui laisse présager des propriétés biolo-
giques intéressantes pour cet acide aminé. Nous avons déja
décrit une synthése de la thréo phénylsérine via une conden-
sation catalysée par les ions cuivriques (6), synthése qui passe
par I’intermédiaire d’une isoxazolidine complexée aux ions
cuivriques. Nous rapportons maintenant I’étude physicochi-
mique en solution aqueuse de I'interaction des phénylsérines
thréo et érythro avec les ions cuivriques.

Partie expérimentale

Synthése

L’acide 2-amino, 3-hydroxy, 3-phénylpropanoique, soit la phényl-
sérine, a été synthétisée par la méthode de Shaw et Fox (4) avec un
rendement de 70%. La forme érythro a été obtenue avec une modi-
fication du protocole comme suit. Dans 150 mL d’eau on dissout 30
g de glycine et 24 g de NaOH. On ajoute 82 mL de benzaldéhyde et
on refroidit la solution a 8°C. Un précipité se forme aprés 4 min et
apres 10 min, on laisse la température monter jusqu’a 20°C juste assez
longtemps pour que tout le mélange se liquéfie. On refroidit de nou-
veau entre 8 et 10°C tout en agitant pendant 4 h. On acidifie lentement
avec HCI glacé en mélangeant régulierement. Les grosses boules de
produit coagulé sont lavées avec 250 mL EtOH 95% froid, suivi
d’éthanol absolu bouillant. A ce stade on a de la phénylsérine brute

dont le rapport thréo/ érythro (déterminé par rmn et chromatographie)
est d’environ 1. L’isomére rhréo recristallise dans 400 mL d’eau
bouillante alors qu’aprés concentration et addition de 400 mL de
dioxane—eau 50% on obtient I’isomere érythro avec un rendement de
47%.

Nous avons également obtenu les hydrochlorures des esters éthy-
liques des isoméres thréo et érythro avec des rendements respectifs de
98 et 83% en partant des acides aminés hydratés, par la méthode de
Fisher. Ces hydrochlorures d’ester sont intéressants car ils ne sont pas
hydroscopiques et redonnent les acides aminés de départ par simple
hydrolyse. L hydrochlorure d’ester thréo est trés soluble dans I'étha-
nol, tandis que celui de la forme érythro ne I’est pratiquement pas, ce
qui permet de confirmer la séparation des deux isoméres. Nous
n’avons pas réussi a séparer les deux isoméres de cette fagon car la
forme érythro devient soluble en présence de la forme rhréo.

Mesures physiques

Les mesures de conductivité ont été effectuées avec une électrode
CMOS5g de Tacussel et un conductimetre de type CD6N de Solea
(Lyon). les surfaces de 5 mm’ et distantes de 5 mm étaient
fraichement réactivées et calibrées avec du KC1 0,10 M.

Pour les mesures potentiométriques, nous avons préparé une solu-
tion NaOH = 0,1 M dans de I’eau fraichement distillée que nous avons
conservé sous azote et standardisé avec KHP. L’acide nitrique utilisé
pour abaisser le pH entre 2,2 et 2,5 avant les titrages a été titrée par
la solution de NaOH. Les solutions d’acides aminés et de nitrate de
cuivre ont été préparées immédiatement avant les titrages qui ont été
effectués avec KNO; 0,10 M comme électrolyte de support. Des
rapports de ligand 4 métal de 1:1 a 2,5:1 ont été utilisés avec une
concentration d’ions cuivriques de 'ordre de 0,01 M. La cellule de
titrage thermostatée était munie d’un capuchon Metrohm par lequel
passait des électrodes au calomel et de verre (Sargent Welch 150 M)
et une arrivée d’azote. Les lectures de pH effectuées avec un
“lonalyser Orion Research Model 801 Digital pH meter” étaient pré-
cises 4 £0,002.

Nous avons délivré le titrant par I’intermédiaire d’un tube spécial en
Teflon rigide provenant d’une seringue d’autoburette ABU 12 de
Radiometer (Copenhagen). L autoburette se lit au centieme de milli-
litre et les résultats, enregistrés sur papier graphique avec un Fisher
Recordall series 100, ont été accumulés entre 17 et 45°C par intervalle
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de 5°C en calibrant le pH-meétre 4 chaque température a pH 4 et pH 10.
Les données en vue de I’affinement des constantes de formation ont
été obtenus 2 partir des courbes de titrage avec un “Bendix datagrid
digitizer” relié & un miniordinateur. Sur le coordinatographe, I’axe de
pH était pris pour I'axe y et I’axe x était ajusté pour correspondre avec
I’axe de volume. Les données x en fonction de y ont été prélevées par
le coordinatographe avec des incréments mesurés le long des deux
axes (mode Ax + Ay). Prés des points équivalents, le mode Ax a été
utilisé, ce qui diminue le nombre de points prélevés lors de grandes
variations de pH. L’effet d’eventuelles erreurs analytiques est ainsi
minimisé. Le programme SC@GS a été modifié afin que les matrices
puissent accommoder jusqu’a 200 lectures par expérience. Nous avons
utilisé un coefficient d’activité pour I’ion hydrogene de 0,78 et avons
tenu compte de la variation avec la température de la valeur du produit
ionique de I'eau.

Dans un premier temps les constantes K et K> ont ét affinées pour
les ligands. Un graphique a été construit des logarithmes des cons-
tantes de dissociation en fonction de la température et les valeurs
retenues comprenaient trois décimales et une erreur estimée a +0,005.
Dans un deuxieéme temps, ces constantes ont été utilisées en con-
jonction avec les estimés provenant de la méthode graphique de fa
fonction de formation (n o log A7), pour affiner les valeurs des
constantes de formation de complexes. Les deux premigres constantes
de formation ont été obtenues en éliminant les données 2 pH = 10. Les
données a pH basique ont été réintroduites en méme temps que deux
estimés pour les constantes de déprotonation des complexes. Ces deux
derniéres constantes ont été affinées indépendemment des quatre au-
tres impliquées.

Les valeurs de AH et AS, ajustées par moindres carrés, ont été
obtenues d’aprés la pente et ’intercept des graphiques de log K vs.
1/T. Les courbes de distribution des espéces ont ét¢ dessinées d’aprés
les résultats du programme SC@GS.

Résultats

Les courbes de titrages conductimétriques permettent géné-
ralement de mettre en évidence la formation successive de
complexes 1:1et2:1. Cependant des titrages d’ions cuivriques
par des solutions d’acide aminé de divers pH n’ont pas donné
de bons résultats. Nous avons donc procédé au titrage conduc-
timétrique de solutions contenant des rapports stoichiométri-
ques ligand/métal de 2: 1 par de la soude de titre connu. Ainsi,
apres correction pour les conductivités équivalentes des ions
sodium ajoutés et correction pour les conductivités des ions H*
et OH™ effectuces apres mesure du pH, nous avons observé une
augmentation de la résistance avec augmentation du pH, suivi
d’une diminution en milieu basique. Les courbes de titrage
présentées dans la fig. | montrent des brisures dans la pente des
droites pour des rapports stoichiométriques des ions Na*/Cu?*
de 1, 2 et 4. o

Les courbes de titrages potentiométriques sont typiques des
courbes observées lors de titrages de complexes cuivriques.
Nous remarquons cependant que dans le cas d’un rapport
ligand/métal de 1, on observe la formation d’un précipité
d’hydroxyde cuivrique qui provoque un plateau vers pH neutre
correspondant & la disproportionation en complexe 2:1 et en
Cu(OH), insoluble. Il est intéressant de noter la dissolution du
précipité, ce qui conduit progressivement a une solution lim-
pide en milieu fortement basique. Méme s’il est impossible de
calculer une constante de formation de complexe dans ces
conditions, les données indiquent la formation d’une espéce
distincte en milieu basique. Nous avons retenu la formation des
complexes CuA®, CuA,, CuH_A;” et CuH_,A,”" ou H,A
représente le ligand protoné aux fonctions carboxyliques et
aminées. Quelques titrages en fonction de la dilution n’ont pas
permis de détecter la formation de dimeres du genre M,A,.

x 102

mhos
i
?Z&gi/
L}
[
11

Na*/cu®”

FiG. 1. Courbes de titrages conductimétriques pour les complexes
cuivriques de la phénylsérine thréo (a) et érythro (b). La courbe (c)
correspond au complexe de 1a sérine. Les concentrations de complexes
sont ~0,01 M.

Les constantes de formation sont regroupées dans le tableau
1. On constate que les valeurs diminuent progressivement lors-
que la température augmente et qu’elles sont 1égérement plus
petites pour la phénylsérine érythro que pour la forme thréo. 11
est a noter que les constantes cumulatives log 35 et log B,
diminuent par rapport a log 3,. Ceci provient de la nature de log
K; et log K, qui sont négatives car elles correspondent a des
constantes de déprotonation des complexes.

Les courbes de distribution des especes sont représentées a
la fig. 2. La différence principale entre la complexation par
'isomere thréo et celle par I'isomeére érythro réside dans le pH
de formation des especes déprotonées, celles-ci se formant plus
facilement avec la thréo phénylsérine.

Les valeurs des paramétres thermodynamiques AG®, AH® et
AS° obtenues d’apres la variation en fonction de la température
des constantes d’équilibre paraissent dans le tableau 2. Dans ce
tableau nous présentons aussi les enthalpies de formation des
complexes CuA* et CuA, décomposées en termes électros-
tatiques et covalents d’apres les équations [1] a [3]:

[1]  AH. = AH — AH,
[2] AH, = (T —v) (AS + An R In 55.5)
[3] AG.= — v(AS + An R In 55.5)

v est une constante obtenue a partir de la variation de la cons-
tante diélectrique du solvant en fonction de la température (v
= 219 K pour H,0), An représente le changement dans le
nombre de particules de soluté au cours de la réacticn. De
méme AG,, la contribution €lectrostatique a 1’énergie libre qui

[4] AG = AnRT In 55.5 + AG, + AG,

dépend de la température et AG,, la contribution covalente
invariable en fonction de la température sont données d’apres
[4]. Dans notre cas, la formule [5] permet de trouver la
température 7° = 100°C et puisque nos réactions de formation
de complexes sont exothermiques, log K diminue avec aug-
mentation de la température et on s’attend & une importante

[5S] T°=v(l + AG.,/AG®)

contribution des forces covalentes. Nous remarquons dans le
tableau 2 que les AH, ne varient pas entre la formation du
monochélate et du dichélate et sont caractéristiques des acides
aminés utilisés. La variation observée dans AH pour les com-
plexes successifs est donc attribuable a la variation dans AH..
Pour préciser les résultats, nous avons corrigé la différence AG,
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TABLEAU |. Constantes de formation des complexes cuivriques de la phénylsérine

Température (°C)

Isomeére

thréo 45 40 35 30,7 25 21,7 17,4

pK, 8,550 8,630 8,710 8,782 8,870 8,926 8,995
pK> 10,200 10,295 10,390 10,470 10,575 10,637 10,705
log K, 1,77 . 7,80 7,84 7,91 7,99 8,05 8,12

log K> 6,46 6,53 6,63 6,67 6,71 6,75 6,80

log B> 14,23 14,33 14,47 14,58 14,70 14,80 14,92

—log K, 9,28 9,34 9,42 9,44 9,51 9,57 9,62

log B3 4,95 4,99 5,05 5,14 5,19 5,23 5,30

—log K, 10,35 10,44 10,55 10,68 10,79 10,87 10,98

—log Bs 5,40 5,45 5,50 5,54 5,60 5,64 5,68

[somere

érythro

pK, 8,365 8,450 8,530 8,605 8,700 8,760 8,827
pK> 9,948 10,044 10,140 10,225 10,355 10,403 10,485
log K, 7,53 7,60 7,62 7,70 7,74 7,77 7,86

log K> 6,42 6,48 6,51 6,63 6,70 6,71 6,75

log B2 13,95 14,10 14,21 14,25 14,40 14,46 14,62

—log K3 9,48 9,59 9,68 9,67 9,78 9,78 9,86

log B 4,47 4,51 4,53 4,58 4,62 4,68 4,76

—log K. 6,38 6,42 6,47 6,51 6,57 6,60 6,64

—log Bs4 10,85 10,93 11,00 11,09 11,19 11,28 1,140

TABLEAU 2. Paramétres thermodynamiques pour la formation des complexes cui-
vriques d’acides aminés B-hydroxylés

Q

Réaction® ~AG*  —AH® AS®  AH]  —AH.
Cu®* + TPS — (CuTPS)* 45,8 21,2 82 9,1 30,4
(CuTPS)* + TPS — CuTPS, 38,5 23,5 50 6,6 30,1
Cu** + 2TPS — CuTPS, 84,2 447 132 15,7 60,5
Cu>* + EPS — (CuEPS)* 4.4 20,7 79 8,9 29,6
(CuEPS)* + EPS — CuEPS, 38,3 23,4 50 6,6 30,0
Cu** + 2EPS — CuEPS; 82,7 44,1 29 155 59,6
Cu** + SER — (CuSER)* 44,8 23,0 73 8,4 31,4
(CuSER)* + SER — CuSER. 37,9 25,6 41 59 31,5
Cu** + 2SER — CuSER: 82,6 48,6 114 143 62,9
Cu™ + PS — (CuPS)" 44,2 20,9 78 8,8 29,7
(CuPS)* + PS — CuPS, 36,1 22,9 45 6,1 29,1
Cu®* + 2PS — CuPS, 80,4 439 122 149 58,8

“TPS = thréophénylsérine, EPS = érythrophénylsérine. SER et PS sont sérine et phénylsérine

de la réf. 15.

“Les unités sont: AG et AHenkImol ' et ASenJ K ™' mol™". Les erreurs sont estimées a 0,2

kImol™ et =1 J K™ mol™".

= AG, — AG, pour tenir compte de I’effet statistique pour la
réaction [6]

Kr
[6] Cu™ + CuL, == 2Cul?

K. serait la valeur de K., si la réaction procédait suivant une
loi purement statistique. Les équations utilisées sont [7] a[10]
et les résultats sont consignés au tableau 3, avec K, = 4.

[7] AG, = —RTInK. + AG,. + AG,,
[8] AH..= (T —v) (AS, — RIn K,
[9] AH..= AG,.= AH, — AH,,

[10] AS., = AS, — ASy,

Discussion
Les complexes cuivriques des phénylsérines ont des conduc-

tivités équivalentes faibles, ce qui indique qu’ils sont faible-
ment dissociés, en accord avec les constantes de formation
trouvées assez grandes. Les phénylsérines agissent comme la
sérine (7) et différemment de la glycine qui ne montre aucune
discontinuité dans la valeur de la conductivité en fonction de la
quantité de base ajoutée aprés le rapport molaire Na*/Cu®*
2:1. Ceci indique que dans le cas des acides aminés
B-hydroxylés, il s’opére un changement particulier quand deux
moles de base ont été ajoutées par mole d’acide aminé. Ceci
peut s’expliquer par un changement dans la dimension ou la
mobilité des complexes, ou par la formation de complexes
déprotonés ou hydroxylés. Dans la mesure ou la formation de
complexes hydroxylés n’est pas détectée dans le cas de la
glycine et qu’elle devrait dépendre du pH et non de la quantité
stoechijométrique de base ajoutée, on peut affirmer qu’il y a
déprotonation des fonctions B-hydroxylées et formation de
complexes cuivriques anioniques.
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TABLEAU 3. Comparaison des complexes successifs

Ligand log ke AGS AH, AS

AC;r.( AS\'.! AGr.c AHr.n: AGr.c AH‘[‘C

Sérine* 1,20 -6,8 2,4 31
Sérine® 1,23 -72 2.5 32
ps* 1,42 -8,1 2,0 34
TPS 1,27 -7.3 2,3 32
EPS 1,04 -6,1 2,7 29
Glycine" 1,42 —8,1 2,5 33

34 20 —4.4 1,6 1,0 0,8
~3,8 21 —4,6 1,6 0,8 0,8
—4,6 22 —4.9 1,7 0,3 0,2
-3,8 20 -4.5 1,6 0,7 0,7
—2,6 18 -39 1,4 1,3 1,3
—4,6 24 =53 1,9 0,7 0,6

“Valeurs calculées d’aprés les données de la réf. 15.

”Valeurs provenant de la réf. 19.

“Ces unités sont: AG et AHenklmol ' et ASen ] K™ mol™".

Molarité x 10

Molarité x 102

FiG. 2. Courbes de répartition des especes en fonction du pH pour
les complexes cuivriques de la phénylsérine thréo (1) et érythro (11).
Les complexes sont I: [CuL]*; 2: CuL, 3: [CuL,H_,]" et 4:
[CuL,H_,]*"; 5: représente la concentration totale de cuivre et d, la
concentration d’ions Cu®* libres. a, b et ¢ sont respectivement 1’acide
aminé protoné, le zwitterion et 'acide aminé déprotoné non
complexés.

L’étude potentiométrique confirme la formation de plusieurs
especes. Les différences entre les titres calculés et observés
sont minimisées avec le programme SPCGS en tenant compte
des complexes CuA', CuA, et CuH_, A,” et CuH_, A,%". La
détection de complexes déprotonés ou hydroxylés n’est pas
nouvelle (7—10), ce phénomene ayant déja été décrit pour la
sérine et la thréonine. On ne s’attend pas a ce que des com-

plexes hydroxylés soient solubles, ce qui favorise la conclusion
qu’il s’agisse d’une déprotonation du ligand coordiné. Les ions
cuivriques peuvent aussi déprotoner le carbone o dans des
complexes analogues (11).

Pour les acides aminés, nous observons que les pK| et pK,
sont plus petits pour la forme érythro (8,70 et 10,35) que pour
la forme thréo (8,87 et 10,57) de la phénylsérine. Ceci est en
accord avec les tendances générales observées et en particulier
le cas de la thréonine et la allo-thréonine. L’ordre décroissant
de pK, et pK; est sérine > thréonine > allo-thréonine > thréo-
phénylsérine > érythro-phénylsérine. L’ordre de stabilité des
complexes est Cu(thréonine)' > Cu(thréo-phénylserine)* >
Cu(sérine)* > Cu(allo-thréonine)* > Cu(érythro-phényl-
sérine)*; et aussi Cu(thréonine), > Cu(shréo-phénylserine),
> Cu(sérine); > Cu(érythro-phénylsérine), > Cu(allo-
thréonine),. Cet ordre n’est pas le méme que I’ordre de basicité
des ligands et on peut en déduire que les effets structuraux sont
importants. En effet, par rapport aux complexes de la sérine
(qui ne peut exister que sous une seule forme), les complexes
avec les acides aminés substitués en position o sont plus stables
lorsque la substitution donne une forme thréo et ils sont moins
stables dans le cas d’une forme érythro. Ceci implique que la
stabilité des complexes dépend non seulement de I’influence
des groupes fonctionnels des ligands mais aussi de la géométrie
globale des complexes résultants.

Des résultats thermodynamiques montrent que les para-
métres AH et AS obtenus pour les complexes d’acides aminés
hydroxylés sont semblables & ceux obtenus pour les acides
aminés ordinaires. Raju et Mathur ont étudié les complexes de
la sérine et de la thréonine avec une série de métaux de transi-
tion (12). Ils trouverent que les valeurs de AG et de AS étaient
beaucoup plus grandes pour le cuivre qui formait des com-
plexes plus stables. Par ailleurs, ils trouverent que c’était dans
le cas du cuivre qu’il y avait la plus petite différence entre les
valeurs observées pour la sérine et la a-alanine d’une part, et
la thréonine et I’acide a-aminobutyrique d’autre part. Ils con-
cluerent de ces observations que les complexes du cuivre
étaient stabilisés par le champ cristallin et que le groupement
OH n’entrait pas dans la premiere sphére de coordination. La
comparaison de leurs résultats avec ceux de Stack et Skinner
(13) révéla une différence anormalement large dans les valeurs
de AH et AS pour la formation de Cu(sérine),. Ils trouvaient
40,1 k) mol™' et 142 J K™' mol ™" alors que Stack et Skinner
donnaient 58,9 kJ mol™' et 79 J K™ mol ', respectivement. Ils
expliqueérent alors la différence comme étant attribuable aux
conditions expérimentales. En effet, Stack et Skinner avaient
utilisé un assez considérable excés d’acide aminé et avaient
supposé la formation d’un complexe du cuivre avec plus de
deux acides aminés. Ils avaient par conséquent appliqué une
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correction pour obtenir une valeur de AH correspondant exclu-
sivement a la formation de CuA,.

Thornton et Skinner étudierent de nouveau les mémes com-
plexes (14) dans une série de mesures plus détaillées et se
rendirent compte alors qu’il y avait un changement brusque
dans AH dés que le pH dépassait 10. —AH était de I’ordre de
54 kJ mol™" pour la formation de Cu(sérine), et de
Cu(thréonine), a pH = [0, ce qui se compare bien avec les
valeurs pour Cu(glycine), (= 56 kJ mol ") et pour Cu(alanine),
(= 48 kJ mol™"). Ces valeurs montaient 4 96 et 102 kJ mol™!
a pH = 12 pour la sérine et la thréonine respectivement. Donc,
en milieu basique, les réactions étaient presque deux fois plus
exothermiques. Ceci n’arrivait pas dans le cas des complexes
de Ni ou du Zn, on des précipités apparaissaient en milieu
basique. Les auteurs conclurent que leurs données démon-
traient la formation d’autres especes en plus de Cu(sérine), en
milieu alcalin et proposerent des complexes polyhydroxylés et
polynucléaires. Cependant ils remarquérent que le complexe
Cu(glycine), donnait un précipité en milieu basique et aucun
changement de AH en fonction du pH et ne purent expliquer
ces faits.

Letter et Bauman étudierent les complexes du Cu et du Ni
avec une série d’acides aminés reliés a la sérine (15) et a la
tyrosine (16). Les enthalpies de formation des complexes suc-
cessifs étaient toutes comprises entre 20 et 26 kJ mol™', la
formation du deuxiéme complexe étant toujours un peu plus
exothermique que la formation du premier (d’environ 2 kJ
mol™"). Les entropies variaient de 58 4 75 J K™ mol™! pour la
formation du premier complexe et de 42 2 50 J K™ mol ™' pour
le deuxieme. lls expliquérent leurs résultats comme suit:

1. L’enthalpie négative est attribuée principalement 4 la for-
mation des liens cuivre—azote (la moitié des enthalpies de
complexation du cuivre avec I’éthylénediamine étant de 27 kJ
mol ™' pour CuL et de 26 k] mol™' pour CuL,).

2. L’entropie positive est relié au départ des molécules
d’eau coordonnées lors de la neutralisation des charges du
cuivre par les groupements carboxyliques (la moitié de I’en-
tropie de complexation de Cu** avec I’ion oxalate étant de 59
J K" mol™"). IIs concluérent que leurs données ne leur permet-
taient pas de retenir I’hypothése de la formation de liens cuivre
hydroxyles car les interactions cuivre—azote et cuivre — acide
carboxylique semblaient adéquates et suffisantes.

Gergely er al. étudierent de nouveau une série de complexes
en partant du principe qu’il fallait considérer la possibilité des
liaisons métal — groupement hydroxyle (17). Hls observérent
que tous les métaux étudiés (Co, Ni, Cu et Zn) et en particulier
le cuivre, avaient une enthalpie de formation de complexe plus
exothermique dans le cas de la sérine et de la thréonine que
dans le cas de I'alanine et de I’acide a-aminobutyrique. Ils
objectérent & la comparaison de Letter et Bauman entre Iiso-
sérine et les autres acides aminés hydroxylés, préférant baser
leurs conclusions sur des comparaisons entre les acides aminés
ou —CH,OH était remplacé par —CHs.

L’inspection des différences pH ~ log K montra que les
complexes des acides aminés hydroxylés étaient relativement
plus stables que ceux des acides aminés non hydroxylés. De
plus, les complexes de la thréonine paraissaient encore plus
stables que ceux de la sérine. Cette stabilité accrue se réflétait
par des réactions plus exothermiques pour les acides aminés
hydroxylés. Pourtant, I'effet inductif du groupement OH était
naturellement d’affaiblir les liens Cu < N. Gergely er al.
concluerent donc: “The greater enthalpy change resulting in
spite of this can be explained only by the formation of a further

bond”. lls proposérent par conséquent que les groupements OH
non ionisés des acides aminés en question participaient a la
formation de liens faibles a I’intérieur de la premiére sphére de
coordination du métal.

D’autres auteurs ont étudié les complexes cuivriques de la
sérine sans détecter les complexes déprotonés a pH basique (18
19). Nos résultats sur la phénylsérine thréo et érythro (voir
tableau 2) sont semblables a ceux de Letter et Bauman sur la
sérine et la phénylsérine. Nous remarquons que les AH, sont
caractéristiques des acides aminés et ne varient pas entre la
formation du monochélate et du dichélate. Ces observations
concordent avec les résultats de I et Nancollas (19). La vari-
ation observée dans AH pour les complexes successifs est donc
attribuable a la variation dans AH..

Nous observons que AG,. est négatif, ce qui s’explique
comme suit: les répulsions électrostatistiques entre ligands ré-
duisent la stabilit¢ des complexes dichélat€s et favorisent la
formation des monochélates. Par contre, les valeurs de AG,
(ou AH, ) sont positives et refletent les interactions covalentes
et I'influence mutuelle des ligands. I et Nancollas (19) ont
expliqué cet effet comme probablement relié a la plus grande
facilité d’enlever I’eau de coordination du monocomplexe que
de I'ion Cu**. Letter et Bauman ont montré que pour tous les
complexes d’acides aminés, AH, est plus exothermique que
AH,. Ceci montre que la coordination du premier acide aminé
facilite le départ des molécules d’eau restantes. Les change-
ments d’entropie corroborent ces conclusions car AS) est beau-
coup plus grand que AS,. La formation du monocomplexe,
comparé a la deuxiéme étape, correspond donc & la libération
d’une plus grande quantité d’eau, avec un accroissement cor-
respondant du désordre résultant. Les changements d’entropie
positifs sont essentiellement reliés aux différences dans la
solvatation des espéces participant aux réactions d’association.

Nancollas a considéré que la sérine était un acide aminé
ordinaire (bidentate) mais il a remarqué que toutes les valeurs
de AS,, étaient semblables & I’exception de celles pour les
complexes de la sérine. Nos résultats montrent que la phényl-
sérine thréo et érythro ressemble a la sérine, c’est-a-dire qu’ils
different eux aussi des valeurs observées pour les acides aminés
ordinaires. Voici I’explication de Nancollas: “The lower value
of AS,, for serine can be attributed to the electron-withdrawing
property of the hydroxyl group in the B-position which renders
the net positive charge on Cu(ser)* higher than for the other
mono (amino acid) complexes. Interaction with the solvent will
therefore be stronger in the case of Cu(ser)” resulting in a lower
AS,,”. Cet argument est tendancieux, car si I’effet inductif est
important dans le cas du monocomplexe, il doit étre important
aussi dans le cas de Cu(serine),. Autrement dit, on ne peut
observer dans la différence qu’est AS;,, aucune particularité
attribuable 2 I’effet inductif, a2 moins que cet effet disparaisse
dans le dichélate, ce qui semble douteux. A notre avis, les
résultats thermodynamiques peuvent é&tre expliqués rai-
sonnablement si on postule que les acides aminés 3-hydroxylés
sont tridentates, avec le groupe OH en position axiale. Les
structures proposées par les complexes sont présentées dans la
fig. 3. On ne s’attend pas a une grande différence entre I’en-
thalpie d’un lien Cu—H,0 et d’un lien Cu—ROH ol R repré-
sente le reste de ’acide aminé. Par conséquent, on peut méme
s’attendre a un équilibre, en solution aqueuse, entre des com-
plexes avec soit H,O, soit ROH coordonnés.

La question des changements d’entropie est plus délicate. En
effet, la formation d’un chélate entraine normalement un AS
plus grand résultant en une plus grande stabilité d’un complexe
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FiG. 3. Structures proposées pour les complexes cuivriques de la
phénylsérine. A a un pH neutre, B a un pH basique.

chélaté par rapport a un complexe analogue non cyclique.
L’effet chélate est justement un effet d’entropie. Pourtant on
observe encore une fois des valeurs de AS typiques de ligands
bidentates seulement. Cependant, les acides aminés
B-hydroxylés existent déja sous forme cyclique en solution,
(20-22), cycle formé par une liaison hydrogéne entre les
groupements OH et NHj;. Il est donc difficile d’interpréter les
changements d’entropie lors de la formation du chélate métalli-
que.

Conclusion

En conclusion, I’hypothése que la sérine et la phénylsérine
sont des acides aminés tridentates offre une meilleure expli-
cation des résultats thermodynamiques. Cette hypothése expli-
que pourquoi les acides aminés B-hydroxylés ont des AG (et
des constantes de formation de complexes) proches des AG
observés pour les acides aminés ordinaires. De plus elle sug-
gére une bonne possibilité pour la formation des complexes
déprotonés: la déprotonation du groupement OH coordonné et
la formation d’un lien Cu—alcoxyde en milieu basique expli-
querait [’augmentation de I’exothermicité de la réaction cuivre
+ acide aminé au dessus de pH 10. D’apres la variation de log
B; et log B4 en fonction de la température, nous obtenons une
valeur voisine de 21 kJ mol™" pour chaque déprotonation (—23
et —19 =2 kJ mol™' pour la phénylsérine thréo et érythro,
respectivement). On retrouve donc I’augmentation totale de
—42 kJ mol™" découverte par Thornton et Skinner pour le cas
des complexes de la sérine (14). Des études complémentaires
par spectroscopie visible montrent un acroissement de la force
du champ cristallin a2 pH basique. De plus des résultats rpe
montrent |’apparition d’une structure hyperfine a 5 raies pour
le complexe déprotonné, en accord avec la transformation de
I’acide aminé en un ligand tridentate moins labile a pH basique.
Les temps de relaxation en rmn concordent aussi avec les

conclusions thermodynamiques et feront le sujet d’une autre
publication.

