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Attempts to clarify the biosynthetic origin of the eggplant stress metabolite aubergenone (1) by incorporation of label from
sodium [2-?Hs, 1-'3CJacetate were frustrated by low yields and enrichment levels. However, the presence of deuterium in the
biosynthetically significant 5-position was demonstrated by *Hmr for the closely related auberganol (5) and - and B-eudesmol
(10 and 11), suggesting that these compounds, and hence also 1, are normal eudesmanes and not the products of a possible double
rearrangement. Deuterium was also incorporated into the expected positions of 9-oxonerolidol (12), 9-oxynerolidol (13), and
lubimin (4). Incorporation of label from [1,2-'C,]acetate could be determined satisfactorily only for 13 and its allylic isomer 14,
corresponding with expectations. This is the first report of § as a natural product and of 10, 11, and the 10-epimer of 4 as eggplant
stress metabolites.

ALBERT STOESSL et J. B. STOTHERS. Can. J. Chem. 64, 1 (1986).

Dans le but de déterminer I’ origine biosynthétique de 1’auberginone (1), un métabolite de stress de |’aubergine, on a effectué
des essais d’incorporation de 1’acétate-[?H3-2,3C-1] de sodium qui n’ont pas réussi i cause des faibles rendements et des faibles
niveaux d’enrichissement. Toutefois, on a pu démontrer la présence de deutérium dans la position 5, qui est significative d’un
point de vue biosynthétique, en faisant appel 4 la rmn du ?H de I’auberganol (5) et des «- et B-eudesmol (10 et 11) qui lui sont trés
apparentés; ces résultats suggeérent que ces composés et, par conséquent, le composé 1 sont des eudesmanes normaux et non pas
des produits provenant d’une double transposition. Il y a aussi incorporation de deutérium dans les positions prévues du oxo-9
nérolidol (12), du 0x0-9 nérolidol (13) et de la lubimine (4). Ce n’est qu’avec le composé 13 et son isomere allylique 14 que ’on a
pu déterminer d’une fagon satisfaisante 1’ incorporation d’un marqueur de I’acétate-[**C,-1,2) qui corresponde aux expectatives.
Les résultats obtenus dans ce travail correspondent a une pre:niére concernant I’existence du composé 5 comme produit naturel et
des produits 10, 11 et de I’épimére en position 10 du composé 4 comme métabolites de stress de I’aubergine.

[Traduit par le journal)

Aubergenone (1), a metabolite of Solanum melongena, has
until now been unique among the carbocyclic stress metabolites “
of the Solanaceae in that its structure is that of a normal 5~ HO o~
OH

eudesmane whereas the many other compounds of the group are
derived from hypothetical eudesmane precursors by carbon and
hydrogen migrations (1, 2). However, it has been shown
recently (3) that the biosynthesis of rishitin (2), a member of
the group, involves a remarkable second rearrangement of the
vetispirane, hydroxylubimin (3) (Scheme 1). The possibility
therefore arises that 1 may also be formed through a similar
sequence. In principle, this question might be answered through
the biosynthesis of 1 with [2-2Hj;,1-'*C]acetate incorporation.

If a vetispirane is an intermediate, its formation may be accom-
panied by hydrogen (deuterium) migration from C-5 to C-4, as
has been unambiguously demonstrated for 2, 3, and lubimin (4) OH

: " H

(4). In the present case this could give rise to an observable 10
signal in an uncluttered region of the ZHmr spectrum provided,
of course, that the incorporation level is sufficiently high and
that the C-4 hydrogen (deuterium) does not itself participate in
the hypothetical second rearrangement. On the other hand, if 1
arises from an acyclic precursor without carbon—carbon rear- HO | OH OH
rangement, the salient deuterium atom will remain bonded to
C-5 and, therefore, be observable either directly or through the
B-isotope shift in the C-6 absorption pattern. 13 14

To test these notions, eggplant fruit was treated with a sus-

i pension of Monolinia fructicola, as stress compound inducer, 2 dayg but t he incorporation level was so low that onl.y the
. 2 13 -3 deuterium signals for the methyl groups were observed in the
and, after 18h, with [2-“Hs,1-""Clacetate (1.86 X 107° M > 13 . . .

Hmr spectrum. The “°C spectrum was similarly uninformative,

revealing neither signal enhancements nor 3-shifts for C-2, -4,
Ipart 121 of 3Crmr studies; for Part 120 see ref. 12. -6, -8, -.10, or -11. Fortunately, the situation was sav;d in part
2Communication No. 1010 from the Research Centre; Part 47 of by the isolation of a new compound that was identified as a

“Postinfectional inhibitors from plants™; for Part 46 see ref. 13; for tetrahydroaubergenone, auberganol (5), by its 'H, "*Crmr, and

Part 45 see ref. 14; for Part 44 see ref. 15. mass spectra. Although this compound was not previously
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effective concentration). A small amount of 1 was isolated after
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known from eggplant or other natural sources, it has been
described as one of the intermediates in the laboratory synthesis
of 1 from a-cyperone (5). The 'Hmr and ms data for the
eggplant metabolite are in excellent agreement with the litera-
ture values and the mp is satisfactorily close. To confirm the
identity of 5, however, the compound was oxidized to 6, which
was completely transformed to 7 on refluxing with ethanolic
potassium hydroxide. Ketol 7 was obtained earlier as an inter-
mediate in the synthesis of 4-epi-aubergenone (6). A sample of
the latter compound® was hydrogenated to furnish authentic 7,
which was found to be identical to that obtained from 5. As an
aid for the assignment of the !*Cmr spectrum of 5, a portion of
ketol 7 was reduced with sodium borohydride to furnish a
mixture of two diols 8 and 9. The major product 8 was isolated
by fractional crystallization and exhibited the properties reported
earlier for 8 as a precursor of 7 in the aforementioned synthesis
of 4-epi-aubergenone (6). The minor diol 9 was therefore the 3o
isomer. The '*C data for 5-9 are collected in Table 1.

As in the case of 1, the incorporation levels in 5 were too low
to be detected by "*Cmr. On the other hand, however, the ZHmr
spectrum clearly showed the presence of deuterium in the
methy]l groups, with well-defined signals at 8 0.84, 0.86, and
1.18 for the 4-, 10-, and 11-methyl groups, respectively (*H
enrichment ca. 0.5%), and for some of the skeletal positions
(broad absorptions ca. & 1.05, 1.25, 1.4, 1.6). Most signifi-
cantly, a sharp signal at & 3.70 established the presence of
deuterium at C-3 (enrichment ca. 0.15%) and the absence of
absorption near & 1.88 showed there was little or no deuterium at
C-4. The absorption positions for the 3- and 4-deuterons were
known from analysis of the proton spectrum in which irradiation
atd 1.88 collapsed the 4-methyl doublet, & 0.84, to a singlet and
eliminated a 5.5-Hz coupling in the carbinyl pattern at 8 3.70,
thereby reducing the latter to a doublet of doublets, J = 5.5,
10.5 Hz. Some alteration in the spectrum near 8 1.25 indicated
this to be the position of the 5-proton, thereby tentatively
identifying an additional ?H signal. From these observations it
can be concluded that 5§ was probably formed without deuterium
migration from C-5 to C-4.% A definitive conclusion follows
from the presence of deuterium at C-3, since this establishes that
5 is not formed by reduction of 1 but, rather, is either in a
precursor or shunt relationship to 1.

Another crystalline substance, m.p. 81-83°C, was isolated
from the product and from its '*C spectrum, found to be a 2:3
mixture of a- and B-eudesmols, 10 and 11, respectively. These
could not be separated by either column or preparative thin-
layer chromatography but corresponded in all respects to the
like mixture of the two compounds obtained by Cordano er al.
(7) from Balanites roxburghii. The *Cmr spectrum of our
product once again showed no discernible enrichment or [B-
shifts; the data are listed in Table 1. The *Hmr spectrum
contained distinctive methyl signals at § 0.71, 0.75, and 1.18
arising from the 4-, 10-, and 11-methyl groups, respectively,
with broadened skeletal deuterium signals centred at & 1.36,

*Professor R. B. Kelly kindly provided a generous sample of 4-epi-
aubergenone.

4An unambiguous conclusion on this point is elusive because of the
possibility of two consecutive deuterium migrations, i.e. an eudes-
mane — a vetispirane — an eudesmane with C-5 — C-4 — C-5
deuterium migration, although it is known that the second migration
does not occur in the rearrangement of 3 — 2 (4). It would appear that
the only approach to a solution of this question would involve testing
of suitable vetispiranes for incorporation into 1, experiments which are
beyond the scope of the present study.
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1.44,1.50, 1.60, and 2.30. The & 2.30 signal corresponded to a
multiplet in the proton spectrum containing one large coupling,
~12 Hz, which could be attributed to the 5-proton.

To evaluate the situation more fully, the major eggplant
phytoalexins lubimin (4), 9-oxonerolidol (12), and $-oxynero-
lidol (13) were also isolated for examination of their spectra.
The 'Hmr spectrum of the lubimin sample revealed the presence
of ca. 10% of the 10-epi isomer which had been found
previously in potato (8) but not eggplant. The 2H spectrum of
this sample was essentially the same as that recorded earlier for
4 isolated in the course of analogous incorporation experiments
with potatoes (4), exhibiting readily assigned signals for deute-
rium at the aldehydic (8 9.78), exo-methylene (& 4.65), allylic
(8 1.60), and secondary methy! (8 0.93) positions. In addition,
broad signals centred at & 1.0, 1.4, 1.8, and 2.3 arising from
skeletal deuterons were evident, that at 1.4 corresponding to
1->’H and (or) 4-2H. The *Hmr spectrum of 12 contained
prominent signals for each of the four methy! groups, & 1.20,
1.50, 1.80, and 2.05, with that at 8 1.50 superimposed on
absorption for skeletal methylene deuterons. In addition, a
signal at & 3.00 arising from the 8-methylene deuterons and
weaker signals at § 5.25, 5.95, and 6.10 confirmed the presence
of deuterium at C-2, -6, and -10. These assignments followed
from the proton spectra obtained in an earlier study (9) and
reported previously by Hiroi and Takaoka (10). The major
metabolite isolated in the experiment was 9-oxynerolidol (13)
for which the ?H spectrum readily revealed incorporation at the
four methyl sites, 8 1.20 and 1.54, the latter signal arising from
the three unresolved allylic methyl groups and more than three
times as intense as the & 1.20 signal. In addition, methylene
absorption at 8 2.05 and olefinic signals at 8 5.95 and 5.22 were
apparent. The lack of absorption in the range & 2.1-5.1
confirmed the absence of incorporation at C-9. The *C spec-
trum of 13 revealed the presence of two diastereomers, as found
previously (9, 10) in a ratio of ca. 2:1. In contrast to our earlier
report, slightly different shieldings were found for 12 of the 15
carbons owing to the increased shift dispersion produced by the
3-fold increase of the observing frequency (300 vs. 100 MHz).
The data are listed in Table 1. It may be noted that the original
assignments for C-6 and -10 have been reversed (see below).
The effects of deuterium incorporation were just apparent in the
patterns observed for each of the enriched centres, C-1, -3, -5,
-7, -9, and -11, with distinctive 3-isotope shifts for C-1 (A =
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137 ppb), C-5 (110 ppb), C-7 (55 ppb), and C-9 (64 ppb) while
the C-3 and -11 signals were broadened.

In a preliminary experiment, similarly inoculated aubergines
were treated with sodium [1,2-13C,]acetate. Although auberge-
none (1) was present in trace amounts, insufficient material
could be isolated for spectroscopic examination. However, 13

. and its allylic isomer 14 were isolated from tissue extracts by
- chromatography and their 1*C spectra recorded to determine the

pattern of intact acetate units in each compound as indicated by
the bold linkages in 13 and 14. For each unit, the *C-'3C

 coupling constants could be measured and these data are in-

cluded in Table 1. The relative intensities of the '*C satellites
and the central signal for the coupled carbons indicated that the

" 13C enrichments were low, 0.25 and 0.15 = 0.05% for 13 and
. 14, respectively. The very low incorporation levels and the

minimal yield of 1 dictated a change in tactics, leading to the
experiment with [2-2Hs,1-'*C]Jacetate described above.
Auberganol (5) and the eudesmols 8 and 9 were not present in

. readily detectable amounts in extracts from uninoculated auber-
- gines. The experiments described above suggest that these,
- together with aubergenone (1), are normal, i.e. non-rearranged
. eudesmanoids. No eudesmanes have as yet been reported as
. stress metabolites of other species of the Solanaceae. It is at

present unknown whether auberganol is antifungally active but
at least one report describes (+)-B-eudesmol, isolated from
Hymenoclea monogyra, as active against Alternaria spp. (11).

Experimental

General experimental procedures and instrumentation utilized were
as described in earlier papers (8, 9) unless otherwise indicated. The *C
and ZHmr spectra were recorded with a Varian XL-300 system using
CDCl, (13C) and CHCI; (°H) solutions in 5-mm tubes.

Aubergines (imported from Florida) were purchased in the local
market in November and were of unknown storage age and variety. The
fruits (25) were cut longitudinally into equal halves, seeds and pith
were scooped out, and the resulting shells were charged with a
suspension of Monilinia fructicola (2 X 10° spores/mL, 40 mL/shell)
and, after 22 h, with sodium [2-2Hj,1-*Clacetate (Merck Isotopes
Inc., 98% 2H, 90% "*C, 8 mg (0.093 mmol in 10 mL of H,O/shell).
Two days after inoculation, the liquid diffusate was collected, com-
bined with water rinsings, and extracted with ether. Necrotic tissue
was scraped from the shells and extracted by steeping overnight in
MeOH/EtOAc (1:1), concentrating the filtered extract until mainly
aqueous, and reextracting with ether. On column chromatography over
SiO; (Camag DFO; 300 g) in sec-BuOH/EtOAc (5:95), the diffusate
extract afforded fractions (20 mL each) that consisted predominantly of
9-oxonerolidol (12) together with 10 and 11 (fractions 2628, 53 mg),
9-oxynerolidol (13) and its allyl isomer 14 (fractions 29-34, 140 mg),
a mixture of 4 and 1 (fractions 38—44, 41 mg), and crude crystalline 5
(fractions 50—61; 14.9 mg).

Rechromatography of fractions 26-28 gave 9-oxonerolidol (12)
(18 mg, no discernible enhancement or shifts in the Bc spectrum) and
compounds 10 and 11 as a crystalline mixture (13.5 mg); mp 81--83°C
after two recrystallizations (light petrol, —10°C); 'Hmr (CDCl;) 8 (10):
0.75 (s, 3H, 10-Me), 1.18 (s, 6H, isopropyl Me’s), 1.60 (bs, 3H,
4-Me), 5.30 (m, 1H, H-3); & (11): 0.66 (s, 3H, 10-Me), 1.18 (s, 6H,
isopropyl Me’s), 4.42 (m, 1H), and 4.70 (m, 1H) exo-methylene
protons; *Cmr (see Table 1); Hmr indicated low enrichment of ca.
0.016 atoms D/molecule; m/e: 222, 204, 189, 164, 161, 149, 93,
and 59 (100%). Exact Mass caled. for C,sH;60: 222.19835; found:
222.19805.

9-Oxynerolidol (13) was obtained nearly pure (97 mg) by rechroma-
tography of fractions 29-34 (MeOH/CHClI; 5:95). The small amount
of its allylic isomer that was also obtained was not further examined.

Aubergenone (1) (5 mg) was obtained from fractions 38—-44 by
column chromatography (MeOH/CHCl; 1:99) followed by multiple

TaBLE 1. '’C shielding data® for 5-11, 13, and 14

C-15

C-14

C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13

C-1

Compound

19.8
16.9
16.1
18.8
16.4
15.6
16.3
18.1

27.4
27.5
27.4
27.6
27.6
27.8
27.1¢
16.1,
[42.5)

46.0 40.2 26.4 49.8 22.8 39.7 33.1 8.4 72.8 27.0
48.7 39.5 25.0 49.4 22.2 41.5 33.2 15.0 73.0 26.9
42.8 35.7 24.8 49.6 223 41.6 335 16.0 73.0 27.0
46.4 493 26.7 49.4 22.7 40.5 33.2 13.5 72.8 27.0
45.4 51.0 26.4 48.7 22.1 40.7 334 11.3 72.8 26.9

46.7 24.4 50.0 22.5 40.2 32.2 21.3 73.1 26.8

49.5 25.1 49.8 224 (41.2) 359 1053 73.0 27.24
41.7 229, 128.4; 134.3; 48.0, 65.8¢ 127.6, 131.5, 25.6 28.0,

135.1
151.1

74.2
76.9
72.3
216.2
213.2
121.0
36.9
73.3

27.9
31.0
29.2
35.1
38.1
23.0
23.5
144 .8,

44.0
39.5
35.2
43.1
41.2
37.9
(41.9)
111.64

11
13%¢

mnmwoaaner-o
—

[41.8]

[39.4]

[50.0]

65.9,
125.0

[42.5]

[43.5]

[39.4]

[70.0]

16.1,4

27.7¢

128.3, 1344, 47.94 127.5; 131.6;
134.1 139.2

125.0

22.8,

144.9, 732,

144.8

111.5¢
111.6

29.8 27.9 16.1 29.8
[42.8)

70.6
[39.4]

41.9

42.3 27.7

73.4
[39.8]

4°

[39.4]

(39.8]

{72.3]

(42.8]

[43.5]

{70.0]

“One-bond 3C-13C coupling constants in Hz listed in square brackets; samples obtained from [1,2-'*C,]acetate experiment.

°In ppm from internal TMS for CDCl; solutions.
bUpper data set for the major diastereomer (see text}.
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preparative tlc (high performance precoated plates, Whatman Multi-K
type CS5KC,sF/KSF; EtOAc/toluene/HOAc 30:60:1) and was com-
bined for spectroscopy with another 3.2 mg similarly obtained from the
tissue extract.

Lubimin (15 mg) was obtained in the above purification of 1. It
consisted of 4 accompanied by a small amount of its 10-epimer as
judged from the 'Hmr spectrum.

Auberganol (5) was purified by recrystallization from EtOAc (5 mg),
mp 155~158°C; after a further recrystallization (EtOAc/ hexane) it had
mp 173.0-173.5°C (lit. (5) mp 166—166.5°C); ir (CHCL,): 3605 (s),
3460 (br), 2935, 2870, 2855, 1450 (d), 1382, 1370, 1130, 1080, 1008,
903 cm™!; too little sample was available for determination of the small
rotation (lit. (5), [a)p —2.7°); 'Hmr (CDCl;) 3: 0.86 (s, 3H, 10-Me),
0.84(d,3H, J =7.4Hz,4-Me), 1.18 (s, 6H, isopropyl Me’s), 1.92 (m,
1H, H-4), 3.71 (dt, J = 10.4 and 5.5 Hz, 1H, H-3); "*Crmr (see Table
1). Exact Mass calcd for C;sH,30: 240.20891; found: 240.20879.

The very complex tissue extract was used only for the isolation of 1
by similar chromatographic techniques.

In another experiment, similarly inoculated aubergines (20) were
treated with sodium [1,2-13C,lacetate (1.68 mg) in 1 mL of H,O added
to 10 mL of spore suspension/shell. Aubergenone (1) was present only
in trace amounts and could not be studied. 9-Oxynerolidol (13) (15 mg)
and its isomer 14 (16 mg) were isolated from the tissue extract by
chromatography over SiQ, in EtOAc/CH,Cl, 1:4.

Reduction—epimerization of 5

Auberganol (2.5mg) in acetone (ImL) at 0°C was treated at
increasingly long intervals with small drops of the Jones’ reagent
(59 mg CrOs;, 2mL H,SO4, H;O to 15mL) until a yellow colour
persisted for 30 min. Excess reagent was destroyed with MeOH (few
drops) and the solution extracted with Et,O (2 X 10 mL); the extract
was washed with 5% Na,CO; (2mL) and water (2 X 4mL) and
evaporated to give 6 (1.9 mg), homogeneous by tlc and 'H and *Cmr
spectra. This product was refluxed in 0.1 M KOH in EtOH (2 mL) at
74°C for 1h, poured into H,O (10 mL), acidified (2 M HCI, 0.11 mL),
and extracted into CHCl; (2 X 5mL) to give 7 as a syrup (—1mg)
identical (except for the presence of trace amounts of different impuri-
ties) with the sample prepared from synthetic 4-epi-aubergenone by
tlc, ir, 'H, and *Cmr spectra.

Reduction of 4-epi-aubergenone

The synthetic ketol (6) (15 mg) was hydrogenated over 5% Pd/C
(25 mg, prereduced) in EtOH (15 mL) for 6 h. Essentially pure trans-
dihydrocarissone (7) was obtained as a syrup on evaporation of the
filtered solution.

4-epi-Auberganols

Synthetic 7 (12 mg) in MeOH (2mL) was reduced with NaBH,4
(few grains) at 0°C. Extraction (CHCL,) from ice-water gave a mixture
of diols 8 and 9 ('*Cmr, see Table 1) as a syrup (11.5 mg). Crystalliza-
tion from CH,Cl, at —10°C gave 8 (3.2 mg), mp 136-140°C, raised
to 138-140°C by a further crystallization; ‘Hmr (CDCl;) 3: 0.83
(s, 3H, 10-Me), 0.97 (d, 3H, J = 6.8Hz, 4-Me), 1.19 (s, 6H,
(CH;),C(OH)—), 3.14 (ddd, IH, J = 5.0, 9.8, 11.0 Hz, H-3).
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Influence de nitrates métalliques sur 1’équilibre de dissociation ionique:
N,04 2 NO* + NOj dans le sulfolane
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ABDELLATIF BOUGHRIET, MICHEL WARTEL et JEAN-CLAUDE FiscHER. Can. J. Chem. 64, 5 (1986).

Au cours de la nitration des noyaux aromatiques par le N,O, en milieu aprotonique, la présence d’un nitrate métallique tel que
Zn(NO5),, Cu(NO;), o UO,(NO5),, génére ’espece catalytique NO™ selon la réaction N,O, + M(NO;), 2 NO* + M(NO3)3
[1]. L’étude voltampérométrique de la réduction de N,O,4 en présence de nitrates métalliques M(NOs), sur électrode de platine a
permis d’atteindre la valeur de la constante de I’équilibre [1] et celle de Ia constante de stabilité du complexe trinitrato formé selon
M(NO;), + NO3 = M(NO3)3 [2] dans le sulfolane (M = Zn, Cu, UO,). La forte stabilité¢ des complexes trinitrato M(NO3)3
est due aux propriétés peu solvatantes du solvant. Les comportements des ligands C1™ et NO3 étant trés voisins, cette hypothése
est vérifiée par 1’étude de la stabilité des complexes chlorozincates[II] (ZnCE~ (i = 1, 2, 3, 4)) dans le sulfolane, par

voltampérométrie a courant nul sur électrode d’argent.

ABDELLATIF BOUGHRIET, MICHEL WARTEL, and JEAN-CLAUDE FISCHER. Can. J. Chem. 64, 5 (1986).

The addition of a metallic nitrate such as Zn(NQOj;);, Cu(NO3),, or UO,(NO;), to N,O, solutions in aprotic media leads to the
reclaiming of the NO* species (which is considered as a catalyst for the nitration of aromatics by N,Oy) as follows: NoQ, +
M(NO3), 2 NO* + M(NO5)3 [1]. Using linear voltammetry, the study of the N,O4 reduction in the presence of metallic
nitrates with a platinum electrode has allowed us to derive the equilibrium constant for reaction [1] and that corresponding to the
formation of the trinitrato complexes in sulfolane according to: M(NOs), + NO3 2 M(NO3)3 (2] (M = Zn, Cu, UO,). The
strong stability of the M(NO3)3 complexes is due to the weak solvating character of the sulfolane. This hypothesis is also
confirmed by the stability constants of zinc[II] chloride complexes: ZnCEZ~ = ZnCl3Z{ + Cl~ (i = 1, 2, 3, 4) in sulfolane from
a potentiometric study by means of a silver chloride — silver electrode.

Introduction

La nitration du naphtaléne par N,O, en milieu aprotonique a
lieu selon un mécanisme faisant intervenir 1’espéce catalytique
NO™ (1) provenant de la dissociation ionique de N>O,4 selon
N,O, 2 NO™ + NO3. Cependant, la constante de dissociation
de N0, dans différents solvants aprotoniques est faible (Ko,
=7,1 X 10~% mol dm~> 2303 K dans le sulfolane (2), et K0,
= 6,3 X 107°mol dm ™3 2 298 K dans le nitrométhane (3a)).
Des composés tels que les nitrates métalliques (UO,(NO3),,
Cu(NO;), et Zn(NO;),) dans des solvants peu solvatants
(favorisant les homoconjugaisons ou hétéroconjugaisons) favo-
risent la dissociation ionique de N,O,4 par formation de com-
plexes nitrato M(NO3)? ‘(i =1, 2, 3, 4et M = UO,, Cu et
Zn). Afin de mieux connaitre le phénomene d’interaction entre
N,Q, et ces nitrates métalliques, nous avons étudié les constan-
tes de stabilité de ces complexes nitrato-métalliques:

[11  M(NO:)?Z{ + NO3 2 M(NOs)} ™/

N’ayant pu intégrer ces différentes entités chimiques dans un
couple électrochimique, mais également en raison de la faible
concentration des espéces M(NO;) ¥, M?* et NO3 en solution,
les constantes de stabilité des complexes M(NO3), et M(NO3) ™"
n’ont pas pu étre déterminées. Néanmoins, une étude voltam-
pérométrique sur électrode de platine poli des solutions des
dérivés oxygénés de 1’azote (3) a montré que le systéme
NO™/NO est rapide dans le sulfolane, ce qui nous a permis
d’entreprendre 1'étude de la réaction entre N,O,4 et M(NOs),
selon

[2] N,O, + M(NOs), 2 NOT + M(NO»)3

La formation de NO™ au cours de cette réaction a été suivie par
ampérométrie.