Nos expériences sur la phénylsérine représentent la troisiéme
occurrence de la détection de complexes déprotonés et tend a
confirmer la généralité de ce phénomene pour les acides aminés
[3-hydroxylés.
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PATRICK SHARROCK and MILAN MELNIK. Can. J. Chem. 63, 52 (1985).

The epr spectra at various frequencies of copper(ll) acetate anhydrous, monohydrate, monoacetic acid, and water — acetic
acid adduct are presented and analysed. The presence of copper hyperfine splittings in the solid state epr spectra of this series
of compounds is discussed. The frozen solution spectrum of copper(ll) acetate in acetic acid solution containing ~2% water
shows an exceptional resolution of A, hyperfine of 24 G. This is attributed to a key intermediate which explains the
monomer—dimer dissociation mechanism. The influence of distortions on the structures of these compounds is presented.

PATRICK SHARROCK et MILAN MELNIK. Can. J. Chem. 63, 52 (1985).

Les spectres rpe a diverses fréquences de 1’acétate cuivrique anhydre, monohydraté et des composés d’addition avec I’acide
acétique et 1’eau et I’acide acétique sont présentés et analysés. La présence de couplages hyperfins avec les noyaux “*Cu et
**Cu sont discutés. Le spectre rpe d’une solution gelée d’acétate cuivrique dans |’acide acétique contenant ~2% d’eau ont une
résolution inhabituelle de A, de 24 G. Ceci est attribué a un intermédiaire clef qui explique bien le mécanisme de dissociation
dimeére—monomeére. Nous présentons I’importance des distortions sur les structures de ces composés.

Introduction

Binuclear metal centers are known to be present in copper(11)
carboxylates (1). The bridged binuclear structure, first docu-
mented by Van Niekerk and Schoening (2) for copper(ll) ace-
tate monohydrate, is now an ubiquitous feature in coordination
chemistry. The magnetic properties of exchanged-coupled
paramagnetic centers is of considerable interest (3). Bleaney
and Bowers first recognized the triplet state epr spectrum of
copper(Il) acetate monohydrate (4) and solved the S = 1 spin
Hamiltonian parameters. There is strong antiferromagnetic
coupling in such dimers and a —2J value of 298 + 4 cm™' was
determined recently by direct spectroscopic measurements by
neutron scattering (5).

A thermodynamic study (6) of solvation (in water/acetic
acid) of copper(ll) acetate shows that the dimer prefers coordi-
nation of water to that of acetic acid in the axial position. Also,
water is reported to stabilize the dimer in solution despite the
fact that water shifts the monomer—dimer equilibrium towards
the monomer. Conflicting reports exist in the literature dealing
with the presence or absence of epr signals for solutions of
copper(ll) acetate (7, 8), and even on the composition of the
adducts present in water — acetic acid mixtures (6, 9).

We now wish to report the synthesis and characterization of
copper(ll) acetate adducts with acetic acid and water. We
present the first epr spectrum for Cu(OAc),- H,O-HOAc as
well as a frozen solution spectrum with resolved hyperfine
along g,. We compare the spectroscopic parameters for the
series of adducts.

Experimental

Preparation of compounds

Copper(1l) acetate monohydrate was purchased from J.T. Baker
Co. and used without further purification. The anhydrous compound
was prepared by monitoring the weight loss on the monohydrate by
gentle heating until constant weight. The sample was then sealed in the
quartz epr tube.

' Present address: Département de chimie, Université de Sher-
brooke, Sherbrooke (Qué.), Canada JIK 2R1.

Copper(1l) acetate - acetic acid was prepared by adding acetic anhy-
dride to a glacial acetic acid solution of copper(ll) acetate. The solu-
tion was heated to dissolve the solids and put aside for crystallisation.

Copper(Il) acetate - hydrate - acetic acid was prepared by equi-
librating a suspension of copper(ll) acetate monohydrate in acetic acid
containing 1% water as measured by nmr. Following a one week
period the solid product was filtered off and stored without drying in
tightly sealed containers.

Physical measurements

Copper contents were checked by atomic absorption analyses. Ther-
mal analyses were performed with a Setaram electrobalance and fully
programmable oven. The samples weighed 100 mg and were under a
nitrogen flow of 50 mL/min; the average heating rate was 2°/min.

Electron parameter resonance spectra were recorded on Varian E-9
spectrometers operating at X-band and Q-band and Jeol spectrometer
at K-band. Standard cryostats and Varian temperature control units
were used for the low temperatures.

Results

We found that careful dehydration of the monohydrate yields
an anhydrous copper(ll) acetate with only a small amount of
mononuclear species. The acetic acid adduct also contains
small amounts of mononuclear species and must be prepared in
the rigorous absence of water and protected from atmospheric
humidity. The water — acetic acid adduct cannot be dried in air
without decomposition leading to formation of the mono-
hydrate. This mixed-ligand adduct can only be obtained by a
slow heterogeneous reaction as described in the Experimental
section.

Atomic absorption and thermogravimetric analyses confirm
the compositions of the compounds. Anal. caled. for
Cu(CH,COO), - CH;COOH: Cu 26.29; found: Cu 26.17. Anal.
caled. for Cu(CH,COO), - H,O+ CH3;COOH: Cu 24.46; found:
Cu 24.32. All compounds begin to decompose at 250°C and
yield copper metal mixed with small amounts of copper oxide.
The acetic acid adduct loses its axial ligand readily beginning
at temperatures as low as 40°C. Between 40 and 60°C the
observed weight loss is 25.0%, which corresponds closely to
the theoretical value of 24.85%. The monohydrate loses water
near 100°C (observed weight loss of 9.1%, theoretical value
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FiG. 1. K-band spectrum (24.725 GHz) of [Cu(CH;COO),-
CH,COOH], at room temperature.
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FIG. 2. Q-band spectrum (37.25 GHz) of [Cu(CH:COO),*
H,O:CH,COOH]; at 110 K.

9.02%). Two steps were observed in the water — acetic acid
adduct derivative of the decomposition curve between 40 and
100°C. The overall weight loss observed (29.4%) corresponds
well with the calculated values for water and acetic acid
(30.06%). Acetic acid is eliminated in the first step, followed
by water in the second step. Reproducible results were obtained
only by drying the compound to constant weight under a stream
of dry nitrogen directly in the electrobalance sample holder
immediately prior to the experiment.

At X-band frequencies and room temperature, powdered
Cu(OAc),- HOAc shows three broad absorption bands similar
to those found in Cu(OAc),"H,O. However, the anhydrous
copper(l]) acetate only shows one broad epr absorption near g
= 2, and of peak-to-peak width of about 1000 G.
Cu(OAc),* H,0+-HOACc shows the three typical well-resolved
absorption bands due to the triplet state transitions observable
when hv = 0.3 cm™'. These spectra are governed by the usual
S = 1 spin Hamiltonian

% = BH-g-S + D(5* — (1/3)S(S + 1)) + E(S? — §?)

where D and E are the zero-field splitting parameters which
determine the energy levels along the three principal axes. The

1500 3000 4500 6000

Magnetic field in G

Fig. 3. X-band spectra (9.130 GHz) of [Cu(CH;COO),]
(A), [Cu(CH;CO0),+ CH;COOH]; (B), [Cu(CH,COO),-H,0-CH;-
COOHL (C), and [Cu(CH;COO),- H.0J (D) at 110 K.

experimental D values are related to the interaction between the
two coupled electrons by both the direct magnetic
dipole—dipole interaction inversely dependant on the sepa-
ration distance and by the pseudo dipolar interaction occuring
via the bridging ligand’s molecular orbitals. The E values re-
flect the rhombic component of the crystalline field. Of the six
principal resonance field positions expected for AM, = *1, the
three corresponding to H.,, H,,, and H_, are detected at X-
band. Increasing the quantum of energy allows a more com-
plete observation of the spectrum as illustrated in Fig. 1.

At K-band and room temperature (Fig. 1), Cu(OAc),- HOAc
shows a AM, = =2 transition at 3 600 G in addition to the H , ,
and H |, transitions at 6 450 and 10 100 G, respectively. The
absorption at 7 870 G is a § = § monomer signal near g = 2.
Lowering the temperature results in resolution of the rhombic
field components. Figure 2 shows the low temperature Q-band
epr spectrum of Cu(OAc),-H,0-HOAc. It also shows a AM,
= +2 transition with a seven-line dicopper nuclear hyperfine
splitting in addition to the H,,, H,,, H,,, and H,, transitions. In
this case, the weaker H_ absorptions were not detected because
of the small sample size imposed at high frequency.

The epr spectra at 110 K obtained at X-band for the four
copper(Il) acetates studied are compared in Fig. 3. The four
transitions observed are assigned to H.,, H,, H,, and H,,
absorptions occurring from low to high field. The anhydrous
compound which showed a featureless broad signal at room
temperature shows a sharp peak for H.,. Cu(OAc),- HOAc has
a H,, absorption broadened by unresolved nuclear hyperfine
structure, which was partly resolved, however, around 150 K.
Both Cu(OAc),*H,O-HOAc and Cu(OAc), H,O show re-
solved seven-line splitting patterns on H.,. The various spin
Hamiltonian parameters derived from these spectra are listed in
Table 1.
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TABLE |. Triplet epr parameters for dimer copper(ll) acetates

|D| E
Compound g1 8 Zave (em™ (ecm™" Reference
Cu(CH\COO0), 2.084 2.385 2.189 0.338 12
2.080 2.382 2.186 0.340 0.006 This work
Cu(CH1COO0),-H,0 2.073 2.344 2.167 0.345 0.007 13
2.076" 2.397 2.188 14
2.073 2.344 2.167 0.345 0.0! 15
2.077 2.365 21717 0.343 0.007 This work
Cu(CH,COO), - CH;COOH 2.063 2.364 2.168 0.322 0.005 This work
Cu(CH,COO),*H,0+ CH:COOH 2.070 2.370 2.170 0.344 0.006 This work
g 2.060" — — 0.331 0.007 This work
g  2.085
“By p-irradiation of the parent compound.
*v = 37.25 GHz.
TABLE 2. Doublet epr data for monomer copper(ll) acetates
Cu(CH;COO),*H.0 A AL
(in) 81 8 Buve" (G) (G)  Reference
H.O 2.069 2.361 2.166 150 This work
Ethyleneglycol 2.077 2.375 2.176 135 This work
1.88% H.O + HAc 2.069 2.350 2.163 150 24 This work
15% H,0 + 85% HAc” 2.087 2.372 2.182 135 0 16
20% H.O + HAc 2.178 16
20% H.O + HAc 2.167 17
25% H.O + HAc 2.185 17
”guw = (Zgl + gll)/3-
" At —186°C.
resolved along g and one strong absorption corresponding to
g.. In glacial acetic acid solutions, analogous features are
found, but when small quantities of water (near 2% by volume)
are present an exceptionally well-resolved spectrum yields Ay,
A,, and partially separated ®*Cu and *Cu absorptions at low
field (Fig. 4). The epr parameters calculated for the mono-
nuclear copper(ll) acetates are listed in Table 2. In glacial
acetic acid solutions from 273 K to 77 K a triplet state spectrum
similar to that obtained for the solid complex is observed with
spin Hamiltonian parameters which show no variation with
temperature and yield: gy = 2.350, g, = 2.060, g... = 2.165,
[D] = 0.326 cm™', E = 0.005 cm™".
‘ — ‘ - ; — Discussion
2600 2800 3000 3200 .
) ) Copper(Il) monohydrate (2) and acetic acid adduct (10) are
Magnetic field in G

FIG. 4. Glassy state epr spectrum of Cu(CH,COO), in CH;COOH
with 1.88% H-0 at 110 K.

Solution spectra of copper(ll) acetate at room temperature
show no absorption in pure glacial acetic acid or very weak
absorptions in DMSO, or ethyleneglycol. However, an ill-
resolved four-line pattern appears when small amounts of water
(or pyridine) are present in these solvents. Saturated copper(1l)
acetate in pure water shows an isotropic spectrum of 140 G
peak-to-peak width, and a 0.01 M aqueous solution shows
partly resolved hyperfine and gy = 2.182.

Frozen solution spectra of copper(ll) acetate in water or
ethyleneglycol only show § = ; transitions typical of mono-
nuclear copper(ll) complexes with metal hyperfine structure

both well-characterized. However, the water — acetic acid
adduct has been previously formulated as Cuy(OAc),:
H,O-HOACc (11) or as Cu(OAc),* H,0-HOAc (6, 9). Itis clear
from both our thermogravimetric and atomic absorption anal-
yses that the correct formula is the latter one. This compound
has not been previously studied in the-solid state because of
difficulties in drying the compound without loss of acetic acid.

The epr spectra for the four compounds shown in Fig. 3 and
the parameters listed in Table 1 are in good agreement with
previous results (18). The broad single absorption observed for
anhydrous copper(ll) acetate is a common feature found in
other anhydrous copper(1l) carboxylates (19, 20). This broad-
ening is attributed to interdimer magnetic interaction. It is
known from the structure of copper(ll) butyrate (21) that the
axial sites are occupied by oxygen atoms of neighboring dimer
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molecules, providing a polymeric network and pathway for
exchange. The [D] value of about 0.3 cm™' is large compared
to magnetic quantities (~3 000 G) but is small compared to
vibrational frequencies. At room temperature nearly 50% of the
dimers are in the thermally populated triplet state. Therefore
interdimer dipolar couplings may also be expected to be signifi-
cant at room temperature.

Figure 3 shows that all the compounds presented have axial
symmetry with rhombic distortion. The anhydrous and acetic
acid adduct do not show the seven-line hyperfine splitting on
H_;. This is also observed in a variety of other carboxylates
with axial or rhombic symmetry, with or without axial ligands
(22). From the observed narrow linewidth of 13 G (peak-to-
peak of derivative) we conclude the absence of copper hyper-
fine is not due to inhomogeneous broadening but can be
assigned to exchange interactions which, at low temperature
are stronger than the hyperfine interaction but weaker than the
g-anisotropy. The water and water — acetic acid adducts show
resolved hyperfine splitting of about 60 G. As expected for
exchange-coupled dimer systems this coupling is about half
the value observed in monomer species. The resolution is
attributed to isolation of the dimers by axial water ligands. In
addition, a seven-line pattern is resolved in the low temperature
Q-band spectrum (Fig. 2) on the AM, = =2 transition which
is observed only at higher frequencies.

The liquid solutions yield no epr absorption in solvents
where copper(ll) acetate retains the dinuclear structure. The S
= 1 spectra obtained in the presence of water are due to dis-
sociation of the dimers. This is in agreement with excessive
broadening of the triplet signal because of the large value of the
anisotropic zero field splitting.

Frozen solution spectra reveal no significant variations in
either the g values or appearance of the A) hyperfine. The
spectrum in Fig. 4 is unusual in showing resolved A, copper
hyperfine. Well-resolved A, is often seen for other O-donor
systems (23), but hyperfine structure along g, is absent in
previous reports on copper carboxylates. This can be attributed
to inhomogeneous broadening due to unresolved hyperfine and
some sort of chemical exchange process leading to multiplicity
of the complexes present. Cu(H,0),0Ac, has been proposed
previously (9). Scheme | presents the various compounds
present in solution. Compound 4, with two coordinated water
molecules exists in pure water or in other solvents containing
water in the absence of other Lewis bases stronger than water.
Compound 1 exists in glacial acetic acid solution and acetic
acid axially coordinates to the dimer structure, leading to ap-
preciable distortions as found in the solid state (10, 21). When
the solvent is acetic acid containing ~2% water, compound 3
is found in equilibrium with compound 2. Compound 2 is not
expected to yield a visible triplet state spectrum and insufficient
water is available to obtain 4. This explains why 3 yields a
well-resolved spectrum pertaining to one well-defined species.
Furthermore, a compound of same composition as 2 can be
isolated in the solid state and this is a key intermediate in
explaining monomer—dimer equilibria. From Nyberg’s data
(17), the greatest line-width variation of the hyperfine lines is
found precisely in acetic acid solutions containing 2% water,
indicating a longer correlation time in a solvent of this com-
position. This was attributed to acetic acid replacing water as
axial ligand in monomers, leading to large hydrodynamic radii
(16), but should in fact be related to aggregation of 3 to form
2. We propose for 2 similar distortions as known in compound
1. The bridging acetate has one short Cu*—O™* bond (darkline)

R &
/7N /
@ o Q %0 1,0
: Al
\Cu/o\ /(|)\Cu /O\
RC CR RC ,/ NG CR
\/O O \/O/ o
RC\O\Cu/O CR RC\O'XCU.-/?\CR
O/ \Q/ O// \(.)/
H o H
(o) O 200 O
/
N e
R R
1 2
R
/C\
(0] OH H,0
(o] ‘ (0] (0] ’ O
O O O O
RC Cu CR RC Cu CR
H,O H,O
3 4

ScHEME 1

and one long Cu—O (dotted line). This long Cu—O bond can
easily be broken with formation of a Cu*—O bond yielding
chelating acetate ligands as shown by the thin lines (Scheme 1,
compounds 2 and 3).

Conclusion

Despite intensive study of copper(ll) carboxylates, no com-
prehensive mechanism of formation or of dissociation of the
dimer species had been presented yet. We believe our results
point to distortions as the main factor governing the trans-
formation. Our isolation of a complete series of copper(Il)
acetates clarifies the characterization of the species present
both in solution and in the solid state and highlights the struc-
tural features which influence the epr spectra.
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MILAN MELNIK and PATRICK SHARROCK. Can. J. Chem. 63, 57 (1985).

Niobium(IV) methoxide was synthesized by prolonged electroreduction of niobium pentachloride in methanol. Electron
paramagnetic resonance spectra at room temperature and 77 K show the expected [0-line patterns of “’Nb at 2 = 1.95 and AM,
= 2 absorptions indicating the presence of dimer species. The spectroscopic parameters obtained in the presence of a series
of phosphorus donor ligands are presented and discussed in terms of mononuclear and dinuclear structures.

MILAN MELNIK et PATRICK SHARROCK. Can. J. Chem. 63, 57 (1985).

Nous avons préparé le tétraméthoxide de niobium(IV) par électroréduction lente du pentachlorure de niobium en solution
méthanolique. Les spectres rpe 2 298 K et 77 K montrent la structure hyperfine a 10 raies typique du **Nb a § = 1.95 et aussi
I’absorption AM, = 2 & g = 4 correspondant a des espéces diméres. Les paramétres rpe observés en présence d’une série de
ligands phosphorylés sont présentés et discutés en termes de structures monomeres et diméres pour les complexes du

niobium(IV).

Introduction

Niobium(V) alkoxides are known to form dimeric, or poly-
meric compounds (1). Early transition metal alkoxides auto-
associate in preference to complex formation with other ligands
to reach coordination number six (2). Diamagnetic niobium(V)
alkoxides were investigated by nmr (3) and factors controlling
the coordination chemistry were discussed (4). Niobium(IV)
alkoxides have been rarely investigated (5) and we now wish to
report the first characterization of niobium alkoxide dimer-
isation observed by epr (6). We also present data demonstrating
weak coordination of a variety of phosphine and phosphite
ligands to the tetraalkoxoniobium species.

Experimental

Niobium pentachloride was purchased from Ventron, and kept un-
der an atmosphere of dry nitrogen. All the phosphines used were of
commercial origin (Organometallics, Inc. New Hampshire) and stored
in Schlenk tubes.

Niobium tetramethoxide was prepared by dissolving niobium pen-
tachloride in dry methanol and reducing the solution under a nitrogen
atmosphere by electrolysis with graphite electrodes. Initially the deep
wine—red to purple niobium(IV) chloro-methoxo species are formed,
but after prolonged electroreduction in a cell equipped with a large
porous-glass membrane separating the two electrode compartments,
chloride ions migrate and are oxidized to chlorine gas as evidence by
the appearance of the pale yellow— green solution in the other compart-
ment. Following a three-day period with a large overpotential (5 to 8
V), the brown solution was filtered and concentrated under vacuum.
A dark brown to black solid could be isolated with the characteristic
infrared absarptions (W(M—Q) 870 ¢cm™'; v(OCH,) 985 and 1025
cm™") (7). Chloride ion determinations by silver nitrate titrations
showed only 0.6% chloride by weight was present in the methoxide.
Niobium content was determined as Nb-Os after ignition in oxygen
and confirmed isolation of Nb(OCHa,),. Anal. caled.: Nb 42.8; found:
Nb 42.2). Anal. caled. for Nb(OCHa,)s: C 22.14, H 5.57; found: C
21.86, H 5.61.

Samples for epr analysis were prepared and sealed under nitrogen
in 3 mm quartz tubes. A varian E-9 spectrometer operating at X-band
was used to obtain the epr spectra. Low temperatures were obtained

"Present address: Département de chimie, Université de Sher-
brooke, Sherbrooke (Qué.), Canada J1K 2R1.

using a cryostat technique previously reported (8). The frequency was
measured with a digital frequency meter and the magnetic field cali-
brated with a Systron-Doner NMR gaussmeter.

Results

We observed that magnesium metal rapidly reduces nio-
bium(V) in methanol, but the resulting products contain com-
plex alkoxides. The formula MgNb(OMe),, analogous to the
reported double alkoxide of niobium(V) (9), can be proposed
for these compounds which were not further investigated. Elec-
troreduction yields the desired tetramethoxoniobium(IV) which
can be isolated as a dark brown solid insoluble in common
organic solvents. It is relatively stable towards oxygen but
hydrolyses readily in solution. It is insoluble in pure liquid
phosphines but dissolves in liquid phosphites or toluene solu-
tions of phosphites. A small amount of methanol is needed to
dissolved niobium(lV) methoxide in toluene. The products of
the reaction of niobium(lV) methoxide with phosphites are
yellow to brown oils. With phosphines, brown to green viscous
products are obtained which slowly separate out of the toluene
solvent.

The room temperature epr spectrum of niobium(I'V) meth-
oxide is presented in Fig. |. High gains and power and a strong
modulation amplitude are needed to obtain spectrum (a) which
shows a clearly resolved absorption near 1700 G in addition to
the ten-line pattern centered near 3450 G. The spectrum (b) in
Fig. | results when a small amount of dry HCI is bubbled into
the same methanol solution used to obtain spectrum (a) (Fig.
1). This concentrated niobium(IV) solution does not show a
half-field resonance but shows an intense absorption centered
near g = 2. This somewhat distorted spectrum changes to the
classical 10-line spectrum (c¢) as shown in Fig. |, when diluted
with toluene.

Oxygen-containing solvents tend to decompose niobium(IV)
methoxide slowly but an epr spectrum could be obtained in
THF, which consisted of a single broad resonance centered at
g = 2.0. The spectroscopic parameters for the room-
temperature spectra are listed in Table | together with data
derived from the phosphine and phosphite ligands. Most of the
phosphine adducts gave weak room-temperature signals and
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FiG. 1. Electron proton resonance spectra of niobium(1V) meth-
oxide at room temperature (a) in methanol solution; (b) same as (a)
with a small amount of dry HCI; (¢) same as (b) diluted in toluene.

showed half-field signals. In some cases no signal at all could
be detected. For example triphenylphosphine, tri-n-butyl-
phosphine, triethylphosphine in THF, or trimethylphosphine in
DMF.

Trimethylphosphine, pure or diluted in toluene, yielded trip-
let ligand hyperfine splitting on each one of the ten niobium
hyperfine lines. The dimethylphenylphosphine yielded phos-
phorus hyperfine partly resolved on the strongest niobium lines
in the center of the spectrum, as shown in Fig. 2. Tri-
ethylphosphine gave a very broad and distorted 500 G peak-to-
peak width absorption near g = 1.90.

Triphenylphosphine oxide gave a room-temperature spec-
trum identical to the ligand-free case. The phosphites used did
not reveal ligand hyperfine structure in the epr of their nio-
bium(IV) adducts. Dry HCI gas usually increased the intensity
of the g = 2 spectra to the expense of the g = 4 absorptions,
but with little improvement in the resolution.

The low temperature spectra of niobium(IV) methoxide
showed features typical of anisotropic hyperfine with axial
symmetry. Figure 3 showed the frozen-solution spectrum of
niobium(IV) methoxide in methanol. The ¢ = 4 feature at low
field present in spectrum g disappears in spectrum b (Fig. 3),
after HCI is introduced into the solution. Also the decrease in
intensity in the central sharp peak is significant and is related
to an absorption occuring together with the half-field line, as

1 | | | 1 |
1 2 3 a

Magnetic field in kG
FIG. 2. Room temperature epr spectrum of niobium(1V) methoxide
with dimethylphenylphosphine.

TABLE 1. Electron spin resonance data for niobium(1V) methoxide
complexes at 298 K

A
Compound” g (gauss) AM, =12

Nb(OCH;), 1.950 182 4.0
+ HCI 1.930 177 —

+ THF 2.0 — —
Nb(OCH3); + PMe; 1.989 139" 4.0
+ MeOH(DMF) — — —
Nb(OCH,), + PEt;, 1.90 — —
+ THF — — —
Nb(OCH,); + PBu, 1.90 — —
+ PMe-Ph 1.99 144¢ 4.0

+ PMePh, — 144 4.0

+ HCI 1.95 174 4

Nb(OCH.), + PHPh, — — 4.0
+ HCI 1.95 174 —_
Nb(OCH;); + PPh; — — —
Nb(OCH.,); + Ph:P(CH,)PPh, 1.95 187 4.0
+ HCI 1.952 185 —

Nb(OCH,); + Ph,PPPh, 1.96 175 4.0
+ HCI 1.951 175 ¢

Nb(OCH;); + OPPh; 1.950 182 4.0
+ P(OMe); 1.936 182 —

+ (EtO).P(O)P(OEt), 1.951 190 4.0

+ HCl 1.95 182 4.0

Nb(OCH;); + P(OCH.);CCH, — — 4.0
+ HClI 1.956 177 —

“THF = tetrahydrofuran; PMe, = trimethylphosphine; DMF = dimeth-
ylformamide; PEt; = triethylphosphine; PMe,Ph = dimethylphenylphosphine;
PMePh, = diphenylmethylphosphine; PHPh, = diphenylphospine; PPhy =
triphenylphosphine; Ph.P(CH,)PPh, = bis(diphenylphosphine) methane;
Ph,PPPh, = tetraphenyldiphosphine; OPPh; = triphenylphosphine oxide;
P(OMe), = trimethylphosphite; PBu; = tributylphosphine; (EtO).P(O)P(OEt).
= tetraethylpyrophosphite; P(OCH;)-CCH; = trimethylolpropane phosphite.

"Phosphorous hyperfine of 25 G.

“Phosphorous hyperfine of 23 G.

“Weak signal.

will be shown later. The frozen THF spectrum comprised a
sharp peak at g = 2.0, the usual g =4 absorption and a strong
and broad absorption centered at g = 2.7.

Difficulties were encountered in obtaining low-temperature
epr signal for the phosphine adducts. For example, triethyl-
phosphine produced a broad line with ill-resolved A,. A} was
resolved and allowed the calculation of g, but g, could not be
obtained. When THF, acetone, methanol, or DMF was added
to the phosphine adduct, the spectrum changed entirely to give
a g = 4 absorption paired with a sharp axial-type absorption at
g = 2.0. Figure 4 illustrates this pair of signals obtained in the
case of tri-n-butyl phosphine. This spectrum could in turn be
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FIG. 3. The frozen-solution epr spectra of niobium(IV) methoxide;
(a) in methanol solution, (b) same as (a) with a small amount of dry
HCL.

eliminated by the addition of a small amount of HCI gas, but
the spectra then reverted to those of the phosphine-free case.

Triphenylphosphine oxide showed a 77 K spectrum almost
identical to the pure niobium methoxide, but a clearly resolved
doublet on the lowest field A| absorption demonstrated that two
compounds are present with nearly identical epr parameters.
The phosphite gave interesting results with tetraethyl pyro-
phosphite yielding two superimposed spectra. Figure 5 shows
the epr spectrum obtained in the case of trimethylphosphite.
The observed linewidths are significantly smaller than for the
parent compound, illustrated in Fig. 3.

Discussion

Vanadium(IV) or vanadyl halide species form phosphine
complexes which have been studied by epr (10). Few epr
studies were conducted on niobium(IV) or tantalum complexes
(11, 12), one problem being the loss of resolution observed for
the heavier metals, attributed in part to the greater quadrupolar
moment of their nuclei (13).