11 est a noter que si les nitrates de cuivre et d’uranyle con-
duisent a des complexes trinitrato (M(NQO3)3) (4), Addison et

Auteur a qui adresser la correspondance.

al. (4) soulignent, dans le cas du zinc, I’existence d’un com-
plexe tétranitrato ((NO),Zn(NO5)77). Ce complexe, formé
lors d’un mélange Zn(NOs3), et N;O4 en exces, est peu stable et
se décompose a température ordinaire. Peu d’informations
n’ont pu étre relevées dans la bibliographie quant a sa stabilité
en solvant aprotonique dipolaire. Les ions nitrate et chlorure
ayant des proprié€tés solvatantes trés proches dans le sulfolane,
la transposition de 1’étude des complexes ZnCl ' (i=1,2,3,
4), par potentiométrie a courant nul sur électrode d’argent, au
complexe Zn(NO;);~ devrait permettre de justifier la non-
stabilité du tétranitratozincate[Il] de dinitrosyle dans notre
solvant.

Partie expérimentale

Le sulfolane (Prolabo) est purifié selon la méthode déja décrite (5).
Les perchlorates d’argent (Fluka) et de tétraéthylammonium (Carlo
Erba) sont séchés & 333 K sous pression réduite durant 1 mois. Les
chlorures de tétraéthylammonium (Eastman Kodak) et de zinc (Merck)
sont séchés respectivement a 353 et 423 K sous pression réduite durant
8 jours.

Le UO,(NO;), anhydre est obtenu par déshydratation a 373 K de
UO,(NO;),,6H,0 (Merck) sous pression réduite. Une telle technique
n’est pas applicable aux nitrates de zinc et de cuivre qui se décomposent
en conditions de déshydratation. Les nitrates Zn(NQO;), et Cu(NQs),
rigoureusement exempts d’eau sont donc préparés “in situ” par réaction
dans le sulfolane entre de la poudre de métal (Cu, Zn) et un excés de
N,O,. Quand la réaction est terminée, le mélange réactionnel est placé
sous pression réduite, ce qui permet I’élimination de N,O4 en exces et
des oxydes d’azote NO et N,O; formés au cours de la réaction.

Le perchlorate de nitrosyle est préparé dans le nitrométhane par
addition d'un excés de N,O; a une solution de HCIO,4,H>0O. Le solide
recueilli aprés filtration est lavé au tétrachlorure de carbone.

Un millivoltmeétre Isis 20000 Tacussel est utilisé pour la potentio-
métrie. La stabilit€ des mesures est contr6lée sur un enregistreur
Tacussel EPL 2, relié au millivoltmetre. Toutes les préparations de
solutions sont effectuées en boite a gants. Les manipulations sont
réalisées a4 303 = 0,1 K. L'électrode d’argent est recouverte d’un dép6t
de AgCl, avant chaque manipulation, selon la méthode déja décrite (2).
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Les courbes intensité—potentiel, en régime stationnaire, sont tracées
4303 £ 0,1K al’aide d’un ensemble voltampérométrique Tacussel. La
vitesse de rotation de I’électrode indicatrice de platine (diamétre,
0,8 mm) est de 10 tours/s. La vitesse de balayage des potentiels est de
5mV/s. La voltammétrie cyclique est réalisée soit a 1'aide de la méme
électrode soit avec une électrode de diamétre =2 mm.

L’électrode de référence a déja été décrite (2). Le potentiel de
demi-vague du systeme ferrocéne—ferricinium est pris comme origine
de I’échelle de potentiel.

Le dosage de I’eaun est effectué par la méthode de Karl-Fischer
(réactif généré par coulométrie (6)).

Les spectres Raman de solutions équimoléculaires des mélanges de
N,O, et nitrate métallique dans le sulfolane ont été obtenus a I’aide
d’un spectromeétre Raman Dilor R.T. 30. Pour cela, nous avons utilisé
des tubes scellés contenant des solutions de 0,2 mol dm™> en nitrate
métallique et 0,2 mol dm™3 en N,O,. Laradiation excitatrice est 1a raie
4 488,0 nm d’un laser 2 argon ionisé, avec une puissance de 150 mW.

Résultats et discussion

Les courbes voltampérométriques sur électrode de platine
poli de solutions de nitrate métallique (UO,(NO3),, Cu(NO3),
ou Zn(NO3),), en présence de perchlorate de tétraéthylammo-
nium comme électrolyte indifférent, ne révélent pas dans le
sulfolane la vague d’oxydation caractéristique de I’ion nitrate
(Ey = +1,57V (3)). Ce résultat suggere donc que ces nitrates
métalliques sont peu dissoci€s dans notre solvant. I’addition de
N,0, a ces solutions fait apparaitre sur les courbes | = f(£) une
vague cathodique différente de celle correspondant a la réduc-
tion de N,O4, et qui croit avec le rapport de concentration
[N2041/[M(NO3),;]. De méme, si 1’on ajoute une solution de
nitrate métallique a une solution de N,Qy, il apparait une nou-
velle vague dont le potentiel, Ey = +0,74 V, correspond 4 celui
dusysteme NO* + e~ 2 NO en présence de N,O, (3b) (fig. 1,
cas du nitrate d’uranyle). La présence de I’entité NO™ en solu-
tion est confirmée par 1’étude en spectroscopie Raman des mé-
langes équimoléculaires N,O4~Cu(NO3),, NoO4—UO,(NO3),
et N2O4—~Zn(NO3), dans le sulfolane. En effet, les spectres
présentent une bande intense & 2285 cm ™!, caractéristique de la
vibration d’élongation vno de NO™ (fig. 2) (7). Nous représen-
tons en figure 3 I’évolution du courant limite de diffusion de la
vague cathodique attribuée 8 NO™ lors de 1’addition de nitrate
métallique 2 une solution de N,O,. La hauteur de cette vague
tend vers une limite, ce qui laisse supposer 1’existence d’un
équilibre particllement déplacé. Addison (4) signale, pour le
cuivre et 'uranium, la formation des complexes Cu(NOs)3
NO™ et UO5(NO3); NO™, et pour le zinc, la formation des
complexes Zn(NO3); NO* et Zn(NO3)3~ 2NOY, lors de
1’addition de nitrate métallique & N;O, liquide. La réaction peut
donc s’écrire, dans le cas des ions cuivrique et uranyle,

[21 M(NO3); + N;O4 @ M(NO3); + NO™*

Cette réaction laisse présager que la dissociation de M(NO;)3
en M(NOs3), et NO;3 est plus faible que celle de N,O, selon
N,O4, 2 NO* + NOj. 1l est & noter que le complexe
[Zn(NO3)4][NO]; se décompose a température ambiante (4).
Des travaux récents (8) confirment, dans le cas de I’uranium,
que seul le complexe [UO,(NOs)3 [[NO™] existe. Notre étude
portera, dans une premiere étape, sur les sels de cuivre et
d’uranyle.

I. Constantes d'équilibre de la réaction de N,O4 avec les
nitrates de cuivre et d’uranyle dans le sulfolane
L’étude électrochimique des mélanges N,O4—M(NO3), (avec
M?2* = Cu?* et UOZ™ et [M(NO3),]/[N,O4] = 1) montre que:
(i) en voltammétrie cyclique, 1’intensité du courant du pic

Fic. 1. Courbes intensité—potentiel obtenues dans le sulfolane a
303 K (électrode de platine poli) lors de I’addition de nitrate d’uranyle
a une solution de N,Q4. Electrolyte indifférent: [(C,H;),NCIO4] =
0,1 mol dm™3 [N,O4] = 6,83 X 10 >moldm™?; [UQx(NQ3);] = 0
(1), 1,01 x 1073 (2), 2,47 x 107 (3), 4,90 x 1073 (4), 6,87 X
107> mol dm™3 (5).

cathodique if est proportionnelle a la racine carrée de la vitesse
de balayage de potentiel; (i) par voltammétrie linéaire, le
courant limite # est proportionnel 4 la racine carrée de la vitesse
de rotation de I’électrode. Le processus €lectrochimique n’est
donc pas contrdlé par la cinétique de la réaction chimique [2].
La réduction de N,O,4 en présence de nitrate métallique peut
s’interpréter selon le processus

[21 N,O4 + M(NO3); 2 NO™ + M(NO4)5
NO* + e™ & NO

Le courant limite de diffusion étant proportionnel & la con-
centration de NO™, soit §(NO™) = kyo+-[NO™], il est possible,
connaissant le coefficient de proportionnalité i;(NO™)/[NO™]
de la réduction de NO™ (obtenue lors de 1’étude d’une solution
de NOCIO4) pour une méme électrode tournante (surface:
0,50 mm®) animée d’une vitesse de rotation identique (w =
62,8rads™1): knyo+ = 770 = 15 A dm® mol ™}, d’atteindre la
concentration en NO™ libre. Nous pouvons ensuite déduire
la constante d’équilibre K§y = [NO][M(NO3)3]/[N204] X
[M(NOs),], relative a la réaction [2]. A 303K, les constantes
Ky sont égales 22,5 = 0,4 et 1,7 = 0,2, respectivement, pour
M?* = Cu?* et UO3™. Ces constantes sont en accord avec une
réaction [2] non totalement déplacée. En utilisant la valeur de la
constante de formation de N,O,4 selon NO™ + NO3 2 N0y,
s0it K¥.0, = 1,6 X 1077 mol ™! dm? (2), nous pouvons atteindre
les constantes de stabilité des complexes métalliques trinitrato
a partir de la relation

Ki(M) = [M(NO3)31/[M(NO3),|[NO5 ] = K KR 0,
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FiG. 2. Spectres Raman de mélanges N,O; + M(NO,), dans le
sulfolane. [N,04] = [M(NOs);] = 0,2moldm™3 vy = 488,0nm;

| puissance, 150 mW. N,G, + UO,(NO;), (1); NoO4 + Zn(NOs), (2);

N204 + CU(NO3)2 (3)

A 303K, la constante K¥(M) est égale 24,0 X 1077 et 2,7 X
10*7 mol ™! dm> respectivement pour le cuivre[II] et I’ion
uranyle.

Les valeurs des constantes de dissociation des complexes
trinitrato M(NO3)3 (1/K3(M)) sont donc trés proches de celle
relative a la constante de dissociation ionique de N,Oy4 (K &204 =
1/K%,0,), ce qui confirme la présence d’une réaction [2] équi-
librée entre les nitrates métalliques et N,O,. Généralement les
constantes de stabilité des complexes tétracoordonnés sont plus
faibles que celles des complexes tricoordonnés; c’est le cas du
cuivre[ll] en présence du ligand Cl™ dans les solvants eau
(9-11), acétonitrile (12), diméthylsulfoxyde (13, 14). Il était
intéressant de confirmer cette hypothése dans le cas du zinc[II]
afin de montrer que le complexe Zn(NO3)4(NO), n’existe pas

. dans le sulfolane. Ne pouvant déterminer la constante de stabilité
du complexe Zn(NO3)§_, nous nous sommes intéressés a la
complexation du zinc[1I] avec le ligand C1~ de comportement
voisin de celui de I’ion NO;..
1. Constantes de stabilité des complexes chlorozincates{l!]
dans le sulfolane
11 existe peu de travaux relatifs & la stabilité des complexes
du zinc[II] en milieu aprotonique. Citons pour exemple ceux
réalisés dans le solvant DMSO (16).

ET AL.
T I. nO* (pA) ;
4__ ‘l
<)
i
3]
2]
11
/ M (NOJ)Z]/ [N,O, ]
— — |
0 1 2 3

FiG. 3. Variation du courant limite ({;(NO*)) obtenu lors de I’addi-
tion de nitrate métallique a une solution 5,96 X 1073 mol dr}n“3 de
N,Q, dans le sulfolane a 303 K (€lectrode de platine poli). Electro-
lyte indifférent: [(C;Hs)4NCIO,] = 0,1 moldm ™, UQ,(NO;), ou
Zn(NOs), (1); Cu(NOj), (2); courant limite de diffusion pour une

solution de NO* (3).

Afin d’accéder aux valeurs des constantes de stabilité KF des
complexes chlorozincates[II] relatives aux équilibres

[31 ZnCBZ{ + Cl~ & ZnC1?!

aveci=1,2,3,4
% _ [ZnCl%“’]
! [ZnCl3Zi[CLI]

nous avons cherché a intégrer chacun de ces équilibres dans un
couple électrochimique. Les complexes ZnCl3™, ZnCl3, ZnCl,
etZnCl™ étant meilleurs donneurs de C1~ que AgCl, nous avons
pensé atteindre les constantes de stabilité de ces especes grice
a l'utilisation de I’électrode d’argent recouverte de chlorure
d’argent. En effet, cette électrode est indicatrice de la concen-
tration de chlorure dans le sulfolane (2).

Nous avons suivi la neutralisation d’une solution de ZnCl2~
(obtenue en mélangeant ZnCl, et (C,H5)4NCI dans un rapport
de concentrations égal & 1/2) par une solution de perchlorate
d’argent, par potentiométrie a courant nul. La courbe de titrage
fait apparaitre trois sauts de potentiel pour les rapports
[Ag*]/[Ci™]: 0,25; 0,5; 1 (fig. 4). Ces sauts sont caractéristi-
ques respectivement des réactions suivantes:

(4] ZnCEi~ + Ag™ — AgCl, + ZnCly
[5]1 ZnCly + Ag™ — AgCl, + ZnCl,
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FIG. 4. Courbe potentiométrique (électrode Ag/AgCl) de dosage
d’une solution de ZnCI3~ (0,5 X 10 2 moldm™3) par une solution de
AgClO; (0,2moldm™3) dans le sulfolane. Electrolyte indifférent:
[(C,Hs)sNCIO4] = 0,1 mol dm ™2

et des deux réactions non discernables
[6] ZnCl, + Ag* — AgCl, + ZnCl*
[71  ZnCl" + Ag* — AgCly + Zn2*
qui peuvent s’écrire globalement
ZnCl; + 2Ag* — 2AgCly, + Zn**

L’équation de Nernst ‘appliquée au systéme électrochimique

([41-17D
8] ZnCE™'+ Ag) = AgCly + ZnCl3Z{ + ¢~
avec i =1, 2,3, 4, donne

3—i
E = Ej +2,303 XL jog E0CT=H
nF [ZnCl:™ ']

L’analyse mathématique de la courbe de titrage montre que
les réactions [4] et [S] sont rapides. Les coefficients de 1a loi de
Nernst expérimentaux sont trés proches de la valeur théorique
(59 mV par unité logarithmique pour le couple [4] et 61 mV par
unité logarithmique pour le couple [5]). Les potentiels normaux
Ej et E3 ont été déterminés et ont pour valeurs respectives
—420mV et —124 mV (=3 mV). Ces valeurs jointes aux valeurs
du potentiel normal du systeéme Ag*/Ag (+373mV (5)) et du
produit de solubilité de AgCl (3,7 X 107 mol?dm™¢ (5)),
dans le sulfolane, permettent de calculer les constantes log K
et log K%, qui ont respectivement pour valeurs +5,2 = 0,2 et
+10,1 = 0,2.

En ce qui concerne la variation de potentiel relative aux deux
réactions simultanées [6] et [7], nous avons effectué un traite-

} E (mV)
Zn2+
I nC|2
200mV
ZnCl*
(ng]/lzncl)
1 y i
1 2 3

FiG. 5. Simulation de la neutralisation d’une solution de ZnCl; par
AgClO,. Evolution de la concentration des espéces ZnCl,, ZnCl* et
Zn?* au cours du dosage.

ment mathématique des données par affinement selon la méthode
des moindres carrés. Les résultats obtenus sont: coefficient
expérimental de la loi de Nernst, 60 = 0,5mV; log Kf = 12,1
+0,2; log K¥ = 13,4 = 0,2; potentiels normaux E} = +71 =
3mV et E3 = —7 = 2mV. Nous constatons que la constante
K% est supérieure 2 K comme le laissait présager la courbe
potentiométrique ol les neutralisations de ZnCl, et ZnCl™ ne
sont pas séparées. Ce phénomene a déja été observé dans des
solvants autres que le sulfolane: DMSO (16), méthanol (17),
avec les ligands C17, Br, I” et SCN™.

A T’aide des valeurs des constantes K¥ et K%, nous avons
effectué la simulation d’un dosage d’une solution de ZnCl, par
AgClOy, (fig. 5). Nous avons également reporté sur cette figure
I’évolution de la concentration des différentes espéces au cours
du dosage. Les deux réactions [6] et [7] donnent naissance a une
seule vague, comme nous 1’avons constaté expérimentalement.

Les complexes ZnCl3~, ZnCl; sont plus stables dans le
sulfolane et le diméthylsulfoxyde (16) (solvants aprotoniques)
que dans le méthanol (17) et I’eau (18), en raison des propriétés
peu solvatantes du sulfolane et du DMSO (tableau 1). Ces
résultats sont en accord avec les hypothéses formulées par
Ahrland (19), relatives a la solvatation des complexes métalli-
ques en milieux protoniques et aprotoniques. En effet, les
ligands susceptibles de former des liaisons hydrogeénes sont
fortement solvatés par les solvants protoniques, ce qui diminue
la stabilité des complexes.

III. Constante de stabilité du complexe trinitratozincate(ll]
dans le sulfolane

Nous avons vu que la stabilit¢ du complexe tétrachloro-
zincate[11] est plus faible que celle du trichlorozincate(Il] (log
Kf=+10,1 £ 0,2etlog K¥ =5,2 = 0,22303K), ce qui est
en accord avec les résultats relevés, dans le cas du cuivre, pour
un solvant a propriété physique voisine du sulfolane (pouvoir
donneur (DN) = 14,8), I’acétonitrile (DN = 14,1) (12). Cet
écart de stabilité doit étre retrouvé avec les complexes du nitrate
tri- et tétra-coordonnés puisque les ligands C1~ et NO3 ont,
dans notre solvant, des solvatations trés voisines: (i) les cons-
tantes d’acidité de HNO; et HCI sont proches, soit 16 (3a) et
14,5 (20), respectivement; (i) les constantes d’homoconjugai-
son de HNO; et HCl1 (AH + A™ &2 A,H™) sont toutes deux
égales 2 3,1 (2, 3a).

La réaction de N,O, avec le complexe trinitrato selon

(9] N0, + Zn(NO3)5 < NO™' + Zn(NO3)3~

doit étre peu déplacée vers la formation du complexe nitrosyle,
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TABLEAU 1. Constantes de stabilité des complexes chlorozincates[II]: Zn(C)3~ (i = 1,
2, 3, 4), en milieux protoniques et aprotoniques, relatives aux équilibres

Zn(CT{ + Cre ZnCh? I (K X)

Solvant (DN¢) log K¥ log K3 log K% log K% Réf.
Eau (DN = 18,0) -0,19 -0,40 0,75 — 18
Meéthanol 3,9 — — 17
Diméthylsulfoxyde

(DN = 29,8) 1,94 3,89 2,26 — 16
Sulfolane

(DN = 14,8) 12,1+0,2 13,4=0,2 10,1+0,2 5,2%0,2 b

“Pouvoir donneur du solvant selon 1’échelle de basicité de Gutmann et coll. (15).

5Nos valeurs.

TI (pA) E (V)
e
I ] ]
-0,5 0 1,0
= 1-8

FiG. 6. Courbes intensité—potentiel obtenues dans le sulfolane 2
303K (électrode de platine poli) lors de I’addition de nitrate de zinc
a une solution de N,O,4. Electrolyte indifférent: [(C,Hs)sNCIO,4] =
0,1 mol dm™3 [N,0,4] = 5,96 x 1073 mol dm™3; [Zn(NO5),] = 0 (1),
3,10 X 107* (2), 5,30 x 1073 (3), 7,20 x 1072 (4), 11,40 X
1073 mol dm ™3 (5).

et donc négligeable. Cette hypothese est d’ailleurs confirmée
par1’allure des courbes i = f(E) obtenues au cours de I’addition
de nitrate de zinc a une solution de N,O, (fig. 6), allure trés
semblable a celle des courbes relatives aux mélanges N,O,4 +
UO,(NO3), (fig. 1) donnant lieu uniquement a la formation d’un
complexe [(UO(NO3)5][NO].

De plus, la courbe représentant 1’évolution du courant limite
(i,(NO™)) de réduction de NO™ (formé au cours de la réaction
[2]) en fonction du rapport [Zn(NOs3),]1/[N,O.] (fig. 3), coin-
cide bien avec celle exprimant /{NO*) en fonction de
[UO2(NO3),]1/[N2O4]. I est alors possible de déterminer la

constante de la réaction
[10] N,04 + Zn(NO3), €2 NO™ + Zn(NO3)3

par une étude similaire  celle réalisée avec les nitrates de cuivre
et d’uranyle. La constante de la réaction [10] est égale a 1,8 =
0,3, et la constante de stabilité du complexe trinitratozincate[II]
est égale 12,9 X 10*7 mol~! dm? 4 303 K. Cette valeur, proche
de celle de la constante de dissociation ionique de N,Oy,
empéche, dans le sulfolane, la formation par N,O, de com-
plexes plus coordonnés. La spectroscopie Raman apporte une
preuve directe de la formation d’un sel de nitrosyle, lors de
I’étude d’une solution équimoléculaire N,O,—Zn(NO;), (fig.
2), mais ne permet pas de conclure sur 1’absence en solution du
complexe Zn(NO5)3~; les bandes caractéristiques des vibra-
tions de NOj3 libre ou complexé sont masquées par les raies
intenses et larges du sulfolane. Notons que la stabilité du com-
plexe Zn(NO3); (K¥(Zn) = 2,9 x 10*7"dm*mol™! 4 303 K)
est légérement plus faible que celle du complexe Cu(NO3)3
(K¥(Cu) = 4,0 x 107"dm?>mol~! a 303K), ce qui est en
accord avec la classification des métaux en fonction de leur
pouvoir complexant proposée par Irving et Williams (21).

En résumé, la présence de 1’acide de Lewis Zn(NOs),, dans
une solution de N,O,4, conduit dans le sulfolane a la formation
de NO™* et du complexe trinitratozincate[II]. Cette réaction est
observée dans notre solvant grice a une stabilité du complexe
Zn(NO3); (K¥(Zn) = 2,9 X 1077 dm>mol ™! 4 303 K) voisine
de celle de N,0, selon NO™ + NO3 N0, (Kfi 0, = +1,6
X 107 dm®mol ™! 4 303 K).

Conclusion

L utilisation de la voltampérométrie a permis d’élucider le
mécanisme de la réduction de N,O, en présence des nitrates
métalliques Zn(NOs),, Cu(NOs), et UO,(NOj), en milieu
aprotonique:

[C] N2O4 + M(NO3); & NO* + M(NO3)3
(E] NO™ + e~ @ NO

Le processus électrochimique est contrdlé par le transfert mono-
électronique réversible mis en jeu lors de la réductionde NO™ en
NO (systeme [E]). Ce résultat a rendu possible la détermination
de la constante d’équilibre de la réaction [C], (K7), et celle rela-
tive a la formation du complexe métallique trinitrato, KiM),
selon M(NO3), + NO3y 2 M(NNO3)3. A 303K, les valeurs
trouvées sont: K7, = 1,8 = 0,3; K&, = 2,5 * 0,4; K{io, =
1,7 = 0,2; K¥M) = 2,9 x 1017, 4,0 x 107 et 2,7 x 107
mol ™! dm?, respectivement pour M = Zn, Cu et UO,. Nous
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avons négligé 'intervention des entités M(NO3)7 ~, M(NO;)*
et M?7, dans les réactions précédentes, en raison de leur con-
centration trop faible dans la solution. Cette hypothése a été
confirmée par des travaux sur les mélanges N,O4—~M(NO;),
signalés dans la littérature, et par nos résultats obtenus dans la
série des complexes chlorozincates[II] ot la base ClI™ a un
comportement vis-a-vis du métal Zn** trés semblable a celui de
NOs.

L’addition de ces nitrates métalliques dans une solution de
N,0, permet donc, en milieu aprotonique, le déplacement de la
base nitrate dans 1’équilibre de dissociation ionique N,O, <
NO™ + NO3, en libérant ’espece NO™. L’emploi facile de ces
sels minéraux ainsi que leur grande solubilité dans le sulfolane,
nous ont conduits a les utiliser comme agent catalytique dans les
réactions de nitration par N,O4 des noyaux aromatiques (en
générant en solution 1’espece catalytique NO™) (1).
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D. Sazou and N. PAPADOPOULOS. Can. J. Chem. 64, 11 (1986).

The electrochemical behaviour of 2,5-dihydroxybenzoic acid (2,5-DHBA) has been studied in the pH range 5.5-12.7 at a
hanging mercury drop electrode (HMDE). Voltammograms show the existence of one reversible wave of 2,5-DHBA governed
by diffusion conditions. In the oxidation process a two-electron transfer takes place, as shown by the controlled potential
electrolysis. From the calculation of the voltammetric parameters (peak width E, — E,,,, peak current function i,/ V/v) and from
the other experimental data, a mechanism for the overall reaction in two different pH ranges, 5.5-9.5 and 9.5-12, is proposed.

D. Sazou et N. PapanpopouLos. Can. J. Chem. 64, 11 (1986).

Le comportement €lectrochimique de 1'acide dihydroxy-2,5 benzoique a été étudié ades pH allant de 5,54 12,7, al’aide d’une
électrode de mercure a goutte tombante. La vague réversible cyclovoltammétrique de I’acide dihydroxy-2,5 benzoique est
contrdlée par ladiffusion. Le processus d’oxydation implique un transfert de deux électrons. Sur la base de calculs des paramétres
voltammétriques (largeur du pic 4 mi-hauteur, E;, — E,/,, et lafonction du courant du pic) ainsi que sur la base des autres données
expérimentales, on propose un mécanisme concernant la réaction globale dans deux régions différentes de pH (5,5-9,5 et

11

9,5-12,0).

Introduction

Several studies have been carried out on the electrochemical
behaviour of the hydroquinone—quinone system in aqueous as
well as in nonaqueous solutions at different electrodes (1--9).

The oxidation—reduction potentials of a number of quinones
have been studied to determine the aromatic character, particu-
larly in the fused ring systems (10, 11). Ring substituents have a
significant effect on these potentials, and the course of many
reactions is regulated by them. Methyl substituted quinones
have also been studied (12, 13).

The hydroxy-derivatives of salicylic acid, classical reagents
in inorganic analytical chemistry, belong to the group of substi-
tuted hydroquinones. Very few papers have been reported on
their complex formation and on the determination of their
protonation constants (14—16). The monosubstituted hydro-
quinones with strong electron-withdrawing substituents such as
—COOH, —CHO, and —NO, undergo anodic hydroxylation
at low potentials in aqueous solutions. The evidence for this
anodic hydroxylation has been provided by electrochemical
techniques with carbon — Nujol paste electrodes for voltammet-
ric studies and carbon cloth for preparative scale electrolysis
(17, 18).

In this paper, we investigate the electrochemical behaviour of
2,5-dihydroxybenzoic acid (DHBA) in the pH range 5.5-12.7
phosphate buffer, at a hanging mercury drop electrode (HMDE).
We attempted to investigate, under the same conditions, the
electrochemical behaviour of 2,6- and 2,4-dihydroxybenzoic
acids, but an oxidation wave was not obtained at the potential
range available on mercury.

Experimental

2,5-Dihydroxybenzoic acid (2,5-DHBA), from Fluka A. G. “puriss
p.a.”, was purified by recrystallization from water and dried under
vacuum.

As a supporting electrolyte solution, a solution buffered with phos-
phates was used. The ionic strength was 0.3 M. All reagents used were
Fluka A. G. “puriss p.a.”. The solutions of 2,5-DHBA were freshly
prepared, after the deaeration of the supporting electrolyte. High purity

IRevision received July 4, 1985.
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argon was used for oxygen removal and all measurements were carried
out in an argon atmosphere and at a temperature of 25 * 0.1°C.

Cyclic voltammetric measurements were carried out on a HMDE
(PAR 9323) of surface area 3.51 X 10”2 cm? A Pt sheet and a calomel
electrode were used as counter and reference electrodes, respectively,
and they were separated from the working electrode compartment by
glassy diaphragms.

Electrolysis was carried out using a mercury pool working electrode.

The experimental setup included a G. Bank Electronic PCA-72L
potentiostat, a G. Bank Electronic VSG-72L function generator, and a
Hewlett Packard 7045A X-Y recorder.

Results

Cyclic voltammetric behaviour

The electrochemical behaviour of 2,5-DHBA was studied as
a function of increasing pH. In acid solution, pH range 2-5, the
2,5-DHBA does not give any oxidation wave at a HMDE, in
contrast to the hydroquinone, which under the same conditions
gives a regular reversible wave from pH = 2.

At pH 5-6 one poorly-defined oxidation—reduction wave ap-
pears, while at pH 6 a well-defined wave is obtained. 2,5-DHBA
oxidizes to the corresponding quinoid form, which, on the
cathodic scan, reduces to the initial substance.

The peak separation, E,, — E, is equal to about 35 mV over
the whole pH range studied.

In Fig. 1, the cyclic voltammogram of 2,5-DHBA in neutral
solution at different sweep rates, v, is shown as an example. The
peak current, i, at these scan rates is directly proportional to the
2,5-DHBA concentration, C, over the whole pH range, and, at
the same sweep rates and pH values, the slope of the log i, —
log C line is equal to unity.

The peak potential, E,, corresponding to the oxidation wave,
does not vary with scan rate (Fig. 2). It can be seen that the plot
is a straight line almost parallel to the x-axis over the whole scan
rate range studied.

At pH about 9.5 the anodic wave of 2,5-DHBA appears to be
distorted (split into two poorly-defined waves). This suggests
that the depolarizer exists under two different forms. At this pH
value the ionization of the first phenolic group begins, as the
pK;, of 2,5-DHBA has been found to be equal to about 10 (16).
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FiG. 1. Cyclic voltammogram of 2,5-DHBA (C = 107 M) in phosphate buffer pH = 7.4 at different scan rates inmV s~ ': (1) 25, (2) 64,
(3) 144, (4) 256. Inset: plot of ij vs. v' for the anodic wave at different scan rates in mV s~': 25, 36, 64, 100, 144, 196, 256, 324,

In the pH range 5.5-9.5, the height of the anodic wave
decreases with increasing pH and at pH 9.5 is split into two
waves. Above this pH value only one wave appears, and its
height decreases again as the pH increases. The peak potential
shifts to more negative potentials with an increase in pH. The
relationship between E, and pH is shown in Fig. 3 where the
values of the slopes of the linear segments are approximately
—60 and —30 mV/pH unit.

AtpH >12.7 the mechanism of the overall reaction changes.
The cyclic voltammogram (Fig. 4), at this pH, illustrates an
anodic wave and a corresponding reduction wave, owing to the
oxidation product. At more negative potentials a second cath-
odic wave with a corresponding oxidation wave on a second
scan appears. The first reduction wave, B, is not observed at low
sweep rates, but as the scan rate increases, its height increases
also. Moreover, when the mercury drop remains for several
seconds at —0.15 V, both waves C and D increase. These results

are explained by an ece (electrochemical chemical electro-
chemical) mechanism, in which the products of the chemical
reaction are electroactive as well (19, 20). The oxidation
product is probably a substituted quinone that, according to
the bibliographic data for the behaviour of quinones in alkaline
media, forms the intermediate substituted semiquinone result-
ing from one-electron reduction (17, 18, 21, 22). The radical
anion may undergo radical dimerization or may disproportion-
ate (waves C and D) (23).

A detailed study at pH >12.3 will be the subject of other
work.

Protons involved in the overall process

As mentioned above, the variation of peak potential, E,,, of
the anodic wave with pH is shown in Fig. 3.

The slope (8E,,/dpH)c = (—0.059/n)- p gives the number of
protons, p, involved in the overall process.
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Fic. 2. Dependence of the peak potential, Ej, of the cyclic voltam-
mogram of 2,5-DHBA (C = 1073 M) in phosphate buffer pH = 7.4 on
the sweep rate, v.
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F1G. 3. Peak potential variation with pH for the anodic wave of
2,5-DHBA (C = 107* M) at the scan rate of 100mV s™".

Two linear segments with slopes —60 and —30 mV /pH unit
are observed in the pH ranges 5-9.5 and 9.5-12, respectively.
These slope values indicate that, in the overall reaction, two
protons intervene in the pH range 5-9.5 and one proton inter-
venes in the pH range 9.5-12.

Discussion

The data obtained indicate that the oxidation of 2,5-DHBA
corresponds to a two-electron reversible diffusion controlled
charge transfer process.

The slope values of the £, vs. pH plot indicate that in the
overall reaction two protons intervene in the pH range 5.0-9.5,
because of the existence of both undissociated phenolic groups,
and one proton in the pH range 9.5—12, where the first phenolic

group is dissociated. The change in the slope of the plot E,—pH,
at pH about 9.5, is attributed to the second dissociation constant
of the 2,5-DHBA (pK, = 10). These data, together with the pH
dependence of the peak current, indicate the occurrence of a
chemical reaction involving H™ ions prior to the electron transfer
taking place at the surface of the electrode.

The overall reaction in the two pH ranges can be expressed as
follows:

pH = 5.5-9.5
CO0O- COO~
o -
— + H*
HO HO
CcOO~ COO-
O~ O
P + H* + 2¢
HO Y
pH = 9.5-12
COO- COO~
O~ O
— + H* + 2e”
HO Y

Finally, the oxidation of 2,5-DHBA seems to be a typical
uncomplicated multistep reaction in which both charge transfers
are reversible. Both, the initial form and the form that results
after the transfer of the first electron, seem to be oxidized at the
same potential and the wave observed has a peak height between
a one-electron and two-electron reversible wave. These state-
ments are supported by the following experimental results: The
peak width, E, — E,,», has an average value of 40mV. This
means that there is a small difference between the £, values for
the two individual one-electron transfers (24, 25). The quantity
in/ Vv was constant over the wide range of scan rates used. The
E}, was not shifted by increasing the scan rate. The ratio iy /i
was approximately unity when the base line was properly taken
(24-26).

It has been reported by other authors (17, 18) that, in the case
of 2-substituted hydroquinones, if the 2-substituent is electron
withdrawing, such as —COOH, —CHO, —NO,, hydroxyla-
tion occurs in an overall process, with a total of four electrons
being found using controlled potential coulometry.

This hydroxylation was studied using carbon — Nujol paste
electrodes and Pt electrodes modified by adsorbed metals and it
was found that the M .4, promotes the reaction of hydroxylation
(17, 18, 27).

However, in our case, in the pH range 5-12 on a mercury
electrode, the reaction involves only a two-electron oxidation to
the substituted benzoquinone. No evidence for anodic hydroxy-
lation appeared under the voltammetric conditions used in this
study.
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FiG. 4. Cyclic voltammogram of 2,5-DHBA (C = 1073 M) at HMDE in phosphate buffer pH = 12.7 at two different scan rates: (1)
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P. BENEITEZ, S. J. OrTiZ, and J. OrRTEGA. Can. J. Chem. 64, 15 (1986).

The distribution of cobalt(1I) between water and an organic extractant (dodecylthioglycolic acid) dissolved in kerosene has
been studied using a tracer of ®°Co. The aqueous media we~e always constituted by buffer solutions (acetic acid — sodium acetate)
and the ionic strength was adjusted with sodium nitrate to 1 mol dm™>. The main species of cobalt(II) originating in the organic
phase has been isolated and characterized on the basis of elemental analysis, thermal gravimetric analysis, and ir spectra.

P. BENEITEZ, S. J. OrT1Z et J. ORTEGA. Can. J. Chem. 64, 15 (1986).

Utilisant du ®Co comme marqueur, on a étudié la distribution du cobalt(Il) entre I’eau et 1’acide dodécylthioglycolique,
dissous dans du kéroséne. Tous les milieux organiques étaient constitués de solutions tampons (acide acétique/acétate de
sodium) et, dans chaque cas, on a ajusté la force ionique & 1 mol/dm>, & I’aide de nitrate de sodium. On a isolé les principales
espéces de cobalt(II) qui se retrouvent dans la phase organique et on les a caractérisées en se basant sur ’analyse élémentaire,

I’analyse thermogravimétrique et sur les spectres ir.

Introduction

Many papers have shown the utility of carboxylic acids in the
extraction of metal ions but only some of them have involved a
study of the stoichiometry of the extracted species (1—12). The
cobalt extraction characteristic has attracted attention over a
period of time. The early works of Jaycock and Jones, Schweitzer
and Howe (13, 14) postulated that, for the extraction of that
metal, the major species in the organic phase was CoR,, but
later works of Jaycock, Gindin, and co-workers (15—17) pro-
posed that a dimeric species is present to a major extent in the
organic phase. For the moment the situation concerning the
structure of the extracted cobalt species does not appear to be
resolved and the purpose of the present work is to report on some
new studies. Thus the present paper is concerned with the
extraction of cobalt(II) by dodecylthioglycolic acid in kerosene
and the characterization of a solid compound isolated from the
extract on the basis of elemental analysis, thermal gravimetric
analysis, and ir spectra. A carboxylic acid containing a sulphide
group in the B position with respect to the carboxylic group has
been chosen, since the presence of the sulphur atom emphasiz-
ing the acid character of the compound enhances the cobalt ion
extraction and allows their separation from stronger acid media.

Experimental
Reagents
The principal solution of ®Co tracer was obtained from the Radio-
chemical Center of Amersham containing 10 pg Co/mL in the chloride
state with an activity of 1 mCi/mL. HDTG acid (dodecylthioglycolic)
was obtained from Phillips Petroleum Company with the general struc-
ture of:

Rl
I
RZ—C—S—CH,—COOH
b
where R! + R? + R = C,,Hys, boiling point 220°C, and was used as
received. Solutions of this organic acid were prepared in kerosene

(8.S.T.) from Sociedad Petrolifera Espafiola, Shell S.A., with dielec-
tric constant 2.03. All the other reagents were of A.R. grade and were

!Author to whom correspondence may be addressed.
2Revision received July 2, 1985.
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used without further purification. The solutions of these chemicals
were freshly prepared just prior to use.

Extraction procedure

An aqueous solution (2 cm®) containing %°Co, buffer reagents (mix-
tures of acetic acid — sodium acetate 0.1 M with different pH), the
metal salt (2 X 107* M), and with the ionic strength adjusted to unity
with sodium nitrate was mixed in a glass tube with the same volume of
organic solution containing the desired concentration of HDTG, and
the tube was shaken for 50 min at constant temperature (25 * 0.1°C).
After equilibration, each sample was centrifuged, a 1-cm® portion of
each phase was pipetted into a counting tube, and the -y-activity was
measured in a well-type scintillation counter (Tracerlab Model 132 MA
scaler). The remaining part of the aqueous phase was used for pH
measurement with a pH meter (Metrohm Herisau E500) equipped with
a glass combination electrode.

Preparation of the metal carboxylate

The metal carboxylate was prepared by extraction of cobalt(II) from
an aqueous solution containing this metal (3 X 10™! M) and the ionic
strength adjusted to 1 M (sodium nitrate) with a solution of HDTG acid
(1 M) in S.S.T. After equilibration the phases were separated and the
organic phase was equilibrated once again with new aqueous solutions
of metal. This organic phase, saturated with the metal carboxylate, was
mixed with acetone (1:5) and a pink precipitate formed. It was re-
moved, washed with two portions of acetone, recrystallized from
ethanol, and dried at 90°C during 2 days.

Analyses

Elemental analysis was carried out by the Microanalytical Unit of the
Consejo Superior de Investigaciones Cientificas (C.S.1.C.). The metal
and sulphur contents were measured by standard methods (18, 19). The
thermal gravimetric analysis was carried out by the Unit of the Instituto
del Cemento (Eduardo Torroja).

Physical measurements

The ir spectra were measured between KBr discs and recorded in a
Perkin—Elmer 557 spectrophotometer in the 200-4000 cm™! region.
The uv and vis spectra were obtained by a Beckman Acta 3-C spectro-
photometer. The melting point was determined by a Yanagimoto MP-1
melting point apparatus. The water molecules in the cobalt species
were determined by titration with Karl—Fischer reagent and free from a
wet atmosphere. Molar conductance measurements were obtained with
a Beckman type RC16B2 conductivity bridge using 5 X 107*M
solution in chloroform at 25°C. Magnetic susceptibility measurement
was carried out at room temperature by the Gouy method and was
corrected for the diamagnetism of the component atoms using Pascal’s
constants (24).
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Results and discussion

The plot of the experimental data, as log D against equilib-
rium pH, for the extraction of cobalt(Il) from nitrate and buffer
(HAc—NaAc) solutions with dodecylthioglycolic acid in kero-
sene leads to a similar curve in both cases, hence the nature of
the extracted species is unaffected by acetate ions. Accordingly,
and since the use of buffer solutions may contribute certain
advantages to the extraction process, we have always used these
buffer solutions in the extraction of Co(Il).

The most general equilibrium for the extraction of cobalt(II)
with a carboxylic acid can be written as follows (13).

[1] jCo2+ +1/2(2j + x)(HDTG), 2 (Co(DTG),);(HDTG);, + 2jH+
for which

[2] log D =logj + log Kex + 1/2(2j + x) log (Cuprs)
+ (J -1 log CCo - ] log OMe
+ 2jpH — 1/2(2j + x) log 2

where a4, denotes the side-reaction coefficient of the metal ion
in the aqueous phase. Considering that under the experimental
conditions of this work the hydrolysis of the metal ion may be
assumed insignificant, then oy = 1.

The data obtained in the extraction of cobalt(IT) by dodecyl-
thioglycolic acid in S.S.T. are shown in Fig. 1 as log D against
equilibrium pH, and it can be seen that the slopes of the
least-squares best-line fits range from about 2.6 to 3.4 and
therefore jis not unity. The linearity of the plots falls off at high
values of pH; it may suggest that at low hydrogen ion concentra-
tions Co?™ exists as a mixture of hydrolysed forms. Using the
data given in Fig. 1 the plot of log D — log C¢, against equi-
librium pH leads to straight lines with slopes approximately 4.0
(Fig. 2); then, under the experimental conditions of this study the
species of cobalt(Il) extracted is dimeric (j = 2). From a plot of
log D — log C, — 4 pH against log (Cypr) may be determined
the number of acid molecules involving the extracted species.
The plot for the experimental data (Fig. 3) leads to a straight line
with slope = 2.5 and therefore x = 1. Thus, the graphical
analysis of the data indicated a complex (Co(DTG),),(HDTG)
as the main extracted species and the extraction equilibrium [1]
becomes:

[5] 2Co** + 5/2(HDTG), 2 (Co(DTG),),(HDTG) + 4H*

The elemental analysis data of the isolated metal species (found:
C 58.28, H 9.80, S 11.25, Co 10.05%) indicate the general
formula C,5H5,048,Co (Anal. caled.: C 58.21, H 9.42, S
11.09, Co 10.20%}). This species in the solid state is slightly
soluble in the nonpolar solvents toluene, methanol, and diethyl
ether; insoluble in solvents with high dipole moment, such as
acetone, DMF, and DMS; and quite soluble in chloroform. The
molar conductance in chloroform at 25°C was A, = 35.50 7!
cm?mol ™% Tt showed low melting point (192—195°C), and it
decomposed at a temperature near the melting point showing
colour change from pink to black.

The thermal gravimetric analysis study showed that the
species was stable up to 200°C. At this temperature decomposi-
tion of the organic matter took place and the thermolysis curve
showed a weight loss of about 80% of the whole weight (weight
of sample 283.1mg), all of which suggested that the isolated
cobalt(I) species was not hydrated. The destruction of organic

log D

— ——
3.0 4.0 5.0 6.0
Equilibrium pH

FiG. 1. Extraction of Co(Il) with dodecylthioglycolic acid in kero-
sene. Acid concentration: X, 1.0M; @®,0.5M;0,0.25M;,0.1M.

matter continued up to 310°C; at this point a perfectly horizontal
stretch began, corresponding to the carbonate CoCOj;, and
which continued up to 850°C. A new weight loss began at this
temperature, to give finally a horizontal line due to the oxide
C030,, which extended above 950°C. The titration with Karl—
Fischer reagent for determination of water molecules likewise
showed that the isolated cobalt species was anhydrous.

The ir spectrum of the organic solution with the metallic
species indicates the presence of the metal carboxylate; it shows
two bands at 1590 cm ™! and 1385 cm ™!, which correspond to
the antisymmetrical and symmetrical vibrations of the COO™
structure, respectively (21). Two strong bands at 1710cm ™!
and 1290 cm™}, arising from the stretching vibration of the
C=0 and C—O in the COOH group, respectively, denote the
presence of acid molecules in excess. One absorption band at
1645 cm™ ! suggests an internal association (21), which is sup-
ported by the appearance of another band at 300 cm ™’ attributed
to v(Me-S) (22). The ir spectrum of the pink precipitate formed
exhibits almost the same pattern as that of the species in solution
(bands at 1590cm™!, 1385cm™}, 1645cm™?, and 300cm™Y).
The absence of absorption bands at 1710cm ™! and 1290 cm ™!
suggests the absence of acid molecules in excess and therefore
involving the complex. Likewise, the absence of a C=0
stretching vibration band (1725-1690 cm ™ !) shows the absence
of an addition complex between the acetone and the extracted
species, which was expected since the acetone rarely forms
stable complexes. The magnetic moment of the compound is
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FiG. 2. Variation of log D — log Cc, against equilibrium pH in the
extraction of cobalt(II) with dodecylthioglycolic acid in kerosene. Acid
concentration: X, 1.0M; @, 0.5M; O, 0.25M; 1, 0.1M.

found to be 4.65BM, which is acceptable for tetrahedral
structure.

In summary, all these observations together with the elemen-
tal analysis indicate the species Co(R—S—CH,—COO0), with
a feasible tetrahedral structure (1):

i i
c—O S——CH
~_. ~ 2
Co
7N
CHZ—Sl O—(”I
R (0]
1

Studies of mixed complex formation between metal carboxyl-
ates and amines, in the case of copper, have shown that an
interaction takes place between the copper and free base amine.
Ultraviolet spectra suggested that the amine interaction had
destroyed the dimeric bridged structure of the copper carboxyl-
ate, as seen by the disappearance of a shoulder in the region
300-400 nm on addition of an amine to a copper carboxylate
solution in chloroform (23). These studies, in the case of our
cobalt carboxylate, have shown no band in that region and no
effect on the uv spectrum of the metal carboxylate by the

siope = 2.5

fog {Chpre!

F1G. 3. Varation of log D — log Cc, — 4pH against equilibrium
pH in the extraction of cobalt(Il) with dodecylthioglycolic acid in
kerosene.

addition of trilaurylamine, all of which could suggest that the
isolated cobalt species is not dimeric.
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Kinetics and mechanisms of oxidations by metal ions. Part VI.! Oxidation of
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NARAIN DATT, RATAN R. NAGORI, and RAy N. MEHROTRA. Can. J. Chem. 64, 19 (1986).

The kinetics of oxidation of glycolic, malic, tartaric, and citric acids by cerium(IV) ammonium nitrate were investigated in
0.006 mol dm™? nitric acid. The reaction was catalysed by H* in the range 0.006—0.016 moldm™2 at constant [NO3]
(0.02 mol dm™3). The psendo first-order rate constant k,, was independent of [Ce] (0.0004—0.002 mol dm™3). The proposed
mechanism is based on the assumption that the formation of the precursor Ce(IV)— a-hydroxy acid complex precedes its rate con-
trolling disproportionation, which is assisted by a proton, possibly due to the formation of the activated state [H*—Ce'V — HA]*
(where CelV is the reactive cerium(IV) species and HA is the a-hydroxy acid). The free radical R'R?COH produced in the rate
controlling step further reacts with a number of Ce(IV) molecules in the fast step to yield the final oxidation product. The activa-
tion parameters for the rate controlling step could be evaluated only in the oxidation of tartaric acid.

NARAIN DATT, RATAN R. NAGORI et Ra7 N. MEHROTRA. Can. J. Chem. 64, 19 (1986).

Opérant dans des solutions 0,006 mol/dm> en acide nitrique, on a étudié Ja cinétique des réactions d’oxydation des acides
glycolique, malique, tartrique et citrique par le nitrate d’ammonium cérique(IV). A des concentrations en acide allant de 0,006 &
0,016 mol/dm? et a des [NO3 ] constantes (0,02 mol/dm?), la réaction est catalysée par les ions H*. La constante de vitesse de
pseudo-premier ordre, kops, est indépendante de la [Ce™ (0,0004-0,002 mol/dm?®). Le mécanisme proposé repose sur
I'hypothése que la formation du complexe précurseur, Ce(IV) — acide a-hydroxylé, préceéde sa disproportionation dans 1’étape
qui détermine la vitesse et qui est assistée par un proton; cette assistance pourrait provenir de la formation de I’état activé
[H*—Ce' — HAJ* (dans lequel Ce' est une espéce réactive du Ce(IV) et HA est un acide a-hydroxylé). Le radical libre
R!R*COH, qui est formé dans 1’étape qui détermine la vitesse, réagit ensuite avec un certain nombre de molécules de Ce(IV)
dans I’étape rapide pour conduire au produit final d’oxydation. On n’a pu évaluer les paramétres d’activation de 1’étape
déterminante que dans le cas de ’oxydation de 1’acide tartrique.

Introduction

Since Krishna and Tewari (2) studied the kinetics of oxidation
of a-hydroxy acids (lactic, malic, and mandelic acids) by
cerium(IV) in aqueous sulphuric acid, there have been numer-
ous investigations on the subject. These studies (3) dealt with
one aspect or another, such as emphasizing a particular cer-
ium(IV) species or suggesting a different one as the reactive
species, supporting or contesting the formation of an intermedi-
ate cerium(IV) — a-hydroxy acid complex, reporting on the
thermodynamic parameters, or investigating the effect of sub-
stituents on the benzene ring of mandelic acid, etc.

The oxidation in perchloric acid proceeded through an inner-
sphere mechanism (4, 5). The complex [CeA]*™, where A is the
anion of the a-hydroxy acid HA, is thermodynamically more
stable than its protonated form [CeHA]** and is kinetically
more reactive. One of these papers (5) also compared the results
of the oxidation in sulphuric and perchloric acids.

However, the study of the reaction in nitric acid medium has
not attracted much attention, the only report available being on
the oxidation of substituted mandelic acids (6). This study drew
our attention because the second-order rate constant (= kg,s/
[mandelic acid]) was reported as 7.42 X 10"*dm’ mol s~ at
25°C and [HNO;] = 1moldm ™3, in comparison to the value
3.39dm*mol~'s™! at 20°C and [H,SO4] = 1moldm™2 (2).
This seemed most unlikely in view of the various considerations
related to the solution chemistry of cerium (IV) in nitric and
sulphuric acid solutions.

'For part V, see ref. 1.
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Yet another reason for investigating this reaction was our
interest in examining the dependence of the pseudo first-order
rate constant k., on the initial [Ce'V], for we had noted that ko,
decreased with increasing [Ce!V] in the oxidation of diols (7)
and carboxylic acids (8) in nitrate medium, though the disap-
pearance of [Ce'Y] was always first order in any kinetic run
corresponding to any initial [Ce'v]. This phenomenon was
ascribed to the reactivity of the dimeric cerium(IV) species, the
existence of which has been demonstrated (9, 10) and ques-
tioned (11), in addition to monomeric species.

The preliminary investigations indicated that the rate of
oxidation of mandelic acid was too fast to measure conveniently
by the method adopted by us for following the kinetics. Strictly
speaking, the rates are such that a clear picture of the study could
be best provided by stopped flow technique, a facility presently
not available to us.

Experimental

AnalaR (BDH) or Puriss (Fluka) grade a-hydroxy acids were used as
received. The solutions were freshly prepared and standardized against
a standard alkali. The solution of Ce(IV) ammonium nitrate (Loba,
GR) was also freshly prepared and standardized against a standard
Fe(II) solution. Ce(III) ammonium nitrate solution was prepared by the
reduction of a standard cerium(IV) solution by hydrogen peroxide
(Sarabhai-M.). The solution was heated, after the reduction of Ce(I1V),
to decompose the unreacted hydrogen peroxide. Sodium nitrate (E.
Merck) solution of the desired strength was prepared by weighing of the
sample. Nitric acid (BDH, AnalaR) solution was standardized against a
standard alkali. The nitroferroin (G. F. Smith) solution was suitably
diluted.