Electrolytically reduced niobium solutions have been
reported in the literature (14—16), and niobium(IV) has also
been produced by reduction with zinc (17) or aluminium foil
(13). Discrepancies exist in the literature regarding the various
species present in aqueous HCI or alcoholic HCI solutions.
NbCl2~ anion does not give an epr spectrum, indicating a pure
octahedral configuration and a degenerate ground state (17). In
tetrahedral organometallic niobium(IV) complexes the free
electron lies in the 4d,2_,» orbital and the epr spectrum is
well-resolved (18). According to the Jahn—Teller Theorem and
when the epr spectrum is observable at room and moderately
low temperature, the free electron must lie in the d,, non-

| | | |
1 2 3 4

Magnetic field in kG

FIG. 4. The frozen-solution epr spectrum of niobium(IV) meth-
oxide with tri-n-butylphosphine.

degenerate orbital in octahedral niobium(IV) complexes of Dy,
molecular symmetry (19).

The ten-line room-temperature patterns observed for the
complexes is consistent with the expected 100% *’Nb metal
hyperfine arising from nuclear spin / = 9/2. The coupling
constant of about 180 G is in agreement with previous obser-
vations (13, 17). The low solubility of the parent complex and
addition compounds points to the polymeric nature of the meth-
oxide. The g = 4 signal can be attributed to a forbidden AM,
= 2 absorption resulting from the presence of dimers held
together by methoxo bridges. Many diamagnetic niobium(IV)
complexes are known in the solid state (20) indicating poly-
meric compounds with strong magnetic interactions. This
could also account for the absence of epr spectra or the weak
signals observed in some of our solutions, despite the visible
absorptions which demonstrate niobium(IV) complexation.
The small value of the superhyperfine coupling constants
shows weak niobium—phosphorus interactions. In analogy to
the structure proposed for niobium(V) alkoxides, we propose
the structures of Scheme 1. The triplet superhyperfine patterns
are in agreement with two equivalent phosphine ligands coordi-
nated in a trans axial geometry, but a cis geometry cannot be
ruled out because of the absence of phosphorus splittings in the
anisotropic spectra. In any case, the equilibrium is strongly in
favor of the dimer, and only the smaller phosphines showed
evidence for two coordinated ligands. Symmetry consid-
erations rule out direct interaction of “o”” phosphorus orbitals
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TABLE 2. Electron paramagnetic resonance data for niobium(IV) methoxide compounds at 77 K

Compound g1 8 Lave A, Ay Anve AM, =2
Nb(OCH3),4 1.950 1.955 1.951 135 270 180 —
+ THF — — 2.0 — — — 4.0
Nb(OCH,), + PMe; — — 2.0 — — — 4.0
Nb(OCH,), + PEt, “ 1.90 — “ 280 — —
+ THF : — — 2.0 — — — 4.0
Nb(OCH.), + PBu, — — 2.0 — — — 4.0
+ THF — — — e 4.0
Nb(OCH,)s + PMe,Ph — — 2.0 — — — 4.0
+ THF — — 2.0 — — — 4.0
Nb(OCH1), + Ph,P(CH,)PPh, — — ? — — — 4.0
+ HCI 1.950 1.955 1.951 135 272 181 —
Nb(OCH.)s + Ph,PPPh, + HCI 1.950 1.955 1.951 135 272 181 —
Nb(OCH,); + OPPh; 1.950 1.955 1.951 135 272 181 —
Nb(OCHs), + PHPh, — — 2.0 — 27 4.0
+ HCl — — b — 277 b
Nb(OCHs), + P(OMe); 1.960 1.929 1.946 138 283 186 -
Nb(OCH.), + (EtO),P(O)P(OEt), “ 1.962 1.907 1.943 148 307 201 b
71962 1.898 1.940 153 320 209 —
Nb(OCH;)s + P(OCH,);CCHs — — 2.0 - 4.0
“Unresolved signal.
" Weak signal.
“Major component.
“Minor component.
L Me OMe L
MeO~_ | O~ | ~OMe L _ MeO\N|b _~OMe
MeO~” | 07 | SOMe MeO”" | SOMe
Me L L
OMe
SCHEME 1
with previous work on niobium(V) alkoxides (3), this has a
pronounced effect on complex formation. However, nio-
bium(IV) has a stronger tendency to form addition compounds
than does niobium(V). The di-octahedral edge-shared dimer
structure found for niobium(V) methoxide is coordinatively
saturated whereas the same structure has room for one ligand
(L in Scheme 1) in the case of niobium(IV). The bulkier phos-
phines fail to yield bis-adducts of monomer structure, and so do
the bidentate phosphines used despite the expected chelate ef-
fect stabilization. We feel niobium(IV) methoxide is a polymer
in the solid state, with each octahedral unit sharing two edges
with neighboring molecules. Methanol may break up this in-
soluble structure and produce dimer or oligomer structures
responsible for the AM, = 2 signals observed in solution. The
axial peaks at g = 2.0 are so sharp they must be attributed to
exchange-narrowed signals.
The low-temperature spectra can be explained assuming the
| \ | | | same structures as presented in Scheme 1. The dimer or poly-
1 2 3 4 5 mer signals at ¢ = 4 and g = 2 are very strong, but super-

Magnetic field in kG

FiG. 5. Electron spin resonance spectrum of niobium(IV) meth-
oxide with trimethylphosphite.

with the niobium d,, orbital and spin-polarization may account
for much of the coupling mechanism. Polar solvents shift the
equilibrium towards dimer formation whereas HCI gas tends to
destroy the dimers by formation of monomeric mixed chloro-
methoxo complexes. HCI also has the effect of eliminating
excess phosphine used as solvent by producing phosphinium
chlorides, and changing the dielectric constant. In agreement

imposed on a broad absorption centered near 3300 G, as shown
for example in Fig. 4. The sharp lines found for the tri-
methylphosphite adduct presented in Fig. 5 are attributed to
slower methoxo group exchange in this species compared to the
parent compound which shows broader features. Niobium(V)
methoxide shows significant variations in its low-temperature
nmr chemical shifts corresponding to various non-equivalent
methoxide groups in exchange (21). The low temperature spec-
trum obtained for niobium(IV) methoxide in the presence of
triphenylphosphine oxide shows spectroscopic parameters
identical to the ligand free system, as listed in Table 2. How-
ever, the small but clearly visible splitting of the lowest field
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Aj component indicates two similar compounds are present.
Triphenylphosphine oxide is reported to react with niobium(V)
alkoxide (1) to make an addition compound, but with niobium
pentachloride, a niobium oxytrichloride adduct is formed by
oxygen abstraction (5). Because triphenylphospine oxide is the
only phosphorus-containing donor which we found to cause
such a splitting, we may tentatively conclude it produces also
a niobium oxymethoxocomplex. Tetraethylpyrophosphite
yields two species which are attributed to the presence of ex-
cess phosphite which can thus form a bis complex and a mono
adduct containing bidentate ligand.

In general, the phosphites produce larger A splitting con-
stants than the phosphines. Inspection of the data listed in Table
2 also shows that the large hyperfines coincide with the smaller
g values. This trend should follow variations in the strength of
metal—ligand bonding but most of the spectra observed show
great similarities in the spectroscopic parameters related to
monomers. No differences are detected in spectra attributed to
dimer species.

Conclusion

Niobium(lV) methoxide shows features analogous to nio-
bium(V) alkoxides. The results point to a polymeric network
for the structure of this compound, and a dimer structure in
equilibrium with some monomer in solution. Weak interactions
with phosphorus containing donors also result in the predom-
inance of dimer adducts. Electron paramagnetic resonance
spectra are useful in confirming that early transition metal
alkoxides prefer to self-associate rather than form complexes
with donor ligands. Further work showing stronger bonding in
mixed niobium(1V) chloro-methoxo complexes will be report-
ed elsewhere.
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The photofragmentation of 2,3-dimethylbutene and 3,3-dimethylbutene has been studied at 147 and 184.9 nm in the gas
phase. The main primary decomposition process at both wavelengths involves the rupture of a 3(C—C) bond. The quantum
yield for this process is higher than 0.7 at 147 nm and is probably even higher at 184.9 nm. All dimethallyl radicals formed
at 147 nm in this process decompose at low pressure, but some of them isomerize from the «,B- to the o,a- structure (and
vice versa) — via a 1,4-H transfer — before decomposition. At 184.9 nm, the same primary process is used to get a rough
value for the lifetime of the photoexcited molecule, compared with the one made with RRKM calculations by assuming that
all the photon energy resides in the vibrational framework of the fundamental electronic state. These lifetimes are about one
nanosecond or less.

HELENE DESLAURIERS et GUY J. COLLINS. Can. J. Chem. 63, 62 (1985).

On a étudié la photolyse des diméthyl-2,3- et -3,3-butene-1 a 147 et a 184,9 nm. Le principal mode de fragmentation de
la molécule photoexcitée implique la rupture d’un lien C—C situé en position . Le rendement quantique de ce processus
primaire est supérieur & 0,7 2 147 nm et peut-étre plus élevé encore a 184,9 nm. A 147 nm, tous les radicaux diméthallyles
se décomposent a basse pression, mais certains le font aprés isomérisation par transfert interne 1,4 d’un atome d’hydrogene.
A 184,9 nm le méme processus primaire est utilisé pour déterminer le temps de vie de la molécule photoexcitée. Ce temps
de vie, de I’ordre ou moins de la nanoseconde, est comparé avec celui que I’on peut obtenir a I’aide de calculs RRKM en

supposant que toute 1’énergie du photon est distribuée dans le tissu vibrationnel de la molécule.

Introduction

We have recently studied the gaseous photolysis of tetra-
methylethylene and I-hexene at 184.9 nm. At low pressures
(1 Torr = 1330 N m™), both photoexcited molecules decom-
pose. The photoexcited I-hexene molecule gives rise to the
rupture of the B(C—C) bond (1) and that of the tetra-
methylethylene — a molecule without the B(C—C) bond —
gives rise to the rupture of either a B(C—H) or a a(C—C)
bond (2) with similar probability. Moreover, at high pressure
(above 100 Torr), isomers are formed with rather high quantum
yields in the tetramethylethylene case: ®(isomers) = 0.34 in
the presence of high propane pressure (3). Conversely, the
isomerization processes are very low or not even observed in
the 1-hexene case: ®(isomers) =< 0.01 (1).

This work has two main purposes. First, we shall examine in
other C, terminal olefins the validity of the rupture of the
B(C—C) bond at low pressure, and, if possible, we shall
estimate the lifetime of the photoexcited molecule. Second, we
shall try to reconcile the apparent conflict observed above at
high pressure: does the photoexcited molecule isomerize? We
have chosen 2,3-dimethylbutene (23DMB) and 3,3-dimethyl-
butene (33DMB) for this study. It is hoped that any structural
effect inside the Cq¢ famiily of terminal olefins will be exem-
plified.

Experimental section

Experimental details were essentially the same as those reported in
previous papers from this laboratory (1—-3). This include the Hg-lamp
and actinometry (1). 22DMB and 33DMB are API products: 99.93 =+
0.03% and 99.98 * 0.02%, respectively. All the irradiations were
performed at room temperature (T = 20°C). The analyses of the
starting materials reveal only traces of lighter compounds (=50 ppm).
However, some C, hydrocarbons are present. They are 3- and
4-methyl-1-pentene (0.01%), I|-hexene (0.035%), and 2-methyl-2-
pentene (0.055%) in 23DMB; 2,2-dimethylbutane (17.5 ppm) and
2,3-dimethyl-1,3-butadiene (?) (19.5 ppm) in 33DMB. The relatively
large amount of impurity in 22DMB may be the result of an artifact:

"To whom all correspondence should be addressed.

we observed an increase in impurity content (ca. 1%) when the gas
chromatograph was used at T = 50°C. All these analyses were rou-
tinely made on two gas-chromatographs (dual flame ionization de-
tector) one equipped with a squalane column (4) and the other one with
a UCON column maintained at room temperature (23DMB case) or at
50°C (33DMB case) (5).

The RRKM calculations were made as reported in a previous paper
from this laboratory (6). The vibrational models for 33DMB were
taken from the literature (complex 2) (7).

Results

The photolyses of 23DMB and 33DMB yield a number of
hydrocarbon products which are reported in the tables along
with their quantum yields. Within experimental conditions the
percentage of conversion is kept well below 1%. Oxygen or
nitric oxide at a sufficient concentration level (=10%) remove
free radicals from the reaction zone and does not significantly
absorb the incident photon beam. Deuterium iodide was also
used to scavenge free radicals. This technique was only possi-
ble with 33DMB. In the presence of 23DMB, the addition of
DI results in an orange liquid formation.

At 147 nm

In both systems and in the presence of 10% oxygen, the main
product is isoprene (Fig. 1) with pressure-dependant quantum
yields between 0.35 and 0.8. A few other products, having
lower quantum yield, are sensitive to an increase in the pres-
sure. They are 1,2-butadiene (Fig. 2) and 2-methyl-2-butene
formed in the 23DMB case: its quantum yield decreases from
0.03 at 5 Torr to 0.015 at 150 Torr. Several products formed
with low yields are rather insensitive to an increase in pressure
(Table 1). In the pure systems, the products are more numerous
(Table 2). Ethane and 2,2,3-trimethylbutane are among the
major ones. The addition of DI has substantially increased the
methane yield (Table 3). Finally, isomers were not observed in
either system in the presence of 10% oxygen.

At 184.9 nm
Except for isoprene (Fig. 3), all the quantum yields mea-
sured in the presence of oxygen are lower than 0.01. Table 4
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FIG. 1. Photolyses of 23DMB ((,@®) and 33DMB (A, A) at 147
nm either pure (O,4) or in the presence of 10% oxygen (@,4). The
straight lines are calculated from linear regressions: O: y = 1.358 +
0.0067x, r* = 0.983; Ay = 1.262 + 0.0051x, r> = 0.978.

10* Nm-2

= 147 nam /A M
R Y -
A/
/A
A
40 | A 4
o pm 4

1Lt
1)

[ (c-c=c=c)]”

10.0} ./ >/—< i

[ d
00%/0/0
15 4 N Il
0 50 100 150

Pressure (Torr)

FiG. 2. Photolyses of 23DMB (O, @®) and 33DMB (A, A) at 147
nm either pure ((O,A) or in the presence of 10% oxygen (@,4A). The
straight lines are calculated from linear regressions: (O: y = 8.6 +
0.021x, r* = 0.942; A: y = 27.6 + 0.41x, r* = 0.981.

gives the main products formed in the pure systems. Again,
isomers were not observed in the presence of 10% added oxy-
gen even in the cases where 2—6 atm of propane were added to
50 Torr of monomer. Absorption coefficients of the 184.9 nm
line were measured (base 10); ¢(23DMB) = 7 200 (=5%) and
€(33DMB) = 5900 (+5%) dm® mol™' ¢cm™', in agreement
with values taken from the literature (8).

Discussion
(a) Fragmentation of the photoexcited molecules and excited
intermediates
At 147.0 nm

The energy of the incident photon at this wavelength is about
810 kJ Einstein™'. Thus, the photoexcited molecules have
much more internal energy than what it is needed for a C—C
bond rupture. For example,

[1] 23DMB or 33DMB + hv — 23DMB** or 33DMB**

TABLE 1. Quantum yields of the photolyses of
23DMB and 33DMB in the presence of 10% oxygen
at 147 nm*

Quantum yield

Products 23DMB 33DMB
Methane 0.03 = 0.01 0.04 = 0.01
Acetylene 0.01; = 0.00, 0.13 = 0.015
Ethylene 0.04 = 0.01 0.04 = 0.015
Propene 0.10 = 0.01 0.06 = 0.01
Propyne 0.10 = 0.02 0.00
Allene 0.05s = 0.01 0.00
Isobutane 0.00 0.024 = 0.005
1,3-Butadiene 0.0l1s = 0.00s 0.05 = 0.01

“ Pressure of the monomer is between 10 and 100 Torr;
all quantum yields are the same in the pure systems except
those of methane, propene, and isobutane (see Table 2).

[2] 23DMB** — CH3* + CH>C(CH3)CHCH,*
A:k

[3] 33DMB** — CH;* + CH;C(CH;)CHCH,*
B*
AH([2]) = AH([3] = 290 kJ mol ™' (9)

The excess energy is about 520 kJ mol™' and must be shared
between the fragments. Part of the CsHy* radicals (A* or B*)
carry away sufficient energy to overcome the energy barrier of
the following process:

[4] A* or B¥ - H + CH,=C(CH:)CH=CH,
A = 200 kJ mol™'
[5] A*orB* + M—> M+ AorB

This simple mechanism is known as a Stern— Volmer one (pro-
cesses [1]-[5]) and the reverse of the isoprene quantum yield
is a linear function of the pressure (10) (Fig. 1). At zero pres-
sure, the & (isoprene) values, measured in the presence of 10%
oxygen, are 0.74 and 0.79 in the 23DMB and 33DMB systems,
respectively. Since the & (process [2] or [3]) value is less than
unity, the majority of A* or B* decomposes at zero pressure.
Another compound observed in the presence of oxygen and
having a Stern— Volmer behavior is 1,2-butadiene (Fig. 2). Its
quantum yield is smaller than that of isoprene and smaller in the
33DMB than in the 23DMB system. Since allene is formed in
the decomposition process of the excited B-methallyl radicals
(11, 12), it may be proposed that the o,B-dimethallyl radicals
also decompose only partially in 1,2-butadiene.

[6]  CH.C(CH)CHCH;* — CH,=C==CHCH, + CH,
[71  CH,C(CHs)CHCH:;* + M — M + CH,C(CH-)CHCH,

Conversely, excited a-methallyl radicals are not known to
decompose in allene. Thus, a,a-dimethallyl radicals are not
expected to produce 1,2-butadiene. Moreover, a structural
isomerization process must take place somewhere in order for
this to happen. An easy way to explain such 1,2-butadiene
formation is to assume an isomerization process involving A*
and B*.

Since these allylic radicals are far from cold, they have an
internal energy probably sufficient to allow the occurrence of
a 1,4-hydrogen atom transfer:

[8] A* = B*
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TABLE 2. Quantum yields of the photolyses of pure 23DMB and 33DMB at 147 nm*“

23DMB 33DMB

Pressure (Torr) 10 50 100 10 50 100
Methane 0.14 0.14 0.14 0.09 0.04 0.04
Ethane 0.29 0.32 0.33 0.31 0.36s  0.31
Propene . 0.12 0.12 0.115 0.06 0.065 0.05;
Propane 0.02 0.03 0.03 0.00 0.00 0.00
Isobutane 0.04 0.05 0.05; 0.03s 0.03s 0.03
Neopentane 0.00 0.00 0.00 0.02 0.02 0.02
C.Hy" 0.00 0.01 0.00s  0.03 0.03s  0.06
2,3-Dimethylbutane 0.18 0.17 0.14; 0.00 0.00 0.00
3,3-Dimethylbutane 0.00 0.00 0.00 0.07 0.06 0.03
2-Methyl-2-pentene 0.00; 0.0l 0.02,4 0.04 0.10 0.13
33DMB 0.01 0.03 0.00s — — —
23DMB — — — 0.01s 0.0l 0.0l
3-Methyl-2-pentene 0.02 0.12,  0.115 0.02 0.02; 0.03;
2,2,3-Trimethylbutane 0.19 0.15 0.13;5 0.35, 0.21 0.22
2-Ethyl-3-methyl- 1-butene 0.01, 0.03 0.03 0.00 0.00 0.00

“All quantum yields vanish in the presence of 10% oxygen except in the cases of methane,

propene, and isobutane; see Table 1.
"Isobutene + -butene.
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FiG. 3. Photolyses of 23DMB (O, @) and 33DMB (A,A) at 184.9
nm either pure ((O,A) or in the presence of 10% oxygen (@,4). The
straight lines are calculated from linear regressions: O: y = 16.19 +
4.03x, r* = 0.956; A:y = 7.0 + 2.0x, r* = 0.997.

Other minor primary fragmentation processes must be pro-
posed to take account of the results. For example, the occur-
rence of the rupturé‘of"a a(C—C) bond results in various
compounds.

[9]  23DMB** — CH:CHCH,* + CH,—CCH,*
[10]  33DMB** — r-CiHy* + CH=CH.*

Again the major excess energy of the incident photon must be
distributed among the fragments and the majority of them may
decompose at low pressure. Thus, propylene (13), propyne,
and allene (14), and acetylene (15) are expected even in the
presence of oxygen (Table 1). At higher pressure and in the
pure systems, propane and isobutene must be formed in the
23DMB system, as well as neopentane and propene in the
33DMB (Table 2). 1,3-Butadiene must be formed jointly with
two methyl radicals since no ethane is formed in the presence
of DI (Table 3). Finally, an unusual primary process seems to
occur in the 33DMB system. In the presence of 10% oxygen,

TABLE 3. Quantum yields of the photolysis of 33DMB in the presence

of DI
147 nm 184.9 nm
33DMB (Torr) 10 20 10 25 50
DI (Torr) 2 4 1 2.5 5
Methane 0.86 0.96 0.89 0.54 0.48
Ethylene 0.07 0.07 0.03 0.06 0.10
Isobutane 0.10 0.10 0.02 0.06 0.09

3-Methyl-1-butene 0.01 0.02 0.04 0.06 0.07
2-Methyl-1-butene 0.025 0.045 0.0  0.01; 0.0l
2-Methyl-2-butene n.m.“ n.m. 0.16 0.28 n.m.
2,2-Dimethylbutane 0.23 0.16 n.m. 0.26 n.m.

“Not measured.

tiny amounts of isobutane are formed.

[l l] 33DMB** — iso-C4H, + C,H,

At 184.9 nm

At this wavelength products are formed in lesser quantities
than reported at 147 nm (Table 4). Figure 3 shows the variation
of the reverse of the isoprene quantum yield versus the pres-
sure. The Stern—Volmer behavior of these plots is similar to
the observation made at 147 nm. However, the quantum yields
measured at zero pressure are lower: ®(isoprene) = 0.06, and
0.274 in the 23DMB and 33DMB, respectively. In addition, the
dependence of the pressure of these quantum yields is much
stronger. Much more significant is the decrease of the methyl
quantum yield with an increment of pressure. Compare for
example ®(ethane) in Tables 2 and 4 and ®p(methane) in
Table 3. By adding up the quantum yields of the products
formed from methyl-—methyl and methyl—A or —B radicals
reactions, the ®(CH,) values may be estimated at each pres-
sure. These values are reported in a Stern—Volmer way in Fig.
4. Again the ®y(CH;) values measured at zero pressure are
close to unity. In a first approximation, all the formation of
methyl radicals may be ascribed to the primary processes. Thus
Fig. 4 may be used to estimate the rate constant of the mono-
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TABLE 4. Quantum yields of the photolysis of pure 23DMB and 33DMB at 184.9 nm

23DMB 33DMB
Pressure (Torr) 10 50 100 10 50 100
Methane 0.02 0.03 0.04 0.02;, 0.01s  0.004
Ethane 0.24 0.13;  0.10 0.30 0.22 0.16
Isobutane . 0.00, 0.00,  0.00, 0.00, 0.00, 0.00,
2-Methyl-2-pentene 0.01s  n.m. n.m. 0.17 0.21 0.17
3-Methyl-2-pentene 0.24 0.14 0.104 0.0l 0.00, 0.005
(cis + trans)
2,2,3-Trimethylbutane 0.01 0.01 0.01, 0.00, 0.00, 0.00,
2-Ethyl-3-methyl-1-butene 0.00, 0.004  0.00, 0.00 0.00 0.00
0 10 Nm-2
T T T T 1.0
30L i 0.8
F": >/—< o/
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FIG. 4. Photolyses of pure 23DMB () and 33DMB (A) at 184.9
nm. The straight lines are calculated from linear regressions: (): y =
0.96 + 0.014x, r* = 0.95; Ay = I.11 + 0.0065x, r* = 0.92.

molecular fragmentation process of the photoexcited molecule.
In fact, the intercept of the Stern—Volmer plot with the pres-
sure axis is a measure of the k,/k,, and k;/k,, ratios® (negative
value: see Fig. 4).}

[12] CiHi** + M—> M + CeH,»

The intercepts are —60 and —170 Torr in the 23DMB and
33DMB systems, respectively. A similar value determined for
the stabilization of photoexcited 1-hexene molecules was found
about —30 Torr (1). The experimental k,, values are
kiz(1-hexene) = 0.5 10°, k,(23DMB) = 1 10° and
ki2(33DMB) = 2.75 10’ s™". Thus in the C, 1-alkene group, it
appears that the lifetime of the photoexcited molecule de-
creases with an increase in the degree of ramification of the
monomer. Figure 5 shows the results of RRKM calculations
applied to process [9] of 33DMB (7). When a stepladder model
is used for the stabilization of the photoexcited molecule where
all the energy of the photon may be found in the vibrational
framework of the ground state, it turns out that half of the

*The rate constant subscripts refer to the reaction numbers.
? A referee made a valuable comment at that point. In the 23DMB
case, the Stern—Volmer equation is

[DICHT™" = 27" + 27" (kio/ka)[M]

where ¢, is the quantum yield of the primary procgss [2]. Since this
&, value is close or equal to [, the slope, k,./k,, is the inverse of the
negative intercept. Of course, the same comment applies in the
33DMB system.

FIG. 5. Effect of the pressure on the fragmentation of 33DMB
photoilluminated at 184.9 nm as determined through RRKM calcu-
lations. Stepladder models: (10} . . . are energies in kcal mol ™' trans-
ferred on each collision: see ref. 6.

excited molecules are stabilized at a pressure of 155 Torr,
provided an energy step of 10 kcal mol™" is chosen. The less-
ening of the lifetime of the vibrationally excited molecule is
probably a direct consequence of the number of available reac-
tion channels (1 in 1-hexene, 2 in 23DMB, and 3 in 33DMB)
and also the slight decrease of activation energy with an in-
crease of the ramification of the parent molecule (see footnote
3 and ref. 17).” The agreement with the experimental value is
good, although it may be fortuitous. This constitutes an indi-
cation that the lifetime of the electronic excited states formed
upon photoexcitation is much shorter.

(b) Radical reactions

At 147 nm

The effect of the addition of molecular oxygen has a drastic
effect on the formation of various products (footnote a, Table
2). Thus it may be proposed that several products are formed
in radical-radical reactions. The ethane quantum yield of 0.3
suggests a rather high yield for the methyl radical formation.
Other radicals are also present. As seen in Table 2 as well as
the DI experiments in Table 3, hydrogen atoms and allylic C;H,
radicals are formed. In fact, the H atom adds itself very effi-
ciently to the double bond of the monomers and gives rise to the
formation of a methyl-substituted C¢H; radical (18). The com-
bination of the latter with the methyl is responsible for the
2,2,3-trimethylbutane formation in both systems, 2,3- and
3,3-dimethylbutane are partly formed in disproportionation
processes involving a C¢H,; and another radical.
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[13] H + 23DMB — (CH3),CCH(CH,),
C

[14] H + 33DMB — (CH,);CCHCH,
D

[15] CorD + CH; — (CH;);CCH(CHa),

In experiments where DI is added, methyl radicals as well as
D, abstract D atoms from DI: methane and 2,2-dimethylbutane
are formed, respectively (19, 20). Obviously, allylic CsH, rad-
icals are also present: 3-methyl-2-pentene (cis + trans) and
2-methyl-2-pentene are the results of the combination of
methyl and either o,- or a,a-dimethallyl radicals in 23DMB
and 33DMB, respectively.

[16a] CH,C(CH3;)CHCH; + CH; {—) CH;CH=C(CH;)C,H;

[165] A — 23DMB

[17a] CH,C(CH;)CHCH: + CH, — (CH3),C=CHCH;
— 33DMB

{176] B

{18] AorB + CH; — CH, + CH,=C(CH;)CH==CH:

The kie/kiep, ki72/k1, and A(CH;,B) values were reported
(16). They are 1.81 = 0.04, 6.1 = 0.6, and 0.1, respectively.
Other radicals are formed in smaller amounts. For example, D1
reveals the presence of methylsubstituted C,Hq radicals (19,
20) in the 33DMB system (Table 3) and their structure may be
inferred from the neopentane formation (Table 2). In the
23DMB system, the presence of isopropyl radicals may be
shown from the isobutane formation. Finally, 3-isopropylallyl
radicals probably appear in the 23DMB system. By combina-
tion reaction with methy! radicals they are responsible for the
2-ethyl-3-methyl-1-butene formation. They are probably
formed through the abstraction reaction of an allylic hydrogen
atom by a radical, although definitive proof is lacking. This
reaction would explain part of the methane formation observed
in the presence of oxygen (Table 1).

At this point it must be said that the above mechanism
explains neither the formation of 2-methyl-2-pentene and
33DMB in the 23DMB system nor the formation of
3-methyl-2-pentene and 23DMB in the 33DMB system. An
easy way to reconcile the observations with the above mech-
anism consists of calling upon the isomerization process in-
volving the CsHy radicals, and reported above (process [8]).
One may add that this isomerization process is probably not at
equilibrium, since a.pressure effect is evident (Table 2). The
amount of the isomerization decreases with an increase in the
pressure.

At 184.9 nm

The main difference observed between experiments done at
147 and 184.9 nm is the relatively less yields of products at the
longer wavelength: see for example, in Tables 2 and 4, the
methane, ethane, ..., 2,2,3-trimethylbutane quantum yields.
However methyl as well as allylic CsH, radicals are still
present. One should add the absence of dimethylbutanes,
23DMB, and 33DMB. Thus it can be said either that hydrogen
atoms are not formed or that their quantum yields are too low
to measure. If the previously indicated mechanism for the frag-
mentation of the photoexcited molecules is still acceptable,
hydrogen atoms are mainly formed in secondary processes.
The excess energy of the photon is now reduced to ca. 350 kJ
mol™'. Then, excited CsHq* radicals bear away less internal

TABLE 5. Quantum yields of the primary processes of the photo-
lyses of 23DMB and 33DMB at 147 nm

CcHpo** — 23DMB  33DMB

CH, + CsHo*
H + isoprene 0.74 0.79
L, CH, + CHy—C—CHCH,8 0.11, 0.03,
i-C3H, + CH.=CCH,*

H + CH,C=CH 0.10 —
Ly 4 + cHy—Cc—cH, 0.055 —
1-C4H, + CH=CH,*

H + CH=CH — 0.10,
CH,=CHCH=CH, + 2CH, 0.01; 0.05
is0-CiH,y + CH=CH — 0.02,

= 1.02 .00,

“All the quantum yields are indicated at zero pressure.

energy at 184.9 nm compared to the situation described in the
vacuum uv region. Their lifetime must be longer, so that sta-
bilizing processes are more efficient. In the pure systems, at
147 nm, the isomeric 33DMB and 23DMB were assumed to be
formed in radical processes following isomerization of the
a,B-dimethallyl radicals towards the o,a- structure and vice
versa. Again, the lower energy content of the CsHo* precludes
this isomerization process, and these isomers are not observed
at 184.9 nm.

Conclusion

From the discussion given above, and the results shown in
the tables, a fragmentation pattern may be proposed (Table 5).
The total is close to unity, but uncertainties on values make the
= value no more accurate than *10%. A theoretical methyl
radical quantum yield may be calculated: ®(CH;) = 1.1 and
0.96 in 23DMB and 33DMB systems, respectively. As seen in
Table 2, more precisely from the products formed in the methyl
radical reactions, ®(CH;) values may be calculated and are
close to unity at low pressure. Unfortunately, not all the perti-
nent disproportionation/combination ratios are available.
However, a rough estimate leads to @,.,;(CHs) values such as
1.1 = 0.2 and 1.0 = 0.2 in each system. The agreement is
particularly good. For the other radicals, similar calculations
are much more difficult, and indeed impossible, since not all
the pertinent products have been measured. For example, the
measurements of the hydrogen atom quantum yield requires the
measurements of all products coming from the C¢H,; radical
reactions, and among them are the C;,;H,, molecules.
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Heat capacities and dissociation properties of trimethylene oxide and its structure [ and structure 1l clathrate hydrates in the
temperature range 85 to 270 K were determined using a Tian—Calvet heat flow calorimeter. The hydrates dissociate incongru-
ently. The heat capacities of the hydrates are similar in magnitude to those observed for other structure 1 and structure 1{
hydrates. For the structure 1 hydrate two thermal anomalies were observed. The one centered at 107 K can be identified as
due to ordering of the trimethylene oxide dipoles along the 4 axes of the cages as suggested by the previous dielectric and nmr
relaxation studies. The second centered at 168 K is interpreted as due to trimethylene oxide rich eutectic rather than due to
some restructuring of the host lattice as has recently been suggested.

Y. P. HANDA. Can. J. Chem. 63, 68 (1985).

Utilisant un calorimétre a écoulement de chaleur du type Tian—Calvet et opérant a des températures allant de 85 4 270 K,
on a déterminé les capacités calorifiques et les propriétés de dissociation de I’oxyde de triméthyléne et de ses hydrates de
clathrates de structures 1 et 1[. Les modes de dissociation des hydrates ne sont pas congruents. Les capacités calorifiques des
hydrates sont du méme ordre de grandeur que celles observés pour d’autres hydrates de structures 1 ou 1I. On observe deux
anomalies thermiques dans le cas de I’hydrate ayant la structure 1. L’une d’elle est centrée a 107 K et on peut Iattribuer au
fait que les dipoles de I’oxyde de triméthyléne se réorientent le long des axes 4 de la cage, comme il a été suggéré par des
¢études diélectriques et de relaxation en rmn qui ont été effectuées antérieurement. Contrairement a ce qui a été suggéré
récemment, on croit que la deuxiéme anomalie, qui est centrée a 168 K, serait due 4 un eutectique riche en oxyde de
triméthyléne plut6t qu’a une certaine restructuration du réseau hote.

Introduction

Trimethylene oxide (TMO) is one of the few guest species
known to form both structure I and 1l clathrate hydrates. This
has been confirmed by X-ray diffraction studies (1—3). The
compositions of the structures 1 and 1l are reported to be
TMO-7.67H,0 and TMO- 17H,0 respectively (2). The phase
diagrams (4, 5), dielectric (2, 6, 7), continuous-wave nmr (2),
and far infrared absorption (3, 8) studies for both structures and
heat capacities (9) for structure 1 have also been reported.

The structure 1 TMO hydrate is the only clathrate hydrate for
which two unique transitions, one relating to the guest and the
other to the host lattice, have been reported. From their di-
electric and nmr study, Gough et al. (2) suggested that at about
105 K, the TMO guest molecules undergo an ordering transi-
tion whereby below 105 K the nearest neighbour TMO dipoles
acquire a predominantly parallel alignment along the 4 axes of
the 14-hedral cages. This transition was not detected in any of
the other studies. From their heat capacity measurements,
Comper et al. (9) found a thermal anomaly at 169 K and
attributed it to some restructuring of the host lattice. No such
transition was detected in any of the studies on TMO hydrates.
However, a metastable eutectic at 165 K corresponding to
conversion of structure 1l hydrate and solid TMO into TMO-
rich (81% by mass) liquid and a stable eutectic at 172 K corre-
sponding to conversion of structure I hydrate and solid TMO
into TMO-rich (93% by mass) liquid (4) has been reported. The
absence of an independent evidence for any restructuring of the
structure 1 host lattice leaves open the possibility that the tran-
sition observed by Comper er al. (9) may simply be due to
eutectic melting. In the light of these reports, it was decided to
re-examine the TMO hydrates.

In this paper the results of heat capacity and dissociation runs
on pure TMO and on solid samples of composition TMO -

'NRCC No. 23665.
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7.30H,0, TMO-7.65H,0, TMO - 8.06H,0, and TMO - I7H,0O
are presented and discussed in terms of the two transitions
noted above. In view of the compositions of structures I and 11
hydrates (2) and the phase diagram of TMO—water mixture
(4), sample TMO-7.30H,0 should consist of solid TMO and
structure 1 hydrate and sample TMO - 8.06H,0 should consist
of a mixture of structures I and II hydrates.

Experimental

TMO was obtained from Fluka Chemical Corp. A gas chro-
matographic analysis showed it to contain methanol, ethanol, and
I-hexene as impurities. It was purified using a preparative gas chro-
matograph (F & M Model 775). The gas chromatographic analysis of
the final sample did not show any detectable impurities. Water used
was distilled and deionized. Solutions of composition TMO-
7.30H,0, TMO-7.65H,0, TMO:8.06H.0, and TMO* 17H.0 were
prepared from degassed components directly in the calorimeter cells.
The sample size in each case was about 5 g. Hydrates were prepared
by keeping a sample about 1 K below its dissociation temperature (4,
5) for 2 days and then at a temperature about 10 K below it for another
2 days. This procedure was continued for 10 days after which the
sample was kept at 235 K for another 50 days.

The calorimeter and its operating technique has been described
elsewhere (10). It is a Tian—Calvet heat flow calorimeter (SETARAM,
Model BT), the operation of which has been automated by connecting
it to a computer and a data acquisition system. Before loading a
sample, the calorimeter was cooled to 10 K below the dissociation
temperature of the sample. It was subsequently cooled to 78 K over
a period of 8 h and maintained at this temperature for 12 to 48 h before
initiating a run. All measurements were made in the temperature
scanning mode using scan rates of 9 K h™' for the heat capacity and
3 K h™' for the dissociation runs. The thermopile output was collected
every 60 s for the heat capacity and every 15 s for the dissociation
runs.

Results and discussion

T™O
For melting temperature, we obtained a value of (173.2 =
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TABLE 1. Experimental values of dissociation
temperatures for various samples of TMO

hydrates
Tuo/K
Compound Ist peak 2nd peak
TMO-7.30H.0 250.2 257.0
TMO+7.65H,0 250.9 256.3
TMO - 8.06H-0 251.5 259.6
TMO- 17H.0 251.1 262.4

0.1) K which is identical with the value reported in the litera-
ture (11). For enthalpy of melting, we obtained a value of
(6.273 = 0.050) kJ mol™'. In the temperature range 85 to
160 K, the heat capacity, C,, results were fitted by the method
of least-squares to give the equation

[11 C,/0 K" mol™") = 40.30 + 1.081 x 1072 (T/K)
+ 1.581 X 107* (T/K)?

with a standard deviation of 0.50 J K~" mol™". The heat capac-
ity of the liquid in the range 185 to 195 K was virtually constant
with a value of 98.6 J K™' mol™'. We are not aware of any
literature data on enthalpy of melting and C,, of TMO to com-
pare our results with.

TMO hydrates

The dissociation temperature, Ty, observed for various
samples are summarised in Table 1. For each hydrate sample
two dissociation peaks were obtained. For the samples
TMO-7.30H,0, TMO-7.65H,0, and TMO-8.06H,0 the
temperature for the first peak corresponds to the peritectic point
at which the structure 1 hydrate is converted into structure 11
hydrate and TMO-rich liquid. The temperature for the second
peak corresponds to conversion of structure 1I hydrate into ice
and TMO-rich liquid. For the sample TMO* 17H,0, the first
peak is due to the presence of a small amount of structure 1
hydrate as reflected by its T, value. The temperature for the
second peak corresponds to the peritectic point at which the
structure 11 hydrate is converted into ice and TMO-rich liquid.
The present results are in good agreement with the literature
values of 252.3 K (4) and 253 K (9) and of 264 K (4) for the
incongruent dissociation of structures I and Il hydrates, re-
spectively.

The experimental results of heat capacity measurements are
shown in Fig. | along with the heat capacities for TMO-
7.67H,0 reported by Comper et al. (9). Since the C, values
were determined 0.15 K apart, the present results appear as
continuous curves. The C, values of the hydrates studied in this
work are very close to each other and for the sake of clarity the
curves for TMO - 7.65H,0, TMO- 8.06H,0, and TMO - 17H,0
have been shifted downwards by 6, 8, and 8 J K™' (mol H,0) ™',
respectively. For the structure 1l hydrate, the C, values are very
similar to those for the structure Il tetrahydrofuran hydrate
(10). For the structure I hydrate, the C, values are slightly
higher than the structure 1 ethylene oxide hydrate (12). Such a
result is to be expected in the light of the recent finding (13) that
the C, of the clathrate hydrates increases slightly with an in-
crease in the unit cell size. The cubic cell parameter for struc-
ture I TMO hydrate is 12.02 A at 143 K (2) and for ethylene
oxide hydrate is 11.89 Aat173K (14). However, the C, values
of Comper et al. for TMO-7.67H,0 are, on the average, 35%
higher than the present results for TMO-7.65H,0 at tem-
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FiG. 1. Experimental heat capacities vs. temperature for trimethyl-

ene oxide hydrates. Curve /: TMO-7.67H,0 from ref. 9; curve 2:
TMO-7.30H,0; curve 3: TMO-7.65H,0; curve 4: TMO-8.06H,0;
curve 5: TMO- | 7H-0. Curves 3, 4, and 5 have been shifted down-
wards by 6, 8, and 8 J K™' (mol H,0)™', respectively.

peratures outside the transition regions.

Asseenin Fig. 1, all the structure I samples show a transition
at 162.6 K with the peak maximum temperature of 168.1 K.
The corresponding values from the work of Comper ef al. are
162 K and 169 K. The transition is very close to the solid
TMO-structure 1 hydrate-TMO rich liquid eutectic observed at
172 K (4). The magnitude of the enthalpy of transition is
maximum for TMO*-7.30H,0 and corresponds to fusion of
0.042 mol of TMO whereas excess TMO present in the sample
was 0.043 mol. The magnitude of the transition is smallest for
TMO - 8.06H,0 which contains a mixture of hydrates of struc-
tures I and 1. No transition is observed for TMO- 17H,0. The
transition observed for TMO « 7.65H,0 corresponds to the pres-
ence of about 2% unclathrated TMO. This suggests the pres-
ence of unreacted ice in the sample. However, the presence of
ice can not be detected as according to the phase diagram (4),
the melting of ice occurs in the same temperature range as the
second dissociation peak observed in our work and thus any
information related to melting of a small amount of ice will be
buried in the main dissociation peak.

TMO occupies only the larger cages in both structure 1 and
IT hydrates. The mean free diameters of the 14-hedral cages
which occur in structure I and the 6-hedral cages which occur
in structure Il are 5.8 A and 6.6 A, respectlvely (15) and the
largest van der Waals diameter for TMO is about 6.2 A (8).
Thus whereas enclathration of TMO in the 16-hedral cages
should be easy, the relatively large size of TMO makes it
difficult to be incorporated in the 14-hedral cages of structure
I. The difficulty of enclathration of TMO in the 14-hedral cages
is further reflected by the slightly larger unit cell size of
TMO-7.67H,0 as compared with other structure 1 hydrates
(2). Thus even when one starts with a solution of proper com-
position, TMO + 7.67H,0, complete enclathration of TMO is
not always guaranteed. This, in fact, is a general problem with
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clathrate hydrates and can occur even in cases where hydrate
formation is supposed to take place rather easily, e.g., ethylene
oxide and tetrahydrofuran hydrates (12). Since structure 11 hy-
drate is stable at a higher temperature than structure I hydrate,
the formation of structure 1 hydrate may proceeed through
formation of structure 11 hydrate first. Gough ez al. (2) found
that samples of structure I hydrate prepared from solution of
composition TMO + 7.67H,O always contained a small
amount of structure Il hydrate. This will lead to the presence of
a small excess of unclathrated TMO. From these considerations
and from the results presented above, we conclude that the
transition observed at 168 K is due to TMO eutectic rather than
due to any restructuring of the host lattice as suggested by
Comper et al. (9).

For structure 1 hydrate, an order—disorder transition at about
105 K has been reported by Gough ez al. (2) according to whom
at temperatures below 105 K, the TMO dipoles in the 14-hedral
cages align themselves parallel to the 4 axes of the cages. No
such transition was observed in the structure 11 hydrate. As seen
in Fig. 1, a transition is observed in the present C, results at
107 K. A small transition peak seen in the structure Il hydrate
is due to the presence of a small amount of structure | hydrate
in the sample as noted above. Similarly a slightly smaller
magnitude of the transition observed in TMO - 8.06H,0 is due
to the required presence of a small amount of structure Il in the
sample. The dielectric measurements (2) showed that the
order—disorder transition process is quite slow and complete
equilibrium was not attained even after a period of 12-days. In
this work, the samples were conditioned at 78 K for 12 to
48 h and thus only qualitative results can be obtained from the
transition peak. The enthalpy change associated with the transi-
tion at 107 K is calculated to be 140 J (mol TMO)™! for
TMO - 7.65H,0. The entropy change for the transition is 1.3 J

K™' (mol TMO)™! which suggests that there are about 20%
more orientations available to the TMO molecule in the cage
above 107 K than below it.
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Ab initio MO calculations for Si;H. are reviewed and discussed in qualitative terms. New calculations are reported, by
MNDO for Si-H- and Si,H,, and using both MNDO and ab initio methods (including electron correlation at the MP2 level)
for various possible structures for Al,H- (3). As with the analogous silicon dihydride, a dibridged structure 3a is found to be
superior to classical structures 3b, 3¢, and 3d. MNDO calculations for derivatives of Al;H. are reported. Finally, some
implications of the calculations for the surface structures of partially-hydrogenated elemental aluminum and silicon are
discussed.

N. CoLIN BAIRD. Can. J. Chem. 63, 71 (1985).

On a réévalué les calculs ab initio d’OM effectués sur le Si.H, et on en discute sur une base qualitative. On rapporte de
nouveaux calculs MNDO effectués sur le Si-H. et sur le Si-H, ainsi que d’autres, basés tant sur les méthodes MNDO qu’ab
initio (incluant une corrélation électronique au niveau MP2), effectués sur diverses structures possibles du Al.H» (3). Comme
avec le dihydrure de silicium analogue, on a trouvé que la structure doublement pontée 3a est supérieure aux structures
classiques 3b, 3¢ et 3d. On rapporte les résultats des calculs MNDO effectués sur des dérivés du Al,H,. On discute finalement
des quelques implications des calculs pour les structures de surface de I’aluminium et du silicium élémentaire partiellement
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hydrogénés.

Introduction

Second-row analogs to the *saturated” first row hydrides
A,H,, are well-known. Thus for example H;SiSiH;, H,PPH,,
and HSSH have long been known; and are analogs to ethane,
hydrazine, and hydrogen peroxide. The situation with respect
to “unsaturated” hydrides is much less well-developed. A few
compounds are known which have silicon—silicon or phos-
phorus—phosphorus double bonds, but all are derivatives in
which all hydrogen atoms are substituted by large organic
groups (1).

Although the R,Si=SiR, and RP=PR molecules synthe-
sized to date have structures which resemble the corresponding
R,C=CR, and RN=NR systems, there are indications from
recent theoretical calculations that the silicon analog of acetyl-
ene and perhaps other second row hydrides have unusual struc-
tures (2). These results have provoked our interest in the field,
and we wish to report here some MO calculations (both ab
initio and semiempirical) for the “double bonded” hydride of
aluminum, Al,H,, as well as semiempirical explorations (to
complement existing ab initio results) for Si,H, and Si,H,.
Finally, the results are used as a basis for some speculations
concerning possible structures near the surface of partially-
hydrogenated elemeiital aluminum and silicon.

All ab initio calculations were performed using the methods
and GAUSSIAN 82 computer program of Pople and co-
workers. Geometry searches were performed using the 3-21G*
basis for the aluminum atoms (3a) and the 31-G basis for
hydrogen (3b); thus a set of Gaussian d orbitals is present on
each Al atom, its other valence orbitals (35 and 3p) are each
expanded by three GTOs (split into two sets) and the valence
orbital of hydrogen is represented by four GTOs. Final energies
were recomputed using the more sophisticated 6-31G* basis
(3¢). The major differential effects of electron correlation were
incorporated by performing second-order perturbation calcu-
lations using the Moller—Plesset theory (“MP2”) for the
6-31G* wavefunction (3d) obtained using the Hartree —Fock
theory (unrestricted in the case of triplet states).

The MNDO calculations (4) were performed using Thiel’s

[Traduit par le journal]

MNDOC computer program. (MNDO rather than the older but
sometimes more reliable MINDO/3 method was employed
since parameters for aluminum apparently are unavailable for
the latter technique.) Our hope was that MNDO results would
sufficiently parallel the ab initio results and experiment so that
systems with three or more second-row atoms could be studied
by the much less computationally-expensive semiempirical
technique.

We have attempted to understand all the results by recourse
to simple theoretical concepts such as bond strength, atomic
promotion energy, and delocalization energies in the hope that
non-theoreticians can usefully employ and generalize these
computations.

Discussion and results

Recently a number of very sophisticated ab initio MO calcu-
lations, which include treatment of correlation energy, have
been reported for Si,H, (2). The global minimum is found to be
the dibridged structure 1a, which contains a silicon—silicon
single bond:

H

N . . H\ .
:§Si—Si: H—Si=Si—H Si=Si:
— H/

H

la 1b 1c

This isomer is preferred energetically to the acetylene analog
15, as well as to 1¢. This preference can usefully be analyzed
in simple terms. Structure 1a possesses two divalent, formally
sp? silicon atoms, a single SiSi o bond and two Si—H single
bonds, each of which have been strengthened by delocalization
of the bonding electron pair into an empty orbital of the other
silicon. Structure 15 contains two tetravalent Si atoms (i.e.
ones in which an s electron has formally been promoted to a p
orbital to give the s'p’ configuration), one o and two w SiSi
bonds, and two localized SiH single bonds. Thus the strength
of two 7 bonds here must be less than two times the sum of the
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TABLE |. MNDO calculations for Si and Al hydrides”
Structure AH; Geometry
SisH»
; H
la, Si—Si: +57.6 SiH = 1.631
N SiSi = 2.086
ZSiHSi = 79.5°
LHSiH = 76.0°
;f £SiH—SiH = 49.5°
1», H—Si=Si—H Collapses to 1a —
e, B +90.7 SiH = 1.432
Si=Sst SiSi = 1.990
H ZHSiSi = 128.0°
Planar molecule
Si-H,
H
20, He¥ S—aH +2.3 SiH = 1.613
SN SiH, = 1.426
£SiSiH = 102.4°
£SiHSi = 102,0°
£ SiHy—SiH, = —10.5°
£HeSi—SiH = 81.8°
H H
26, Ss—s +35.4 SiH = 1.426
v Mg SiSi = 2.330
£ HSiSi = 118.5°
2/ H-Si plane to SiSi vector
= 44.3°
£ HSi—SiH = 64.1°,
180.0°
H H
2, S +20.4 SiH, = 1.649
. H H,Si’ = 1.588
Si'H = 1.421
{ HSi = 1.431
| £SiHSi' = 91.0°
| ZHySi'H = 94.0°
! ZHSiH, = 100.1°, 99.3°
£SiH,—Si'H = —96.8°
u £Si'Hy—SiH = +130.9°, —129.4°
Nl e .
2d, Si—Si +31.6 HSi = 1.437*
H7E Ny Si'H = 1.413
SiSi’ = 2.262
£LHSi'Si = 96.6°
ZSi'SiH = 116.8°*
ZHSi'—SiH = 180.0°, +59.7°, —59.1°
AlLH,
H
3a, Al AL +69.2 AH = 1.638
N
H ZAIHA] = 103.4°
ZAIH—AIH = 0.0
. Al+—Al _
3b riplet) /7 N\, +110.6 AlH = 1.410
AlA] = 2.283
£HAIAL = 130.5°
- ZHAI—AIH = 28.1°
AN
3¢, Al—AL +82.7 AlH = 1.421
1’ AlAl = 2.366

3d, see Table 3

ZHAIAl = 125.9°
Planar molecule
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TABLE |. (Concluded)

Structure AH; Geometry
AlLH,
TN

4a, SA]\/A[: +47.3 AlH, = 1.562
H H HyAl = 1.712
AlH = 1.410
LAIHWAl = 99 .9°
£ HAIAL = 119.0°

L AlH—AIH, = 0°
u u LH,Al—AIH = +90°

N /
4b, Al—Al +60.9 AlH = 1.408
1t m AIAl = 2.299
ZHAIAL = 121.9°
ZHAI—AIH = 90.0°
AlH,
N

5, AL AQ +34.8 AlH* = 1.622
H" H 'H AlH = 1.403
ZAlIH,Al = 99.6°
ZAIAIH = 117.4°

£ AIH,—AIH, = 0°
ZHyAl—AIH = £90°

“Distances are in A. Average results indicated by *. Bridged hydrogen indicated as H,.

silicon promotion energy and the delocalization energy (of the
SiH bond). Of course the opposite must be true for carbon,
since only structures of type 15 are found in neutral hydro-
carbons. The difference in behavior between the two elements
is due primarily to the (expected) weakness of 7 bonds in-
volving silicon and other atoms in its row of the Periodic Table.
Structure 1¢ involves promotion for only one silicon, but com-
pared to 1a only one 7 bond is gained and delocalization for
both SiH bonds is lost. Nevertheless, the energy for 1¢ is only
about 11 kcal mol™ above that for 1a, whereas 1b lies about
40 kcal mol™! above 1a (2b).

MNDO calculations (4) for Si,H, which we have performed
agree with the ab initio results in that 1a is predicted to be the
minimum on the surface; type 1b structures collapse to 1a
spontaneously. Structure 1¢ is calculated to be 33.1 kcal mol ™'
less stable than 1a (see Table 1).

The optimum structure calculated by ab initio methods
(which include correlation corrections) for Si,H, is the ethylene
analog 2b, although the SiH, groups are slightly flapped (5).
The MNDO structure for 2b has a much greater angle of flap
for the SiH, groups than does that from the ab initio calcu-
lations; the SiH, planes make a 44° angle with the SiSi vector
according to MNDO. In the experimental structure for tetra-
mesityldisilene, the corresponding angle is 18° (6).

Structures for Si,H; which do not involve s to p electron

promotion at both silicons include 2a (neither Si promoted) and
2¢ and 24 (one Si promoted).
The contrast of 2b to 24 is formally identical to that of 15 to
1a, except that it is one o and one 7 SiSi bond, rather than two
7 bonds, which are absent in the dibridged structure. Ap-
parently the energetic superiority of o over w SiSi bonds is
sufficient to tip the balance here in favour of the classical
structure. The ab initio calculations indicate that the classical
structure 24 is in fact almost isoenergetic with 25 (3a); thus the
7 bond energy in 2b is not much greater than is the s — p
promotion energy.

MNDO calculations we have performed predict that 24 is the
global minimum on the Si;H, surface. In contrast to 1a, the

H H H
Hw-Si Si--=wH Si=Si
N / AN
H H H
2a 2b
HS/H\S _ H o
i—Si1 1—1
u’ Ny e u
2¢ 2d

four-membered ring in 24 is predicted to be almost planar; the
non-bridged hydrogens are located cis to each other. The pre-
ferred cis conformation in 2a is 1.0 kcal mol ™" more stable than
the trans. The geometry at divalent, three-coordinate Si, and at
univalent, two-coordinate Al, can be reconstructed qual-
itatively by requiring that one p orbital of the metal point
toward each of the coordinated atoms. The predicted heat of
formation for 24 is 33.1 kcal mol ™’ superior to that for 25 and
18.1 kcal mol ™' superior to 2¢ — see Table 1. The 2a structure
is predicted to be 50.2 kcal mol™' more stable than two SiH,
units, and 29.3 more stable than the classical structure 2d.
(Apparently structures of type 2a were not considered in the
previous MNDO calculations reported for Si,H,, since only 25
was discussed (7).)

Structure 2¢ is obtained from 2d by conversion of one of the
three localized SiH bonds formed by the tetravalent silicon into
a three-center Si--H--Si unit by delocalizing it into the empty
3p orbital of the divalent silicon. Although 2¢ is a minimum on
the MNDO energy surface, it presumably represents the transi-
tion state between 2b and 2d on ab initio surfaces. Relative to
ab initio results, MNDO appears to overestimate the energetic
advantage of SiH bond delocalization and s — p promotion
energies, and to underestimate the energy of SiSi bonds —
compare results for 2a versus 2b, and 2¢ versus 2b and 2d.

Based upon the calculations and comparisons given above,
we expect that the choice between structures having promoted
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TABLE 2. Ab initio results for Al hydrides

Energy (au) by 6-31G* Geometry”
Molecule smaller basis” (MP2) (smaller basis“)
AlH —241.1691 —242.4380 AlH = 1.65
(—242.4799)
AlH,
H
3a, Al AL —482.3726 —484.9074 AH = 1.817
~5 (—485.0047) LAIHAL = 108.2°
- H LAIH—AIH = 0°
. /7

3b (triplet), Al-+-Al —482.3632 —484.8946 AlH = 1.569

v (484.9762) AlAl = 2.38
£HAIAl = 148.0

H LHAI—AIH = 180°
N A

3¢, Al—AL —484.8759 AlH = 1.57¢
d (—484.9675) AlAl = 2.44¢
£LHAIAI = 108°¢

H Planar molecule®

N
3d, A=Al —482.3515 —484.8858 AlH = 1.61
Ny (—484.9824) AlAl = 2.67

L HAIAL = 121°
Planar, trans molecule®

“See ref. 6 for detgils.
"Distances are in A.
“Assumed.

atoms which can form 7 bonds, and unpromoted, low-valent
atoms which then form multicenter bonds using vacant p or-
bitals, will be determined by subtle electronic factors since
apparently there is little difference energetically between them.

Given the above considerations, some rather intriguing
chemistry is expected for compounds of silicon and aluminum,
and perhaps even of magnesium, which have relatively low
hydrogen-to-metal ratios. Thus, we have performed ab initio
MO calculations (initially without any inclusion of config-
uration interaction or other correction for electron correlation)
for Al,H, in three possible structures 3a, 3b, and 3¢ and semi-
empirical MNDO calculations for Al,H, and also for other
derivatives Al,X,.

H H H
N N\ AN
:Al  Al: H—AIl=-Al—H Al—Al Al=Al
N— / AN
H H H
3a 3b 3¢ 3d

Both the ab initio calculations (Table 2) and the MNDO (8)
calculations (Table 1) predict that a planar dibridged structure
3a is the most stable structure for 3. It is predicted to be
21.6 kcal mol™' more stable than 2AlH monomers using the
smaller basis set, 19.7 kcal mol™' superior by the 6-31G*
basis (using the same geometry), 28.2 superior by MP2 calcu-
lations with this basis, and 22.8 superior by MNDO. The
optimum energy calculated for 3¢ is 13.5 kcal mol ™' less stable
than for 3a according to MNDO. Using an assumed geometry
(see Table 2), the estimated energy preference for 3a compared
to 3¢ according to ab initio 6-31G* and MP2/6-31G* calcula-
tions is 19.8 and 23.4 kcal mol~ : , respectively. The calculated
AlH distances in 3a are 1.817 A and 1.638 A respectively, and
the AIHAI angles are 108.2° and 103.4°, respectively, ac-
cording to ab initio and MNDO methods. (MNDO under-
estimates by 0.22 A the bond distance in diatomic AlH,

whereas using the present basis set ab initio predictions give
1.649 A, which i is in excellent agreement with the experimental
value of 1.648 A (8). Thus we expect the ab initio value for
Al,H, to be realistic, but the MNDO value to be rather too
short.)