Stoichiometry

The stoichiometry in the oxidations of malic and tartaric acids was
determined under conditions similar to those in the kinetic runs ([a-
hydroxy acid] > 10 [Ce'™v]). The method adopted was the same as
that described in the oxidation of malic acid in perchloric acid (4),
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and involved the determination of formic acid by using mercury(II)
chloride. The mercury(l) chloride was determined using an iodine—
thiosulphate titration. Taking into account the blank corrections, it was
found that A{JHCO,H]/A{Ce'V1, from three determinations, was 0.097
+ 0.004 and 0.123 *+ 0.008 respectively for malic and tartaric acids.
Hence the stoichiometric equations for the oxidation of these acids are:

{11 HO,C.CH,CHOH.CO,H + 3H,0 + 10Ce!Y
— HCO,H + 3CO, + 10Ce™ + 10H™*

[2] HO,C.CHOHCHOH.CO,H + 2H,0 + 8Ce™
— HCO,H + 3CO, + 8Ce™ + 8H™

The oxidized reaction mixtures of glycolic, 2-methyl-2-hydroxy-
propanoic, and citric acids were treated with 2,4-dinitrophenylhydra-
zine. The precipitated hydrazones were purified and their melting
points determined. The mps of the hydrazones from glycolic and
2-methy!-2-hydroxypropanoic acid were 165°C and 130°C, respec-
tively, which correspond to the mps of the hydrazones of formaldehyde
(lit. (12a) mp 163.5-164.5°C) and acetone (lit. (125) mp 128°C). The
hydrazone from citric acid decomposed on heating. Considering that
citric acid and 2-methyl-2-hydroxypropanoic acid are structurally
similar, it is concluded that citric acid is oxidized to acetone dicarbox-
ylic acid. The stoichiometric equation in the oxidation of each of these
acids is expressed as:

[3] CH,O0H.CO,H + 2Ce'Y — HCHO + CO, + 2Ce™ + 2H*

[4] HO,C.CH,.C(OH)CO,H.CH,CO,H + 2Ce'Y
— HO,C.CH,.CO.CH,CO,H + 2Ce™ + CO, + 2H™

[5] CH;.C(OH)CO,H.CH; + 2Ce!V
— CH5COCH; + CO, + 2Ce" + 2H*

Test for free radicals

Reaction mixtures were degassed with nitrogen before the reaction
was initiated. Acrylonitrile was added to partially oxidized reaction
mixtures. The monomer was polymerized within a few minutes,
indicating the presence of free radical in the reaction mixtures. The
monomer was not polymerized when it was added separately to the
solution of a-hydroxy acids and cerium(IV) ammonium nitrate.

Rate measurements

The kinetics were followed under pseudo first-order conditions, i.e.
a-hydroxy acid was present inexcess. The ionic strength of the reaction
mixture was maintained with sodium nitrate. The pseudo first-order
rate constant kqps was calculated from the gradients of the linear plots
between In (@ — x) and time, where (a — x) is the change in the titre
value. Five milliliters of the reaction mixture was quenched in the same
volume of Fe(Il) solution, which was titrated against cerium(IV)
sulphate solution of the same strength as that of the Fe(II) solution,
using nitroferroin as the indicator. The microburette reading therefore
directly gave the value of x. The microburette was graduated to
0.02 mL. Before adopting this method, it was ensured that the presence
of a-hydroxy acid in concentrations present in the reaction mixtures did
not alter the titre value of Fe(II) against cerium(IV) sulphate solution.
This was achieved by using approximately 3 mol dm™* sulphuric acid
in the preparation of Fe(Il) and Ce(IV) solutions. The reaction was
invariably followed up to 80% completion, and the k. values were
reproducible within +5% from the replicate runs. The average values
are reported in the tables.

Results
Dependence on [Ce'V]

The first-order dependence on [Ce!V], indicated by the lin-
earity of the plots between In (¢ — x) and time, was further
confirmed by the fact that k,,, was independent of the initial
[Ce' ] when varied in the range 0.002-0.012mol dm™ at
constant [NO3 1, [H"], and [a-hydroxy acid].

TasLE 1. Dependence of ko, on [a-hydroxy acid] at 12°C;
[Ce(NO5)Z] = 0.002 mol dm™, [HNO;] = 0.006 mol dm™>

103kubs (S_ 1)

[a-Hydroxy acid] Glycolic Malic  Tartaric  Citric

(mol dm™3) acid acid acid* acid
0.02 2.56 1.56 0.25 3.07
0.08 2.48 1.62 0.23 3.12
0.14 2.52 1.58 0.25 3.08
0.20 2.46 1.70 0.30 3.15

*[HNO;] = 0.02 motdm ™2,

TaBLE 2. Dependence of k. on [nitric acid] at constant ionic
strength at 9°C. [Ce(NO3)2”] = 0.002 moldm™>, [a-hydroxy
acid] = 0.02 moldm™3, and / = 0.02 moldm ™3

103kobs (S_ l)

[Nitric acid] Glycolic Malic Citric Tartaric

(mol dm™?) acid acid acid acid*
0.006 1.70 1.27 2.15 —
0.008 1.80 1.75 2.45 —
0.010 — 1.87 3.09 —
0.012 2.4] 2.45 4.02 —
0.016 3.42 3.45 5.16 —
0.020 — — — 0.42
0.024 — — — 0.57
0.028 — — — 0.64
0.032 — — — 0.78

*] = 0.044 mol dm™? at 16°C.

Dependence on [Ce' ]

The effect of [Ce™] on the k., was investigated in the
oxidation of malic acid only. The k. was independent of the
initial [Ce™] over a tenfold variation (0.0002-0.002 mol dm™3).
It was found that 103k,,s = 2.30 = 0.12s L at [H"] = 0.006 mol
dm™3, [malic acid] = 0.02 mol dm ™3, [Ce!V] = 0.002 mol dm 3
at 15°C.

- Dependence on [a-hydroxy acid]

This was investigated for all the o-hydroxy acids. The
results, Table 1, indicated an apparent zero-order dependence
on [a-hydroxy acid]. However, a later analysis of the results
indicated that these k¢ values were in fact the limiting values.

Dependence on [nitric acid]

These measurements were carried out at constant [NO;3 1.
The results in Table 2 indicated that k., increased with [H*].
This observation is in disagreement with the one recorded in the
oxidation of mandelic acid (6). This observation also disting-
uishes this study from the one in perchloric acid (5), in which
kops decreased with increasing [H™].

The plot between ko and [H™] was linear and passed through
the origin, indicating that the presence of H™ is essential for the
reaction, which is understandable because cerium(IV) salts
hydrolyze in the absence of hydrogen ions. The representative
plots for the oxidation of malic and citric acids are shown in Fig.
1
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FiG. 1. Dependence of kus (s™') on [HNOs] at constant ionic
strength for the oxidation of malic (O) and citric (@) acids. Similar
plots were also obtained in the oxidations of glycolic and tartaric acids.
The experimental conditions are given in Table 2.

Dependence on [NOj |

No systematic study was made to measure ks at different
[NO3] because of the well-known retarding effect of nitrate
ions in oxidations in nitrate medium. However, a few experi-
ments carried out at randomly varied [NOj | confirmed that ks
decreased with increasing [NO3 ]. The reason for avoiding this
study was that such measurements do not help in establishing
the exact nature of the reactive cerium(IV) species, which could
be any one of the various nitrate complexes of cerium(IV) (see
reaction [8]).

Discussion

Cerium(IV) species

The chemistry of cerium(IV) in aqueous nitric acid is compli-
cated. Several complexes represented by [Ce(NO;),]* ",
where n has an integral value between 1 and 6, are known (13).
The mixed hydroxy—nitrate complexes represented by [CeOH-
(NO3),,]®~™ (14-17), the hydroxy species CeOH?* (6, 18-21),
and the equilibrium between monomeric and dimeric cerium(IV)
(7-11), have all been postulated to explain the observed kinetics.

Since we used [HNO;] < 0.06 moldm™3, both Ce** and

H

K
[8] Ce(NOy), 4™+ HA ——
R2/ \C—O/

I\

H

R /o\
C Ce(NOB))n -1

CeOH>*" could be present in the system (15). However,
CeOH3" is not favoured as the reactive species because Kqps
did not decrease with increasing [H*], as expected in view of
equilibrium [6]. A mixed hydroxy—nitrate complex, formed as
a result of equilibrium [7], is also not favoured for the same
reason. The possibility of the Ce** as oxidant is also excluded
because of its extensive complexation with nitrate ions (22).
This thus leaves the possibility that one of the several nitrate
complexes may be reactive. The identification of a particular
cerium(I'V)—nitrate complex as the reactive one is not easy and
this is perhaps one reason why several workers (23) have con-
sistently avoided being specific about the reactive cerium(IV)
species in nitrate medium.

K
6] Ce** + H,0 5 CeOH* +H*

K
[71  Ce(NO3)$™™ + H0 =3 [CeOH(NO3),]®" ™ + H*

Mechanism

The formation of a Ce(IV) — a-hydroxy acid complex is
evident from the deepening of the colour of Ce(IV) solution
upon addition of «-hydroxy acids. Since the deepening of the
colour is instantaneous, the formation of the precursor complex
is considered to precede the slow rate controlling step. Measure-
ments such as the wavelength of maximum absorbance, and
determination of the formation constants of the precursor com-
plexes, required the application of a high speed microprocessor
controlled uv—visible recording spectrophotometer with a ther-
mostatic compartment, a facility presently not available to us.
The formation of the precursor complex is considered essential
and is supported by the study in sulphuric (2) and perchloric acid
(4, 5) solutions. The fact that k., was independent of [Ce™]]
precluded the possibility of participation of Ce(Ill) in any step
preceding the rate controlling step.

The consideration of the pK, values of the a-hydroxy acids
and the [H*] used implied that both the dissociated and the
undissociated forms of the a-hydroxy acid existed in the system.
However, in view of the dependence of ks on [H*], the
possibility of A7, the dissociated hydroxy acid, becoming the
reactive entity is ruled out. Hence it is proposed that the un-
dissociated hydroxy acid, HA, formed the precursor complex
with the reactive cerium(IV) species.

The hydrolytic (22) and spectral studies (24, 25) have con-
firmed that cerium(IV) exists as a nitrate complex, and the X-ray
crystallographic study (26) indicated that six bidentate nitrates
are present around the cerium(IV) ion. Now, if it is assumed that
a bidentate complex is formed between reactive cerium(IV)
species and the a-hydroxy acid, then a nitrate ion will be lost in
order to maintain the coordination number of 12. The situation
is illustrated in equilibrium [8], which is consistent with the
observed retarding effect of nitrate ions.

5 -n)

+ NO;~
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- Il'l (5—n)
R o}
9] \c/ \Ce(NO3),,_1
R2/ \C__O/'
I\
L O H . Rl

. fast
[10] (m — 1CeY + RIR*COH ——
RZ

In equation [10], m is the number of Ce(IV) equivalents used
in the oxidation of a-hydroxy acid according to the stoichiomet-
ric equations [1-5], and n has any integer value between 1 and
6. The rate of disappearance of [Ce!"] in terms of reactions
[8]-[10] is given by eq. [11] where K, is defined in the
equilibrium [12].

K,INO;)" .

_gceyy  MKICEVIIHA] ——[;O;]] [H]

[11] = —
3 R, HAINOLT
1 + K,[NO3] + TO;]—

[12] Ce** + nNO3 2 [Ce(NOs),] ¢~

The rate law deduced ineq. [11] is further simplified by dividing
the numerator and denominator by K,,[NO3]?/[NOj3 ], whence
eq. [11] is reduced to eq. [13].
[13] —d[Ce™] _ mkK[Ce'V][HA|[H"]

d: [NO3]

K,[NOs 1"

Since [NO3 ] = 0.02 mol dm 3 (the total ionic strength of the
medium), it is easily seen that

[NO3]
K,[NO3]"

Equation [13] is therefore further simplified to eq. [14], which is
the observed rate law. Again, at constant [H*], mk[H™] can be
replaced by the constant ky;,, where ky;,, is the limiting rate
constant, and eq. [14] is reduced to eq. [15].

[14]  kops = mk[H™]
[15]  kops = kiim

The value of k (= ky,/8[H™], m = 8 for tartaric acid) at
different temperatures in the oxidation of tartaric acid is given in
Table 3. The values of AH* and AS¥ are also reported there.
The corresponding values for the other hydroxy acids could not
be obtained because the rate measurements in these systems
were too fast.

The inclusion of a proton in the activated state, which could
be visualized as [H*—Ce!Y — HAJ* formed in reaction [9],
could help the delocalization of the electron and the formation of

+ [NO3] + K[HA]

K[HA] > ( + [NO;])

TaBLE 3. The values of the rate limiting constant & in the oxidation of
tartaric acid at different temperatures, and the values of AH¥, and AS™

T (°C) 12 15 20 25
10°k (dm®mol =} s™Y 1.57 2.68 4.50 8.32
AH* =90+ 2kJmol~}, AS* =17 231K 'mol™!

k .
+ H* — R!R?COH + Ce(lll) + 2H*

AN
C=0 + (m - DCe™M + (m — DH*

the free radical R'R?COH. The formation of the activated state
[H*—Ce'V —HAJ* as a result of reaction between a protonated
Ce(IV) species and HA is not favoured because of the fact that
the Ce(IV) species extracted by ether from a solution having
5.5moldm™" nitric acid contained no ionizable proton (9a).
The equilibrium between the monomeric and dimeric cerium(IV)
species has no mechanistic significance in the present reaction
because kops is independent of the initial [Ce!v]. This will
always be the case in all those reactions in which either the
monomeric or dimeric species are singularly reactive.

The attempt to characterize the free radical by flow—est
technique proved unsuccessful (5). However, the formation of
RIR2COH (27) is favoured because its fast oxidation by a
second Ce(IV) molecule explains the formation of HCHO in
the oxidation of glycolic acid (R! = R? = H), and acetone
dicarboxylic acid in the oxidation of citric acid (R! = R? =
CH,CO,H), which is akin to the formation of acetone in the
oxidation of 2-methyl-2-hydroxypropanoic acid (R' = R? =
Me).

The values of k decreased in the order: citric > glycolic >
malic > tartaric acid, which is consistent with the reactivity:
mandelic > 2-methyl-2-hydroxypropanoic > lactic > glycolic
> malic acid in perchloric acid medium (4, 5). It is noted that
the mechanism of the oxidation in nitric acid is different from
that in perchloric acid because (i) ks decreased with increasing
[HCIO,] (4, 5), whereas it increased with increasing [HNOj],
and (ii) kops was independent of [NO3 ] in perchloric acid (5),
whereas nitrate ions retarded the k., in nitric acid. The latter
needs an explanation. In perchloric acid, CeOH?* (aq.) is the
major reactive species because the contribution from Ce**(aq.)
to kqps is considered negligible (5). The kqps Will remain un-
affected if [CeOH3* (aq.)] is not adversely affected by the nitrate
ions, and this is exactly the case because the hydrolytic studies
in nitric acid (11) have suggested that the complexing of
CeOH?**(aq.) by NO3 is not appreciable in comparison to com-
plexation of Ce**(aq.) by NO;.

Although this study could not provide a value of kg, for the
oxidation of mandelic acid because the rate was too fast to
handle with the method adopted, it has been established that the
oxidation is not as slow as claimed by Banerji (6).
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The interaction between polymeric aluminium hydroxide, Al,, and fluoride has been investigated to optimize the conditions for
removal of fluoride from waste waters of aluminium manufacturing plants using Al,. The results of these studies have shown that
the nature of products formed between Al, and fluoride depends on the molar concentration ratio of fluoride to aluminium (rg),
pH, and initial fluoride concentration. In the absence of interfering ions, fluoride can be effectively precipitated as Aly3(OH),9F g
with Al,, using rr == 0.7 and 4 < pH < 7. At rg > 1, Al, dissociates and fluoride is precipitated as cryolite, and the residual
fluoride concentration is controlled by its high solubility.

N. PARTHASARATHY, J. BUFFLE et W. HAERD1. Can. J. Chem. 64, 24 (1986).

Dans le but d’optimiser les conditions permettant d’éliminer les ions fluorures des eaux usées des usines produisant de
I’aluminium a partir de I’hydroxyde d’aluminium sous forme de polymére (Al,), on a éwdié I’interaction entre Al, et les ions
fluorures. Les résultats de ces études démontrent que la nature des produits formés entre Al et les ions fluorures dépend du pH,
de la concentration initiale des fluorures et du rapport des concentrations molaires des ions fluorures/aluminium (r¢). Sous
I'influence de Al, et en I’absence d’ions pouvant créer des interférences, les ions fluorures peuvent €tre précipités d’une fagon
efficace sous forme de Aly3(OH),oF 0, en utilisant un ry = 0,7 et 4 < pH =< 7. Lorsque rx > 1, le Al, se dissocie et les ions
fluorures précipitent sous forme de cryolite; la concentration des ions fluorures résiduels est contrlée par sa grande solubilité.

Introduction

In the past few years there has been a growing interest in the
small, highly charged cationic polymeric aluminium hydroxide,
Al,, because it seems to be a promising substitute for conven-
tional aluminium salts as a coagulant in water treatment (1-3).
The preparation and characteristics of Al have been reported
in the literature (1, 3—15). We showed (15) that hydrolysed
aluminium solutions having roy = 2.5 consist mainly (ca. 80%)
of active polymeric aluminium hydroxide, Al,. With increasing
ron values, the proportion of Al, formed decreases and increas-
ing amounts of Al are found to be associated with the inert form
of aluminium hydroxide. In addition, small amounts (5—10%)
of monomeric aluminium are present in all the hydrolysed
solutions. Al, prepared by slow addition of base to aluminium
nitrate solution to an OH/Al ratio of 2.5 showed (15) that its size
is 10-20 A, its average net positive charge is +7 (i.e. 0.5 per
aluminium atom), and it consists probably of Al;;0,(OH)%! .
Since Al, is highly positively charged, it is expected to be very
reactive towards dissolved species, particularly towards inor-
ganic anions such as fluoride and phosphate, but the reactions
between Al, and dissolved inorganic pollutants have received
very little attention (16, 17). In this paper the interaction of Al
and fluoride has been investigated in order to get some insight
into the reactivity of Al; and to find optimal conditions for
treatment of fluoride-containing waste waters, in particular
those produced in the aluminium industry.

II. Experimental

1.1 Reagents

Reagent grade chemicals and demineralized water purified on Milli-
pore — Milli Q systems were used throughout. All fluoride standards
were prepared by serial dilution of stock 0.2 M sodium fluoride
solution. Stock solutions of aluminium hydroxide were prepared as
described in our previous paper (15) by hydrolysing aluminium nitrate
solutions with a base (NaOH) to the desired hydrolysis ratio, roy,
where roy = [OH],/[Al],; [OH], is the total concentration of hydrox-
ide ions, and [Al], is the total aluminium ion concentration. roy was
varied in the range 2.5-3.0. The total initial aluminium ion concentra-

! Author to whom correspondence should be addressed.

[Traduit par le journal]

tions [Al], were varied in the range 5 X 1073 — 2 X 107' M, and the
initial base concentrations were varied between 0.1 and 1 M. The hydro-
lysed solutions were characterized by ultrafiltration, aluminium-27
nmr, and Ferron methods as described elsewhere (15). The hydrolysed
solutions were left to stand for 6 days before use, as the variations in pH
of these solutions were found to be small (0.01pH/day) after this
period. Tonic strengths of the solutions were adjusted to the desired
values with sodium nitrate solution.

I1.2 Apparatus

Fluoride titrations were carried out using the titration assembly
described inref. 18. A fluoride ion selective electrode (ISE) coupled to
a Metrohm (EA 441/5) Ag/AgCl reference electrode with saturated
KCl salt bridge was used for making fluoride measurements. A
Metrohm combination pH glass electrode (EA 120) was calibrated with
pH 7 and 4 Merck standard buffers. Metrohm digital pH meters (E500)
coupled to a Metrohm chart recorder (E478) were used for pH and
potential measurements. A Tacussel PHIT NUM pH stat was used to
maintain the pH constant.

The pH and emf were read to within =0.01 pH unit and = 0.1 mV,
respectively, and the potentials were noted only after checking that the
drift was less than 0.004 mV/min.

Unless otherwise stated, all measurements were made in polyethyl-
ene titration cells (or beakers) thermostated at 25 = 0.1°C, with stirring
and under an atmosphere of nitrogen.

11.3 Methods

1.3.1 Analytical methods

All analytical methods used were the same as those described
elsewhere (18). However, the salient features are reiterated here. The
free and the total fluoride concentrations in the samples were deter-
mined by means of a fluoride ISE. The total fluoride concentration was
determined by using TISAB III containing CDTA as decomplexing
agent for the aluminium fluoride complexes. The total aluminium
concentrations in the samples were determined by flame atomic absorp-
tion spectrometry (faas) using a Pye Unicam SP1900 atomic absorption
spectrometer. Size fractionation of the samples was performed by
filtering samples successively through Schleicher and Schull filters
of porosities: 8 pm, 0.45 pum, and 0.2 pm and Amicon membranes
XM300, PM10, and UM OS5 in an Amicon ultrafiltration (uf) cell
(model 52). A 0.2-pm filter instead of the conventional 0.45-pm filter
was chosen to distinguish between the particulate and dissolved com-
ponents, because colloidal forms of aluminium have been found to pass
through 0.45-p.m filters (5) but to be retained by 0.2-pm filters (5, 15).
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11.3.2 Interaction of fluoride with Al,

For the sake of convenience the symbols ¢ and r are designated for
[F1,/[Al], and [Fl,/[All, respectively. rg is a useful parameter for
practical purposes, whereas rg is indicative of the stoichiometry of the
species formed. [F], and [Al], are the concentrations of fluoride bound
to aluminium and aluminium initially bound to hydroxide as Aly,
respectively. Three forms of aluminium, denoted by Al,, Al,, and Al,
have been shown to exist in partially hydrolysed aluminium solution
(12,13, 15). Al, consists of monomeric species such as AI**, AIOH?*,
AI(OH);. Al, is the polymeric aluminium hydroxide species. Al,, the
inert form of aluminium hydroxide, is composed of microcrystalline
particles of solid aluminium hydroxide. For the sake of clarity the
symbol rSy will be used for the ratio [OH],/[All,, where [OH], is the
concentration of hydroxide ions bound to aluminium as polymer.

11.3.2.1 Potentiometric titration of Al, with F

Aliquots of a 0.1 M sodium fluoride solution were added to a solution
of Al, at the same pH (5.0) and ionic strength (0.1 M) as Al; solution
(Al; = 6 X 107* M). The titrant was added at 30-min intervals and the
pH was kept constant at 5.0 by means of a pH stat. The total concen-
tration of fluoride was varied in the range 107 — 1072M. The
potential, E, was measured with F~ ISE 10—15 min after each addition
of the titrant and the corresponding free fluoride concentration was
evaluated from the previously constructed calibration curve. As in the
present system, the equilibrium was reached slowly. The attainment
of equilibrium was checked by performing other titrations using longer
equilibration times (24 h). The titrant in this case was added manually.

These experiments were run with solutions having various roy ratios
(25 = ToH = 3)

11.3.2.2 Batch method

To determine the nature of products formed during various stages
of the titration, a batch technique was used. Aliquots of Al, ([Al], =
0.12M; roy = 2.5; pH = 5.0) were added to known volumes of
sodium fluoride solutions (pH = 5.0) contained in a series of poly-
ethylene beakers under constant stirring. The ionic strengths of these
solutions were adjusted to 0.1 M with sodium nitrate solution. The total
aluminium concentration was kept constant ([Al], = 6 X 1073 M) and
[F], was varied such that 0.1 < r¢ < 3 in one set of experiments. All
solutions were kept at constant pH for 30 min, then filtered in cascade
successively through membranes of porosity: 8 um, 0.45 um, 0.2 wm,
XM300 (130 A), PM10 (20 A), and UM-05 (10 A). [Al],, [F], and the
free fluoride concentrations, [F], were determined in each filtrate. The
precipitate formed (if any) was washed with ethanol (70% v/v), dried
oversilica gel in a desiccator, and analysed by using chemical methods,
ir, and photoelectron spectroscopy (ESCA).

11.3.3 Effect of pH
The Al,—fluoride interaction was studied in two systems: (a) excess
of aluminium and (b) excess of fluoride.

(a) 1r = 3 (excess fluoride) (using a batch method)

The batch method described above was used; ¢ was kept constant
and the pH was varied over the range 3 < pH < 7. [F], [F],, and [Al],in
the 0.2-pm filtrates were determined.

(b) tr = 0.1 (using a titration procedure)

Aliquots of fluoride solutions were added to hydrolysed aluminium
solutions having varying roy immediately after performing the hydrol-
ysis, and left to stand overnight under stirring conditions. These
solutions were then back titrated with 0.1 M nitric acid, and the pH and
[F] were measured after each addition. It must be pointed out that the
titrant was added at intervals of 24 h in the pH range 4.5-5.5 as the
attainment of equilibrium was slow under these conditions. These
titrations were performed over the pH range 3 < pH = 8.5. The
aluminium concentrations studied were in the range 5.0 x 1073 —
10™* M and the [F), was 10™* M in all cases except for [Al], = 1.5 X
10~* M, where [F), used was 107> M. The ionic strengths of these
solutions were adjusted to 0.1 M with NaNO;.

III. Results
IlI.1 Fluoride bound and hydroxide released
A typical plot of the potential, E, of F~ ISE against log [F],

for the titration of Al, with fluoride is shown in Fig. 1. The
solution appeared clear in zone 1, became turbid in zone 2, and
finally a precipitate was observed (indicated by an arrow in Fig.
1). Hydroxide was released during the titration. The correspond-
ing amounts of hydroxide released were calculated from the
amount of acid required to maintain the pH constant.