Although the linear double bond structure 35 appears favour-
able since the two singly-occupied 7 MOs produce a triplet
state, it is predicted to be 10.6 (ab initio) or 49.5 (MNDO) kcal
mol~' Jess stable than is the dibridged singlet. MNDO calcu-
lations indicate that the optimum structure for the triplet in fact
is not linear, but almost cis bent with HAIAI angles of 130.5°
and a dihedral angle between the HAI vectors of 28°. One of the
unpaired electrons occupies an MO which is best described as
a combination of bonding 7 and antibonding o; it contains
substantial contributions from the 3s orbitals from the Al at-
oms. By the distortion from linearity, the 3 s orbitals gain extra
electron density (to yield a total of 1.45¢e) even at the expense
of destruction of some of AlAl bonding, both ¢ and 7. The
energy improvement due to distortion from linearity is 8.1 kcal
mol~". The ab initio results for the Al,H, triplet are stable to
these geometric distortions, but are unstable with respect to
distortion to a planar trans structure with an HAIAI angle of
148°. As in the MNDO calculations, the incentive for non-
linearity is the increase in aluminum 3s orbital population
which results. Clearly, though, both types of theory predict that
AlAl 7 bonds are rather weak. The final energy for the non-
linear triplet at the optimum geometry is inferior to that for the
dibridged singlet by 5.9 kcal mol™" with the smaller basis, by
8.0 with 6-31G* and by 17.9 at the MP2/6-31G* level. The
optlmum AlAl distance in the linear triplet is 2.288 A and in the
trans is 2.38 A; by comparison the single bond value obtained
using the 3-21G* basis for Al, is 2.10 A.

We have performed MNDO calculations for the dibridged
and the classical X—Al=AI—X structures (closed shell sin-
glet only) for ALLF, and Al,Cl; as well as Al,H,; the results are
summarized in Table 3. In all three cases, the optimum classi-
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TABLE 3. MNDO calculations for singlet Al,X; systems

Planar, dibridged

Planar, trans

Molecule AH; geometry AH, geometry
Al-H, 69.2 AlH 1.638 87.7 AlH 1421
3d) £ AIHAL 103.4° AlAl 2542
£HAIAL 131.5°
ALF, —198.3 AlF  1.751 —167.9 AlF  1.560
£ AIFAlL 104.2° AlAl 3.007
LFAIAF  132.7°
ALCl, —69.5 AIClI 2.314 -56.2 AICI 2.069
£ AICIAL 93.4° AlAl  2.957
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LCIAIAI*  138.9°
LCIAI—AICl 2.7°

“Distances are in A. Average result indicated by *.

cal structure is the trans planar molecule, but this is less stable
(by 30.4, 13.3 and 18.5 kcal mol™', respectively) than the
dibridged structure. The dibridged dimers are more stable than
two monomers by 31.0, 13.5, and 22.8 kcal mol™*, respec-
tively. Thus the classical structures are only slightly bound
relative to the monomers; this is consistent with the long AlAl
distances predicted for them by MNDO (Table 3). An ab initio
structure for (singlet) 34 in the trans planar geometry gave a
long AlAl bond, 2.67 A, and an AIH distance and HAIAI angle
of 1.61 A and 121.0°, respectively. This classical double bond
structure is 13.2 kcal mol"‘ less stable than 3a, and by 13.5 and
14.0 at the 6-31G* and MP2/6-31G* levels, respectively.

With respect to the surface of silicon, it is clear that it could
well consist of divalent silicon atoms, since the tendency of Si
toward tetravalence is not nearly as acute as is that for carbon.
If two Si atoms at the surface are singly-bonded to each other,
and singly-bonded to (tetravalent) atoms in the next layer, one
can conceive of hydrogen addition yielding classical structures
in two ways; either one H to each of the Si atoms, to yield an
ethylenic structure 65 with a formal double bond and the
HSiSiH plane perpendicular to the surface plane, or both H
atoms adding to the same Si atoms, to yield an analog 6c¢ of the
2d structure. Ab initio calculations for Si,H, indicate that these

The calculations for the disilicon and dialuminum hydrides H H H H H
have interesting implications regarding the surface structure for §—Si +H, — \Si=Si/ or \Si/— $i or S S
samples of elemental silicon and aluminum which have chem- / 2 / N s N =N\

isorbed small amounts of hydrogen (though the possible dan-
gers of extrapolation from results for two atoms to a muitiatom
surface are clear). For example, any univalent surface Al atoms
can add H, to yield a dibridged structure 4a or a classical
structure 4b:

H_ H
Al H( )H A|l
Al +H, — Al

aw 7 /N«

4b

MNDO results for AlLH, (i.e. 4 with X = H) predict the
dibridged to be superior by 13.6 kcal mol™'; however, this
result could be spurious if MNDQO’s overestimate of the
strength of delocalized Si—H bonds relative to Si—Si bonds
(see S,H, results above) extends also to aluminum. If two
trivalent Al atoms at the surface are singly-bonded, an added H,
could bridge the atoms (5a) or add one hydrogen to each to
give the classical structure 556. MNDO calculations for Al,Hg
and its monomers indicate that the dimer is preferred by
13.5 kcal mol™' to two monomers. Thus from MNDO calcu-
lations we predict that hydrogen atoms will be always shared
between aluminum atoms in a dibridged sense, whether or not
this occurs between two Al atoms of the surface layer or be-
tween one of the first and one of the second layer.

H H
H /Ay
Al—Al + H; —

——~
Al Al or Al Al
/77 AN 72 \NPZ2E N

Sa 5b

6b 6c 6a

two structures will be preferred to bridged systems, and that the
two will be almost equal in stability. On the other hand,
MNDO calculations would presumably predict that the H at-
oms form a dibridged structure 6a with two surface silicon
atoms, i.e., structure 2a with the classical, terminal ¢is SiH
bonds replaced by SiSi bonds to two Si atoms in the second
layer. High-quality ab initio calculations, including allowance
for electron correlations effects, clearly are desirable for the
cis, symmetrical dibridged structure 2a of Si,H, in order to
ascertain the real energy difference between it and the classical
ethylene analog, since only such results can provide a realistic
idea of the likelihood of finding dibridged hydrogen structures
on the surface.

Conclusions

Both the semiempirical and ab initio calculations indicate
that AlLH,, like Si,H,, has a dibridged singlet ground state
rather than a classical multiply-bonded structure, and is bound
relative to two AIH monomers. The driving forces which fa-
vour the nonclassical structures for these molecules include the
weakness of 1 bonding between second row elements, and the
energetic cost of s — p electron promotion. Unfortunately,
MNDO calculations appear to overemphasize the strength of
delocalized SiH bonds and to underemphasize the strength of
SiSi bonds, and thus yield a nonclassical structure even for
SihH,. Further investigations concerning the structure of un-
saturated aluminum or silicon hydrides should therefore use
high quality ab initio calculations.
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NILS O. PETERSEN. Can. J. Chem. 63, 77 (1985).

Spectroscopic properties of the polyene antibiotic Nystatin and its nitrobenzoxadiazole derivative have been characterized
by lifetime and quantum yield measurements. The data suggest that Nystatin and other polyene antibiotics exhibit spectral
features common to other linear polyenes such as diphenylhexatriene and parinaric acid, and support the conclusion that the
strong absorption (€. —70000 M ~'cm™ '*A =306 nm) is dueto a symmetry-allowed transition to a higher excited state while
the red-shifted emission occurs from a lower lying cxcited state through a weak. symmetry-forbidden transition.

Nitrobenzoxadiazole derivatives also exhibit efficient intramolecular fluorescence energy transfer from the polyene chromo-
phore to the nitrobenzoxadiazole chromophore (M., = 535 nm). The lifetime and quantum yield measurements suggest that
the predominant mechanism of energy transfer is via a Dexter type transfer in a fraction of molecules with appropriate
conformations.

NiLs O. PETERSEN. Can. J. Chem. 63, 77 (1985).

Faisant appel & des mesures de rendements quantiques et de temps de demi-vie, on a caractérisé les propriétés spec-
troscopiques de I’antibiotique de nature polyénique, la Nystatine, ainsi que celles de son dérivé nitrobenzoxadiazole. Les
donnés suggerent que la Nystatine ainsi que les autres antibiotiques de naturc polyéniques présentent des caractéristiques
spectrales communes 2 celles des autres polyénes linéaires, comme le diphénylhexatriéne et I'acide parinarique, et elles sont
en accord avec la conclusion selon laquelle la forte absorption (€,.., d’environ 70 000 M~ em™' X = 306 nm) est due a une
transition, permise par la symétrie, vers un état plus excité tandis que 1'émission dipolaire vers le rouge se produit & partir d'un
état faiblement excité et par le biais d’une transition faible qui est prohibée en raison de symétrie.

Les dérivés nitrobenzoxadiazoles permettent également de transférer d’une fagon efficace et intramoléculaire de 1’énergie
du chromophore du polyéne vers le chromophore nitrobenzoxadiazole (A.. = 535 nm). Les mesures de temps de demi-vie et
de rendements quantiques suggérent que le mécanisme prédominant du transfert d’énergie implique un transfert de type Dexter
dans une fraction des molécules ayant des conformations appropriées.
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Introduction

Polyene antibiotics (Fig. 1) are naturally-occurring com-
pounds which can associate with sterols in membranes causing
enhanced ion permeabilities (1). Some polyene antibiotics
cause several physiological effects distinguishable by their
dose response (2). In vitro, low doses stimulate DNA and RNA
synthesis and are mitogenic, intermediate doses cause ion leak-
age, and high doses are cytotoxic (2—4). In vivo, many polyene
antibiotics potentiate the effects of antitumor agents (5) and
exhibit immunoadjuvant properties (6) in mice. 1t is possible
that the multitude of effects originate from a single mechanism
such as formation of specific pores (7, 8) through association
with sterols, but it is likely that there are several sites in cell
membranes where the polyene antibiotics can act. We are
studying the membrane distribution and dynamics of a few
polyene antibiotics, specifically Amphotericin B, Nystatin,
and Pimaricin, in order to shed further light on their mechanism
of action in culture cells. We are particularly interested in
fluorescence photobleaching measurements of the dose de-
pendence of the diffusion of these polyene antibiotics in cell
membranes and have recently reported on the synthesis of a
nitrobenzoxadiazole derivative of Amphotericin B (AmB) and
its diffusion in L-cells at low doses (9). We also presented
evidence suggesting that intramolecular fluorescence energy
transfer could occur in this derivative. We have since prepared
similar derivatives of Nystatin and Pimaricin and report here on
quantum yield and lifetime measurements which provide evi-
dence that intramolecular energy transfer in these three com-
pounds occur principally by an electron exchange mechanism
(Dexter transfer).

[Traduit par le journal]

Experimental

Syntheses

N-Methy!-N-(7-nitrobenz-2-oxa- | .3-diazol-4-yl)-6-aminohexanoyl
(NBD-6-MAHA) derivatives of Amphotericin B (NBD-AmB), Nys-
tatin (NBD-Nys), and Pimaricin (NBD-Pim) were prepared, purified,
and characterized as previously reported (9) with only minor mod-
ifications. The condensations with Nystatin and Pimaricin were
carried out in dimethyl formamide (DMF) rather than dimethy! sul-
foxide (DMSO) and their purification by high performance liquid
chromatography were effected with slightly different proportions of
the elution buffer.

Instrumentation

Fluorescence spectra were recorded as corrected spectra on either an
MPF-4 or a model 650 fluorescence spectrophotometer (Perkin
Elmer). Quantum yield measurements were made relative to 1.28 X
107* M quinine sulphate (recrystallized from water) in 0.1 N H.SO,
using the quantum yield of 0.52 (10). The quantum yields were cor-
rected for refractive index differences between this solution and the
particular solvent employed (10, 11). The quantum yields were calcu-
lated from areas of fluorescence emission curves by an integration
program available in the Perkin Elmer 650 data station accessory.
Absorbance spectra were measured on a Cary 219 UV-Visible spec-
trophotometer using more concentrated solutions (subsequently di-
luted accurately). No changes in extinction coefficient are observed
upon dilution except for the case of AmB in water where changes in
aggregation affect the spectrum above 107 M. Fluorescence lifetime
measurements were made using single photon counting equipment in
Professor W. R. Ware’s laboratory. A picosecond laser system with
frequency doublers were used for excitation in the 300 nm region
while a Photochemical Research Associates Model 3000 nanosecond
system was used for excitation in the 470 nm region. These systems
have been described elsewhere (12). The laser system provides a cw
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FiG. 1. Chemical structure of Nystatin (1), Amphotericin B (3) and
their nitrobenzoxadiazole derivatives: NBD-Nys (2) and NBD-AmB
(4). Note the polyene chromophore in the macrolide ring and the
amphiphilic character of these molecules. Amphotericin B is a hep-
taene while Nystatin is spectroscopically a tetraecne. The six carbon
spacer and the mycosamine ring provide sufficient flexibility to permit
close contact between the polyene chromophore and the nitro-
benzoxadiazole ring in certain conformations.
power on the sample of less than about 10 W m™* with pulse sepa-
rations of 11 ns. Thus two-photon processes are unlikely in this sys-
tem. The lifetimes were estimated from fitting by standard procedures
of the fluorescence decay data to single or double exponential decays
and the fits with reduced x* values closest to unity were retained.
De-oxygenating the samples by bubbling argon gas through the
sample for 10—20 min had no measurable effects on either quantum
yields or lifetimes.

Results

The optical spectra of the three polyene antibiotics prior to
chemical modification are shown in Fig. 2, which also illus-
trates the solvent effect on the optical spectrum of NBD-Nys.
Similar solvent shifts are found for all of the polyene anti-
biotics. The corresponding extinction coefficients are sum-
marized in Table 1 which also shows the extinction coefficient
of the NBD-6-MAHA intermediate used for preparing the
fluorescent derivatives.

A

1 i
500 400 300
WAVELENGTH/nm

FIG. 2. (A) Absorbance spectra of 16 M Nystatin (-—); 15 pM
Pimaricin (+«-* ); 9 wM Amphotericin B(----- ) and 25 pM NBD-6-
MAHA (—) all in DMF. (B) Absorbance spectra of 16 uM NBD-Nys
in THF (—); 14 pM NBD-Nys in H,O (---) and 14 pM NBD-Nys
in benzene (:-+). Note the characteristic red-shifted absorbance at
505 nm in H,O.

Representative fluorescence emission and excitation spectra
of NBD-6-MAHA, Nystatin, NBD-Nys, and NBD-AmB are
shown in Fig. 3. The emission corresponding to the NBD-
chromophore is similar for all the derivatives. This emission is
solvent sensitive and is red-shifted in more polar solvents (com-
pare Fig. 3¢ and d). The excitation spectra (for emission at
~535 nm) are superpositions of the absorption spectra of the
NBD-chromophore and the polyene chromophore but at differ-
ent intensity ratios than observed in the absorption spectra of
the derivatives. This suggests that absorption by the polyene
chromophore results in emission from the NBD-chromophore,
but this process occurs with less than unity efficiency.

The emission and excitation spectra are obtained from solu-
tions of the derivative at very low concentrations (107° M and
less) where intermolecular associations are unlikely. More-
over, the shape of the spectra, and therefore the relative in-
tensities of the peaks in the excitation spectra, are insensitive
to the concentration over a range from 4 X 107 M to 8 X
107 M except for small changes due to self-absorption at the
higher concentrations. These latter effects are minimal for con-
centrations less than 107® M. These data suggest very strongly
that the energy transfer process is intramolecular. In support of
this conclusion, we can add that we have so far failed to
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TABLE 1. Extinction coefficients of the polyene antibiotics and the nitrobenzoxadiazole precursor: NBD-6-MAHA, as
a function of solvent

e/10° M~ cm™" (Apan/nM)

Compound/solvent H.O EtOH DMF DMSO THF Benzene
Nystatin 5.3(321) 6.7(320) 6.1(323) — 6.3(321) 2.73(325)
molar mass: 924 g mol ™' 6.0(307) 7.6(305) 6.8(308) — 6.8(307) 3.6(308)

4.1(294) 5.1(292) 4.5(295) — 4.7(295) —
Pimaricin 5.3(320) 6.0(318) 4.8(321) 5.0(324) 4.5(321) —
molar mass: 666 g mol™' 5.9(305) 6.5(302) 5.3(307) 5.4(309) 4.9(306) —
3.9(292) 4.3(290) 3.5(294) 3.4(296) 2.9(295) —
Amphotericin B 2.4(408) 14.2(408) 15.1(412) 12.1(416) 13.2(411) —
molar mass: 922 g mol ™" 2.9(385) 12.9(383) 13.5(388) 11.0(392) 11.7(386) —
2.8(364) 7.7(364) 8.0(368) 6.6(371) 6.9(367) —
6.1(332)¢ 3.6(345) 3.4(350) 3.0(353) 3.2(348) —
NBD-6-MAHA 3.4(504) 2.5(479) 2.4(490) 2.5(491) 2.1(474) 2.1(470)
molar mass: 308 g mol ™' 0.73(364) 0.87(342) 0.85(351) 0.79(353) 0.83(339) 0.81(340)

“This spectrum reflects changes in extinction duc to aggregation of Amphotericin B in H.O.

101 A C
: 2
W
O |
G
S |l
[¥p)
(W1 »*
m .
6 /\JV
_' 0 — [} i
TRET B - D
W
> o k 3 2
F—
< |
< I
v L I 1 .
%00 500 %00 300 800 500 %00 300
WAVELENGTH /nm

FIG. 3. Corrected fluorescence emission and excitation spectra of (A) 1.6 pM NBD-6-MAHA in THF; (B) 1.1 pM Nystatin in THF;
(C) 1.3 uM NBD-AmB in DMSO, and (D) 0.82 uM NBD-Nys in THF. A-1, emission spectrum for excitation at 470 nm; A-2, excitation
spectrum for emission at 530 nm; B-1, emission spectrum for excitation at 306 nm; B-2, excitation spectrum for emission at 405 nm; C-1,
emission spectrum for excitation at 490 nm; C-2, excitation spectrum for emission at 550 nm; C-3, emission spectrum for excitation at 416 nm;
D-1, emission spectrum for excitation at 470 nm; D-2, excitation spectrum for emission at 530 nm; D-3, emission spectrum for excitation at
306 nm. The peaks marked by (*) are due to scattering. The fine structure at 470 nm in the excitation spectra (A-2, C-2, and D-2) arises from

imperfect corrections for the spectrophotometer.

observe intermolecular energy transfer from the parent polyene
antibiotic to either NBD-6-MAHA or NBD-MANC, the latter
being a cholesterol derivative which should complex with the
polyenes even at 107°—107® M concentrations (K ~10° M ™!
(13)).

Figure 3 illustrates that in pure Nystatin there is an emission
which peaks at A = 405 nm. A similar fluorescence can be
observed for Pimaricin but, as we have shown previously (14),
pure Amphotericin B exhibits no detectable emission. One can,
however, show (15) (data not presented) that the fluorescence
and absorbance are both due to the Nystatin molecule since
both are observed in the same peaks upon reverse-phase high
performance liquid chromatography in several solvent systems.
This is in contrast to Amphotericin B where a fluorescent

species is clearly separated from the absorbance attributed to
AmB (14). The quantum yield data presented below also indi-
cate that the fluorescence emission at 405 nm for Nystatin
arises from its polyene chromophore.

More careful analysis of emission spectra from purified Am-
photericin B and the instrumental sensitivity show that the
quantum yield is less than 0.002. In contrast, the quantum yield
for Nystatin in THF is about 0.046. For these reasons, we have
chosen to concentrate on characterizing the energy transfer
process for NBD-Nys rather than NBD-AmB. It should be
noted that even though the quantum yield for fluorescence of
Amphotericin B is low, the energy transfer is still possible with
reasonable efficiency as the spectra demonstrate (Fig. 3¢).

Table 2 shows the fluorescence quantum yield and lifetimes
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TABLE 2. Measured quantum yield and lifetime values and calculated rate constants for emission in
THF at ambient temperature for Nystatin, NBD-6-MAHA, and NBD-Nys

Compound Aex/NM Aem/NM ) 7/ns ke/10% 57! kng/10% 57!

Nystatin 306 320—600 0.046 —

295 405 — 2.60 0.175 3.62
NBD-6-MAHA 470 480—650 0.054 —

470 535 — 0.61 0.886 15.5
NBD-Nys 306 320—600 0.011¢ —

295 405 — 2.35° — —

470 480—650 0.056 —

470 535 — 0.52 1.08 18.1

306 480—650 0.040 —

295 530 — 0.73 — —

“Corrected for contribution from Nystatin emission in the region from 480—600 nm which overlaps the NBD

emission.

"The best fit includes a very fast (0.1 ns) decay accounting for 10% of the intensity.

for Nystatin, NBD-6-MAHA, and NBD-Nys in THF at various
combinations of excitation and emission wavelengths. The
quantum yield measurements are relative to quinine sulphate in
0.1 N H,SO, (¢ = 0.52 (10)) and are corrected for the refrac-
tive index difference between 0.1 N H,SO, and THF (10, 11).
The emission spectra of Nystatin and of NBD-6-MAHA over-
lap in the region from about 480 nm to about 600 nm. The
quantum yield of NBD-Nys emission for excitation at 306 nm
was calculated allowing for this overlap correction. The life-
time measurements with excitation at 295 nm were done using
a picosecond fluorescence lifetime apparatus by frequency
doubling the emission at 590 nm from a Rhodamine dye laser
pumped with a mode-locked argon ion laser tuned to 515 nm.
The excitation at 295 nm minimizes overlap with the uv absorp-
tion of the NBD-chromophore which peaks at 340 nm. All tests
show that the quantum yield for Nystatin is independent of the
excitation wavelength between 290 nm and 323 nm. The
306 nm excitation used in the quantum yield measurements was
the optimum choice based on three considerations: (/) it is the
strongest absorption band thus giving the best signal-to-noise
ratio, (2) it does not overlap severely with the 340 nm NBD
absorption, and (3) the scattered light in these dilute solutions
is sufficiently intense that it is detected at twice the wavelength
(Fig. 3). For 306 nm excitation the light scattering peak is at
612 nm which is at the tail of the emission and therefore does
not interfere seriously with the quantum yield measurements.
For 295 nm excitation the light scattering peak is closer to the
emission peak, increasing the uncertainty in the area mea-
surement. (The light scattering peak was subtracted in all
area measurements but this nevertheless introduces a small
uncertainty.)

Several points can be made about the quantum yield data in
Table 2. First, the quantum yields of emission for Nystatin and
NBD-6-MAHA are similar. Second, the quantum yield of flu-
orescence from the NBD-chromophore arising from direct ex-
citation at 470 nm is not affected by the chemical linkage to
Nystatin (or to AmB). Third, in the NBD-Nystatin derivative
the quantum yield for emission at 405 nm is decreased relative
to that in pure Nystatin, while the quantum yield of new emis-
sion at 530 nm for excitation at 306 nm is approaching that of
the NBD-chromophore when excited at 470 nm.

From these emission data we can calculate the quantum
efficiency of energy transfer in two independent ways (16) as
illustrated below for NBD-Nys in THF. First the transfer effi-

ciency ¢gr may be calculated from the donor quantum yields in
the absence (¢) and presence (¢') of the acceptor as
b’ 0.011
(bET: 1 - = l _—:076
ol 0.046
Alternatively it may be calculated from the acceptor quantum
yields in the absence (¢,) and presence (¢',) of the donor as
_ % 201
ba 0.056
These are independent measures of the same quantity and the
mutual agreement increases our confidence that the ¢gr mea-
surement is accurate and therefore representative. These quan-
tum yield measurements are determined from the areas of the
fluorescence emission spectra. It is also possible to get an
approximate estimate of the efficiency of energy transfer by
measuring the ratio of the peak amplitudes in the corrected
fluorescence excitation spectra and normalizing them to the
appropriate extinction coefficients, i.e.,

ey = F06/ Exoe

F 470 / E470

This measurement is a third independent measurement of gy
and agrees well with the more correct area measurements.
Utilizing the excitation spectra is particularly convenient for
dilute solutions or highly scattering solutions if one can assume
the absorption spectra are invariant. Obviously the mea-
surement is extremely sensitive to self-absorption effects and
requires good corrections for the spectrophotometer.

Table 2 also provides the lifetime measurements. These are
from fits to single exponential decays in all cases but one,
namely the emission from NBD-Nys at 405 nm when excited
at 295 nm. In this case a small (~10%) but very rapid
(~0.1 ns) component appeared. The major component decayed
at 2.4 ns which is comparable to the lifetime of pure Nystatin
at 2.6 ns. The lifetimes for emission at 530—535 nm are be-
tween 0.51 and 0.73 ns with the longest lifetime observed for
the process involving the energy transfer process. Although the
decay times have statistical uncertainties of less than 0.1 ns, it
is likely that these processes have fundamentally the same
decay rate.

The energy transfer efficiencies were measured in several
solvents and are listed in Table 3. For the pure solvents there
is a very large variation from 0.73 in THF to 0.04 in benzene.

d)ET

= 0.70
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TABLE 3. Fluorescence energy transfer
efficiency for NBD-Nys in various
solvents at ambient temperature

Solvent ber
THF 0.73
EtOH 0.57
DMF 0.33
H.O 0.18
Benzene 0.04
100:0 EtOH:H.0O 0.60
60:40 EtOH:H.O 0.60
40:60 EtOH:HO 0.62
20:80 EtOH:H,0 0.45
2:98 EtOH:H,0 0.31
0: 100 EtOH: H,0 0.18

The solvent-dependent changes in the optical spectra are
smaller and cannot account for the variation in energy transfer
efficiency through changes in the overlap integral. Interestingly
enough, the energy transfer efficiency is lowest in benzene
{0.04) where the quantum yield for emission by NBD-6-
MAHA is the greatest. Table 3 also includes the variation in
energy transfer efficiency with the composition of the solvent
in mixtures of ethanol and water. [t is evident that the effi-
ciency is very sensitive to ethanol at low concentrations
(2—20%) and fairly insensitive at higher concentrations of eth-
anol. We believe the solvent sensitivity arises from differences
in conformation and state of aggregation of the NBD-Nys in
each of the solvents. It should be noted that there appears to be
no correlation between the efficiency of energy transfer and any
of the standard solvatochromism scales (e.g. Z or Er (17)).

The energy transfer efficiencies for NBD-AmB were mea-
sured by the ratio of emission areas at 535 nm by excitation at
either 410 nm or 470 nm or by the ratio of the fluorescence
intensities at 410 and 470 nm in the corrected excitation spectra
(methods 2 and 3 above) in both cases correcting for the ex-
tinction ratio. In DMSO &gy = 0.05 while in ethanol ¢gr =
0.07. These are much smaller than the corresponding energy
transfer efficiencies for NBD-Nystatin (in DMF and ethanol)
which probably reflects a difference in the overlap integral in
the two sets of chromophores. The energy transfer efficiency
for NBD-Pim in ethanol is 0.49 which is slightly smaller than
that for NBD-Nys (0.57). Since the spectral parameters are
very similar, this difference likely represents a different con-
formational arrangement in the two molecules rather than a
different overlap integral.

We have initiated studies of the energy transfer process in
model membrane systems. Although these are incomplete, we
have found that the energy transfer efficiency is greatest in
dimyristoylphosphatidyl choline bilayers below the gel-to-
liquid crystal transition (¢gr = 0.90) and lowest in dipalmitoyl
phosphatidyl choline bilayers above the phase transition (pgy =
0.06). 1t is difficult to get accurate measurements of the absorb-
ance spectra in these samples because of the large amount of
scattering from them due to the membrane suspension. Never-
theless, it is clear that the efficiency of energy transfer is
greatest below the phase transition and greater in the less rig-
idly packed DMPC bilayer. Moreover, there is a shift in the
excitation spectrum of the NBD-chromophore at higher tem-
peratures which suggest a greater exposure to an aqueous envi-
ronment. Thus the decrease in energy transfer efficiency is a
combination of a change in bilayer structure and an increase in

water content in the bilayer, both known to occur at the phase
transition. At this point we cannot be certain which is the
dominant effect.

Discussion

Nystatin spectroscopy

The photophysics of polyene antibiotics has not been studied
in detail although their fluorescence properties have been
utilized in several studies (18—20). Other polyenes, notably
diphenylpolyenes such as diphenylhexatriene and diphenyl-
octatetraene and polyenic fatty acids such as cis- and trans-
parinaric acid, have been studied intensively in part because of
their utility in fluorescence depolarization measurements
(21—=24). Our results with Nystatin and other polyene anti-
biotics indicate that they share many of the characteristic spec-
troscopic features of other polyenes.