The maximum amount of bound fluoride per aluminium(III)
ion in the polymer is given by:

(1] = nrs

and is found at the end point of the titration, i.e. when [F]; =
[Fleq (Fig. 1). Then:

[21  ré? = [FRYI[All, = ([Fl — [AIF] - [F])/[All,

[AIF] is the concentration of the dissolved AIF** species. [AlF]
was calculated by using the mass balance for monomeric alu-
minium species, Al,, the free fluoride concentration obtained
from F~ ISE measurement, and the stability constant of AlF,

[3] 1 = [AIF]/[Al][F]

(Log BY = 6.03 at I = 0.1 M; ref. 19):

[4] [All, = [Al] + [AIF]

By combining eqgs. [3] and [4] one obtains:

[ALL,..BE. [F]
5 AlFl= ———7M—
Bl AR = e )

r£% in Fig. 1 was found to be 0.8. Similar titration curves were
obtained for hydrolysed solutions having various roy. The
corresponding g% are plotted against r8y (Fig. 2). These
results indicate that as r8H increases, the amount of fluoride
incorporated in the precipitate decreases.

The amount of OH™ released during the titration shown in
Fig. 1 is replotted as a function of r (Fig. 3, curve (a)). Also
shown are the results obtained from a batch method and by
manual titration (curves (b) and (c)). This figure allows com-
parison of the results at three different time scales. For instance,
at rg = 1 the total equilibration time was 30 min for curve (c),
9h for curve (a), and 240 h for curve (b). In all cases [OH],,
increases with 7, but the comparison of these experiments
shows that a relatively long time (hours) is required for the
completion of reaction.

WI.2 Nature of the species formed in the Al,—F system

II1.2.1 [Al], constant

The size fractionation results for solutions with rg ranging
from 0.1 to 3.3 are summarized in Table 1. The percentages of
Aland Fineach fraction were calculated with respect to the total
initial aluminium and fluoride concentrations, respectively. The
proportion of aluminium and fluoride in the UM 05 filtrate is
small regardless of the re value. Knowing that UMOS filters
retain Al, and let through monomeric aluminium species AI**
and AIF, (15), the fraction of fluoride bound to aluminium as
soluble AL F, and AlF, may be evaluated from the measured
free and total fluoride concentrations in the UM 05 retentate and
filtrates, respectively. For rg = 0.1, the soluble fluoride was
mainly present as Al F, (found: 0.7% as F~, 9.4% as AlF, 26%
in ALLF,, and 64% in the solid with respect to [F];), whereas
with rg values greater than 0.5, the predominant form of soluble
fluoride was AIF™ (found: 0.7-2.3%, as F~, 6.4-9.4% as AlF,
1.9-4.0% in Al F,, and =70-90% in the solid).

The fluoride associated with the particulate form (0.2 pm)
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FiG. 1. A typical plot of E vs. log [F], for the titration of Al, with fluoride, monitored with fluoride ion selective electrode. Reference
electrode used: Ag/AgCl/saturated KCI. Conditions used: curve (b), [Al],=6X 1073M; rog=2.5,1=0.1M; pH=5.0; T=25°C. Curve

(a), [Al], = 0; the other conditions were the same as for curve (b).
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FiG. 2. A plot of r§ vs. r%y. Conditions used: [Al], = 6 X 1073 M;
[=0.1 M NaNO,.

increases with increase in the rg ratio (64% of {F], at rz = 0.1;
90% at rr = 0.5), which is consistent with the observation of
turbidity followed by precipitation in zone 2 of the titration
curve in Fig. 1. The ir, ESCA, and chemical analysis revealed
that the nature of the solid formed depends on the rs value. At rg
ratios of 0.1—1.0, the solid includes: 13% Al, 6.6% F, 20% OH,
0.1% Na, 59.6% H,0, and the molar F/Al ratio = 0.69. This
corresponds to a basic aluminium hydroxide of composition:
Al(OH); 3,F ¢sNag o;. With reratio > 1, ESCA, chemical, and
ir analysis of the solid yielded: 21% Al, 14.1% F, 6.7% Na, 43%

1 [OH']Lreleased «
(x 10 'M)
24+
20 -
16 - ,D'ol
‘0"
. o0--97
-=0
12 * oo®
8
//’X/
, P
4 o .
0! ! . [F 1y (X107 M)

10 20 30 40 50 60 70
0. 05 1.0 re

FiG. 3. Amount of hydroxide released ([OH],) vs. fluoride bound
to the polymer AlL([F]y). Conditions used: ron = 2.5; [Al], = 6 X 107,
I = 0.1 M NaNO;. Curve (a) (O), automatic titration with the titrant
added at 30-min intervals; curve (b) (X), manual titration, the interval
between each addition being 24 h; curve (c) (@), batch method: each
point in the curve was obtained after 30-min contact time.

H,O0, molar ratios of F/Al = 1.0 and Na/Al = 0.2, and
characteristic ir bands for cryolite and alumina. These data
correspond to a mixture of cryolite (Na;AlFg) and alumina
(Al;O3) in a mole ratio of 1:3. These results suggest that Al,
decomposes into these products in the presence of excess of
fluoride.

1I1.3 Effect of pH on the nature of species formed

III.3.1. Excess of fluoride: zone 3 (Fig. 1)
The distribution of various forms of fluoride are shown in Fig.
4 as a function of pH. These results were obtained with [Al], =
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TaBLE 1. Effect of rr on the composition of Al—F system

Initial solution

0.2-pm Filtrate*

Filtrate of UM-05

[All.  [F} [Allr  [Allf  [Fl [Fle [All  [Alle  [Fly  [Fle

TF B (mM) (mM) (mM) (B (mM) (%) (mM) (%) (mM) (%)
0.1 0.11 5.8 0.57 53 91.4 0.21 36.2 0.67 11.6 0.06 9.8
0.5 0.56 5.8 2.9 0.43 7.4 0.35 12.1 0.57 9.9 0.23 7.9
1.0 1.13 5.9 5.9 0.63 10.7 0.71 12.0 0.60 10.1 0.53 9.0
3.16 3.58 6.0 19.0 0.13 2.2 2.3 12.1 1.91 10.1

*The results obtained with XM300 and PM0 filtrates were similar to those obtained with 0.2-pum filtrates. / = 0.1 M NaNO; M,

pH = 5.5; [X]; = total concentration of X in a given filtrate.

t. (%) A 2e
A (
i 100 L AlF
+ F-
8o x o solid Nc13AlF6
¥V HF
60 |-
+
4Ok /
20| °
—g L ! I
4 S 6 7 8 pH

Fi1G. 4. Distribution of various forms of fluoride as a function of pH.
f: = fraction of each species with respect to total fluoride concentra-

. tion. Conditions used: [Al], = 1.7 X 10> M; [F}, = 5.1 X 1073 M; g

= 3, TOH — 2.5.

1.7 X 1072 and [F]; = 5.1 X 10~ 3 M using a batch method. The
distribution of different forms of fluoride was computed from
the measurements of the total and free fluoride concentrations in
the 0.2-pm filtrates and retentates. It can be seen that the
fraction of fluoride present as insoluble species is more or less

¢ independent of pH in the range 4.5-6.0, whereas the proportion

of free and complexed fluoride varies with pH under the same
conditions.

II1.3.2. Excess aluminium: zone 1 (Fig. 1)

From the free fluoride concentrations measured at various pH
during the back titration of Al plus F solutions with acid (sect.
I1.3.3 b), the degree of complexation of F, «, defined as (20):

(6] o« = [Fl/[F]

was evaluated. For pH < 4.5, fluoride forms HF with hydrogen
ions. Thus the mass balance equation for [F], is:

[71 [Fl, = [F] + [HF] + = [All forms of F bound to Al]

Combining eqgs. [6] and [7] with eq. [4] and the formation
constants of HF, B! = [HF]/[H][F], and eq. [4] one obtains:

[8] (a—1-BY.[H]) =2 [All forms of F bound to Al]/[F]

A value of B} = 3.01 at I = 0.1 M, independently evaluated,
was used to compute the left hand side of eq. [8]. Typical plots
oflog(a — 1 — B{‘[H]) vs. pH for various [Al]; are shown in
Fig. 5. The main feature of this titration curve is that it can be
divided into three pH zones corresponding to the changes in its

4 log (Cl-Y—ﬁ]H [HD)
4 |
o o
®
A .
3 r °‘:>:>°‘A %
3 .
L
2 r QJ%.‘...
“
o L
(o]
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o,
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° o pH
L \ L | L L .
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FIG. 5. Typical plots of log (o« — 1 — BY.[H]) vs. pH. Conditions
used: M; [F], = 107*M; I =0.1M; T =25 = 0.1°C; curve (@), [Al],
=4.4 x 107> M; curve (), [Al], = 2.2 X 107> M; curve (O), [Al], =
7.7 X 1074 M.

slopes:

(i) 5.5 < pH < 8. Inthis pH domain, the reactions proceed
rapidly and the slopes of plots such as those shown in Fig. 5 can
be evaluated for various aluminium concentrations. An average
value of 0.65 = 0.05 for the slope was obtained from titration
curves performed at six different aluminium concentrations in
the range 1074 -5 x 1073 M.

(ii) 4.5 < pH < 5.5. In this pH range, the reactions were
found to be very slow, taking up to 24 h to attain equilibrium.
This may be due to depolymerization of polynuclear hydrolysed
species. No attempt was made to interpret these results quantita-
tively as reactions were too sluggish.

(iii) pH < 4. The results in Fig. 5 show that log (@ — 1 —
BH.[H]) becomes independent of pH. The reactions in this case
were found to be rapid.

IV. Discussion

In our previous paper (15) we showed that under mild hydro-
lysing conditions, hydrolysed aluminium solution is predomi-
nantly made up of polymeric aluminium hydroxide species
which closely resembles Al;304(OH)37. In particular, our
results showed that the polydispersity of Al is small, more than
80% of the polymeric species being in the size range 10-20 A.
Consequently, in the subsequent discussions Al, will be repre-
sented by Al;30,(OH) or [AI(OH); 45, (n = 13), the two
being stoichiometrically equivalent. It was also shown that the
remainder of [Al],, which represents only ca. 10-20%, consists
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of finely divided nonreactive aluminium oxi-hydroxide in equi-
librium with traces of monomeric aluminium species.

IV.1. Zone 1:

IV.1.1. tp < 0.1; pH < 4 (Figs. 1 and 5)

Hem and Roberson (5) showed that at pH < 4 aluminium
exists mainly as monomeric species. Hence it may be assumed
that for pH < 4, Al will dissociate completely into monomeric
aluminium hydroxo species, provided equilibrium is attained.
Since Al is present in excess, the predominant fluoro complex of
aluminium would be AlF, whereas a major part of the total
aluminium is present as AI>* and AIOH?*. Thus eq. [8] can be
written as:

[8a] (a — 1 — B,[H]) = [AIF]/[F] = Bf.[Al]

and the mass balance for the total aluminium concentration is
given by:

[9] [Al)} = [Al] + [AIF] + [AIOH]
Since aluminium ions are present in excess, the approximation:
[10] [Al]; = [Al] + [AIOH]

holds. Combining eq. [10] with the formation constant given in
eq. [11]:

[11] BPH = [AIOH]/[A]][OH]
one obtains:
[12] [Al] = [Al]//(1 + BY™.[OH])
OH _

BY was evaluated from eqs. [8] and [12] using log BYH = 9.0
at 0.1 M ionic strength (19) and the experimental value of 3.01
for log B} From all the titration data (Fig. 5), the mean value
of log B} was found to be 6.13 + 0.04 (for 95% confidence
limit). Considering the complexity of the system used, this
value is in reasonable agreement with the value of 6.32 at 0.1 M
ionic strength reported in the literature (19). Thus these results
confirm that at pH values below 4.0, Al dissociates completely
into monomeric aluminium species provided sufficient time is
allowed to reach equilibrium (ca. 1 week).

V12 <01, 5<pH<S8

In this case a soluble complex is formed between the polymer
and fluoride (Table 1, Fig. 1). As aluminium ions are present in
excess, the fixation of one fluoride per molecule of polymer has
been assumed for the reaction of Al, with fluoride. This reaction
may be written as:

[13] A113O4(OH)24 +F = All304(0H)24_ZF + ZOH

where z is the number of hydroxide ions released per fluoride
bound. Let K, be the ligand exchange constant:

_ [AlL;304(OH),, ;FI[OH]*
[Al1304(OH),4][F]

[14] K,

The total fluoride concentration, [F]; is given by:
[15} [Fl = [F] + [Al;304(OH)z4 . F]

or

[16] o = [F1/[F] = 1+ Ky[Al;30,(OH),,]/[OHJ*

The concentrations of all forms of aluminium except Al, are
negligible compared to [Al], under these conditions. As a first
approximation, it is reasonable to assume:

[17] [ALi304(OH)4] = [Al]/13

5.0 &

log[AI]\
4.0 — T !

T T
-20 =25 -30 -35 =40
FiG. 6. A plot of O vs. [Al], (see eq. [19]).

Equation [16] can be written as:
[18] (a —1)=log (K,/K5%.13) + log [Al], + z pH

where K, is the ionic product of water.

The value of z was found to be 0.65 = 0.05 (for 95%
confidence limits) (see sect. III.1.2). An average value of 0.6
OH released per fluoride fixed was also found experimentally
for r= = 0.1 (Fig. 3, curves (a) and (b)). Thus if sufficiently long
equilibration times are used, then the observed stoichiometry
for fluoride bound per hydroxide ion released is independent of
the titration mode and is close to 0.6.

The value of K, can be found from Fig. 5 and eq. [18]. Indeed
the intercepts on the ordinate, Q, of the straight line plots (Fig.
5) in the pH region of interest should be dependent on [Al];:

[19] Q = log (Kp/K3) + log [All,

The slope of such a plot (Fig. 6) was found to be 0.97, which is
close to the theoretically predicted value of 1. K, can be
evaluated from the intercept of this plot and was found to be
1.03 £ 0.01, which is in agreement with a value of 1 expected
for ligand exchange reaction between OH and F (5).

IV.2 Zone2: 0.5 <=1

Fluoride precipitates in this region. Under similar conditions
Hsu (16) also observed the precipitation of phosphates and
silicates with polymeric aluminium hydroxide species and has
proposed a model for these precipitation reactions. According
to this model, the phosphate and silicate ions reduce the charge
of Aly, inducing precipitation when its charge is completely
neutralized. Analogous reaction schemes can be used for inter-
preting the fluoride—aluminium interactions. However, in this
case, in addition to the neutralization of charge, the fluoride ions
can replace some of the hydroxide ions incorporated in the
polymer since it has a stronger affinity than phosphate for
aluminium and is similar in size to hydroxide ions. This would
then explain the release of hydroxide ions observed during the
reaction between Al, and fluoride. Since r§ represents the
number of fluoride ions bound per aluminium, the reaction
between Al, and F can be represented in the general form:
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[20] 1/n[Al(OH)4¢l, + r.F
= 1/n[AlOH); 46 F.1, + mOH

where r = r2 in eq. [20].
In order to get an uncharged reaction product one must have:

[21] 054+ m=r2

By substituting the experimental value of rf (= 0.8) in eq.
[21], the value of m was found to be 0.26. The ratio m/rg =
[OH]1/[Flp is then found to be 0.32, which is in agreement
with the experimental value of 0.35 obtained from Fig. 3,
curves (a), (b), at rg = 0.8.

The results of analysis of the solid phase also support the
formation of mixed fluoro-aluminium compound. Thus all these
results favour eq. [20], and by substituting n = 13 and r =
0.8, it becomes:

[22] Al3040H)ZL' + 10 F- = Al;304(0H),,Fyo(s) + 3 OH"

As mentioned above, the formation of a mixed phosphato-
aluminium complex in the reaction between phosphate and
hydroxy aluminium species has also been reported (16, 17, 21).
The H,PO,/Al mole ratio of the precipitate calculated from the
results reported for rog = 2.5 and similar pH conditions yielded
avalue of 0.46, which would be comparable with the F/ Al mole
ratio (0.54) if no hydroxide ions were replaced by fluoride ions,
as is the case for H,PO,. These findings therefore tend to sug-
gest that the reaction mechanisms for the reaction of Al, with
both fluoride and phosphate follow similar pathways. It must be
pointed out that the nature of the solid formed under these
conditions is markedly different from the one formed where
excess of fluoride is present (see sect. I11.3.1).

IV.3. Zone3: 1= 3

In this case two observations were made: (a) formation of
precipitate, and (b) existence of dissolved complexed fluoride
(Fig. ).

The results of analysis of the solid suggest that Al,F, depoly-
merizes into cryolite and alumina under these conditions. The
formation of cryolite in the presence of excess of fluoride has
also been reported by Hem and Roberson (5). A comparison of
these results with those of Fig. 4 shows that the solubility of the
fluoride is dependent on the total aluminium concentration and
pH when rg > 3. The solubility decreased with increased
aluminium concentrations, whereas it increased with increased
acidity below pH 4 and remains unaffected in the pH range
4.5-8.

The nature of the various forms of fluoride at rg = 3 is shown
in Fig. 4. It is apparent that the concentrations of free and bound
fluoride are dependent on pH and the total aluminium concentra-
tion initially present.

Conclusions

The results of this study show that the interaction between
fluoride and aluminium hydroxide polymer, Aly, leads to the
formation of several soluble and insoluble products depending
on rg, pH, and total applied fluoride and aluminium concentra-
tions. The types of products formed as a function of r¢ are
summarized in Table 2. For rs < 0.1, a significant portion of the
total fluoride is present as soluble fluoride. At rg = 0.7, roy = 2.5,
and pH between 4 and 7, a major proportion of total fluoride is
precipitated as Al;3(OH)0F;o. Under these conditions about
7 mg/L of fluoride remains in the solution owing to the intrinsic
solubility of this compound. At r > 1, Al, dissociates and the
reaction products under these conditions consist of a mixture of
hydrated alumina and cryolite. The amount of dissolved fluoride

TABLE 2. Summary of the main species formed between Al,
and F under the experimental conditions used in this work

s

pH =0.1 0.5-1.0 >1.0

4 HF, AIF HF, AIF HF, AIF
4-5.5 AlF AlF

AlpFIO (S) Na3AlF6
5.5-7 AlF, ALF, Al,O4, NajAlFg
7-8 F adsorbed on
Al (OH); F

present in these solutions was found to vary with the applied
aluminium concentration and it is controlled by the high solu-
bility of cryolite (0.042 g/L) (22).

Thus if Al is used for precipitating fluoride, then the optimal
conditions are as follows: roy = 2.5, rg=0.7,and4 <pH < 7,
provided no interfering components are present. The removal of
fluoride by Al,, from waste waters of aluminium manufacturing
plants where interfering components are present is discussed
elsewhere (23).
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HUO,PO,-4H,0 (HUP) forms a laminar intercalate with butylamine, ¢ = 29.30(5) A, which accepts cationic metals in
exchange for the n-butylammonium ions. Hydrated uranyl metal phosphates M(UO,POy), nH>O (M = Mn, Co, Ni, Cu, Zn,
Cd) are obtained by ionic exchange and were studied by thermal analysis and X-ray diffraction. The tetragonal structures of all
these product compounds are derived from HUP. The diffuse electronic reflectance spectra of every sample show characteristic
UO3" absorption bands. In the spectra of the Co, Ni, and Cu phosphates there are other bands in the 500—800 nm zone
compatible with their observed aquocation transitions.

R. Pozas-TorMO, L. MORENO-REAL, M. MARTINEZ-LARA et S. BRUQUE-GAMEZ. Can. J. Chem. 64, 30 (1986).

Le HUO,PO,-4H,0 (HUP) et la butylamine forment un composé laminaire intercalé (¢ = 29,30(5) A) qui accepte des
métaux cationiques en échange pour les ions n-butylammonium. On obtient les phosphates métalliques d’uranyle hydratés
[M(UQ,PO,),- nH,0 dans lesquels M = Mn, Co, Ni, Cu, Zn et Cd] grice a un échange ionique et on les a étudiés par analyse
thermique et par diffraction des rayons-X. En se basant sur le HUP, on en déduit que tous ces composés existent dans des
structures tétragonales. Les spectres de réflectance électronique diffuse de chacun de ces échantillons présentent des bandes
d’absorption caractéristiques du UO3™. Dans les spectres des phosphates de Co, Ni ou Cu, on trouve aussi d’autres bandes, dans

la région de 500 a 800 nm, qui sont compatibles avec les transitions observées pour leurs aquocations.

Introduction

The intercalation chemistry of the inorganic layered com-
pounds is becoming increasingly important; in particular, the
ionic exchange and adsorption characteristics and the host—
guest relationships of the layered phosphates have been inten-
sively studied in: Zr(HPO,),-H,O (1); Sn(HPO,),-H,O (2);
VOPO,-2H,0 (3), and HUO,PQO4-4H,0 (HUP) (4, 5).

HUP belongs to the large family of uranium mica compounds
with the general formula M(UO,PO,), - nH,0 where M may be
a mono or divalent cation. These compounds have a typical
structure of negatively charged layers of (UO,PO,);~ sepa-
rated by staggered layers of water molecules and compensating
cations (6). In HUP, the latter are H*, but these may be
substituted by almost any other cations.

Pekarek and Vesely (7) have studied some thermodynamic
phenomena of the ionic uptake by HUP/M (M! to M'Y). Other
authors investigated the proton conductivity of HUP and the
HUAs (8, 9). The photoluminescent properties of these phos-
phates are reported in detail by Olken et al. (5).

A large number of synthetic compounds of the uranium mica
type have been prepared. Urany] phosphates of alkali metals,
alkaline earth cations, and some transition metal ions were
isolated by precipitating their respective ionic solutions (10-13)
and also by ion exchange in HUP (5, 14).

The present work studies the uptake of divalent transition metal
ions by the expanded intercalate (C4HoINH3)UO,PO, - 3H,0 and
characterizes the final homoionic products, which all show good
crystallinity and high degrees of hydration. The concept of using
butylamine to facilitate exchange in layered hydrogen phos-
phates was first demonstrated by Clearfield and Tindwa (15),
although Weiss et al. had prepared n-alkylammonium deriva-
tives of hydrogen uranyl phosphate (16).

! Author to whom correspondence may be addressed.

[Traduit par le journal]

Experimental
Synthesis

The uranyl hydrogen phosphate tetrahydrate HUO,PO,4-4H,0 (HUP)
was prepared from uranyl nitrate and orthophosphoric acid in aqueous
solution with the proportion U/P 1:1.1, according to the method of
Schreyer and Baes (17). The resulting product was air dried and kept
in a controlled humidity atmosphere (Py,0 = 9.12Torr; 1Torr =
133.3 Pa). It was identified by chemical analysis, X-ray diffraction,
and thermal analysis.

The intercalate (C4HgNH3)UO,PO,:3H,0 (BAUP) was prepared
by exposing HUP to a saturated atmosphere of n-butylamine vapour
(NBA) for 2 days in a desiccator. The product was evacuated at room
temperature and was left in a controlled humidity atmosphere (H,SO,
40% w/w). The composition of the intercalate, BAUP, was determined
by spectrophotometry of P and U and Kjeldahl microanalysis of N;
water content was measured by thermal analysis.

X-ray diffraction and infrared spectroscopy were used for structural
arrangement determination.

Ionic uptake process

The M?%/C4HoNHT uptake process was studied by bringing into
contact aqueous suspensions of the BAUP intercalate with aqueous
metal acetate solutions (up to final concentrations of 1072 M) for 48 h at
25°C. Experiments were made with different equivalent amounts of
metallic ions ranging from 0.4056 mequiv./g, or 20% of theoretical
maximum uptake capacity (2.028 mequiv./g), to 4.056 mequiv./g, a
100% excess over capacity. The suspensions were then centrifuged and
the solids washed until acetate removal was complete. These were then
air dried and stored in an environment controlled at 50% humidity. The
uptake of metallic ions in the exchange process was determined by
analysis of the solid phase and its equilibrium solutions. Analytical data
for the butylammonium and the various cation intercalates are available
as supplementary material.”

ZA table of analytical data (Table 1, supplementary material) may
be purchased from the Depository of Unpublished Data, CISTI, Na-
tional Research Council of Canada, Ottawa, Ont., Canada K1A 0S2.
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Instrumental

The instrumental techniques employed to characterize the new
materials were infrared spectroscopy (Perkin Elmer 580), X-ray dif-
fraction (Philips PW 1710), differential thermal and thermogravimetric
analysis (Rigaku Thermoflex), diffuse reflectance and visible—ultra-
violet spectroscopy (Kontron Uvikon 810), and atomic absorption
spectroscopy (Varian AA 475 ABD).

Results and discussion

Characterization and structural determination of BAUP
intercalate

The product powder X-ray diffraction pattern (Table 2) can be
indexed on a tetragonal unit cell with a = 6.968(7) and ¢ =
29.30(5) A, though the basal spacing observed is 14.65A,
which corresponds to the 002 reflection.? All the starting prod-
uct k0 lines were present in the intercalate with systematic
absences when h + k # 2n. These data (Table 2)> show the
persistence of the HUP framework ab plane and, in addition,
clearly indicate that the tetragonal layer structure was preserved
although the c axis was expanded. The most probable space
group is P4,/n.

Botto ez al. (18) found 9.05 A for the basal spacing (dpgz) of
the isostructural compound NH,UO,PO,-3H,0. The perpen-
dicular arrangement of an alkyl chain with four atoms of carbon
between the layers would originate from 14.85 A layer spacing,
very close to that obtained here (14.65 A). The existence of a
monolayer in the n-butylamine intercalate (BAUP) contrasts
with the bilayer found in the hydrogen phosphate of zirconium
(19). This compound has an available layer surface area around
the hydrogen atoms that is smaller than the HUP (24 A2 against
48.8 A?).

In the intercalate infrared spectrum, as well as the bands of
the phosphate, water, and UOZ* vibrations, there are others
which correspond to the following groups: vey, gy, (2970 cm™ Y
VCH, sym. and asym. (2940 Cm_l); VCH; sym. (288001‘[‘1_1); 8N}-I§'asym.
(1620 cm™"); B sym. (1530cm™ " and 1510cm™); Scp,, cn,
(1470 cm™Y). i

These data show that protonation of the guest amine has
occurred to give rise to the butylammonium ions between the
layers.

The thermogravimetric curve (Fig. 1) exhibits three stages of
weight loss. The first corresponds to the initial dehydratation
and is associated with two endothermic effects, which may be
seen on the DTA curve, and are centred on 90 and 130°C. In the
two following stages (150—-200°C and 300-400°C), the organic
cation is removed; this process occurs in two endothermic
effects (at 240 and 315°C). The last of these immediately
precedes a DTA exothermic effect (340°C), the result of the
combustion of organic residues. These processes are compar-
able to the observed by Clearfield and Tindwa (19).

Ionic uptake

When the intercalate BAUP is placed in contact with metallic
acetate solutions (M = Mn, Co, Ni, Cu, Zn, Cd), the following
reaction takes place:

(11 M?**(aq) + 2(C4sHsNH5)UO,PO,-3H,0
— M(UO,PO,);- nH,0 + 2C4HoNH{ (ag)

3A table of crystal and X-ray powder diffraction data (C;HgNH;)-
UO,PO4-3H,0 (Table 3, supplementary material) may be purchased
from the Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 0S2.

TaBLE 2. X-ray crystallographic data of
(C4H9NH3)UO'_)PO4 ° 3H20

fw = 493.09 tetragonal,, a=6.9687)A
c=29.30(5)A
V=1422.6A% d,=2311), d,=2.30,Z=4

CuKa, oz, A = 1.54184 A, 20°C
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FiG. 1. TG and DTA curves of the (C4HoNH3)UO,PO4-3H,0.

The ionic exchange reaction M?*/C4HoNH3 took place
without hydrolysis of the ion-exchange solid. This was con-
firmed by determining P and U in the equilibrium solutions. In
all cases the hydrolysis of P and U detected was below 0.6 and
1%, respectively. Greater percentages of hydrolysis were ob-
tained when nitrate, chloride, or sulphate salts were involved in
the ionic uptake reactions because of the higher acidity of these
solutions.

The ionic exchange described in eq. [1] is quite fast and may
be followed by measuring the equivalent values of the butyl-
ammonium liberated (Kjeldahl N analysis), and of the metallic
ions that remain in the solution, to determine the quantity
removed; both values coincide. The apparent velocity of the
uptake process was studied for each metallic ion and, by way
of example, we shall consider the exchange Co®* /C4HgNH3,
taking place with an initial molar ratio of 0.65:1 (1.3 equiva-
lents for each n-butylammonium equivalent at 25°C). Figure 2
shows that after an hour, 90% of the intercalated butylammon-
ium ions have been substituted by cobalt. After 12h, all the
exchange positions are occupied. The exchange sites are now
saturated by cobalt and the reaction is complete.

The curves obtained for the other ions are similar; their
equilibrium times are between 10 and 12 h, and the molar ratios
are 0.6-0.8 (M?"): 1 (NBA).
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FIG. 2. Uptake of Co®>" by butylammonium uranylphosphate as
function of time.
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FiG. 3. Retention isotherms of cations by butylammonium uranyl-
phosphate (BAUP).

In order to ensure equilibrium conditions, each isotherm
point was obtained with 48 h contact time.

The exchange isotherms show that the BAUP ion exchanger
has great affinity for metallic ions and that 1—1.6 equivalents of
metallic ion for each equivalent of r-butylammonium are quite
sufficient to give fully exchanged phases. All the isotherms
(Fig. 3) show similar behaviour and may be fitted to a straight
line using the equation of Langmuir’s isotherm.

Following the exchange process, the product was examined
by X-ray diffraction and, in comparison with starting product,
the basal spacing was changed; in particular, there was a
decrease in the d(001). As the exchange sites become saturated,
the AkO reflections persist; they are not affected by the ionic
uptake. Figure 4 shows the changes in the X-ray diffraction
patterns when the butylammonium is exchanged by Cu**. This
indicates that the layered structure ab plane is unaltered.
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Fic. 4. X-ray diffraction patterns of Cu?* exchanged (C;HoNH;)-
UO,PO,*3H,0 at various loadings: (A) BAUP; (B) BAUP + 0.6
symmetries of Cu**; (C) BAUP + 1.0 symmetries of Cu*; (D) BAUP
+ 1.6 symmetries of Cu**,
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FiG. 5. Infrared spectra of Co®* exchanged (C4HoNH;3)UO,PO,-
3H,0: (A) 20% exchanged; (B) 50% exchanged; (C) fully exchanged.
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TaBLE 4. Thermal data of M(UQ,PO,),- nH,0O

Step I (25-80°C)

Step II (80-150°C)

Step III (150—300°C)

Compound TG (x) DTA (peak)

TG(»

DTA (peak)

TG (2)

DTA (peak)

60°C
55°C, 77°C
75°C
60°C, 74°C
56°C, 68°C
50°C, 63°C

CO(UO-_)PO4)2 . 9H20
Ni(UO,PO,),-9H,0
CU(U02PO4)2 ¢ IOHzo
MH(U02PO4)2 N 95H20
Zl’l(UOzPO4)2 " 95H20
Cd(U02P04)2 -8 5H20*

[PORLUS JRUS I US N LN U )

W

4.5

3.5

127°C
135°C
110, 143°C
115°C
106°C
100°C

=Moo

250°C
295°C
237°C
215, 260°C
163, 300°C
160, 193°C
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*Two mixed phases.

Significant changes in the infrared spectra are produced by
the substitution of n-butylamine by the metallic ions. In Fig. 5
a progressive decrease may be seen in the vibration bands
corresponding to the CHs, CH,, and NH3 groups as the uptake
process of Co** ions proceeds. In the fully exchanged phases
these bands have disappeared.

The P/U/M molar ratios of the solid compounds in which
uptake is complete are 2:2:1; they correspond to hydrates with
the general formula M(UO,PO,), - nH,0, where n = 8-10.

Thermal analysis of the MUP hydrates shows that the water
molecules are lost in a succession of endothermic effects (from
3 to 5) which occur between 50 and 300°C. In general, the
successive stages of weight loss may be summarized by the
following formulae:

M(@UO,PO,),: nH,0 —II-{O) M@UOLPO4),: (n — xH,0
— xH,

——_yl:ITO) M(U02P04)2‘2H20 ———_ZI.II-;_ZO) M(UO:}_PO4)2

Table 4 gives the values of x, y, and z and also the ranges of
temperatures in which weight loss occurs. The DTA curves
exhibit similar behaviour in all the solids studied. There are
sharp, clear endothermic peaks associated with the initial effects
of weight loss. The peaks of the third stages are more diffuse. In
Fig. 6 may be seen the DTA and TG curves of NiUP.

The metal uranyl phosphates reported here correspond to
fully hydrated phases that are structurally related to the naturally
occurring minerals autunite and torbernite (13, 20, 21).

The diffractogram of hydrated UCAP shows a mixture of
two phases: one, the fully hydrated compound with basal spac-
ing of 11 A, and the other, possibly a metaphase, whose basal
spacing is close to 9 A. When the cadmium compound was
heated to 50°C, only one phase was seen; its composition was
Cd(UOzPO4)2 ‘ 7H20

The crystalline compounds obtained by cation exchange
showed very well-defined X-ray powder diffraction patterns
that were indexed on the basis of a tetragonal unit cell.* Other
authors (10, 11) obtained amorphous, or only slightly crystal-
line, phases when the transition metal uranyl phosphates are
synthesized by precipitation from aqueous solutions of the
appropriate ion.

Table 7 shows the lattice constants and X-ray powder pattern
data obtained for the exchanged compounds. The a values
compatible with the indexing of the recorded reflections are
within limits of +0.008 A of the @ value obtained for the BAUP

“Tables of crystal data and X-ray powder diffraction patterns of
M(UO,PO,), " nH,O (Tables 5 and 6, supplementary material) may be
purchased from the Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ont., Canada K1A 0S2.
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F1G. 6. TG and DTA curves of the Ni(UO,PO,), - 9H,0.

intercalate. On the other hand, the ¢ spacing values were double
the values of the interlamellar spacings. This is in agreement
with the literature (5, 14) for isostructural compounds.

Heated overnight at 50-60°C, the uranyl metal phosphates
lose 1-3 water molecules and the basal spacing decreases to
8.5 or 9A. Some structural modification may be detected in
the diffractograms, although their crystallinity persists and
they may be indexed on a tetragonal system. Consequently
Cu(UO,P0,),10H,0, which is found naturally as the mineral
torbernite, evolves into a very crystalline compound whose
diffractogram and composition (7 hydrate) is identical to meta-
torbernite (21). In the case of Mn(UO,PO,),:9.5H,0, the
partial dehydration leads to a non-tetragonal compound with
lower symmetry. None of the 7-hydrate and 8-hydrate com-
pounds subjected to heating will rehydrate in atmospheres of
50 to 60% relative humidity.

The uranyl metal phosphates (UMP) are yellow when the
cation electron shell is complete or semi-complete (closed shell
ions) (M = Zn, Cd, or Mn) and its electronic diffuse reflectance
spectrum only shows the uranyl group vibronic transition bands in
the region of 350—500 nm (22). The remaining UMP compounds
(M = Co, Ni, and Cu) give a spectral pattern which contains
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TABLE 7. X-ray crystallographic data of M(UO,POy4),- nH,0 (Cu Koy, ap; A = 1.5418 A, 20°C)

Compound* Formula weight  a (A) c (A) A v (A% d. A
Co(UO,POy,),-9H,0 950.93 6.962(9) 20.10(6) 2 974.2 3,24 3.27(1)
Ni(UQ,P0O,),: - 9H,0 950.71 6.907(9) 22.07(7) 2 1052.9 3.00 3.08(1)
Cu(UQ,PO,),- 10H,0 973 .54 7.005(8) 20.67(6) 2 1014.3 3.19 3.26(1)
Mn(UO,P0O,),-9.5H,0 955.94 6.968(6) 20.92(6) 2 1015.7 3.12 3.18(1)
Zn(UO,P04),-9.5H,0 966.37 7.050(7) 20.08(7) 2 998.0 3.21 3.29(1)
Cd(UO,PQ,),- TH,Ot 968.40 6.966(8) 18.08(5) 2 877.3 3.66 3.68(1)

*All compounds belong to the tetragonal system.
tHeated to 50°C
TaBLE 8. Electronic absorption bands of M(UO,PQy,),nH,0 1. A. CLEARFIELD. /n Inorganic ion exchange materials. Edited by
in the region 500-800 nm (diffuse reflectance) A. Clearfield. CRC Press, Boca Raton, FL. 1982, Chapt. 1.
2. E. RODRIGUEZ-CASTELLON, S. BRUQUE, and A. RODRIGUEZ
Compound Colour A (nm) GARcfA. J. Chem. Soc. Dalton Trans. 213 (1985).
3. J. W, JOHNSON, A. J. JaACOBSON, J. F. BRoDY, and S. M. RICH.
Co(UO,P0,); 9H,0 Pale orange 520 Inorg. Chem. 21, 3820 (1982).
Ni(UO,PO,);*9H,0 Pale green 655, 700 4. A. T. Howk. In [norganic ion exchange materials. Edited by A.
Cu(UO,PO,),* 10H,0 Blue green 655 Clearfield, CRC Press, Boca Raton, FL. 1982, Chapt. 4.
5. M. M. OLkEN, R. N. BiAGION], and A. B. ELL1S. Inorg. Chem.
22, 4128 (1983).
6. B. MorosIN. Acta Crystallogr. Sect. B, 34, 3733 (1978).
other bands in the 500-800nm zone (Table 8) in additon 7 X-gg;;AREK and V. VESELY. J. Inorg. Nucl. Chem. 27, 1151
to those mentioned previously. The values of A, of these : .
500—-800 nm bands are compatible with the observed transitions 8. a'g%)HOWE and M. G. SHILTON. J. Solid State Chem. 28, 345
iq the respective aqueous cations with different degrees of 9 A T Howa and M. G. SHILTON. J. Solid State Chem, 31, 393
distorted octahedral symmetry. (1980).
10. V. PEKAREK, V. VESELY, and J. ULLRICH. Bull. Soc. Chim. Fr.
Concluding remarks Spec. Publ. 1844 (;4968)- 4. 00
. . 11. R. BERMAN. Am. Mineral. 42, 905 (1957).

[i“ this h‘{"c;lrk we have shown that the layered intercalate 15" g’k yocuren. Geol. Soc. S, Afr. Spec. Publ. 7, 287 (1983).
BAUP, which was obtained from the HUP(s) + n-BuNHx(Y) {3 F GonzALEz-Garcia and R. R. DfAz. An. Quim. 55B, 383
reaction by ion exchange, gives very crystalline and highly (1959).
hydrated uranyl metal phosphates. The layered material struc- 14. F. WEIGEL and G. HorrMANN. J. Less-Common Met. 44, 99
tures resulting from this process maintain the ab plane of the (1976).
tetragonal lattice of the starting product; the basal spacing of = 15. A. CLEARFIELD and R. M. TINDWA. Inorg. Nucl. Chem. Lett. 15,
each species is dependent on its degree of hydration. The water 251 (1979). ,
molecules serve an important structural function as they are 16. V. A. WEeiss, K. HARTL, und U. HoFMANN. Z. Naturforsch. Teil
found coordinated with the metallic cations in the form of labile 17 }3 1\142’ 835 1 (1957). JC.E B I Am. Ch 76. 35
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The ion exchange reactions of n-butylamine intercalates of tin(IV) hydrogen phosphate and hydrogen uranyl phosphate
towards carbonatotetraamminecobalt(III), chloropentaamminecobalt(IIl), and hexaamminecobalt(IIT) have been investigated.
Independent of the complex cation charges, the amounts of Co(III) complex exchanged by the n-butylamine intercalate of tin(I'V)
hydrogen phosphate are practically the same. With the n-butylamine intercalate of hydrogen uranyl phosphate, the ionic
exchange was completed and the composition was fixed by the exchanged Co(IlI) complex. The layer charge densities of these
phosphates justify the different ionic exchange behaviour observed towards the large complex cations. All the products were
characterized by chemical analysis, X-ray diffractometry, infrared spectroscopy, diffuse reflectance spectroscopy, and thermal
analysis.

RAFAELA P0ZAS-TORMO, LAUREANO MORENO-REAL, MARfA MARTINEZ-LARA et ENRIQUE RODRIGUEZ-CASTELLON.
Can. J. Chem. 64, 35 (1986).

On a étudié les réactions d’échange d’ions des composés d’intercalation entre la butylamine et 1’hydrogenophosphate
d’étain(IV) et I’hydrogénophosphate d’uranyle avec le carbonatotétraamminecobalt(IIl), le chloropentaamminecobalt(III) et
I’hexaamminecobalt(IIT). La charge des complexes cationiques n’influence pas le taux d’ions complexes de Co(IIl) échangés par
les composés d’intercalation entre la butylamine et I’'hydrogénophosphate d’étain. Dans le cas du composé d’interaction entre la
butylamine et I’hydrogénophosphate d’uranyle, I’échange ionique est totale et le complexe d’ion Co(III) échangé en détermine la
composition. Les densités de charge de la couche de ces phosphates justifient le comportement des différents échanges ioniques
observés avec les grands complexes cationiques. On a caractérisé tous les produits obtenus par I’analyse chimique, la diffraction
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de rayons X, la spectroscopie infrarouge, la spectroscopie de reflexion diffuse et par I’analyse thermique.

Introduction

Tin(IV) hydrogen phosphate monohydrate, Sn(HPQ,),-H,0
(o-SnP), and hydrogen uranyl phosphate tetrahydrate, HUO,-
PO, -4H,0 (HUP), are layered inorganic ion exchangers (1, 2).
a-SnP crystallizes in the monoclinic system; the interlayer
distance is 7.8 A. On the other hand, HUP crystallizes in the
tetragonal system, with an interlayer distance of 8.8 A. The ion
exchange behaviour with alkali metals, alkaline earths, and first
row transition metals of these phosphates was investigated
(3—8). However, very little is known about ion exchange with
large complexes on these exchangers. a-SnP is isostructural to
a-zirconium hydrogen phosphate (a-ZrP) (1). Complex ions
like [Co(NH3)s]>* and [Cu(NH;)4]>" were exchanged using
the monchydrogen form, or the wider-spaced r-butylamine —
a-ZrP intercalate (9, 10). Cr(III) Werner complexes have also
been exchanged into HUP (11, 12).

The n-butylamine intercalated forms of a-SnP (BASnP) and
HUP (BAUP) were chosg:n because of their large interlayer
distances (19.5 and 14.4 A, respectively), with wide passage-
ways leading to the exchange site that would permit the inter-
layer penetration of large complexes. The characterization of
the exchanged behaviour of BAUP will be reported.

Experimental
Preparation
All the chemicals were of reagent grade and were used without
further purification. a-SnP and BASnP were prepared as described
elsewhere (13, 14). HUP was prepared according to the method
proposed by Schreyer and Baes (15). The BAUP was obtained by the
same method used for BASnP. The complexes [Co(NH3),CO3]NO3,

!Author to whom correspondence may be addressed.

[Traduit par le journal]

[Co(NH3)sCI]Cl,, and [Co(NH;)6]Cl; were synthesized as reported in
the literature (16).

Weighed amounts of Sn(C,4H,|N)2(HPO,),-H,0 and (C4HoNH,)-
UO,P0O,4-3H,0 were suspended for one day, at 25°C, in aqueous
solutions of [Co(NH3)4CO5]NO;, [Co(NH;)sCl11Cl,, and [Co(NH3)e]-
Cl,, which represented 300% of the exchange capacity. This operation
was repeated once. The mixtures were filtered, and the solids were
analyzed for their metal, water, and nitrogen contents.

Instrumentation

Metal content was determined using a Varian Techtron 475 ABD
atomic spectrophotometer. The nitrogen content was determined by a
micro-Kjeldahl method. X-ray films were obtained in Huber Debye—
Scherrer cameras with diameters of 11.46 cm using a Siemens X-ray
generator. A Siemens D-500 diffractometer was used for the X-ray
diagrams. The radiation was nickel-filtered CuK« in each case. TG and
DTA analyses were carried out using a Rigaku Thermoflex thermo-
analyzer, at a heating rate of 10°C min~". Diffuse reflectance spectra
were recorded on a Kontron—Uvikon 810 spectrophotometer with an
integrating sphere attachment, which used BaSO, as the reference.
Infrared studies were performed on a Beckman 4260 spectrophotormn-
eter by the KBr disc method.

Anal. caled. for SH[CO(NH3)4CO3]DV49H1'5|(PO4)2‘ 1 5H20 Co
6.74, N 6.40; % loss on ignition (TGA to 900°C) (LOI) 22.27, found:
Co 6.72, N 6.56, LOI 22.29. Anal. calcd. for Sn[Co(NH3)sCl]g s-
H(POy4),-1.5H,0: Co 6.91, N 8.20, LOI 18.43; found: Co 6.98, N 8.00,
LOI 18.36. Anal. caled. for Sn[Co(NHjs)glo.sHp 5(PO4)2-3H,0: Co
6.69, N 9.54, LOI 24.75; found: Co 6.66, N 9.83, LOI 24.68. Anal.
caled. for [Co(NH;)4CO5]UO,PO4-H,0: Co 10.34, N 9.82, LOI
22.83; found: Co 10.76, N 9.40, LOI 23.14. Anal. calcd. for
[Co(NH3)sCl]g sUO,P0O,-2.5H,0: Co 5.89, N 7.00, LOI 17.52;
found: Co 5.5, N 6.90, LOI 17.51. Anal. caled. for [Co(NH;)glo.33-
UO,P0,4-2.21H,0: Co 4.31, N 6.12, LOI 16.75; found: Co 4.40, N
6.28, LOI 16.74.
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TaBLE 1. Composition and interlayer distances of the exchanged
phases at 25°C

Composition Interlayer distance (A)

Sn[Co(NH3)4CO3]0_49H1 ,5](PO4)2 -1 SHZO 11.90
Sn[Co(NH3)sCl]p sH(PO4),- 1.51H,0 12.40
Sn[Co(NH3)s]o.sHo. s(PO4); - 3H,0 11.60
[Co(NH3)4,CO5]UO,PO,-H,O 13.60
[Co(NH3)sCl]g sUO,PO4- 2.5H,0 9.64
[Co(NH3)slo.33U0,PO,4-2.21H,0 9.88

Results and discussion

Composition and X-ray data

Table 1 shows the composition and the interlayer distance
of the exchanged phases at 25°C. The amount of cobalt(III)
complex exchanged by BASnP is independent of the charge of
the complex. Although the interlayer distances of these com-
pounds are different, a reflection line at 9.1 A was observed in
the powder patterns of all the complex exchanged compounds.
Because of the crystal distortion suffered in the intercalation
process, the X-ray diffraction data of the BASnP derivatives
show few reflection lines, and thus the calculation of unit cell
constants based on the powder patterns is not possible.?2 The
observed composition results from the “covering effect” of the
guest molecule; that is to say, the complex ion bonded to
phosphate groups impedes bonding at an adjacent site, as this
site is now covered. A similar composition was seen when
BAZrP was ion exchanged with tetraamminecopper(Il) (9).
With BAUP there was a complete ionic exchange with the
complex cations. In this case, the composition is a function of
the complex cation charge. This different behaviour between
HUP and a-SnP is due to the different layer charge densities.
HUP has a smaller layer density than o-SnP and consequently a
bigger free area around the active site (48.8 A2? for HUP and
21.5A2 for o-SnP (14)). Thus, total saturation with large
complex cations can be attained. The hydration stoichiometry
of these compounds shows a wide range.

Table 3 shows the X-ray crystallographic data for the HUP
exchanged phases. All samples could be indexed to tetragonal
unit cells. The reflection lines corresponding to the original k0
planes were maintained.® The absence of 4k lines when 4 +
k # 2n demonstrates the retention of the » glide plane of uranyl
phosphate. The layer structure has been preserved, while the ¢
axis has varied.

Infrared spectra

The ir spectra of the exchanged compounds of BASnP are
shown in Fig. 1. The Sn[Co(NH3)4CO3lp.a9H; 51(POs);"
1.51H,0 spectrum (curve A) shows bands, due to zeolitic
water, occurring at 3570, 3490, and 1640 cm™}; they can be
superimposed upon those reported previously for a-SnP (17).

2A table of X-ray powder diffraction data of Sn[Co(NH3)4COs]o.49-
H; 51(PO4)>- 1.51H,0, Sn[Co(NH3)sCl]psH(PO,),-1.51H,0, and
Sn[CO(NH:;)(,]QAsHO'5(PO4)2‘3H20 (Tablc 2, supplementary material)
may be purchased from the Depository of Unpublished Data, National
Research Council of Canada, Ottawa, Ont., Canada K1A 0S2.

3Tables of X-ray powder diffraction data of [Co(NH;3),CO3]UO,-
PO4 M Hzo, [CO(NH3)5C1]0_5 U02PO4 N 25H20, and [CO(NH3)6]0V33-
UO0,P0,-2.21H,0 (Tables 4, 5, and 6, supplementary material) may
be purchased from the Depository of Unpublished Data, National Re-
search Council of Canada, Ottawa, Ont., Canada K1A 0S2.
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Fig. 1. Infrared SpCCtI'a of (A), SH[CO(NH3)4CO3]0.49H1.51(P04)2‘
1.5H;0; (B), Sn[Co(INH;3)5Cl]o.sH(PO4), - 1.5H;0; (C), Sn[Co(NH3)s]o 5-
Hg 5(PO4)2*3H,0.

The water stretching in the Sn[Co(NH3)sCl]p sH(POy),-
1.5H,0 (curve B) and Sn[Co(NHj)slo sHo 5(PO4)3H,0
(curve C) are not so sharply defined and they are overlapped by
the NH; stretching bands. Generally, the NHj stretching bands
occur at higher frequencies (3300—-3200 ¢cm™!) because these
frequencies are sensitive to changes in the anion. (The anion of
the complex salts (C17) is substituted by the layer O3PO™.) The
broadening of these bands is the result of hydrogen bonding as
well as the overlapping of the individual N—H stretching bands
of the complex (18). The NHj; scissoring bands at 1330 cm™*
(curve B), and 1335cm ™" (curve C), are sharp and practically
superimposable on those of the original complexes (18). In all
cases, the NH; rocking vibrations shift to higher frequencies
and overlap the absorption bands of the phosphate group, as this
rocking mode is very sensitive to the outer ions and the hydrogen
bonding (19). The absence of characteristic bands in the region
of 1500-1400cm ™' and the higher frequency shift of the
rocking mode indicate that the cobalt complex ion is now
present as an amine complex and that the ammonia is hydrogen-
bonded with the layer phosphate (20). The cobalt—nitrogen

stretching bands are very weak and occur near 500cm™".
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TaBLE 3. X-ray crystallographic data of cobalt(IIl) complex uranyl phosphates (Cu Kq,q,; A = 1.5418 A, 20°C)

Compound* Formula weight  a (A) cd  z V(A% d, d,
[Co(NH;),C0O5]UQ,PO,-H,0 566.89 6.94(3) 27.42(42) 4 1321.41 2.85 2.83(1)
[Co(NH3)sCl]o sUO,PO4-2.5H,0 499.79 6.94(2) 19.38(60) 4 932.33 3.56 3.55(1)
[Co(NH3)g]o.53U0,PO,42.21H,0 446.32 6.98(3) 19.84(16) 4 967.72 3.06 3.09(1)

*All compounds belong to the tetragonal system.

A
B B
z
E
=
%
= lc Uj

1400 300
FREQUENCY C(cm™)

FI1G. 2. Infrared spectra of (A), [Co(NH3)4CO3]UO,PO,-H,0;
(B), [Co(NH3)sCl]g sUO,PO,4-2.5H,0; (C), [Co(NH3)g]o.33UO,PO,-
2.21H,0.

Phosphate vibration bands centered at 1000 cm™' dominate all
the spectra of Fig. 1.