Diphenylpolyenes exhibit large Stoke’s shifts and poor sym-
metry relations between the absorption and emission spectra
(21, 22). The lifetimes measured by fluorescence decay are
short (<5 ns) while the corresponding quantum yields are low
(<0.1). The intrinsic or natural lifetimes are typically signifi-
cantly longer than those estimated from the oscillator strength
of the absorbance, i.e. from the integrated absorbance (21, 22).
These observations have been interpreted in the past by consid-
ering two singlet excited states of different symmetry ('B, and
‘A, in the 2/m (C5,) group) where the 'A, state is at lower
energy than the 'B, state. The ground state has 'A, symmetry,
so the strong absorbance spectra (€ ~80—100000 M ' cm™';
f ~ ) are associated with the 'B, < 'A, transition to the upper
excited state. A rapid internal conversion causes relaxation to
the excited 'A, state which is relatively long-lived because the
'A, < 'A, transition is symmetry forbidden. This ordering of
the first two excited states accounts for the apparent discrep-
ancy between the large oscillator strength and the long lifetime;
for the large Stoke’s shift (because the energy gap between the
two excited states contributes to the red-shift of the emission)
and for the loss of mirror symmetry between the absorption and
emission spectra. The model has been confirmed in the case of
diphenyloctatetraene in a glass at low temperatures by direct
excitation of the 'A, < 'A, transition (22).

Parinaric acid (octadecatetranoic acid), specifically the
isomers a(9, 11,13, 15-cis, trans, trans, cisyand B(9,11,13,15-
all-trans) exhibit many of the spectroscopic features outlined
above for the diphenylpolyenes (24). Although indirect, the
evidence strongly supports an excited state ordering in the
parinaric acids similar to that in the diphenylpolyenes. The data
presented in this report for Nystatin are very similar to those of
the parinaric acids. Specifically, their absorbance wavelength
is solvent-sensitive while the emission wavelength is not; the
emission is about 90 nm red-shifted (compared to 100 nm for
parinaric acid); the intrinsic lifetime is about 57 ns (compared
to 100 ns for parinaric acid) which is longer than the 8 ns
estimated from the strong absorbance spectrum. The measured
lifetime of 2.6 ns in THF is comparable to that of parinaric acid
of 3.2 ns in dioxane; the quantum yield is 0.046 compared to
0.051 for parinaric acid. Considering these comparisons and
accepting the conclusions about the excited state ordering
for diphenylpolyenes and polyenic fatty acids, we conclude
that the tetraene antibiotic Nystatin has similar excited state
ordering and symmetry relationships between the states. Nys-
tatin is a more complex molecule than either the diphenylpoly-
enes or the parinaric acids, so we are reluctant to attach the
symmetry descriptions of 'A, and 'B, to the states. For the
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FiG. 4. A, Schematic representation of the transitions in the poly-
ene chromophore of Nystatin. The emission from S is not detected
because of the rapid internal conversion to S,. The direct absorption
into S, is too weak to be detected. B, Schematic representation of the
transitions in NBD-Nys. The polyene chromophore of Nystatin acts as
a donor in the energy transfer from S, to the §,” state of the NBD
chromophore. The double arrows indicate the direct absorption and
emission processes for the NBD chromophore. The energy transfer
occurs rapidly in 70% of the molecules while the other 30% emit as
in the parent Nystatin molecule.

purpose of the remainder of this discussion we will refer to the
excited states as S, and §, with the understanding that S, is at
higher energy than S, and that the S, « §, transition is a
symmetry-allowed transition observed in the absorption spec-
trum while the Sy < S, transition corresponds to a symmetry-
forbidden transition observed in the emission spectrum. We
will further presume that the internal conversion S, < S, is
rapid (kic > 10257 (24)), so that energy transfer is most likely
to occur from S,. Figure 4A illustrates graphically the possible
transitions in the Nystatin chromophore.

All the polyene antibiotics we have so far looked at (repre-
senting tetraenes (Nystatin, Etruscomycin, Pimaricin) and pen-
taenes (Chainin, Fungichromin (= lagosin = cogomycin) (25))
and heptaenes (Amphotericin B)) exhibit the characteristically
large Stoke’s shifts and have very solvent-sensitive absorption
spectra. Based on this limited evidence it is tempting to suggest
that all the polyene antibiotics will follow the pattern of other
polyenes including Nystatin. Of course, with the heptaenes the
emission is so weak that any conclusions about the excited state
ordering is dangerous.

NBD-Nystatin spectroscopy
The fluorescence emission spectrum of NBD-Nys in the

region from 350 nm to 480 nm for excitation at 306 nm is the
same as that of Nystatin except for a four-fold reduced quantum
yield. Correspondingly, the excitation spectrum for emission at
405 nm is the same as that of Nystatin but with a four-fold
lower intensity. These observations suggest that the state
ordering of the Nystatin polyene chromophore is not affected
by the conjugation of the NBD-chromophore. The reduction in
quantum yield is due to energy transfer as discussed below.
Moreover, the excitation spectrum in the region from 250 nm
to 325 nm for emission at 535 nm is the same as that of Nystatin
but with different intensities. This confirms that the emission
from the NBD-chromophore is coupled to an energy transfer
from the same excited states involved in the polyene spec-
troscopy. We suspect that the energy transfer occurs from §, in
NBD-Nystatin.

The energy transfer process

The quantum yield and lifetime of acceptor (NBD) emission
in NBD-Nys are similar to those in NBD-6-MAHA (Table 2)
suggesting that there is no back-transfer from the NBD-
chromophore to the polyene and that the radiative and non-
radiative rate constants of the acceptor are essentially un-
affected by the intramolecular interactions in NBD-Nys.

The emission at 535 nm arising from excitation at 306 nm is
dependent on the kinetics of three consecutive processes,
namely, internal conversion from S, to S; in the donor, energy
transfer, and acceptor emission (Fig. 4B). Internal conversion
is rapid and not rate-limiting. Standard kinetic arguments (26)
predict an emission decay comparable to the slower and there-
fore rate-limiting of the two other processes. The measured
lifetime for the total energy transfer and emission is only
slightly larger than the lifetime of acceptor emission due to
direct excitation (Table 2), suggesting that the emission step
rather than the energy transfer step is rate-limiting. A con-
secutive reaction scheme also predicts an initial increase in the
concentration of the intermediate which would be observed as
an initial growth in the emission decay curve, unless the first
step (energy transfer) is very rapid relative to the timescale of
the measurement. The measured decay curve (Fig. 5) shows no
evidence of an initial growth supporting the conclusion that
energy transfer is rapid. From the data we estimate that the rate
constant for energy transfer would have to exceed about
10" 57",

The donor emission quantum yield is about four times
smaller in NBD-Nys than in Nystatin whereas the lifetime is
about 10% smaller (Table 2). These data are mutually inconsis-
tent or in conflict with the rapid energy transfer predicted by the
acceptor emission data in any model which assumes that all
molecules behave equivalently. Specifically, the measured
quantum yield, ¢, and lifetime, 7, of donor emission must
change in proportion (16) since ¢ = ke 7 = ke/(ke + kng) in
the absence of energy transfer and ¢’ = k'g*1’ = k'g/
(k's + k'wg + k’gr) with energy transfer. Here kg, kng, and kgr
are the radiative, non-radiative, and energy transfer rate con-
stants; respectively, and the primes indicate the values in the
presence of energy transfer. If the donor radiative rate constant
is not affected by the donor—acceptor interactions in NBD-Nys
(k'e = kg), a four-fold decrease in quantum yield requires a
four-fold decrease in lifetime. This is not observed. Con-
versely, the radiative rate constant would have to decrease
about four-fold to accommodate the small change in lifetime
actually observed. The resulting energy transfer rate constant
of 3 X 10% s™' is smaller than the rate of decay of the acceptor
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FiG. 5. Decay of emission from NBD-Nystatin measured at
530 nm while exciting at 295 nm. The dashed curve represents the
laser pulse profile. Note the absence of a slow build-up as predicted
for the Forster transfer process. The deconvolution yields a good fit to
a single exponential decay with a time constant of 0.71. The residuals
are shown above the curve.

emission (k = 1.4 X 10 s™') and much smaller than the energy
transfer rate constant estimated from the acceptor emission
data. Hence a decrease in radiative rate constant of donor
emission would make the energy transfer process, rather than
the acceptor emission, the rate-limiting step. This is contrary to
the data for the acceptor emission (Fig. 5, Table 2). Further-
more, a large change in the radiative rate constant of the donor
should be observable in its absorption spectrum since the inte-
grated absorbance is related to the radiative lifetime (16).'
Since there are no differences in extinction coefficients or
wavelengths of maximum absorption of the polyene chromo-
phore between Nystatin and NBD-Nys (Fig. 2) it is unlikely
that the radiative rate constant is decreased significantly.
Clearly, there are inconsistencies in the data whether or not we
assume an invariant radiative rate constant. Models for the
energy transfer process which assume that all molecules are
affected equivalently must, therefore, be rejected for the NBD-
Nys system.

The simplest alternative is the case where one population of

"This argument is complicated by the fact that the absorbing and
emitting electronic states are different (Fig. 4) but some effects should
be observed.

molecules exhibits energy transfer exclusively and another
population exhibits no energy transfer. The former do not con-
tribute to the donor emission and are “dark-complexes” which
still absorb and contribute to the observed acceptor emission.
The latter are the only source of donor emission and since they
are not affected by the energy transfer process, the measured
lifetime of donor emission is unchanged. However, the mea-
sured quantum yield of donor emission must decrease to reflect
the mole fraction, X, of unaffected molecules remaining. Spe-
cifically, the measured quantum yield will be

& = Xoke/(ke + kng) + (1 = X)k'p /(K" + k' + k'gr)

In the limit where k'gy > k'p + k'wg, i.e., when energy
transfer is rapid this reduces to ¢’ = X ke/(ke + kg) = X+ .
The energy transfer efficiency becomes

%,
bgr =1 ) 1 - X
and is now a direct measure of the mole fraction of the popu-
lation of molecules which exhibit rapid energy transfer. The
four-fold decrease in quantum yield then indicates approxi-
mately a 1 :3 distribution of the two populations. The acceptor
emission due to energy transfer arises from the population
where energy transfer must be rapid so the acceptor emission
step is rate-limiting and no growth in the decay curve is ex-
pected, in accord with the acceptor emission data (Table 2,
Fig. 5). All the data are, therefore, wholly consistent with a
system of two populations which are spectroscopically distinct
and which interconvert slowly on the nanosecond time scale.

The conformational model

Examination of the structure of NBD-Nys (Fig. 1) suggests
that two conformations could exist: a fully extended conformer
in which the polyene and NBD-chromophore are separated by
between 23 and 28 A and a folded conformer in which the
NBD-chromophore is positioned along the hydrophobic
polyene-section of the macrolide ring. We propose that in THF
these are the predominant conformers of NBD-Nys and that in
the extended conformer energy transfer is inefficient because of
the separation and relative orientation of the chromophores
while in the folded conformer energy transfer occurs rapidly
because of the proximity of the chromophores. The energy
transfer efficiency then measures the mole fraction of the
folded conformer and the large variation in energy transfer in
different solvents (Table 3) reflects a different equilibrium be-
tween the conformers in each solvent.

Although this model will account for the quantum yield and
lifetime data, three observations indicate that there likely is a
small contribution to energy transfer from the extended con-
former also. First, we have found no solvents in which the
energy transfer could be completely suppressed. This could
indicate that there is always at least some of the folded con-
former present in solvents as different as H,O or benzene, but
it is also possible that the extended conformer is contributing to
this emission. Second, the lifetime of donor emission decreases
in THF by about 10%. This would be expected if energy trans-
fer is a slow competing process in the extended conformer.
Third, the separation of the chromophore in the extended con-
former is small enough that some energy transfer by a Forster-
type mechanism is expected.

It is possible to estimate the characteristic separation, Ry, at
which 50% energy transfer would occur by a Forster mech-
anism since (27)
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Ry = C(k*+d-m~*- )8

where C is a constant (C = 9.786 X 107%), k’ is a factor
dependent on the time-averaged relative orientation of the chro-
mophores, ¢ is the quantum yield of donor emission, 7 is the
refractive index of the medium, and J is the overlap integral
given by (27, 28)

_J eQ)FOUNAA
T [FdA

In this expression €(A) is the molar extinction coefficient of the
acceptor, F(A) is the donor emission intensity, and A is the
wavelength. For the NBD—tetraene chromophore pair in THF
we calculate

J=3.10%x 107" cm® mmol™"

using a summation over | nm intervals. Assuming an orien-
tation factor for an isotropic relative orientation (x> =2/3(27,
28)) the characteristic separation is

R, = 258 A

It is likely that the intramolecular linkage would restrict the
chromophore reorientations and the R, value could be an upper
limit. Nevertheless, the extended conformer could in principle
exhibit up to 50% energy transfer.

Given the likelihood that the extended conformer exhibits
some energy transfer, we can use the observed decrease in
lifetime to estimate the energy transfer rate constant, kzr, and

efficiency, ¢gr, in this conformer. Assuming no changes in
radiative and non-radiative rate constants 7 = 1/(ks + kng +
ker) 50 kgr = 1 /7 — ke — kg = (4.25 — 0.175 — 3.62) X 10*
s'=4.6 X 10757 and dgr = ker+T = 4.6 X 10757 2.35 X
107 s = 0.11. Thus in THF the extended conformer may
exhibit a slow energy transfer with an efficiency up to about
11%.

The folded conformer we postulate as one in which the
NBD-chromophore has folded back over the mycosamine so
that its -ring system is parallel to the polyene chromophore.
This will provide the close contact necessary for energy transfer
by an electron-exchange mechanism. Because of the proximity
we assume that energy transfer is occurring at unit efficiency by
the Dexter-type mechanism. The total observed energy transfer
is then given by the sum of the contribution from each con-
former weighted by the respective mole fractions, i.e.,

d)ET ([Otal) =X- (bET (Cxtended) + (l - X)d)ET (folded)
= X.¢ET (extended) + (l - X)

For NBD-Nys in THF this yields (using ¢gr (extended) =
0.11), X = 0.32 and (1 — X) = 0.68. In other words, 32% of
the NBD-Nys are in an extended conformation while 68% are
folded.

The proposed conformational model for energy transfer in
NBD-Nys is summarized in the following kinetic scheme
where D represents the donor (Nystatin) and A the acceptor
(NBD): '

ke
D~A+hv,
. kNR kAF
D~A+hvyy — D*~A D~A D~ A + hv
~ A¥
ke DA i
~A
XD~A
=;/DA_
kA
Ko (DA) + hvy
E
(DA) + hvy — (D*A) ——— (DAY A
R

(DA)

Here the internal conversion step (S; — §)) in the donor has
been omitted for clarity. The extended conformer is repre-
sented by D ~ A. Upon excitation at Av, the donor can decay
by emission of light (at hv,), by non-radiative processes or by
energy transfer to give D ~ A* which in turn can decay by
acceptor emission (at hv,). The folded conformer is represented
by (DA). Upon excitation at hv,, the donor transfers energy
with unit efficiency to the acceptor which then decays by emis-
sion at hv,. The conformers exist in equilibrium in the ground
state, but the rate of interconversion is slower than the photo-
physical decay paths and therefore the conformers are observed
as spectroscopically distinct species. We propose that the equi-
librium constant is solvent dependent, which accounts for the
variation in energy transfer efficiency (Table 3). We then inter-
pret the variation in energy transfer efficiency in the mixed
ethanol: water system and in the lipid membrane system as a
reflection of changes in the equilibrium constant for the two
predominant conformers. We hope to exploit this in studies of

binding of steroids to NBD-Nys, since binding is likely to shift
the equilibrium and thus alter the observed energy transfer
efficiency.

Conclusions

Polyene antibiotics have intrinsic chromophores whose spec-
troscopic properties when properly understood may be ex-
ploited in studies of their mechanism of action in cell mem-
branes. The photophysical behaviour of the tetraene Nystatin
can be shown to resemble closely that of other polyenes, partic-
ularly the parinaric acids. On the basis of this comparison we
suggest that the pattern of excited state ordering observed in
other polyenes extends to the polyene antibiotics.

Nitrobenzoxadiazole derivatives of the polyene antibiotics
exhibit efficient intramolecular energy transfer from the poly-
ene chromophore to the nitrobenzoxadiazole chromophore.
Lifetime and quantum efficiency measurements are consistent
with a model in which there is an equilibrium between a fully
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extended conformer (D ~ A) and a folded conformer (DA).
The former exhibit energy transfer by a Forster type energy
transfer mechanism through Coulombic interactions of the tran-
sition dipoles. The latter exhibit energy transfer by a Dexter
type energy transfer mechanism at a very fast rate. The total
transfer efficiency depends on the relative proportion of the
conformers which is sensitive to the solvent. For NBD-Nys in
tetrahydrofuran the folded conformer represents about two-
thirds of the molecules and accounts for more than 90% of the
observed transfer. In other solvents the fraction of folded con-
former is less.

The dependence of the energy transfer efficiency on the
proportion of each conformer may provide a sensitive spec-
troscopic tool for studies of polyene—sterol interactions, since
these are expected to affect the equilibrium distribution of
extended and folded conformers (7, 8). Moreover, the spec-
troscopic properties of the chromophores suggest that it might
be possible to observe intermolecular energy transfer between
NBD-chromophores and polyene antibiotics if the complexes
formed bring the chromophores within about 15—20 A.
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Réactivité du nucléophile azoture vis a vis de cations hétérocycliques aromatiques. VI.
Cas des triaryl-2,4,6 oxaziniums-1,3
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JEAN-CLAUDE CHERTON, PAUL-LOUIS DESBENE, MARC BAZINET, MARC LANSON, ODILE CONVERT et JEAN-JACQUES
BASSELIER. Can. J. Chem. 63, 86 (1985).

La réaction du nucléophile azoture avec les triaryl-2,4,6 oxazinium-1,3 conduit en haut rendement aux {3 tétrazolo-trans-
benzalacétophénones. La formation de ces tétrazoles implique I'intervention des azido-2 2H-oxazines- 1,3 correspondantes. Un
mécanisme de réarrangement de ces azides mettant en jeu deux tautoméries cycle—chaine autour des intermédiaires iminoazides
est proposé. Sous réserve que les azido-2 2H-oxazines-1,3 sont bien les produits cinétiques de I’attaque de N5, les résultats
présentés constituent un rare exemple de régiosélectivité de I’attaque d’un nucléophile sur le pdle C2 d’oxazinium-1,3.

Le probleme de la réactivité du systtme oxazinium-1,3/azoture est discuté en référence au couple triphényl-2,4,6
pyrylium/N;".

JEAN-CLAUDE CHERTON, PAUL-LOUIS DESBENE, MARC BAZINET, MARC LANSON, ODILE CONVERT, and JEAN-JACQUES
BASSELIER. Can. J. Chem. 63, 86 (1985).

Nucleophilic attack of sodium azide on 2,4,6-triaryl-1,3-oxazinium species gives high yields of B-tetrazolo-trans-
benzalacetophenones from the corresponding 2-azido-1,3-oxazines. The rearrangement of the azido oxazines likely proceeds
via tautomerism of the intermediate iminoazides. If the formation of the 2-azido-1,3-oxazines is under kinetic control, these
results are a rare example of high regioselectivity in nucleophilic attack at the C2 carbon of 1,3-oxazinium species.

The reaction behaviour of the 1,3-oxazinium/N,~ system is discussed, together with results obtained from the 2,4,6-

triphenylpyrilium/N;™.

Nous nous intéressons depuis quelques années a la réaction
du nucléophile azoture avec divers cations hétérocycliques aro-
matiques de type pyrylium. Les recherches ont ainsi ét€¢ menées
tant en raison de I’intérét théorique de la réaction (1, 2) que des
possibilités qu’elle offre sur le plan de la synthese de composés
hétérocycliques a sept chainons (1, 3 2 9). (cf. schéma 1).

Les cations oxazinium-1,3 1 ou azapyrylium-1,3 sont com-
me les cations pyrylium déficients en électrons, et comme tels
réagissent avec de nombreux nucléophiles (10 a 13). A I’issue
de ces réactions des oxaziniums-1,3, trois types d’oxazines: les
6H-oxazines 2, les 4H-oxazines 3, les 2H-oxazines 4 sont
envisageables a priori en raison de la différenciation des poles
2 et 6 en a de 'oxygeéne (cf. schéma 2).

Cependant, il ressort des travaux de R. R. Schmidt et coll.
d’une part (10 et réf. citées) et de 1. Shibuya et coll. d’autre part
(11 a 13) que I’attaque d’une grande variété de nucléophiles sur
le cation triphényl-2,4,6 oxazinium-1,3 la conduit exclu-
sivement ou en prépondérance a des composés de type
6H-oxazine-1,3, c’est a dire de type 2 ou a des produits ré-
sultant de leur réarrangement (cf. schéma 2).

Le comportement du couple cation 1/azoture n’avait pas
encore été abordé. Compte tenu des résultats obtenus pré-
cédemment par nous mémes en série pyrylium (1, 3 et 8) et par
Schmidt et coll. (10) avec d’autres nucléophiles en série
oxazinium-1,3, on pouvait attendre: soit une “non attaque” au
sens covalent du terme avec formation d’un complexe de type
donneur—accepteur comme observé dans le cas du couple
triphényl-2,4,6 pyrylium/N;™ (1, 3, 8); soit une attaque de N5~
sur le pdle C6 du cation 1. Au quel cas, I’evolution de I’azide
covalent 2a (Nu = Nj;) permettrait éventuellement 1’accession
a des homologues “aza” d’oxazépines-1,3, (cf. schéma 1) en
I’occurence des oxadiazépines (14).

Nous présentons ici les premiers résultats concernant le com-
portement de triaryl-2,4,6 oxaziniums-1,3 1 vis 4 vis du nu-
cléophile azoture.

X Ni~ 2
X 25 XF = LY
O o ON,;
N;

o Azidopyranne Azidodiénone

\:Nz

o~

Oxazépine-1,3

Cation
pyrylium

ScHEMA 1

Résultats et discussion

L’action de I’azoture de sodium sur une solution de
perchlorate de triphényl-2,4,6 oxazinium-1,3 1a (10) dans
I’acétonitrile anhydre se manifeste tout d’abord par une exal-
tation de coloration malheureusement trop bréve pour étre
analysée par exemple par spectroscopie uv—visible, suivie
d’une décoloration progressive du mélange réactionnel. II
s’agit donc d’une réaction d’attaque de N; ™, mais la possibilité
de formation transitoire ou simultanée d’un complexe
donneur—accepteur, comme le laisse supposer I’exaltation de
coloration n’est pas exclue. Au bout de quelques heures on
isole un composé unique: le [diphényl-1,3 oxo-3 propéne-1-yl
(E)]-1 phényl-5 tétrazole que I'on dénommera désormais
tétrazole 5a (Rdt 92%) (cf. schéma 2).

L. Structure du tétrazole 5a

Ce composé CyH¢N,O résulte de I’incorporation de trois
atomes d’azote au squellette du cation 1a. Toutefois les struc-
tures des produits primaires envisageables: 2a, 3a ou 4a (Nu =
N;, cf. schéma 2) sont a écarter en raison de 1’absence de la
bande d’absorption azido vers 2100 cm™ dans le spectre infra-
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1 oxazinium-1,3

Nu~

3 4

Composés de type

6H-oxazine-1,3

!

4H-oxazine-1,3

2H-oxazine-1,3

! }

évolutions ultérieures éventuelles

Dans le cas ot Nu = Nj et R’ = ¢,

[2a et/ou 3actjou da] ——F——

RS =

hétérocycle
heptaatomique
oxadiazépine

¢ $
Z~N “ )N/Ii\N @ : motif trans
\\ ): / chalcone
¢/\o ¢/\0¢ N
¢ . motif phényl-5
Sa tétrazole
im1n0a21de tétrazole
SCHEMA 2

rouge (15). Apres examen de ses propriétés chimiques' et spec-
troscopiques, nous avons attribué a ce composé la structure Sa
associant les deux motifs: phényl-5 tétrazole et trans chalcone
(cf. schéma 2).

Les arguments d’ordre spectroscopique sont les suivants: la
présence du motif trans chalcone est établie par les analogies
observées entre les spectres d’absorption uv—visible, infra-
rouge, de rmn 'H et de rmn-"*C du composé 5a et ceux de la
trans benzalacétophénone 6 (cf. partie expérimentale); le motif
tétrazole est décelé en spectroscopie infra-rouge par 1'ob-
servation d’un ensemble de bandes caractéristiques dans la
région des empreintes (17, 18). En spectroscopie dé masse,
I’observation des ions moléculaires n’est pas possible par la
technique de ’impact électronique L.E. 2 70 eV ni méme a plus
basse énergie. L’ion de masse la plus €levée est alors celui
résultant de la perte de N,. Dans le cas du tétrazole 5a, une
fragmentation M* — N;  est également notée, elle conduit au
cation oxazinium (M* 310, Masse Exacte). Pour les autres
tétrazoles, les méme hypothéses de fragmentations semblent

"L’étude détaillée du comportement thermique et photochimique
des tétrazoles fait I’objet d’un article a part soumis pour publication au
Can. J. Chem. (16).

raisonnables, d’autant que des observations similaires ont été
faites dans le cas d’aryl et d’alkyl tétrazoles (19, 20). Le re-
cours a I’ionisation chimique (IC) permet d’observer les ions
quasi moléculaires (cf. partie expérimentale).

II. Mécanisme d’ obtention du tétrazole 5a

La formation de ce tétrazole pose deux questions: celle du
mécanisme d’isomérisation de I’azido-2 2H-oxazine-1,3 4a
dont il dérive manifestement — et celle de savoir si cette oxazine
4a est bien le produit cinétique de I’attaque de N;~ sur
I’oxazinium-1,3 1a.

|. Filiation oxazine 4a — tétrazole 5a

Nous proposons, pour rationaliser I’obtention du tétrazole
Sa, deux tautoméries cycle—chaine impliquant I’imino-azide
7a (1, 3, 8, 21, 22) (cf. schéma 2) jusqu’ici rencontrées sépa-
rément pour des systemes voisins. (i) La tautomérie 4a = 7a
s’apparente aux classiques équilibres dienone = a pyranne (cf.
schéma 1) qui ont pu étre notés lors de I’étude de I’action de
nucléophiles (23) et en particulier de I’ion azoture (1, 3, 8) sur
les cations pyrylium. (cf. schéma 1). (ii) La tautomérie 7a =
S5a est un équilibre du type iminoazide—tétrazole dont on
connait de nombreux exemples (21, 22).

L’obtention des tétrazoles Sa constitue une dérivation au
schéma réactionnel initialement envisagé:
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TABLEAU |. Résonance magnétique nucléaire du '*C des poles
d’attaque des oxaziniums-1,3 1. Réactivité vis a vis de N3~

¢
4 N
Jor
¢ 0
ClO4

R2
1

. Attaque de N;~
d °C, T™MS, (CFs:COOH) ———m ———

Composé 1 C2 C4 C6 Réactivité %S
b R®=0CH, 177,5 170,1 175,2 1b 90
a R®=H 178,1 170.5 176,2 \ croit 92
¢ R* = NO, 178.4 168,2 178,0 lc 75

Cation Ny~ A hétérocycle
aromatique — azide —_— azoté

-N,

hétérocyclique hétérocyclique heptaatomique

puisqu’elle inhibe la formation des hétérocycles hep-
taatomiques. Toutefois le mécanisme que nous proposons (cf.
schéma 2) pour leur obtention laisse entrevoir des possiblilités
de retour vers I'iminoazide ou I’azido-2 2H-oxazine-1,3 qui

TABLEAU 2. Spectres de masse des oxazines-1,3 3et 14 (ILE.; 70 eV)

H, R*

o
&7 07 HCeH,R?

Composé Spectre de masse
3aR*=H 311(8); 208(100); 207(85); 179(10); 131(28);
R* = C¢H;s 130(11); 105(60); 103(70); 77(77)
3b R* = OCH, 341(8); 208(100); 207(96); 179(18); 165(5);
R* = CeH; 133(50); 131(39); 130(13); 105(48); 103(61);
71(96)
3¢ R* = NO, 356(2); 208(53); 207(60); 179(10); 165(5);
R* = C¢Hs 148(3); 131(22); 130(10); 118(14); 105(35);
103(38); 77(100)
14 (33)R*= 253(1); 149(7); 145(5); 132(3); 121(20);
R*=H  120(18); 105(100); 103(15); 77(80)

sont les formes intéressantes du schéma réactionnel général. A
ce titre, a été entreprise une étude des différents facteurs inter-
venant sur les deux tautoméries impliquées dans la formation
des tétrazoles (16).

2. Mode d’action de Ni~ sur les oxaziniums-1,3 1

Afin de savoir si ’azido-2 2H-oxazine-1,3 4a est ou non le
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TABLEAU 3. Spectres de résonance magnétique nucléaire du "'C des 2,4,6 polyaryloxazines-1,3
3”

4™~R2

2= )+ 14 15¢

Z=H Z = CH;

Carbones a R = b R>=0OCH,y ¢R*=NO, R*=H = H
2 1522 152,0 150.6 151,4 150.6"
Cé 1462 146,3 146,5 145.7 148,8°
EL?;EeOrgz?res cr 132,8* 124.9 138,1 130,4 132,9°
‘ (123.9) (138,8)° : :
ClI" 1444 144,6 1437 — 145.1°
cl” 1324 132,9 132.3 131,0 132,5°
Carbones” , 162,0 149,5
ertiaires 131.0 (161,2)° (150.6)" 128.9
c4 56,6 56,5 56.9 41.4*
cs 100.8 100,0 100.6 95,0
c4" 127.2 127.2 127.6 —
c4” 1283 128.9 129.8 126.7

* Peuvent étre inversés.
*Nos attributions.