Figure 2 shows the ir spectra of the exchanged phases of BAUP:
[Co(NH3)4CO3]UO,PO4-H,0O (curve A), [Co(NH3)sCllo s-
UO,P0,-2.5H,0 (curve B), and [Co(NHj)elg.33UO,PO,-
2.21H,0 (curve C). These spectra are well defined; there is a
strong absorption band centered at 1000 cm ™! assigned to phos-
phate stretching (21), and a sharp band at 925 cm™ " assigned to
the UO%" asymmetric stretching vibration; the two dominate

ABSORBA NCE (arbitrary units)

300 400 500 600 700 800 900
A (nm)

FiG. 3. Diffuse reflectance spectra of (A), Sn{Co(NH3)4CCs]o.49-
Hy 5:(PO4)2* 1.5H,0; (B), Sn[Co(NH3)sCllo sH(POy),1.5H,0; (O),
Sn[Co(NH3)s]o.sHo.5(PO4), - 3H,0.

all the spectra. Water bands occur at 3500 and 1630 cm™*. The
ammonia stretching vibration bands of these exchanged phases
appear at 33003200 cm™ . These values are near those pre-
viously observed in the «-SnP derivatives. This is to be ex-
pected, because the anions in the layered phosphate are similar.
The NH; scissoring bands at 1270—1370cm ™! are very sharp
and similar to those of the cobalt(Ill) «-SnP complex. The
metal—nitrogen stretching bands are better defined than those of
a-SnP derivatives, and occur near 500 cm™!. Sometimes these
bands are overlapped by the phosphate group bending vibration
band.

In a comparative study, the spectra of «-SnP and HUP
derivatives are seen to be composites of those of the phosphate
layer and the corresponding cobalt(IlI) ammonia complex ion.
In both series the NHj stretching, bending, and rocking modes
shift to higher frequencies due to hydrogen bonding phosphate.
The NH; bending bands at 1620—1640 cm ™! overlap the water
bending mode.

In all cases, the n-butylammonium ion absorption bands of
the starting material disappeared.

Diffuse reflectance ultraviolet—visible spectra
The diffuse reflectance spectra of the a-SnP derivatives (Fig.
3) and the HUP derivatives (Fig. 4) are very different. In the
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FiG. 4. Diffuse reflectance spectra of (A), [Co(NH;),CO;]UO,PO,-
H,0; (B), [Co(NH3)sCl] sUO,PO4-2.5H,0; (C), [Co(NHs3)slo.33-
UQO,P0,4-2.21H,0.

former, the layered phosphate is inactive in the 300—900 nm
region. However, the HUP diffuse reflectance spectrum shows
many sharp peaks in the 340—500 nm region; these are derived
from the spectrum of the uranyl moiety (22).

The spectra of the o-SnP derivatives correspond to the fol-
lowing ions exchanged: carbonatotetraamminecobalt(I1I), with
maxima at 515 and 350nm (curve A); chloropentaammine-
cobalt(IIl), with maxima at 520 and 350nm (curve B); and
hexaamminecobalt(III), with maxima at 470 and 340 nm (curve
C). These spectra are practically superimposable on those of the
salt complex employed (23, 24).

The spectra of the HUP derivatives (Fig. 4) are composed
of those of HUP and the cobalt(Ill) complex ions. All the
samples exhibit similar spectra in the 370—500 nm region. The
absorption bands that correspond to the Co(III) complex ions
overlap; it is only possible to distinguish them at 510 nm for
[Co(NH3)4CO;]-UP and [Co(NH;)sCl1]-UP, and at 470 nm for
[Co(NH;)6]-UP. These values observed in the visible region
coincide closely with those reported for the complex ions. How-
ever, the high absorption of the HUP layer in the ultraviolet

0
0

WEIGHT LOSS

| ENDO-—) —EXO

1 L _ l 1
100 200 300 400 500 600

TEMPERATURE (°C)

FiG. 5. DTA-TG curves of Sn{Co(NH;)4CO;3lg.40H 51(PO4)2"
1.5H,0.

region impedes the detection of the corresponding bands assigned
to the 'Tp, < 'Ay, transition.

From these data we conclude that the Co(IlI) complex ions
are present in the exchangers.

Thermal data

The thermal behaviour of the a-SnP derivatives and HUP
derivatives was investigated. As representative examples, we
show the decomposition processes of Sn[Co(NH3),CO3]g.49-
H1.51(PO4)2 ’ 15H20 and [CO(NH3)6]0'33U02PO4 : 221H20
In the DTA-TG curves of the former compound (Fig. 5), three
different stages can be seen. The first (DTA peak at 84°C)
corresponds to the removal of the water of crystallization. The
second corresponds to the evolution of ammonia and carbon
dioxide. Finally, the condensation of orthophosphate to pyro-
phosphate takes place between 400 and 500°C. In the X-ray
powder diffraction patterns of the sample heated at 900°C,
SnP,05 could be identified* (25). This confirms the presence of
the proton in the exchanged compound. However, the expected
Co30, could not be detected. This spinel is the final product
when [Co(NH3)4C0;],S0,4-3H,0 is heated at 800°C (26).

The thermogravimetric curve of [Co(NHs)glo 33UO2PO,-
2.21H,0 (Fig. 7) indicates that the decomposition of this
compound occurs in three stages. The first corresponds to the
removal of water. In the second, the ammonia and nitrogen
liberation are almost overlapped; the cobalt(IIl) ion is reduced,
as in the case of the hexaamminecobalt(Ilf) halides (27). The third
corresponds to the condensation of orthophosphate to pyrophos-
phate. The DTA curve supports this mode of decomposition.
The experimental per cent weight loss on ignition agrees with
the calculated value if the Co(lII) reduction and the condensa-
tion to pyrophosphate are considered. A significant increment
of the magnetic susceptibility was observed in the compound

4Figure 6, X-ray powder diffraction patierns of Sn{Co(NH3)4,COxlg a0~
H, 5;(PO,),* 1.5H,0 heated at 900°C, (Fig. 6, supplementary material)
may be purchased from the Depository of Unpublished Data, National
Research Council of Canada, Ottawa, Ont., Canada K1A 0582.
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Fig. 7. DTA-TG curves of [Co(NH3)so 33U0,P04-2.21H,0.

heated at 600°C. This also supports the Co(lIl) reduction to

Co(1).
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Flow calorimetry of viscous liquids. Volumes and heat capacities of mixtures
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H. C. ZEGERS, R. BOEGSCHOTEN, W. MELS, and G. SOMSEN. Can. J. Chem. 64, 40 (1986).

A sampling device is described which enables the Picker flow heat capacity calorimeter to handle viscous liquids. The
necessary constant liquid flow through the calorimetric cell is achieved by an overpressure on the entering liquids, and can be
maintained by pressure control. In addition, the device permits automatic measurement of a number of samples. The approach is
applied to densities and heat capacities of binary mixtures of dimethylformamide and the viscous liquids N-ethylacetamide,
N-n-propylacetamide, and N-n-butylacetamide. The results appear to be accurate enough to establish excess molar heat
capacities as well as apparent molar heat capacities.

H. C. ZEGERS, R. BOEGSCHOTEN, W. MELS et G. SOMSEN. Can. J. Chem. 64, 40 (1986).

On décrit un dispositif déchantillonnage qui permet d’examiner des liquides visqueux 4 1’aide du calorimétre & écoulement de
Picker. L’écoulement constant du liquide a travers la cellule calorimétrique, qui est nécessaire avec cette méthode, est réalisé en
appliquant une surpression sur les liquides introduits et en maintenant un contréle sur la pression. De plus, ce dispositif permet de
réaliser une mesure automatigue de plusieurs échantillons. On a appliqué cette approche & la détermination des densités et des
capacités calorifiques de mélanges binaires de diméthylformamide avec des liquides visqueux comme les N-éthyl-, N-n-propyl-
et N-n-butylacétamides. Les résultats semblent étre assez fiables pour permettre de déterminer les capacités calorifiques molaires
en exces ainsi que les capacités calorifiques molaires apparentes.

Introduction

Heat capacities at constant pressure are useful quantities in
the study of mixtures and solutions. They can be used to predict
the temperature dependence of enthalpies of different processes
in mixtures or solutions (dilution, reaction, etc.) and to relate
adiabatic and isothermal compressibilities. Another use of heat
capacities is to derive from them the apparent or partial molar
heat capacities C, g ¢ 01 C, g of a component B, since these
functions reflect the heat capacity of that component itself
together with all changes in heat capacity caused by the dif-
ferent environments of a component particle in mixtures. Being
related to the second derivative of the chemical potential with
respect to the temperature, these functions are very sensitive to
structural changes in the mixtures, especially in aqueous media.
Although the importance of values of C, 5 4 and C, p to solu-
tion chemistry is obvious, their accurate experimental deter-
mination is difficult.

Since its introduction in 1971, the Picker flow microcalorim-
eter (1) has been used successfully to obtain volumetric heat
capacities (C,/V) of pure liquids, liquid mixtures, and solu-
tions in such an accurate way that reliable apparent and partial
molar heat capacities can be calculated. In essence, the micro-
calorimeter is a very sensitive heat balance that is able to detect
differences in the volumetric heat capacities of two liquid
samples down to 7 X 107> JK~'cm™>. To achieve this high
accuracy, the flow rate of the liquid through the calorimetric cell
must have a value of about 0.010 cm® s ™!, In addition it must be
very stable (=0.1%). Often this is hard to achieve, especially
with organic liquids which may cause damage to pumps. In that
case a popular alternative is to obtain the liquid flow supply by
gravity. However, many organic liquids are too viscous to apply
the gravity method and (or) may be so hygroscopic or sensitive
to oxygen that contact with air should be avoided, making the
flow-by-gravity method cumbersome. In order to overcome
these problems we have developed a device that maintains a

constant liquid flow through the calorimetric cell by a controlled

! Author to whom correspondence may be addressed.

[ Traduit par le journal]

overpressure on the entering liquids. Use of nitrogen as pressur-
izing gas at the same time provides protection of the liquid
samples against contact with air. In addition, the device is able
to handle a number of liquid samples automatically.

Experimental

Apparatus

A scheme of the sampling device is given in Fig. 1. The central unit
is a programmable timer which activates simultaneously two nitrogen
valves (a), an hplc valve (b), two sample changers (carrousels, (c)), and
two pistons (d) to which a lid (e), a descending tube (f), and a nitrogen
inlet (g) are attached. The device operates in the following way. Vials
containing the liquid samples (h) and sealed by means of aluminum foil
are installed in sample holders (i) mounted on a carrousel. Activated by
the timer, a sample holder moves to a position below a piston. Sub-
sequently the piston moves down, closing the sample holder by the
lid (e). At the same time the descending tube pierces the aluminum foil
and plunges into the liquid sample. After that, a slight overpressure of
nitrogen gas is applied to the closed sample holder and the sample
liquid starts to rinse the tubing between vial and valve (b). After some
time valve (b) switches the liquid flow into the calorimeter. This
situation is maintained until a measurement is finished. Then the same
procedure is applied to a second sample by means of the other piston.
The instrument is able to accommodate a total of 24 samples.

In this way the device can follow automatically a stepwise procedure
as described by Grolier et al. (2) and Fortier and Benson (3), to mea-
sure the volumetric heat capacities of liquid mixtures with gradually
changing compositions. Only the flow rate of the liquids through the
calorimetric cell has to be watched, which can be performed by means
of a flow meter or simple inspection of the electric output signal of the
calorimeter. Changing viscosities of the mixtures may make it neces-
sary to adjust the nitrogen overpressure in the sample holders, to
maintain a constant flow of liquid. To achieve an optimal flow rate we
never needed pressures higher than 1.7 bar (1 bar = 100 kPa).

Measurements

As a test, we carried out measurements with mixtures fed to the
calorimeter both by our pressure device and by gravity. The results
appeared to be identical, provided that the flow rates in both methods
are comparable (4). This is due to the fact that heat loss to the environ-
ment of the calorimetric cell is dependent on the flow rate (see ref. 5).
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FG. 1. Scheme of the sampling device for the Picker flow microcalorimeter; (a) nitrogen valve; (b) hplc valve; (¢) sample changer (carrousel);
(d) piston; (e) lid; (f) descending tube; (g) nitrogen inlet; (h) vial containing the liquid sample; and (i) sample holder.

In addition, a low flow rate must be avoided. In that case not only
does the heat loss become very high but also the zones in which some
mixing occurs between subsequent samples may become very large.
Both influences reduce the reliability of the method. Our pressure
device eliminates these undesirable effects and renders the calorimeter
suitable for viscous liquids. We will illustrate this by presenting results
of measurements on mixtures of N, N-dimethylformamide (DMF) with
N-ethylacetamide (NEA), N-n-propylacetamide (NPrA), and N-n-
butylacetamide (NBuA) over the complete mole fraction range. The
latter three compounds constitute a series of liquids with increasing
viscosity, 6.01, 10.7, and 14.0 ¢P, respectively (6).

Materials

DMF (Baker Analyzed Reagent) was stored over molecular sieves
4A for at least one week and used without further purification. NEA
(Fluka, purum) was taken from stock. NPrA and NBuA were synthe-
sized according to the reaction:

CH3;COOH + RNH; — CH3CONHR +H,0

where R denotes an alky! group (7, 8). This reaction was made quanti-
tative by adding acetic anhydride to the reacting mixture. Acetic acid
and acetic anhydride were removed by azeotropic distillation with
methylcyclohexane (9). NEA, NPrA, and NBuA were purified by
azeotropic distillation with benzene (to remove last traces of water and
acetic acid) followed by fractional distillation under reduced pressure.
The middle fraction was taken and stored over molecular sieves 4A.
The water contents of all compounds were determined by the modi-

fied Karl Fischer procedure of Verhoef and Barendrecht (10). In all
cases the volume fraction of water was less than 0.0001. Gas—liquid
chromatography showed a mole fraction purity of 0.995 or higher for
each compound.

Procedure

Liquid mixtures of DMF with the various N-alkylacetamides were
prepared by mass. Details of the procedure have been described before
(11). The densities of the mixtures relative to the density of pure DMF
were measured by a digital flow densimeter (Sodev, model! 03D,
Sherbrooke, Quebec). Heat capacities were obtained from volumetric
heat capacities (C,/V) measured with a Picker flow microcalorimeter
(Setaram, model “chaleur specifique”, Lyon, France), equipped with
the automatic pressure device described above.

Results

Volumes

Densities d of the binary mixtures relative to the density of
pure DMF (d) are presented in Table 1 as function of the mole
fraction x; of DMF. The density of pure DMF measured with
respect to that of pure water (12)is 0.943289 gcm ™3 at 298.15K,
corresponding to a molar volume V= 77.489 cm® mol ™', The
molar volumes of the pure N-alkylacetamides NEA, NPrA, and
NBuA are V¥ = 94.734, 111.641, and 128.697 crn® mol ™!
respectively, and compare very well with the values V3 =
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TABLE 1. Experimental relative densities 4 — df and changes in heat capacity per unit
volume A(C,/V) at 298.15K.

10°%(d — df) 10°A(C,/V)
X gem™)  (JK'em™)

10°%(d — df) 10°A(C,/V)
X (gem™) (K 'em™)

Dimethylformamide (1)

0.000000 —23.642 —11.614
0.029594 —22.888 —11.132
0.054080 —22.260 —10.684
0.077114 -21.675 —10.180
0.103742 —20.998 —9.496
0.125044 —20.448 -8.918
0.170595 —19.301 —7.599
0.208943 —18.347 —6.477
0.250458 ~17.329 —5.363
0.299090 —16.095 —3.839
0.351258 —14.834 —2.276
0.398358 —13.694 —1.08%
0.451123 —12.408 0.201
0.499517 —11.247 1.306

Dimethylformamide (1)

0.000000 —37.258 —52.047
0.027373 —36.389 —50.339
0.053724 ~35.551 —48.587
0.076294 —34.830 —47.006
0.099668 —34.084 —45.313
0.129936 —33.098 —43.188
0.157905 ~32.195 —40.992
0.178497 -31.516 -39.518
0.249724 ~29.149 —34.084
0.298528 —27.494 —30.467
0.350203 —25.737 —26.761
0.406878 —-23.729 —22.891
0.453348 —22.105 —19.853
0.502137 —20.290 —17.027
Dimethylformamide (1)
0.000000 —48.342 —73.952
0.023965 —~47.552 —71.949
0.048481 —-46.737 —69.833
0.077184 —45.765 —67.224
0.102860 —44.890 —64.907
0.139064 —43.620 —61.537
0.162370 —42.786 —-59.393
0.195946 —41.565 —56.274
0.239937 —39.931 —52.232
0.264105 —39.003 —50.048
0.301794 -37.533 —46.559
0.335177 —36.192 —43.626
0.367435 —34.867 —40.848
0.402147 —33.400 —37.486
0.450073 —31.341 —33.414

ethylacetamide (2)

0.547163 —10.135 2.123
0.600022 —8.881 2.895
0.653073 —7.659 3.548
0.698129 —6.606 3.714
0.749572 —5.415 3.751
0.810031 —4.072 3.509
0.844937 —3.297 3.184
0.864074 —2.878 2.941
0.903622 —2.023 2.374
0.924511 —1.573 1.970
0.950019 —1.032 1.388
0.975559 —0.501 0.724
1.000000 0.000 0.000

n-propylacetamide (2)

0.547575 —18.604 —14.509
0.607416 —16.351 —11.411
0.643876 —14.924 —9.608
0.701153 —12.654 —7.195
0.750558 —10.652 —5.261
0.795686 —8.819 —3.718
0.837565 —7.065 —2.546
0.864162 —5.922 —1.899
0.891480 —4.764 —1.352
0.925180 —3.305 —0.785
0.949794 —-2.227 —0.456
0.976593 —1.044 —0.180
1.000000 0.000 0.000

n-butylacetamide (2)

0.501666 —29.008 —29.334
0.549373 —26.749 —25.684
0.600930 —24.208 —21.819
0.651353 —21.623 —18.074
0.698473 —19.080 —14.739
0.751076 —16.127 —11.375
0.790938 —13.787 —9.154
0.842881 —10.614 —6.483
0.864032 —9.288 —5.296
0.898194 —7.059 —3.686
0.925305 —5.259 —2.587
0.947877 —3.700 -1.742
0.977950 —1.594 —-0.714
1.000000 0.000 0.000

94.66, 111.57, and 128.53 cm® mol™ ' obtained by Vaughn and
Sears (6).
Excess molar volumes of the mixtures were calculated from

[ VE= Vot x(VF -V - V5

and are represented in Fig. 2. Apparent molar volumes V; 4, of
component { with mole fraction x; are obtained from

[2] Vie=V¥+ Va/x
with { = 1, 2, They are given graphically in Figs. 3 and 4.

Heat capacities

Volumetric heat capacities relative to DMF, A(C,/V) =
C,/V — C}1/VY, were measured corresponding to a mean
temperature of (298.15 = 0.1) K. Using C;',‘,I/Vl = 1.9146]
K™ 'cm ™3 we obtained the molar heat capacities of the pure com-
pounds NEA, NPrA, and NBuA. The values C,, = 180.28,
207.94, and 236.89 J K~ ' mol "}, respectively, agree very well
with C,, = 180, 207, and 236JK™'mol ™' determined by
Konicek, Suurkuusk, and Wads6 with a drop calorimeter (13,
14).
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F1G. 2. Excess molar volumes for mixtures of dimethylformamide
with some N-alkylacetamides.
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FI1G. 3. Excess apparent molar volumes of N-alkylacetamides in
mixtures with dimethylformamide.
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F16. 4. Apparent molar volumes of dimethylformamide in mixtures
with several N-alkylacetamides.

Excess molar heat capacities were calculated according to
Bl Cpm ={Ch1/Vi + A(Cp/ VIV — x,Cfy — 2Cpia

where the subscript 2 refers to NEA, NPrA, and NBuA. They
are represented in Fig. 5. The apparent molar heat capacities

Cp,i.¢ of component i were calculated by
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Fi1G. 5. Excess molar heat capacities for mixtures of dimethylfor-
mamide with several N-alkylacetamides.
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Fi1G. 6. Excess apparent molar heat capacities of N-alkylacetamides
in mixtures with dimethylformamide.

41 Cpip= C:,i + C,l::',m/xi
and are shown in Figs. 6 and 7.

Discussion
The molar excess volumes and heat capacities of the mixtures
considered here can be described by the polynomial:

n—1

5] Ya=xxm 2 a(n = x)

The coefficients a; were obtained by a least-squares analysis and
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a
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TaBLE 2. Coefficients of eq. [5] and standard deviations of fit for excess molar volumes and excess molar heat capacities of mixtures of DMF with some mono-
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FiG. 7. Apparent molar heat capacities of dimethylformamide in
mixtures with some N-alkylacetamides.

are presented in Table 2. Each experimental value was assigned
unit weight. Table 2 gives also the standard deviation of the fit 3
defined by

[6] &%= Sy[YE(exp) — YE(calc)]/(N — n)

where N and n denote the number of experimental points and
coefficients, respectively.

As observed earlier (4), apparent molar quantities of com-
pounds in binary mixtures of this type are largely determined by
the molar quantities of the pure compounds and the apparent
molar quantities of each compound at infinite dilution. There-
fore a compilation of these data is presented in Table 3.

Apparent molar volumes

The functions V, 4 — V3 (= V§) for the N-alkylacetamides
are represented in Fig. 3. They are all negative and depend on x|
almost linearly. Values of V¥, at infinite dilution, V5§, are
—0.70, —0.73, and —0.60 cm® mol~! for NEA, NPrA, and
NBuA, respectively.

The apparent molar volumes of DMF in the mixtures (see Fig.
4) are smaller than its molar volume V§ = 77.49 cm®mol~ L At
infinite dilution in NEA, NPrA, and NBuA they amount to
76.85, 76.77, and 76.97 cm® mol ™}, respectively.

According to the general equation

7] xi(Vig = VH = x(Vye — V)

an observed linearity in the curves relating (V, 4, — V¥) and x,
means that also V) 4 should depend on x, in a linear way. Hence,
the approximately straight lines in Fig. 4 are in accordance with
the almost linear relationships in Fig. 3.

The apparent molar volumes of DMF at infinite dilution,
Vfd), in the solvents NEA, NPrA, and NBuA do not show a
systematic trend. In a series of dialkyl-substituted amidic sol-
vents (CH3CONR5), we found earlier (4) that fod) of DMF
increases with the size of the alkyl group from R = ethyl. V7 4 of
DMF dissolved in dimethylacetamide does not fit the relation.
This might indicate that in the present case the value of Vi in
NEA is the deviating one. Similar reasoning leads to the con-
clusion that the value of V{‘d“f for NEA dissolved in DMF lies
outside a general trend (see ref. 4).

Apparent molar heat capacities
Generally the values of C,54 — Ch2 (= Cpa4) for NEA,
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TABLE 3. Apparent molar volumes and heat capacities in the limiting regions of mixtures of DMF with several mono-
substituted acetamides

V3. Ve V3.6 f’ C%,? {,
Acetamide (cm®mol™)  (cm®’mol™Y) (cm®mol™)  (JK~ mol") JK~ mor‘) JK 'mol™
NEA 76.85 94.73 94.03 147.56 180.28 182.44
NPrA 76.77 111.64 110.91 149.69 207.94 211.85
NBuA 76.97 128.70 128.10 152.15 236.89 242.81

ay¥ =77.49cm?>mol ™.
°C, = 148.36JK~ ' mol .

TABLE 4. Values of CE:%/V; for mixtures of
DMF with monosubstituted acetamides

Crle/Vi  Cpie/Va
Acetamide (JK'em™) (K 'em™
NEA —0.0103 0.0228
NPrA 0.0172 0.0350
NBuA 0.0489 0.0460

NPrA, and NBuA are positive over the complete mole fraction
range. Only those for NEA at 0 < x; < 0.15 are slightly
negative. As Fig. 6 shows, there is a steady increase with the
mole fraction of DMF towards a maximal value at infinite
dilution. Here C % ranges from 2.2JK~ ! mol ™! for NEA to
5.9]JK” mol I for NBuA. The mean CH, increment in 53y,

of 1.9JK 'mol~! is in good agreement with the same 1ncre-
ment found for dialkylacetamides in DMF (4).

The apparent molar heat capacities C, ; 4 of DMF in the three
solvents NEA, NPrA, and NBuA (see Fig. 7) do not depend on
x1 in a monotonic way, but show maxima at x; = 0.46, xl =
0.26, and x; = 0.13, respectlvely At infinite dilution, C,’
147.6,149.7, and 152.2 J K~ mol ™', respectively. Only Cp L
in NEA is smaller than the molar heat capacity of pure DMF.
The mean CH, increment in the values is +2.3JK ! mol .

In previous work (4) we observed that heat capacities of
binary mixtures of DMF and dialkylacetamides can be ade-
quately described by equations of the type derived by Hilde-
brand and Wood (15), Scatchard (16), and Redlich ez al. (17),
like:

8] Chm=x(1-¢)Vic
O Cpio=Chit (1= d)Vio
[10] Cp,l = C:;,i + (1 - d),')ZV,*O'

where ¢; is the volume fraction of compound i in the mixture,
C,,; is the partial molar heat capacity of compound i, and o is an
adjustable parameter. In order to describe the experimental data
with the eqs. [8]-[10] it is necessary that

[11] Chie/VE = Cp36/VE (= 0)

Within experimental error this is the case for mixtures of DMF
and dialkylacetamides. Values of CF:i’4/Vi and CES,/ V5
for the compounds in this paper are presented in Table 4. They
differ substantially. In our opinion this is due to a larger short
range interaction in the present mixtures, caused by hydrogen
bonding. Indeed a recent computer simulation study (18) indi-
cates marked differences in short range ordering of the mole-
cules between aprotic disubstituted amides and protic mono- or
unsubstituted amides. Consequently, application of the egs.
[8]-[10] will be restricted to mixtures of related compounds
where strong and directional short range interactions are absent.
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Thermodynamics of solvent mixtures. I. Density and viscosity of binary mixtures of
N-methylpyrrolidinone — tetrahydrofuran and propylene carbonate — acetonitrile
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Excess volumes and viscosities of binary liquid mixtures of N-methylpyrrolidinone — tetrahydrofuran and propylene carbon-
ate — acetonitrile are measured and examined in the light of empirical theories such as absolute rate, free volume, and regular
solution theories. It is shown that non-ideality arises due to (a) shape factors, (b) molecular interaction, and that the two
properties, excess volume and viscosity, illustrate these two aspects of non-ideality.