“Déplacements chimiques en ppm/TMS interne, solutions dans CDCl,.

"En raison de la complexité des spectres, les carbones tertiaires des groupes aryles n’ont pas été attribués,
excepté les carbones para (identifiables par feur intensité et pour 4’ par la substitution).

“ Déplacements calculés par incrémentation (30) & partir des 3 "'C de 3a.

“Diphényl-2,6 oxazine-1,3 14 (29) facilitant I'attribution du carbone C1” des oxazines 3.

“Diphényl-2,6 méthyl-4 oxazine-1,3 15: spectre de ""C publié sans attribution (31).

s "C OCH, = 55,3 ppm.
“Carbone secondaire.

produit cinétique de I'attaque de N;~ sur I’oxazinium 1a, nous
avons tenté de répondre en procédant a diverses démarches.

(a) Action de NaN; sur 1a a basse température

On ne décele dans ces conditions aucune modification de la
réaction: ni diminution notable du rendement en 5a, ni for-
mation de nouveaux composés. Ce résultat signifie que
’oxazine 4a est probablement le produit cinétique de I’attaque.

(b) Action de NaN; a basse température et en présence de

triphényl phosphine

Nous avons tenté d’intercepter a froid le précurseur du té-
trazole Sa en procédant a.1’attaque de I’oxazinium 1a par N;~
en présence de P(d)s. La triphénylphosphine est en effet con-
nue pour capter les azides organiques en conduisant a des
adduits 1: 1 ou bien encore aux phosphoimines correspondantes
par perte d’azote moléculaire (24).

Dans ces conditions, le cours “normal” de la réaction est
modifié, une interception se produit effectivement puisqu’on
observe: une diminution du rendement en tétrazole Sa de 92 a
47% (I’interception n’est que partielle), et la formation d’un
composé phosphoré noté C.P. correspondant d’apres I’analyse
centésimale a la perte d’une molécule d’azote et a la fixation de
P(¢); en partant d’une azidooxazine 2, 3, ou 4 ou de tout autre
azide isomere (cf. schéma 3).

L’analyse centésimale n’a pu étre réalisée que sur le com-
posé C.P. brut car les essais de purification (recristallisation,
chromatographie sur couche mince) conduisent immanquable-
ment a une décomposition plus ou moins prononcée en mélange

de ($):PO et de triphényl 2,4,6-pyrimidine 8 (25) (cf. schéma
3). La fragilité de ce composé C.P. n’a pas facilité¢ la déter-
mination de sa structure. Cependant, aussi bien sa décom-
position que diverses données spectroscopiques (comme: ab-
sence de carbonyle en infra-rouge, certaines fragmentations en
spectrométrie de masse, présence dans le spectre de rmn *'P
d’un signal compatible avec un phosphore engagé dans un
cycle (26)) nous conduisent a admettre pour ce composé C.P.
une structure d’hétérocycle phosphoré. Dans le schéma 3 est
représentée I’hypotheése la plus vraisemblable selon laquelle le
précurseur intercepté a froid serait effectivement I’azido-2
2H-oxazine-1,3 4a. Le produit de I'interception serait alors
I’adduit RN;P(d); 9a sous forme ouverte ou cyclique dont le
réarrangement direct ou par intermédiaire de la phosphoimine
10a (forme ouverte ou cyclique) conduirait au composé C.P. de
structure 11a ou 12a.

Ces résultats confirment I’intervention d’un azide inter-
médiaire dans la formation du tétrazole Sa (cf. schéma 2) et
s’accordent avec I’hypothése de I’azido-2 2H-oxazine-1,3 4
comme produit cinétique de I’attaque de N;™. lls permettent
d’écarter I’hypothése d’un mécanisme concerté de |’attaque de
N;™ sur le pdle C2 de I’hétérocycie avec simultanéité de I’ou-
verture de cet hétérocycle et de la formation du cycle té-
trazolique.

(c) Effets de la substitution du péle C2 sur la réactivité de N;~
vis a vis des oxaziniums-1,3 1
Nous avons synthétisé de nouveaux oxaziniums-1,3
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TABLEAU 4. Spectres de résonance magnétique nucléaire "*C des triaryl-2,4,6 oxaziniums-1,3 1

"
R2

d

; Q
4
5 3
T, A
Carbones R®=H R’=O0OCH; R?=NO, Clof
C2 178,1 177.5 178,4* 173,4
Cc4 170.,5 170,1 168.2 169,3
Carbones C6 176,1 175,2 178,0* 173,4
quaternaires C1’ 128.8 120.9 135,1 129.8
(119,9)° (134,8)°
Ccl” 133,9 1340 133.8 134,1
cr 128.,8 128.,9 128.8 129,8
Cc4' 139,8%* 170,4 154.6 137,6
(170,0)" (159,4)°

Carbones C4" 140,8* 140,3 137,6
tertiaires” C4"" 139,8 139,2 140.7 137.6
C5 109.4 108,0 109.8 et C3 115,8

* Peuvent étre inversés.

“Déplacements chimiques en ppm/TMS interne, solutions dans CF,COOH.

" En raison de la compléxité des spectres, les carbones tertiaires des groupes aryles n’ont pas été attribués,
exceptés les carbones para (identifiables par leur intensité et pour 4’ par la substitution).

“ Déplacements calculés par incrémentation (30) & partir des & 'C du composé 1a.

“Triphényl-2,4,6 pyrylium utilisé comme modéle (1, 8).

présentant en C2 un groupement aryle C¢H.,p-R? - soit électro-
donneur et désactivant (15, R* = OCH,) — soit électroattracteur
(1c, R? = NO»), (cf. tableau 1).

De fagon tout 2 fait qualitative, on constate que I’oxazinium
anisylé 1b est moins réactif vis a vis de N3~ que les sels 1a et
1c.

Le recours a le spectroscopie uv—visible comme moyen de
comparaison des vitesses d’attaque des trois sels 1a & 1¢ n’a pas
permis un classement plus précis de leurs réactivités. En effet,
a de telles concentrations, intervient de facon non négligeable
la réaction concurrente d’hydrolyse des sels, en particulier dans
le cas de I’oxazinium nitré 1¢, qui conduit aux “pseudo-bases”
correspondantes: les 3 benzamido-trans-benzalacétophénones
13 (cf. partie expérimentale).

En revanche, le recours a des réactions compétitives d’atta-
que de N, sur des mélanges de sels d’oxazinium 1 fournit le
classement indicatif suivant (basé sur une analyse des mélanges
réactionnels par rmn 'H, cf. partie expérimentale): 1¢ (R* =
NO,), 1a (R* = H) > 1b (R* = OCH,).

Cette séquence suggere ’hypothese selon laquelle la réac-
tivité de I’ion azoture vis & vis des oxaziniums serait tributaire
dans une mesure restant a déterminer, de la charge du péle C,.
En effet, I’examen a priori de la substitution R* sur les carbones
hétérocycliques montre que I’effet mésomeére du groupe nitro
n’affecte pratiquement pas les poles d’attaque, cependant que
celui du groupe méthoxyle est désactivant. 1l est évident que
cette constatation ne constitue qu’une indication grossiére de
I’influence de la substitution et que bien sir I’ensemble des

effets électroniques doit étre pris en compte.

Dans un premier temps, nous avons fait appel au dé-
placement chimique “C pour situer, de fagon approchée, la
densité électronique des différents pdles des cations oxazinium,
sous réserve de la validité d’une telle relation pour ces cations
(27). Néanmoins, nous avons montré que pour des cations
hétérocycliques voisins: pyryliums et thiopyryliums, existait
une relation linéaire 8 *C et charge w.H.M.O (I, 8).

En ce qui concerne les oxaziniums-1,3 1, les données de la
rmn "C (cf. tableau 1) semblent confirmer [’hypothése d’une
influence importante du facteur densité de charge des pdles
éventuels d’attaque sur la réactivité de I’ion N;~. On observe en
effet que le pole C2 est le plus déblindé (voire le plus chargé)
et qu’un certain parallélisme existe entre le 8 *C du pole C2 et
la réactivité du cation correspondant vis a vis de N; (cette
derniére croissant du sel 15 au sel 1¢).

Cette hypothése amene a considérer comme moins favorable
une attaque sur le pole C4 qui s’avere étre le moins déblindé
voire le moins chargé des poles d’attaque. En revanche, dans
le cas de I'oxazinium nitré 1c¢, elle conduit & envisager la
simultanéité d’une attaque de N,~ sur les poles C2 et C6 qui
porteraient selon la rmn "*C des charges voisines. Un composé
supplémentaire a d’ailleurs été isolé en procédant a ’attaque du
sel 1¢ a basse température. Son trop faible rendement n’a
toutefois pas permis d’en préciser la structure ni, bien sfr,
’origine (attaque en C2 ou C6).

Un traitement théorique de la réactivité du systéme
oxazinium-1,3/N,” analogue a celui déja effectué dans le cas
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TABLEAU 5. Spectres de résonance magnétique nucleaire du '’C des pseudobases
triarylées 13
& &

o
0]

I . S

5.2 ~“N-2 5 /\H 7 (o]

sl | & 6 H v
7 O H R? @l/\o 5(4 ITI 2

4" 47 CH3 H ¢

13 6 16
13 6 16°
a b ¢
Carbones R°=H R'=O0OCH: R=NO;
C2 165,2 164,7 165.2 164,8
C4 157.1 157.5 156,4 144.,6 138.3
Carbones C6 192.0 191.9 192,4 190,2
quaternaires C|[' 133,5 125,6 138.9 134,1
(124,6)° (139,5)° *
(ol 136.4 136,5 1357 134.8 134,8
c1 138.,6 138.6 138.3 138.1
c4' 132,8%* 163,2 150,3 132,2
(163,0)° (152,4)°
Carbones  C4” 129,8 129,7 130,1 130,4 128,1
tertiaires”  C4™ 132,8 132,6 133,1 132,7
C5 105.4 104,9 106,2 122,0 120,5

* Peuvent étre inversés.

“Déplacements chimiques en ppm/TMS interne, solutions dans CDCl,.

“En raison de la complexité des spectres, les carbones tertiaires des groupes aryles n’ont pas
été attribués, exceptés les carbones para (identifiables par leur intensité et pour 4’ par la
substitution).

“Déplacements calculés par incrémentation (30) a partir des déplacements du composé 13a.

“trans-Benzalacétophénone 6 utilisée comme modéle du systéme énonique.

“16 (31) modele de benzamide secondaire.
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de systéme pyrylium/N;~ (I, 2) est actuellement entrepris.
Tout d’abord il devrait permettre de vérifier la validité des
hypothéses émises, comme celle d’une relation linéaire 3
"C/densité de charges des poles éventuels d’attaque des oxa-
ziniums et celle d’une réactivité des cations 1 fortement tribu-
taire des charges, selon laquelle les azido-2 oxazines-1,3
seraient les produits cinétique de I’attaque. Enfin, il devrait
renseigner sur |’éventualité d’un complexe donneur—accepteur
du type de ceux observés (1, 8) dans le cas de pyryliums peu
encombrés, que nous avions envisagée pour interpréter
I’exaltation de coloration observée au début de la réaction entre
N;~ et I’oxazinium 1a.

Partie expérimentale

Les spectres d’absorption ultraviolet—visible et infrarouge ont été
respectivement enregistrés sur des appareils Hewlett Packard 8450 ou
Philips SP8-250 et Philips SP3-200. Les spectres de rmn 'H et rmn ''C
ont été enregistrés sur appareils Varian EM360 ou Bruker WP80 et sur
appareils Bruker SY80 et WM250. Quant aux spectres de masse, ils
ont été effectués par Mesdemoiselles J. Mercier et C. Lange que nous
remercions, respectivement — au Centre de Mesures Physiques de
Paris sur un spectrometre AEl MS50 — au laboratoire sur un spec-
trographe quadrupolaire NERMAG RI10-10C. Les analyses élémen-
taires ont été effectuées par le Centre de Microanalyse du C.N.R.S.
ou au Laboratoire de Microanalyse de I'Université Pierre et Marie

Curie. Les points de fusion non corrigés ont ét€ déterminés de fagon
instantanée au banc de Kofler.

|. Synthése et structure des triaryl-2,4,6 oxaziniums-1,3 1

La structure des oxaziniums-1,3 1 repose tant sur leurs propriétés
spectroscopiques que sur celles de leurs précurseurs, les
4H-oxazines-1,3 3 (Nu = H), et celles de leurs produits d’hydrolyse,
les B-benzamido-trans-benzalacétophénones 13. Une étude spec-
troscopique de ces trois classes de composés a donc été menée en
recourant notamment 2 la rmn "*C.

(a) Propriétés des 4H-oxazines-1,3 3 (Nu = H)

Les oxazines 3a et 3b étaient déja connues (10, 28) ainsi que
I’oxazine 14 (29) qui a servi de modele pour les attributions de dé-
placements en rmn *C. L'oxazine nitrée 3¢ nouvelle a été préparée
selon Schmidt (10): (60%); Fi 134°C (éther); ir cm™' (KBr): 1690,
1640, 1605, 1580, 1520, 1500, 1455 et 1350; UV Ajpux MM (€nax),
(éther): 214 (4,32), 272 (4,32); rmn 'H (CDCl;) & ppm/TMS: 5,75
(syst. AB, 2H, J = 3 Hz). Anal. calc. pour C»;H,N.Os: C 74,14, H
4,53, N 7,86; tr.: C 74,04, H 4,70, N 8,0l. Spectre de masse: cf.
tableau 2; rmn "*C des oxazines: cf. tableau 3.

(b) Obtention et propriétés des triaryl-2.4,6 oxaziniums-1,3 1

Seul I’oxazinium la était connu (10). Les oxaziniums 15 et 1¢ ont
été obtenus selon la méme méthode (10) par oxydation des
4H-oxazines-1,3 3 correspondantes.

Perchlorate de diphényl4,6 paraméthoxyphényl-2 oxazinium-1,3
Ib: (60%); Fi 265-267°C (CH.CN, éther); ir cm™' (KBr): 2850,
1615, 1590, 1530, 1095; uv—visible (CH:CN) Apax NM (108 €max): 375
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TABLEAU 6. Propriétés spectroscopiques des tétrazoles §

$
Hsf\ ,I\\I\N
o =N/

pCsH4R2
5
Sa Sb Sc
Spectre R*=H R? = OCH; R’ = NO,
Infra-rouge” 1665, 1620 ' 2840, 1665 1665, 1610, 1580
(KBr) cm™' 1600, 1590 1610, 1580
Ultraviolet—visible (éther) 228 (4, 11) 247 (3, 56)
Amax M (108 €max) 290 (4, 06) 331 (3, 49)
Résonance magnétique nucléaire du 'H 7,85-7,65 (m, 4H) 7,9-6,8 (m, 15H) 8,5-8,1 (m, 4H)
5 ppm/TMS interne 7,6 (s, Hs)" 3,75 (s, 3H) 8,1-7,3 (m, 11H)
Solution CDCl, 7,55-7,25 (m, 11H)
Masse (M) (352) (382) (397)
D.I.C. (NH3; 0,1 Torr) M+ 1" 353 (M + 1)" 383 M+ 1)* 415
ions quasi moléculaires M+ 1)* 398
LE. 70 eV 324(10), 310(6)° 354(3), 340(2) 369(10), 355(30)
247(3), 105(100), 277(1), 135(25) 292(5), 150(10)
77(70) 105(94), 77(100) 105(55), 77(100)
C H N C H N C H N
Analyse % calc. 74,98 4,58 1590 72,23 4,74 14,65 66,49 3,80 17,63
% tr. 74,62 4,49 15,68 72,42 4,81 14,76 66,38 3,88 17,88

“On note entre 1340 et 690 cm™' la présence d’un ensemble de bandes caractéristiques du noyau tétrazolique (17, 18).

* Position confirmée par la rmn & haut champ (250 MHz), par I’'emploi de Eu(fod), et par effet de solvant ASIS (34), (CeDs): 7,9-7,4 (m, 4H),
7,15 (s, *Hs), 7,1-6,8 (m, 11H).

“Masse Exacte calc. pour C»,H(NO: 310, 1231; tr.: 310, 1236.

la + 15 1c + 15
5% 107 mol 5 X 107° mol 5% 107°mol 5 %X 107° mol

| Action & I’abri de la lumigre de 20 mg NaN; ~ 3 X 107" mol |
5 em® de CH,CN pendant 5 min &2 —5°C

Mélange réactionnel Mélange réactionnel
S5a + 5b+ 1la+ 1b Sc+5b+ 1c + 1b
! Hydrolyse !

Pseudobases 13a + 13 Pseudobases 13¢ + 135
Tétrazoles Sa + 5b Tétrazoles 5¢ + 5b

| Silice séparation ccm tétrazoles/pseudobases |

Tétrazole 5a Tétrazole 5b

Tétrazole 5b Tétrazole 5¢
l Dosage rmn 'H CDCl, Dosage rmn 'H DMSO-d, l
Résultat: 56/5a = 0,80 Résultat: 56/5¢ = 0,78

SCHEMA 4
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TABLEAU 7. Spectres de résonance magnétique nucléaire du '*C des tétrazoles 5¢

N
O o

4 CH

47 4
7
R2
6 17
5 6’ 17¢
a b C a 4
Carbones R®°=H R’ =O0OCH, R*=NO, R*=H R’=NO,

C2 155,9 155.4 154,3 154.2 152,7
Cc4 142,7 142.6 142.0 144.5
Carbones C6 189, 1 188.9 189.9 190.,0

: ; ' 116,6 120.9 5 129.9

quaternaires C1 124,8 (115.9)° (130.8)° 123,2 (129.2)°

Ccy” 1345 1344 134,1 134,6
C1” 1382 138.,0 137,7 137,9

/ ; 162.,9 149,9 148.8

4 * ’ 7 ’

C 131.8 (162,0)" (151.4) 131,3 (150,9)"

Carbones  C4” 132,2 132.,4 132,6 130,3
tertiaires” C4" 1343 134,4 1347 132,7
C5 123,9 124.3 124,6 122,0

* Peuvent étre inversés.

“Déplacements chimiques en ppm/TMS interne, solutions dans CDCOCD;.

“En raison de la compléxité des spectres. les carbones tertiaires des groupes aryles n’ont pas été attribués
exceptés les carbones para (identifiables par leur intensité et pour 4’ par la substitution).

“ Déplacements calculés par incrémentation (30) a partir des déplaccments du composé Sa.

“trans-Benzalacétophénone 6 utilisée comme modele du systeme énonique.

“17 (35): modele de tétrazoles.

(5,38)., 436 (5.03); rmn ''C: cf. tableau 4. Anal. calc. pour
Cy:H N, O, Cl: € 62,80, H 4,13, N 3,18, Cl 8,06; tr.: C 62,49, H
4,23, N 3,30, C1 7,83.

Perchlorate de diphényl-4,6 paranitrophényi-2 oxazinium-1,3 Ic:
(85%); Fi 275-280°C (CH,CN, éther); ir cm™' (KBr): 1625, 1590,
1520, 1350, 1100; uv—visible (CHsCN) \,.. nm (log €,..): 274
(4,36), 352 (4.41), 404 (4,44); rmn "C: cf. tableau 4. Analvse: com-
posé ne pouvant étre isol¢ pur, cf. analyse centésimale de son produit
d’hydrolyse la pseudobase 13¢.

Pour les attributions des signaux & "C des oxaziniums-1,3 1 nous
nous sommes basés sur la comparaison de !'oxazinium triphénylé la
avec le pyrylium correspondant pour lequel 8C4 < 8C2 et 8C6 (1, 8).
Nous avons supposé que pour les oxaziniums-1,3 le méme ordre était
conservé et que le carbone C2 était le plus déblindé en raison de sa
situation entre deux hétéroatomes. Ceci a été confirmé en procédant
a |'enregistrement du spectre de 1a sans découplage des protons. On
observe alors que le carbone le plus déblindé est le moins couplé (il
s’agit de C2 qui apparait sous forme de triplet), cependant que le
signal suivant apparait sous forme d’un quadruplet (C6 subit un cou-
plage avec H2” et H6"™ et un couplage supplémentaire voisin avec H5).
Pour les oxaziniums-2.,4.,6 triarylés la séquence des péles éventuels
d’attaque apparait donc comme 3C2 > 8C6 > dC4. On constate que
ces positions sont plus déblindées que celles des pyryliums (8, 32).

(¢) B-Benzamido trans-benzalacétophénones 13: pseudo bases des

oxaziniums 1

L hydrolyse en milieu acétonitrile aqueux des oxaziniums 1a a 1¢
conduit aux pscudo bases 13a a 13¢ (33). Ces composés sont de
configuration Z et présentent une liaison hydrogéne intramoléculaire

entre le carbonyle et le groupe amidique. Ceci se manifeste — en
infra-rouge: bande de NH associé vers 3200 cm ™' et bande de C=0
conjugué et associé vers 1620—1625 cm™' — et en rmn 'H: présence
d’un signal trés déblindé vers 13 ppm.

B-p-Méthoxybenzamido-trans-benzalacétophénone 13b (70%); Fi
90-92°C (CH.CN, éther); ir cm™' (KBr): 3200, 2840, 1690, 1620,
1590, 1575; uv—visible (éther) Ay nm (log €,.): 213 (4,43), 283
(4,46) 344 (4.48); rmn 'H (CDClL) & ppm/TMS: 13.4 (s, IH, éch.
D-0). 6.5 (s, IH), 3,9 (s, [H); rmn "'C: cf. tableau 5). Anal. calc.
pour C>;H N ,O5: C 77.29, H 5,36, N 3,92; tr.: C 77.04, H 5,51, N
4,02; masse m/e: M™ 357 (3), 252 (75), 207 (5), 135 (40). 92 (20),
77 (100).

B-p-Nitrobenzamido-trans-benzalacétophénone 13c: (80%); Fi
192—194°C (CH,CN, éther); ir cm ™' (KBr): 3200, 1690, 1625, 1590,
1350; rmn 'H (CDCl;) 8 ppm/TMS: 13.4 (s, IH, éch. D-0O), 6.5 (s,
1H); rmn "*C: cf. tableau 5. Anal. calc. pour C22H,N-O4: C 77,29,
H 5.36. N 3,92; tr.: C 77,04, H 5.51. N 4,02; masse m/e: M" 372
(1), 261 (21), 267 (100), 237 (20), 105 (40), 77 (60).

II. Réaction de NaN, avec les triarvl-2,4,6 oxaziniums-1,3 1

A. Obtention des tétrazoles 5

1. Action de NaN; a température ambiante

A une mmol de perchlorate de triaryl-2,4.6 oxazinium-1.3 1a a 1c¢
en solution dans 10 cm® d’acétonitrile sec est ajouté un excés de NaN,
(2 a 3 fois la quantité stoechiométrique). Le mélange réactionnel est
agité a la température ambiante sous atmosphere inerte et a I’ obscurité
pendant 2 h. Il est repris a I’eau, extrait a I’éther. La phase éthérée est
séchée sur MgSQO, puis évaporée a température ambiante sous vide.
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Les tétrazoles 5a & 5¢ sont obtenus avec Ics rendements respectifs de
92%., 90% et 75%. Dans le cas de I'oxazinium lc¢, on isole également
5% de pseudobase 13¢ ainsi qu'un composé supplémentaire non iden-
tifié lorsqu’on opere a froid (environ 5 mg).

2. Action de NaN; a basse température

A une solution de 100 mg (0,22 mmol) de s¢l 1a dans 5 cm® de
CH,CN sec sont ajoutés a froid (environ —40°C) 35 mg de NaN,. Au
bout de 48 h I"analyse par chromatographic sur couche mince de silice
(ccm) n’indique qu’un secul produit. Le traitement habituel conduit a
84 mg (97%) de tétrazole 5a.

3. Action de NaN,; a basse température et en présence de P(Ph};

A une solution de 100 mg (0,24 mmol) de sel 1a dans 5 ¢cm® de
CH,CN sec sont ajoutés a froid (8 = —40°C) 100 mg de P(Ph), et 45
mg de NaNs. Au bout de 48 h, le solvant est chassé et le résidu analysé
par chromatographie préparative sur couche mince de silice, on isole
dans I'ordre d’élution (cyclohexane/acétate d’éthyle 8:2): P(d): en
exces, le composé C.P. (100 mg) Iégerement contaminé par P(d)s, la
triphényl-2,4,6 pyrimidine 8 (2,5 mg, 3,5%) identifiée a4 un
échantillon authentique (10), le tétrazole 5a (40 mg, 48%), la pseudo-
base 13a (22 mg, 28%) et P($):0 (3 mg, 3%) isolé par lavage a I’éther
des 60 mg constituant le dépot de ccm.

Composé phosphoré C.P.: 11a ou 12a: Fi ~ 190°C; ir (KBr) pas de
carbonyle; rmn 'H pas de signal caractéristique en dehors des H arom.
Anal. calc. pour C4H:,OPN, (P():0 + 8): C 81,73, H 5,45, N 4,60;
tr.: C81.89, H 5,32, N 4,77. Spectroscopie de masse: impact électro-
nique: on n'observe pas I'ion moléculaire MT 586 mais on retrouve
Iintégralité des spectres de P(Ph):O et de la pyrimidine 8; rmn *'P
(101,25 MHz) & ppm/H:POy: 28.3 (Pd:0); —6.4 (C.P.).

4. Classement de la réactivité des oxaziniums-1.3 la a ¢

Nous avons réalisé deux mélanges dans I'acétonitrile dc sels ayant
’oxazinium anisylé 15 en commun (cf. schéma 4).

Sur chacun dc ces mélanges il est procédé a 1'action de NaN,
pendant un court laps de temps (temps inférieur au temps nécessaire
a la réaction totale du plus réactif). On procede alors a I’hydrolyse des
sels n’ayant pas réagi. Les pseudobases 13 sont séparées (ccm) des
tétrazoles 5 qui sont alors dosés par rmn 'H en prenant comme réfé-
rence les intégrations du signal méthoxyle du tétrazole 5b formé.

11 apparait donc que le tétrazole 5 est obtenu en plus faible ren-
dement que les tétrazoles 5a et 5¢, ce qui signific que le sel 15 réagit
plus lentement avec N3~ que les sels 1a et 1¢ qui ne peuvent toutefois
pas étre différenciés.

(B) Propriétés spectroscopiques des tétrazoles

Les données spectroscopiques: uv—visible, infra-rouge et masse
sont consignées dans le tableau 6; rmn "C cf. tableau 7. L’inter-
prétation des spectres des tétrazoles est facilitée par leur comparaison
a ceux de deux composés modeles: la trans-benzalacétophénone 6 et
les méthyl-1 aryl-5 tétrazoles 17 (35).

L’attribution des signaux voisins de 190 et 155 ppm se fait sans
ambiguité aux carbones notés C6 et C2. L’ordre des & '*C des carbo-
nes quaternaires notés C1', C1” et C1" pour le composé 5a découle de
la comparaison avec les molécules modéles 6 et 17a. Les carbones C4'
et C4” du composé 5a présentent des déplacements voisins de ceux des
carbones correspondants des modeles 6 ct 174.

L’attribution du carbone C4 (& = 142,7 ppm pour 5a) a été con-
firmée par I’enregistrement d’un spectre sans découplage des protons.
C4 apparait alors comme le plus couplé des carbones quaternaires:
couplages avec H2", H6" et HS et élargissement dii au voisinage de
I'azote.

En conclusion, on est amené a considérer le motif tétrazole comme
un groupement azoté trés particulier: contrairement au motif benza-
mido, son introduction cn position B sur la trans-benzalacétophénone
n’a pratiquement pas d’influence sur le systéme &nonique.

17.
18.

19.
20.

25.
26.
27.
28.
. S. GABRIEL. Justus Liebigs Ann. Chem. 409, 305 (1915).
30.
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32,
33.

34.
35.
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KEITH RADLEY and ALAN S. TRACEY. Can. J. Chem. 63, 95 (1985).

Nematic and twisted nematic mesophases have been prepared from various mixtures of potassium N-dodecanoyl-/-alaninate
and its racemate. The induced pitch was determined as a function of optical purity as were nmr spectra from a variety of
additives including several inorganic salts and d,/-alanine. Dipolar couplings from the CHCH, moiety of the alaninate
headgroup were studied, as were quadrupole splittings from the N—D of the amido group and the D,O of the water. It was
proposed that with development of cholesteric behaviour on proceeding in a stepwise fashion from the ¢,/ to / amphiphile, the
individual disk-like micelles twisted into a chiral shape, then aggregated to form domain-like structures. The major axis of these
aggregates is the axis along which the helix propagates and this local axis serves as the director axis for the aggregates. The
individual aggregates reorient as a unit when placed in the magnetic field of an nmr spectrometer. As a consequence of this,
the diamagnetic anisotropy of the mesophase prepared from the / amphiphile is positive in sign while that of the 4,/ analogue
is negative. Despite this observed change in diamagnetic anisotropy, the alignment of the individual micelles is not different
for the chiral and racemic materials.

KEITH RADLEY et ALAN S. TRACEY. Can. J. Chem. 63, 95 (1985).

On a préparé des mésophases nématiques et nématiques croisées a partir de divers mélanges de N-dodécanoyl! /-alaninate
de potassium et de son racémate. On a déterminé le pas induit en fonction de la pureté optique ainsi que les spectres rmn obtenus
par I’addition de divers produits incluant plusieurs sels inorganiques et la d./-alanine. On a étudié les couplages dipolaires de
la portion CHCH, de I’alaninate de téte ainsi que les couplages quadrupolaires N—D du groupe amido et du DO de [’eau.
Il a été proposé que, si on développe le caractere cholestérique lorsqu’on procede par étape de I’amphiphile 4,/ vers le /, les
micelles individuelles en forme de disques se croisent pour prendre une forme chirale et elles s’agglutinent ensuite pour former
des structures en forme de domaines. L axe principal de ces aggrégats est ’axe le long duguel I'hélice se propage et cet axe
local sert d’axe directeur pour ces aggrégats. Les aggrégats individuels se réorientent sous forme d’unité lorsqu’ils sont placés
dans le champ magnétique d’un spectrometre rmn. A cause de cette réorientation, 1’anisotropie diamagnétique de la mésophase
préparée a partir du /-amphiphile est de signe positif alors que celle de ’analogue 4,/ est négative. En dépit de ce changement
observé dans anisotropie diamagnétique, il n’y a pas de différence dans I’alignement des micelles individuelles des substances

95

chirales et racémiques.

Introduction

The twisted nematic or cholesteric liquid crystalline ma-
terials were the first class of liquid crystals to be recognized
(1). The term “cholesteric” designates the fact that early ex-
amples of this case of mesomorphic materials were prepared
from derivatives of cholesterol. The most striking characteristic
of these compounds is their selective reflection of incident
light, thereby providing an intense irridescence. This behaviour
derives from a helical arrangement of the constituent molecules
induced by the specific interactions between chiral centres of
adjacent molecules.

In the lyotropic mesophases employed in this study, choles-
teric behaviour arises by a much more complex behaviour. The
nematic state is characterized by micellar aggregates dispersed
through an aqueous medium. In twisted nematics, the individ-
ual micelles are organized into a helical arrangement via inter-
actions with other micelles. This implies that there must be a
high degree of molecular order within each micelle, similar to
that for the thermotropic twisted nematic mesophases, and that
information concerning this molecular order is transferred from
one micelle to another. The mechanism of transfer of this
information is of interest. The interactions between micelles
generate a helical axis giving rise to reflectance bands in the
infrared rather than in the visible light region. The wavelength
of reflected light, Xy, is directly proportional to the pitch, P, of
the helical axis and is dependent on the average of the refractive
indices, v and m, so that eq. [1] is obtained. In this expression
|| and L refer to an axis parallel or perpendicular to the helix

[ Traduit par le journal]

[ a="20"p
axis respectively.

The pitch of the helix can also be readily measured by mi-
croscopy (2); however, it is sometimes more convenient to use
diffraction of laser light where the twist (1/P) is given by
Bragg’s Law for diffraction

[21 1/P = sin o/

where A, is the frequency of the incident light and o is the angle
of light diffraction. Laser diffraction allows samples prepared
for nuclear magnetic resonance (nmr) spectroscopy to be in-
vestigated without disturbing them. This is particularly con-
venient when samples have been homogeneously aligned by
the magnetic field of the nmr spectrometer through their dia-
magnetic anjsotropy, since the aligned samples give sharp
diffraction bands.

Both twisted nematic and nematic lyotropic mesophases
have been studied by microscopy using polarized light (2—6)
and by nmr spectroscopy (6—9). The texture observed under
the microscope is dependent on aggregate shape and thus
microscopy can differentiate between nematic mesophases
formed from the disk-like lamellar aggregates or the rod-
shaped cylindrical aggregates (3). This information is nec-
essary for the interpretation of the results from the nmr
experiments.

The sign of the diamagnetic anisotropy of the individual
micelles is important when studying twisted nematics. If this
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quantity is negative, the micellar aggregates align with their
major axis perpendicular to the magnetic induction, B, which
defines the z axis. Because By is cylindrically symmetric, the
helical arrangement is free to propagate along this axis. The
symmetry in B, of course, may effectively be destroyed in the
conventional iron-core magnet spectrometers by spinning the
sample, thus providing a unique axis perpendicular to B. Such
sample spinning will, in general, destroy the helical arrange-
ment provided, of course, that aligning forces are stronger than
twisting forces; if not, two-dimensional order of the micelles
will then be obtained. If the diamagnetic anistropy of the
micelles is of positive sign, they align with their major axis, the
director, parallel to By. In this case, the cholesteric behaviour
may be destroyed when the helical axis propagates per-
pendicular to the director.

Nuclear magnetic resonance spectroscopy is a powerful tool
for investigating the details of interactions in liquid crystalline
systems. Such information may be inferred from dipolar cou-
plings and quadrupole splittings which provide information
concerning molecular alignment (10, 11). This alignment,
being determined by specific interactions, can be used to inves-
tigate those interactions. Of interest in this regard is the
specificity of interactions between centres of optical activity, in
particular the interactions between d,/ isomers of simple mole-
cules and an optically pure centre (d or /) of a micellar constit-
uent. Work with  and / alanine in a mesophase prepared from
optically resolved sodium decyl-2-sulphate has demonstrated
the feasibility of this approach (7).

Recently, twisted nematic mesophases prepared from potas-
sium N-dodecanoylalaninate have been described (4) and these
materials provide suitable systems to work with. They are
easily prepared in optically pure form and are readily obtained
chemically pure by recrystallization.

Experimental

The N-dodecanoylalanine used in this study was prepared from
commercially provided / and d./-alanine by reaction with dodecanoyl
chloride, as has been described (12), and that procedure differs little
from the procedure utilized here. The purity of the amide was mon-
itored by '*C magnetic resonance, which indicated that several re-
crystallizations from petroleum ether (60—80) were required in order
to remove dodecanoic acid. The product was made alkaline with KOH
to provide the potassium N-dodecanoylalaninate, which was re-
crystallized three times from ethyl acetate/ethanol. It was necessary
to take care that solutions were not made ecxcessively basic since
hydrolysis occurred to give potassium dodecanoate, which was not
readily separated from the desired product by recrystallization. The
purity of the product was"checked by '*C nmr and, if potassium
dodecanoate was detected, the free amide was regenerated by acidi-
fication and purification carried out before recycling to the salt.

The liquid crystalline samples were prepared by weighing the vari-
ous components into test tubes with a constriction in the centre. The
tubes were then sealed and a homogeneous material formed by repet-
itively warming and centrifuging through the constriction. The liquid
crystalline materials so prepared were transferred to nmr tubes, which
were then sealed.

Table 1 provides the compositions of the various samples used in
this study. For preparation B of this table, samples were prepared so
that they proceeded from the racemic amphiphile to optically pure
amphiphile in a stepwisc manner. Two mesophases of composition C
were prepared, C, from the racemic amphiphile and C, from the
optically pure amphiphile.

The nmr measurements were made at 303 K. This slight warming
of the samples allowed alignment in the nmr spectrometer to proceed
at a relatively much more rapid pace, thus considerably shortening the

TABLE 1. Compositions used to form the various mesophascs utilized
in this study. Compositions are given in percentages by weight

Sample KDDA" Decanol D-O Salt
A 22.70 6.38 70.92”
B 27.81 5.94 66.25"
C 26.85 6.04 60.40¢ 6.04 CsCl,
2.67 NaOAc

“KDDA refers to potassium N-dodecanoylalaninate which was changed in a
stepwise manner from the racemate to the /-detergent.

“D,0 contains NaCl. 1%; LiCl, 0.67%; CsCl, 1.6%: RbCl. 1%; d.l-alanine,
0.5%:; and /-alanine, 0.5% by weight.

“D,»0O contains d,/-alanine, 0.67% and {-alanine, 0.17% by weight.

spectrometer time required for this study. Variable temperature studies
were performed on several samples and no unexpected behaviour was
observed. For this study, 'H, *H, alkali metal ion, and halide ion nmr
spectra were obtained using a 400-MHz nmr spectrometer.

Various samples used in this study were investigated by microscopy
using polarized light. All observations were made at ambient tem-
perature =294 K and samples were contained in unsealed CAMLAB
microslides or between a microscope slide and a cover slip. Concen-
tration gradients were obtained when water evaporated at the exposed
edge of the samples. This allowed mesophases that are adjacent, in the
phase diagram, to the nematic (or twisted nematic) to be identified.

The pitches of the helical axis in the cholesteric materials were
measured by laser diffraction. The wavelength of the light from the
laser used was 6.328 X 107" cm. The samples used in the diffraction
measurement were generally the same as those used for obtaining nmr
spectra. Such highly aligned samples gave very sharp diffraction
bands. The temperature of the samples was controlled by placing them
in a brass block suitably drilled for water flow, sample placement, and
an optical path. The temperature was then controlled with circulating
water from a thermostated water bath. The temperature of the brass
block was determined to within 0.1° using a calibrated thermocouple
thermometer.

Results and discussion

Micelle structure

Two samples were prepared according to composition C of
Table 1. One sample was prepared from potassium N-dodec-
anoyl-d,/-alaninate, the second from the corresponding / de-
tergent. The samples were placed individually on microslides,
covered with a coverslip, and investigated with a microscope.
The first sample initially showed a schlieren texture which,
following spontaneous alignment of the nematogen, became
pseudo isotropic, characteristic of the nematic disk-like la-
mellar mesophase. The second sample provided the fingerprint
texture associated with a twisted nematic mesophase. Both
samples dried from the edges of the coverslip to give pseudo
isotropic textures and oily, streak mosaic textures which are
characteristic of lamellar layers. This indicates the nematic and
twisted nematic mesophases are closely related to the lamellar
phase, in accord with disk-like micelles (3). The pseudo iso-
tropic textures of the nematic phases were investigated using a
Bertrand lens and a full-wave retardation plate. The inter-
ference figures observed were consistent with positive bi-
refringence, which is characteristic of disk-like rather than the
cylindrical micelles (13). Similarly, investigation of the twisted
nematic mesophase provided interference figures consistant
with negative birefringence. This change in sign of bire-
fringence with introduction of twist is characteristic of thermo-
tropic materials (14).

The sign of the diamagnetic anisotropy of mesophases pre-
pared from the resolved detergent was established by obtaining
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TaBLE 2. Quadrupole splittings and dipolar couplings observed from various components of
the mesophase

Detergent*” Water®
Avnp DHCH_\ Dy (CHy) Avy; Avy, Ave, Avg AVD;() Dy (CHy)
17.8 0.245 —0.535 0.49 5.30 0.25 2.17 0.27 0.056

“All splittings are in kHz. The maximum deviation from the average was +5% for any component.
Splittings are independent of the proportion of optical resolution of the chiral detergent,

"Detergent splittings were obtained for the headgroup only; signs of splittings are relative.

“The CH; dipolar coupling is from the alaninc methyl group.

D,0

200 Hz

FIG. 1. Deuterium nmr spectra showing the change in deuterium
signal as the twisted nematic mesophase progressively aligns in the
magnetic field of the nmr spectrometer.

*H nmr spectra from the D,O immediately after placing a sam-
ple in the nmr spectrometer and at later time intervals. The first
spectrum in a series typically showed a slight distortion from a
true powder spectrum because a spectrum could not be obtained
rapidly enough to eliminate all contributions from partially
aligned material. Except for this, the first spectrum is charac-
teristic of a random orientation of microcrystallites, while the
others showed the development of signal intensity corres-
ponding to alignment parallel to the magnetic field axis. The
diamagnetic anistropy is therefore positive. Figure | shows the
progressive effects of increasing alignment on the nmr powder
spectrum. Signal intensity develops at the extremes of the
spectrum, a result caused by the spontaneous alignment of the
director along the magnetic field axis.

The above experiment could not be repeated for the racemate
since it was found to align too quickly in the nmr spectrometer
to provide a powder spectrum. However, when the sample was
placed in an iron-core spectrometer and allowed to orient while

spinning, a sharp D,O doublet was obtained, as was a well-
resolved alanine spectrum. This can only occur if the dia-
magnetic anistropy is negative, a result in accordance with that
previously reported for this mesophase (4). The twisted ne-
matic and nematic mesophase clearly are of opposite diamag-
netic anisotropies. The mesophase prepared from the racemate
consists of disk-like lamellar micelles of negative diamagnetic
anisotropy, is nematic in character, and is designated as Ny.

An interesting aspect of these materials is the behaviour as
a range of samples were prepared for which the amphiphile
varied from pure potassium N-dodecanoyl-/-alaninate to the
racemic compound. It was found that the samples prepared
from the racemic detergent were highly fluid and aligned
rapidly in the nmr spectrometer, while those prepared from the
[ material were significantly more viscous and aligned slowly
in the spectrometer. Samples of intermediate compositions
showed a gradual change in viscosity on proceeding stepwise
from the racemic to the / detergent. It seems clear that this
behaviour is related directly to the induced twist since mea-
surements of the headgroup alignment, both at the amido pos-
ition (given by the deuterium quadrupole splitting) and at the
methyl group (given by the HH dipolar splitting), were constant
throughout the range of d,/ to / amphiphiles. Such constancy in
alignment was also observed for the alkali metal and halide ions
incorporated into the mesophase and for the D,O solvent. The
d and l-alanine also contained in the mesophase showed a
constant average alignment although, in this case, d and /-
alanine gave independent spectra that coalesced into one for the
racemic detergent mesophase. The averages obtained for the
various measured parameters are given in Table 2. Deviations
from the average are less than 5%, dependent on the sample.

Figure 2 shows the change in twist (1/P) as a function of the
proportion of [ detergent and also the % change in alignment of
the methyl group of the ¢ and /-alanine from the averaged
alignment for the two isomers, As%. The behaviour of the twist
with proportion of / detergent is similar to that previously
reported (4). The change in pitch induced by change in tem-
perature (Fig. 3) is quite surprising since the pitch increases
with increase in temperature. This is in direct contrast with
thermotropic cholesteric liquid crystals where, except in certain
mixtures, the pitch always decreases with increase in tem-
perature (14). It is also seen from Fig. 3 that the difference in
the alignment of the d and /-alanines increases with increase in
temperature.

For cholesteric thermotropic mesophases, two mechanisms
have been proposed for the variation of twist with temperature
(14). Both are based on the increase in thermal motion which
leads to an increase in molar volume. This increase in molar
volume affects the structure of the helix by either increasing (/)
the intermolecular distance along the helix axis, thus increasing
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FIG. 2. The magnitude of the twist (1/P) induced in the mesophase
as the amphiphile is changed in a stepwise manner from the racemate
to the / derivative (O). The corresponding percentage change from the
average alignment of the & and [ isomers of alanine incorporated into
the mesophase is also shown (@).

the pitch, or (ii) by increasing the average displacement
angle of the director of one nematogen with respect to the
next, therefore decreasing the pitch. Although in principle the
first mechanism could account for the observations obtained
here, the explanation does not seem likely, at least on a
molecular basis, because of the structure of a nematic lyotropic
mesophase itself.

This mesophase consists of disk-like fragmented lamellae
dispersed into an aqueous medium and interacting strongly
with that medium via the polar headgroups of the individual
detergent molecules. The individual micelles are separated by
the interstitial water and will tend to stay separated since the
micelles carry an electrostatic charge. If the effect of the asym-
metry within one micelle is transmitted through the intervening
aqueous solution to a second micelle by way of pairwise inter-
actions (2) then a mechanism similar to the first, proposed for
thermotropic mesophases, might be operative.

There is evidence to suggest that the micellar surface on the
molecular level does not appear asymmetric from a distance.
For instance, the individual components of racemic serine,
tartaric acid, and other chiral molecules that are very hydro-
philic in nature do not provide well-separated nmr spectra cor-
responding to the individual isomers.' On the other hand,
slightly more hydrophobic species such as alanine do provide
individual spectra. This indicates that the mechanism giving
rise to the individual spectra is one of direct contact; a d to /
interaction is different from an [ to { interaction and this is
reflected in the nmr spectrum where the dipolar coupling
provides a direct measure of this difference.

On the basis of the argument advanced here, an increase in
temperature of the mesophase should lead to a greater differ-
ence between the two spectra from d and /-alanine. As the
temperature is increased, alanine will have an increased ten-
dency to partition into the micelle and thus spend more time in
contact with the optical centre of the individual amphiphiles.
The increasing difference between the two spectra is clearly
observed as shown-by Fig. 3.

These results from solute molecules demonstrate that infor-
mation concerning chirality within the micellar surface is not
efficiently transmitted into the interstitial water of the meso-

'A. S. Tracey and K. Radley, unpublished results.
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FIG. 3. The effect of temperature on twist (O) and on the
difference in alignment of d and /-alanine is depicted (@).

phase. This conclusion provides little support for the pairwise
interaction model, which suggests that specific interactions
between molecules within different micelles generates the twist
(2). The possibility of distorting a micelle into a chiral shape
was also suggested by those authors but rejected tentatively on
the basis of cholesteric behaviour versus distribution of chiral
molecules within the micelle. However, a distortion model has
been advanced by other workers (4) and distortion is supported
by the work here.

The distortion model proposed here has the following salient
features. The individual micelles are distorted into a chiral
shape. Chiral micelles aggregate to form domains. The helical
axis propagates along the major axis of the micellar aggregates.
The twist characteristic of each domain is the same as that
obtained by the twist measurements on the macroscopic
sample.

The above characteristics are supported by several lines of
evidence. The mesophase becomes progressively more viscous
and requires longer periods of time in the nmr spectrometer
before sharp nmr transitions are obtained as one proceeds in a
stepwise fashion from the d,/ to / amphiphile. This implies that
increase in viscosity is caused by a progressive stabilization of
a domain structure, although it could be a consequence of the
different symmetry in the two materials. There is no evidence
to suggest a significant change in micelle size. Indeed the
constancy of the measured parameters in Table 2 seems to
preclude such changes. The diamagnetic anisotropy deter-
mined for the mesophase prepared from the /-alaninate is op-
posite in sign to that determined for the racemate. Since the
helical axis generated by the chiral amphiphile is parallel to the
magnetic induction, it follows that the principle axis of the
diamagnetic anisotropy tensor is parallel to the helical axis.
This axis is the local alignment axis and as such is the director
axis for the mesophase, rather than an axis attached to the
individual micelles, as in the racemic material. This situation
arises because the intermicellar forces generating the twist are
strong enough that the micelles do not act as individuals when
a magnetic field is applied; instead, the aggregates of micelles
rearrange as the structural unit. The behaviour of the nematic
and cholesteric materials is best pictured by considering two
powder spectra, the first, derived from the racemic materials
(nematic) having some specified width, the second, corre-
sponding to the chiral material (cholesteric) having a width
one-half that for the racemate. As alignment is allowed to
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proceed, the first powder spectrum grows at the maxima of the
powder spectrum, 90° orientation, while the second spectrum
grows at the extrema of the powder spectrum, corresponding to
0° orientation. When alignment is complete the two spectra are
indistinguishable. This description is in accordance with all
observations.

The decreasing pitch with decrease in temperature reflects
the operation of a process similar to that of mechanism (i)
described for the thermotropic mesophases. The individual
twisted miceles within each domain pack closer together as
temperature decreases. This shortens the pitch because the
distance along the helix axis corresponding to one complete
rotation of micelle directors is decreased as the micelles
become closer together.

The decrease in mesophase viscosity with rise in temperature
and the corresponding faster rates of alignment could reflect a
smaller domain size as temperature is raised, but more probably
it just reflects the fact that there is more thermal motion. This
is supported by the fact that there is a memory associated with
these materials. If a sample is aligned at 30°C in the nmr
spectrometer, then removed, and laser diffraction used to
measure its pitch (also measured at 30°C), a sharp diffraction
pattern is obtained. With change in temperature, by say
+10°C, the diffraction bands are significantly broadened.
When the sample is returned to 30°C, sharp diffraction bands
are again obtained.

It is suggested that these liquid crystals be designated Chp
to specify that they are cholesteric mesophases of positive
diamagnetic anisotropy originating from disk-like fragmented
lamellae.

Conclusions

Lyotropic mesophases prepared from aqueous solutions of
potassium N-dodecanoyl-/-alaninate and its racemate have
been studied. A model for cholesteric behaviour in these
systems has been proposed.

Microscope studies shows that the nematic mesophase pre-
pared from the racemic amphiphile is composed of disk-like
lamellae. With increasing optical purity of amphiphile, indi-
vidual disk-like fragments develop a chiral shape which,
through interactions with adjacent micelles, induces the for-
mation of aggregates of micelles. In conjunction with this

aggregation, the diamagnetic anisotropy changes from negative
to positive. This change reflected the fact that the director for
the mesophase has become the axis of the domain along which
the helix propagates rather than the directors of the micelles
themselves.

The alignment of the individual micelles is insensitive to the
development of domains, a conclusion in accordance with the
observation that quadrupole splittings and dipolar couplings
from components incorporated into the aqueous region and
from the amphiphiles of the micelles remain constant, in-
dependent of whether the amphiphile is racemic or optically
resolved.
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(1985).

Secondary a-deuterium kinetic isotope effects have been determined for the elimination reactions of 2-phenylethyl halides
with tert-butoxide in tert-butyl alcohol at 40°C in the presence and absence of the crown ether 18C6. The second-order rate
constant k> and the normal (k"/4P). effect remained constant when the tert-butoxide concentration was varied for reaction of
the iodo and bromo compounds. However, both the magnitude of k» and the secondary a-deuterium isotope effect were
significantly dependent on [+-BuO~] when chlorine and fluorine are the leaving groups. 1t is noteworthy that (k"/k®), is inverse
for the reaction of both the chloro and fluoro compounds at “low” base concentrations and normal at “high™ base concentrations.
These results are discussed in terms of both syn- and anti-elimination pathways promoted by various associated and dissociated
base species. It is suggested that the (k"'/4°), effect may be useful as a criterion for determining the stereochemistry of E2
elimination reactions.

PETER JAMES SMITH, KANCHUGARAKOPPAL S. RANGAPPA ¢t KENNETH CHARLES WESTAWAY. Can. J. Chem. 63, 100 (1985).

Opérant a 40°C et en présence ou en ’absence de [’éther couronne 18C6, on a déterminé les effets isotopiques cinétiques
secondaires des deutérium en « sur les réactions d’élimination des halogénures de phényl-2 éthyles par la tert-butylate dans
’alcool tert-butylique. Dans les cas des composés iodés ou bromés, la constante de vitesse du deuxieme ordre (k) ainsi que
I’effet normal (k"/k"). demeurent constants lorsqu’on fait varier la concentration du tert-butylate. Toutefois, lorsque les
groupes nucléofuges sont soit le fluor ou le chlore, I'amplitude de &, ainsi que I'effet isotopique secondaire des deutérium en
o varient d’une fagon importante avec la concentration de I'ion tert-butylate. Il est notable que, pour les réactions des composés
fluorés ou chlorés i de “basses” concentrations de base, la valeur (£"'/k), est inverse; toutefois, a des concentrations “élevées”
de base, cette valeur est normale. On discute de ces résultats en fonction de voies d’éliminations syn et gnti qui sont favorisées
par diverses cspeces basiques associées et dissociées. On suggere que Veffet (k"'/k"), pourrait étre un critére utile pour
déterminer la stéréochimie des réactions d’éliminations E2.

The elimination reaction of the 2-arylethyl derivatives with
different leaving groups Y, ArCH,CH,Y, has been extensively
studied (1 —6) under a variety of solvent/base conditions. It has
been established that the majority of the reactions proceed by
way of the E2 mechanism following the anti pathway (5,7).
Experimental studies (8— 14) have demonstrated that the struc-
tures of the respective E2 transition states vary significantly in
accord with theoretical predictions (15—20).

The reaction of the 2-arylethyl quaternary ammonium ions
with base has been shown to have considerable carbanionic
character at the E2 transition state (1,11,21), while the corre-
sponding reaction of the 2-phenylethyl halides has been consid-
ered (11,16) to involve a more central E2 transition state where
the extent of the carbon—hydrogen and carbon — leaving group
bond rupture processes has progressed in a more synchronous
fashion.

In order to gain a direct measure of the relative amount of
hybridization change at the o carbon at the E2 transition state
(double-bond character), we have determined the secondary
a-deuterium kinetic isotope effects for the reaction of the
2-phenylethy] halides with rer-butoxide in zert-butyl alcohol
at 40°C, eq. [1].

(1] PHCH,CH-X + -BuO M PHCH=CH.,

X =F, Cl, Br, |

'Author to whom correspondence should be addressed.

[Traduit par le journal]

The reactions, which were shown to give the styrene product
in 100 £ 1% yield, were studied under pseudo-first-order
conditions where the tert-butoxide concentration was at least
in twenty-fold excess. The progress of the reactions was
determined by monitoring the product spectrophotometrically
(Amax = 248 nm). The analysis was done after the reaction
solutions had been quenched at appropriate times with a dilute
solution of sulfuric acid in 95% ethanol. This was done to
eliminate the appreciable absorption of ters-butoxide ion at
this wavelength. For reactions involving the crown ether 18C6,
the reference cell in the spectrophotometer contained a solution
of potassium terr-butoxide and the crown ether 18C6 in ftert-
butyl alcohol, both at the same concentrations as used in the
kinetic experiments in order to compensate for the absorption
of the complexed ~-BuOK at 248 nm.

The second-order rate constants for the reaction of the
2-phenylethyl halides with different trert-butoxide concentra-
tions in tert-butyl alcohol, both in the absence and presence of
the crown ether 18C6, are given in Table | along with the
observed values of the secondary a-deuterium kinetic isotope
effects, (k"' /kP),. The theoretical maximum values (22—25) of
the isotope effect corresponding to complete hybridization
change from sp’ to sp® at the transition state for the different
leaving groups are also included.

It is generally considered that the reaction of the 2-phenyl-
ethyl halides with ethoxide in ethanol proceeds by way of the
E2 mechanism (13,26—29). Since a plot of log &, (rate con-
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TABLE |. Secondary a-deuterium isotope effects for reaction of the 2-phenylethyl halides with

+BuO~ in +-BuOH in the absence and presence of 18C6 at 40°C

Leaving ) (K" /kPy,,
group  [+BuO"] M [18C6], M Kk, M ‘s K"/, (theoretical maximum)

| 0.01648 7.02x10°? 1.040x0.014% 1.188
0.03296 7.25%107* 1.047x0.016

Br 0.01688 1.92x107* 1.170=0.015 1.266
0.03376 1.99x10°* 1.165+0.011

Cl 0.01320 5.43x107* 0.820+0.020 1.323
0.08960 5.54%x 107" 0.808=0.004
0.2300 6.46x107* 0.966+0.008
0.2664 6.58x107* 1.047+=0.014
0.3060 7.16x 107" 1.149%0.010
0.3536 8.31x107* 1.165%+0.010
0.01296 0.01377 0.413 1.170x0.010

F 0.1767 8.11x10°° 0.862+0.012 1.488
0.4066 9.80x 107" 1.036+0.019
0.01523 0.01523 3.07xX107° 1.073x=0.014

101

*For two deuteriums.

1The error in the isotope effect is calculated using the formula:

Error = =(K"/k) [(AK"/K") + (AK°/KP)?]

where Ak™ and Ak" are the standard deviations for the rate constants for the undeuterated and deuterated reactants,

respectively.

stants found at “high” base concentration) for reaction with
tert-butoxide in the present study against log &, (EtO™) (30) is
linear,? it is reasonable to conclude that reaction with tert-
butoxide ion also proceeds via the concerted mechanism.

It is seen (Table 1) that the second-order rate constants for
both the iodo and bromo’ substrates do not change significantly
when the [-BuO~] is doubled. However, there is a significant
increase in k, in the reactions of the chloro and fluoro com-
pounds when the ters-butoxide concentration is increased
within certain limits; i.e., for the bromo compound, &, =
1.92 X 107? and 1.99 X 1072 M ~'s™' when [t-BuO~] =
0.01688 and 0.03376 M, respectively, while for the fluoro
compound k; = 8.11 X 107 and 9.80 X 107> M~' s~ when
[+-BuO~] = 0.1767 and 0.4066 M, respectively.

Addition of the crown ether [8C6 to the reaction of the
chloro compound leads to the expected large increase in the
magnitude of the second-order rate constant; i.e. k, = 5.43 X
107* M~" s7 when [+-BuO~] = 0.01320 M while k, = 0.413
M~'s™" when [1-BuO™] = 0.01296 M in the presence of
0.01377 M 18C6. It is known (31) that 18C6 complexes the
potassium of r-BuOK converting the ion pair or larger
aggregates to non-associated ions which are more effective
(stronger) bases.

It is seen that the secondary o-deuterium isotope effects,
like the &, values, do not vary with base concentration for the
reactions of both the iodo and bromo compounds. On the
other hand, both the a-deuterium isotope effects and the &,
values, for the reactions of both the chloro and fluoro com-
pounds with ~BuO~ in the absence of 18C6, vary over a par-
ticular range of tert-butoxide concentrations. Of particular

>The irreversible Elcb mechanism is also consistent with a linear
plot. However, since it has been established (14, 39) that both the F
and Br substrates react with +~-BuO™ in +~-BuOH via the concerted E2
pathway, it is reasonable to conclude that all four substrates react via
the same mechanism under these experimental conditions.

*Other workers (9, 39) also concluded that there was no significant
drift in the second-order rate constants for reaction of the bromo
compound in the +-BuO~ in +BuOH.

significance, however, is the observation that the secondary
a-deuterium isotope effects are inverse at low base concen-
trations. To our knowledge, this is the first example of an
inverse secondary a-deuterium isotope effect 