A. V. ANANTARAMAN. Can. J. Chem. 64, 46 (1986).

On a mesuré les volumes en excés et les viscosités de mélanges liquides binaires de N-méthylpyrrolidinone — tétrahydro-
furanne et de carbonate de propyléne — acétonitrile et on les a étudiés en faisant appel & des théories empiriques comme celle de la
vitesse absolue, et les théories du volume libre et de la solution réguliére. On montre que le comportement non-idéal est dii aux
facteurs de forme et a I’interaction moléculaire. On montre également que ces deux propriétés, a savoir le volume en excés et la
viscosité, illustrent les deux aspects de ce comportement non-idéal.

Introduction

During the past decade, significant advances have taken place
in the commercial development of batteries using nonaqueous
electrolytes. Such remarkable progress could not have been
achieved without fundamental understanding of the thermody-
namic and electrochemical behaviour of the active components
in a battery. Mixed solvents of propylene carbonate (PC) with
1,2-dimethoxyethane (DME) or with tetrahydrofuran (THF)
have been reported to give good cell performance (1, 2). Since
organic mixed solvents offer a wide range of variations in
electrolyte properties, their use in the development of high
energy — density batteries is relevant and attractive.

The electrochemical behaviour of a nonaqueous battery can
depend critically on the properties of the electrolyte. Among the
properties of solvent mixtures, viscosity has an important role,
because a low viscosity implies a low resistance to ionic trans-
port within the medium. As part of a continuing investigation of
the thermodynamic and other properties of solvent mixtures for
nonaqueous battery systems, this paper reports the measure-
ments of density and viscosity of mixtures of propylene carbon-
ate — acetonitrile (AN) and N-methylpymrolidinone (NMP) —
tetrahydrofuran in the complete range of composition.

Experimental

Starting from high purity grade, the solvents were agitated with
calcium hydride for 24 h in an argon atmosphere. Subsequently they
were distilled under reduced pressure, and only the middle fractions
were collected and stored in a dry argon atmosphere. The relevant
properties of the pure solvents are listed in Table 1.

The solvent mixtures were prepared gravimetrically in an argon
atmosphere and the measurements were done completely isolated from
atmospheric contact.

The densities of pure solvents and their mixtures were measured at
5.0 £ 0.05°C, using a long-stem pyknometer which was calibrated
with mercury. The experimental reproducibility, in general, is better
than 1 part in 10%

Kinematic viscosities were measured in a specially designed capil-
lary viscometer that allows measurements to be made without contact
with air (3). A schematic diagram of the viscometer is shown in Fig. 1.

A gas-tight syringe of about 20-mL capacity is connected through a
short silicon rubber tubing to the outlet at stopcock S;. The ground
glass stopcocks S; and S, are slightly greased and the clean dry
viscometer is weighed. The apparatus is taken into an argon glove box

[Traduit par le journal]

TABLE 1. Properties of pure components at 5.0°C.

Kinematic Vapour

Density p viscosity v pressure

Solvent (gcm™3) (CS) (Torr)*
N-methylpyrrolidinone 1.0447 2.168 =~0.2
Tetrahydrofuran 0.9035 0.635 62.7
Propylene carbonate 1.2203 3.128 0.5
Acetonitrile 0.7984 0.541 34.5

I Torr = 133.3Pa.

and the required volume of high purity solvent is carefully introduced
into the pear-shaped reservoir R. All the stopcocks and the rotoflo are
tightly closed, and the unit is carefully taken out of the box and
connected to a vacuum line at the ground joint G. The solvent in the
reservoir is degassed by alternate freezing and thawing. The viscometer
is set up in a suitable thermostat bath and, after attaining temperature
equilibrium, the liquid is slowly drawn above the mark, M, by means
of the syringe with the stopcocks S; open and S, closed. Any vapour
drawn into the syringe is slowly pushed back into the viscometer with
the pressure equalizer stopcock S; open. The stopcock S, is now closed
and the time for flow between the two marks M, and M, is recorded.
The procedure can be repeated for consistency.

The viscometer was calibrated using triple-distilled water and pure
solvents. All measurements were done in a thermostat maintained at
5.0 = 0.05°C. The accuracy of the measurement of viscosity is esti-
mated to be better than 1%.

Results

The experimental values of densities and viscosities of the
two binary systems are shown in Tables 2 and 3.

Excess volume
The excess volume V¥ is calculated from densities, according
to the relations

I 1 1 1
[1] VE=XM, (— ——) +XoM, (— - —)

[ P P2
where X;, M;, and p; are the mole fraction, molar mass, and
density of component i and p denotes the density of the mixture.
The results are shown in Figs. 2 and 3. The data can be fitted into
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Fig. 1. Viscometer.

TABLE 2. Experimental densities and kin-

ematic viscosities of mixtures of the sys-

tem. PC-AN at 5.0 = 0.05°C (X; = mole
fraction of component 1 (PC))

X p(gem™) v (CS)
0.0 0.7984 0.541
0.0920 0.8616 0.5%4
0.1675 0.9069 0.683
0.3043 0.9808 0.871
0.3763 1.0149 0.992
0.4910 1.0636 1.234
0.6293 1.1137 1.622
0.7795 1.1615 2.058
0.7953 1.1667 2.151
0.9537 1.2093 2.910 -
1.0000 1.2203 3.128

an equation of the form

n

21 VE=XX; 2 AiX) = Xp)'

The optimum number of coefficients A; is determined by the
magnitude of the standard deviation o. These coefficients are
given in Table 4.

Viscosity

The dynamical viscosity m is calculated from the measured
kinematic viscosity v, and the corresponding density p, using
the relation m = v/p. For ideal binary mixtures, viscosity is
given by the Arrhenius equation,

TaBLE 3. Experimental densities and kin-

ematic viscosities of mixtures of the sys-

tem. NMP-THF at 5.0 £ 0.05°C (X, =
mole fraction of component 1 (NMP))

X p(gem™) v (CS)

0.0 0.9035 0.635
0.1004 0.9217 0.721
0.2369 0.9445 0.825
0.3418 0.9608 0.948
0.4511 0.9782 1.110
0.5601 0.9926 1.318
0.7055 1.0119 1.544
0.8122 1.0239 1.814
0.8685 1.0304 1.953
0.9625 1.0405 2.102
1.0000 1.0447 2.168

S o

“ . <

l :

FiG. 2. Excess volume as a function of composition. System:
NMP-THF. Temperature: 5.0 = 0.05°C.
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F1G. 3. Excess volume as a function of composition. System:
PC-AN. Temperature: 5.0 = 0.05°C.

TaBLE 4. Coefficients A; of eq. [2] fitted to experimental VEat5.0°C

Mixture Ag A A, Aj o
PC-AN —1.834 0.6414 0.5496 0.1396 0.013
NMP-THF —-1.596 -0.1575 0.0101 0.2623 0.036

(3] Inmyuy=X;Inm; + X 1Inm,

where X; and r); are the mole fraction and viscosity of the pure
components. Ideal viscosities calculated on the basis of eq. [3]
for the two systems, along with the corresponding experimental
data, are shown in Figs. 4 and 5.
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FiG. 4. Dynamic viscosity as a function of composition. System:
NMP-THF. Temperature: 5.0 = 0.05°C. --- Measured, — Ideal eq.
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FiG. 5. Dynamic viscosity as a function of composition. System:
PC-AN. Temperature: 5.0 £ 0.05°C. --- Measured, — Ideal eq. [3].

Discussion

The excess volumes for both the binary mixtures NMP-THF
and PC-AN are negative over the entire range of composition.
This implies that geometrical factors allowing the molecular
species to form a more dense structure within the mixture may
be important in both cases. The dense packing may be due to (a)
different molecular sizes leading to interstitial accommodation
in the mixture and (b) differences in free volume between the
components.

On the basis of such geometrical arguments, the excess
volume is expressed in terms of a reduced interaction energy
parameter A¥; (4).

VE_2.03 (kT _ y kT _ o kT
[41 ———( - X; ~x.—_)
VFTZ \A AT YA

The reduced volume V* is defined as V* = r*/v, where yis a

numerical factor which depends on the geometrical arrangement
of the molecules. r* is the distance corresponding to the
minimum of A(#) and Z is the number of first neighbours in the
quasi-lattice.

In this simple model, the solution behaves as a pure compo-
nent characterized by the average value of the interaction param-
eter A;. The negative excess volumes of the two systems over
the entire composition range suggest that the potential energy
minimum of the unlike molecules is lower than the potential
energy minima of either or both the like molecules.

Viscosity is a complex property and existing theories cannot
adequately explain the viscosity behaviour of even simple fluid
mixtures. Empirical theories such as the absolute rate theory
and the free volume theory have been used in predicting the
viscosity of liquid mixtures (5-7). Macedo and Litovitz (8)
have combined the two theories so that the probability for vis-
cous flow is taken as the product of probabilities for acquiring
sufficient activation energy and the occurrence of an empty site.
However, the validity and physical justification for the use of
such theories in predicting viscosities of complex liquid mix-
tures is in doubt.

Based on the ideas of regular solution theory (9, 10), Grun-
berg and Nissan (11) have proposed an empirical expression for
viscosities of real liquid mixtures,

[5] 1H1]=X1 lnT]1+X21nT’|2+X1X2€

where € denotes the extent of non-ideality of the system. The
parameter € is interpreted as a constant proportional to W/RT
where W is the interchange energy arising from the increase in
lattice energy due to juxtaposition of molecule 1 into the lattice
of molecule 2. Grunberg (12) has derived an expression for the
viscosity contribution to the interchange energy,

w ]
Tobs = —_— 011X1X2 l:Xz + —2 Xl:l
Ma  RT oy
where 1,5 represents the measured viscosity of the mixture; the
constants oy and a, are calculated from the vapour pressures pg
of pure components 1 and 2 according to

[6] In

d(In m) _
d(In pg)

Following Grunberg’s procedure, we have calculated the
interchange energy W as defined by eq. [6]. The results are
shown in Tables 5 and 6 where the measured viscosities and the
deviation, €, are also included.

[8] €= (11’1 MNobs — In nid)/XIXZ

It should be pointed out that the results shown in Tables 5 and
6 depend on the assumed parallelism between viscosity and
vapour pressure, as given by eq. [7]. Also, accurate experimen-
tal data for viscosity and vapour pressure of pure components
are required for evaluating reliable values of the constants o,
and o,. This is particularly so where the pure components have
low vapour pressures, as in the case NMP and PC. The molar
volumes of NMP and THF at 5.0°C are 94.86 cm® and 79.81c¢m?,
respectively, and the viscosities of the two substances at 5.0°C
are 2.075 cp and 0.703 cp, respectively. This suggests that the
mixture NMP-THF would be expected to show considerable
deviation from ideal behaviour. Furthermore, the constants o,
and o, for NMP and THF, respectively, are significantly differ-
ent, indicating that the two liquids are geometrically different.

Based on formal ideas of statistical mechanics, Bearman and
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TaBLE 5. System: propylene carbonate — acetonitrile; deviation of viscosity from ideal

behaviour
. (ln Mobs — 1N T\id)
Mole fraction Mobs (€P) €e=|———| W/RT (eq. [6]) 12 (€p)
Xec XXz (eq. [9])
0.0920 0.689 —1.263 5.35 0.649
0.1675 0.753 —0.844 3.69 0.757
0.3043 0.888 —0.637 2.97 0.764
0.3763 0.977 ~+0.576 2.77 0.746
0.4910 1.160 —0.462 2.36 0.732
0.6293 1.456 —-0.310 1.69 0.745
0.7795 1.772 —0.442 2.65 0.529
0.7953 1.843 -0.354 2.15 0.597
0.9537 2.406 —0.046 0.30 0.832

TABLE 6. System: NMP-THF; deviation of viscosity from ideal behaviour

Mole fraction Tobs (cP) € = (M) W/RT (eq. [6]) M2 (p)
Xnmp X1 Xz (eq. [9])
0.1004 0.782 —0.03 0.26 1.061
0.2369 0.873 -0.22 1.48 0.961
0.3418 0.987 —0.14 0.82 0.978
0.4511 1.135 —0.04 0.19 1.012
0.5601 1.328 +0.12 —0.54 1.097
0.7055 1.526 +0.06 —0.24 1.038
0.8122 1.772 +0.29 ~1.12 1.239
0.8685 1.895 +0.45 ~1.59 1.395
0.9625 2.020 +0.39 ~1.27 1.347

Jones (13) have derived an expression where the viscosity
coefficient of a binary mixture is given as the sum of three
integrals representing the interactions of like and unlike pairs of
molecules. Using the simplifying assumptions of regular solu-
tion theory, the authors express the viscosity of a binary mixture
in terms of the viscosities of pure components v; and ),

91 m=Xtm + 2X;Xomi2 + X3mp

where 7, is a parameter attributed to unlike pair interactions.
An identical equation was proposed earlier by Hind et al. (14)
from purely empirical arguments.

Values of the parameter T, calculated from experimental
results for the two systems NMP-THF and PC-AN are shown
in Tables 5 and 6. The interaction parameter 7, appears to give
aconstant value, particularly at low concentrations of the denser
component in both systems. The arithmetic mean approxima-
tion, M2 ~ (M, + mM2)/2, and the geometric mean approxima-
tion, 112 ~ VMM, are in poor agreement with the value of 1,
calculated from eq. [9]. One of the major difficulties of funda-
mental theories such as that of Bearman and Jones is that 1,
can only be obtained from experimental measurements and can-
not be calculated a priori from n; and ;.

Viscosity and excess volume are properties that exemplify
different aspects of solution non-ideality. While excess volume
reflects molecular dissimilarity among the components, viscos-
ity, on the other hand, expresses the strength of intermolecular
interaction. The system NMP-THF clearly illustrates this
aspect. It shows a large excess volume of mixing, indicating the
geometrical dissimilarity between NMP and THF. On the other
hand, the viscosity of the system conforms closely to the
Arrhenius expression for binary liquid mixtures, clearly point-

ing out the absence of specific intermolecular interactions
between the components.

Our studies suggest that, contrary to the observations of
Prolongo et al. (15), negative volume changes of mixing
(denoting strong geometrical rearrangements between the com-
ponents) do not result in a positive value for € of eq. [5] and vice
versa. General correlations between VE and € are difficult to
make; the two properties are fundamentally different.

Jambon and Delmas (16) have measured the solution viscosi-
ties of binary systems involving globular molecules such as
SnRy compounds (R = CH;, C,Hs, C4Hy). Their analysis,
based on free volume theories, suggests that no significant
correlation exists between excess viscosity and free volume and
that such empirical theories are fundamentally inadequate to
explain the origin of excess viscosity.

Finally, our results show that viscosity behaviour of binary
liquid mixtures cannot be explained in terms of interchange
energy, as defined by eq. [6]. This equation is derived on the
basis of the assumptions of regular solution theory, which
ignores specific intermolecular interactions. It is believed that
molecular shapes resulting from packing and intermolecular
interaction energies are both important in accounting for viscos-
ity behaviour.
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The Rh(S, S-chiraphos)j cation, where chiraphos is 2,3-bis(diphenylphosphino)butane, has been synthesized and fully
characterized by spectroscopy and single crystal data on the chloride salt (1). Crystals are monoclinic, a = 23.106(3), b =
12.4987(8), ¢ = 21.455(3) K, B = 128.539(5)°, Z = 4, space group C2. The structure was solved by conventional heavy atom
methods and was refined by full-matrix least-squares procedures to R = 0.046 and R,, = 0.032 for 4509 reflections with I > a([).
The coordination about Rh is square planar distorted toward tetrahedral within the five-membered chelate rings, similar to that in
Rh(dpe)3, where dpe is 1,2-bis(diphenylphosphino)ethane, but the distortion toward tetrahedral is significantly greater in 1; the
methyl substituents further restrict rotational freedom about the P—Ph bonds, which leads to some blocking of the axial ligand
sites by the four H atoms of the chelate-ring carbon atoms. In solution, 1 is unreactive towards O,, CO, and H;, but oxidatively
adds HX (X = Cl, Br) to give trans-RhHX(S, S-chiraphos); species.

CHARLES G. YOUNG, STEVEN J. RETTIG et BRIaN R. JaMEs. Can. J. Chem. 64, 51 (1986).

On a synthétisé le cation Rh(S, S-chiraphos)3, ot le groupe chiraphos est le bis(diphénylphosphino)-2,3 butane, et on 'a
caractérisé par la spectroscopie de rayons X sur un monocristal de son chlorure (1). Les cristaux appartiennent au groupe d’espace
monoclinique C, avec a = 23,106(3), b = 12,4987(8), ¢ = 21,455(3) A, B =128,539(5)°, Z = 4. On arésolu la structure par la
méthode conventionnelle de 1’atome lourd et on ’a affinée par la méthode des moindres carrés (matrice compléte) jusqu’a des
valeurs de R = 0,046 et de R,, = 0,032 pour 4509 réflexions avec I > o(I). La coordination autour du Rh est un plan carré
déformé de facon tétraédrique a ’intérieur du cycle & 5 chainons du chélate, comme celle du Rh(dpe)s, ol le groupe dpe est le
bis(diphénylphosphino)-1,2 éthane, mais la déformation tétraédrique est beaucoup plus accentuée dans le cas du composé 1. De
plus, les substituants méthyles restreignent la rotation libre autour des liaisons P—Ph, ce qui conduit 2 un certain blocage des
sites axiaux du ligand par les 4 atomes d’hydrogéne des atomes de carbone du cycle du chélate. Le composé 1, en solution, ne
réagit pas avec le Oy, le CO et le H, mais les halogénures HX (X = Cl, Br) s’additionnent de fagon oxydante pour donner des
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espéces RhHX(S, S-chiraphos); trans.

Introduction

Earlier work from this laboratory has reported on the synthe-
sis and characterization of Rh(P—P),X complexes, and their
reactivity towards the small gas molecules H;, O,, CO, and
HCI, with a view to exploring catalytic reactivity: X = Cl, BF;,
PFs, SbFg; P—P = dpm, dpe, dpp, dpb, and diop® (1, 2). The
Rh(P—P); cations, for example, were active for catalytic
hydrogenation of olefins, including asymmetric hydrogenation
with the chiral diop ligand system; even in cases where coordina-
tively saturated dihydrides, RhH,(P—P)J, are present, cata-
Iytic activity can result when one of the ditertiary phosphine
ligands becomes monodentate (3). Reversible binding of CO by
some of the Rh(P—P); cations, particularly with P—P = dpp,
led to studies revealing their efficiency for catalytic decarbonyl-
ation of aldehydes (4, 5), these systems being discovered
independently by Pignolet and co-workers (6, 7). Attempts to
then effect asymmetric decarbonylation of racemic aldehydes
required the use of Rh(P—P,)* complexes with P—P chiral; the

'Experimental Officer, University of British Columbia Crystal

Structure Service.

*Author to whom correspondence should be addressed.

3Abbreviations used: (+)-diop = 48,58-bis((diphenylphosphino)-
methyl)-2,2-dimethyl-1,3-dioxolane; dpm = bis(diphenylphosphino)-
methane; dpe = 1,2-bis(diphenylphosphino)ethane; dpp = 1,3-bis(di-
phenylphosphino)propane; dpb = 1,4-bis(diphenylphosphino)butane;
(—)-chiraphos = 28,3S-bis(diphenylphosphine)butane; cis(2=phos)
= 1,2-bis(diphenylphosphino)ethylene.

[Traduit par le journal]

known rigidity of the five-membered chiraphos ring (8, 9)
prompted us to synthesize the Rh(chiraphos); cation, and test
its activity for decarbonylation, and for reactivity generally
towards small gas molecules. We have reported on the attempted
decarbonylation of racemic olefinic aldehydes, studies that led
to a kinetic resolution of the aldehyde, one enantiomer preferen-
tially undergoing intramolecular hydroacylation to a chiral di-
substituted cyclopentanone, eq. [1].

Me  Ph Me _Ph

) )
I — + unreacted
[ = CHO (R)-aldehyde

(R,S)-aldehyde

We report here the details and full characterization of the
Rh(chiraphos); Cl~ complex (1) that catalyzes reaction [1]
(10, 11) and also note its nonreactivity towards CO, O,, and H;
however, 1 oxidatively adds HCl to give trans-RhHCI-
(chiraphos); CI™.

The well-known Rh(dpe); cation, containing the corres-
ponding unsubstituted, non-chiral, five-membered rings, was
the earliest of the bis(ditertiaryphosphine)rhodium(I) cations to
be studied regarding reactivity towards H, (12) amd O, (13).
Since that time, as well as studies reported from this laboratory
(1-5, 10, 11), several other groups have reported on Rh(P—P)5
systems and their reactivity towards small gas molecules and
related catalysis: hydrogenation, decarbonylation, hydroformyl-
ation, and hydroacylation (6, 7, 14-21).

(S)-cyclopentanone
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Experimental

The cyclooctene dimer [RhCI(CgH4),]> was prepared by a literature
method (22). (25,35 )-Chiraphos was purchased from Strem Chemicals
Inc. and was used without further purification. Unless otherwise stated,
all synthetic procedures were performed under argon using dry, deoxy-
genated solvents.

Conductivity measurements employed a Thomas Serfass bridge and
cell using 1073 M nitromethane solutions. Infrared spectra were re-
corded on a Perkin—Elmer 598 instrument as Nujol mulls. Ultraviolet—
visible spectra were recorded on a Perkin—Elmer 552A spectrophotom-
eter and optical rotation measurements employed a Perkin—Elmer 141
polarimeter. Proton (37ms = 0ppm) and *'P-{'"H} nmr spectra were
recorded on Bruker WH 400 MHz and Varian XL 100 (40.4 MHz for
3!p) spectrometers, respectively, at ambient temperatures. The *'P nmr
experiments employed an external PPh; reference but & values are
reported in ppm (upfield negative) from 85% H;PO,4. Microanalyses
were performed by Mr. P. Borda of this Department.

RK(S,S-chiraphos)s CI~, 1

A solution of §, S-chiraphos (0.94 g, 2.2 mmol) in benzene (10 mL)
was added to a stirred solution of [RhCI(CgH4),], (0.36 g, 0.5 mmol)
in benzene (20 mL); the resulting suspension was stirred for 1.5h,
whereupon the yellow solid was filtered, washed with warm benzene
(30mL), and vacuum-dried. The yield was 0.92 g (90%). At this stage
the compound retains a half molecule of benzene of crystallization.
Anal. caled. for CsoHsoCIP4Rh: C 68.80, H5.77; found: C68.9, H5.8.
The unsolvated compound was obtained upon recrystallization (in air)
from CH,Cl, /diethyl ether. Anal. calcd. for Cs¢HsCIP4Rh: C 67.88,
H 5.70; found: C 67.8, H 5.7. Decomposition point in air = 275°C.
Conductivity Ay = 59 Q' cm® mol™}; [@]%’ +23.6°(c2.5, ethanol);
ir: strongest bands at 1420, 1090, 990, 735, 685, 520, 500, 470 em™
uv-vis (CH,OH): 410 (4130), 345 (sh. 4620), 313 (7040), 265
(29 400), 237 nm (€ 44 700 M~ cm™!); (CH5NO,): 410 nm (e 4080);
'H nmr (CDCl3) 8: 0.53 (m, br, 12H, CH,), 1.87 (m, br, 4H, CH),
7.0-7.5 (m, 40H, Ph); *'P-{'H} nmr (2:1 CH,Cl,/C¢Ds) 8: 60.6 (d,
Jrn_p = 130.8 Hz).

Yellow needles of 1 for a crystal structure analysis were grown in air
by diffusing ether into a CH,Cl, solution of the compound.

RK(S,S-chiraphos)} BF7, 2

A solution of 1 (0.46 g, 0.46 mmol) in CH,Cl, (10 mL) was treated
with a solution of AgBF, (0.092 g, 0.47 mmol) in MeOH (10 mL). The
resulting mixture was stirred for 1h, then reduced to dryness under
vacuum, The residue was extracted with CH,Cl, (5-10 mL) and, after
filtration, the compound was precipitated with diethyl ether. The yield
was 0.43g (90%). The compound was recrystallized in air from
CH.CL, /diethyl ether. Anal. calcd. for CssHs¢BE,PsRh: C 64.54, H
5.42; found: C 64.2, H 5.5. Decomposition point in air = 305°C.
Conductivity Ay = 68 @ 'cm®mol™!; ir: strongest bands at 1420,
1090-1010, 745, 690, 520, 500, 470 ¢cm ™ !; uv—vis and 'H nmr as for
1; 3'P-{'H} nmr (2:1 CH,Cl,/CgDg) 8: 60.4 (d, Jpyp = 132.0Hz).
The PFg and SbFg salts are prepared similarly using the appropriate
silver compound.

Reactivity of 1 with gases

The complex, either in the solid state or solution (MeOH or CH,Cl,),
was completely unreactive toward CO, O,, and H at 1 atm (101.3 kPa)
pressure and ambient temperatures. Hydrogen halides added oxida-
tively, however, to give the halogeno(hydrido)rhodium(Ill) derivative.

A solution of 1 (0.1 g, 0.1 mmol) in EtOH or CH,Cl; (10 mL) was
treated with HC] gas for ~10 min. The volume of the bleached solution
was then reduced in vacuo to ca. 1 mL, when diethyl ether (20 mL) was
added. Cooling produced white crystals that were filtered, washed with
ether, and vacuum dried. The yield of trans-RhHCI(S, S-chiraphos)3
Cl7, 3, was 0.09 g (90%). Anal. calcd. for Cs¢Hs;CL,P,Rh: C65.48, H
5.50; found: C 62.5, H 6.0. Decomposition point in air = 90°C.
Conductivity Ay = 57Q " 'em?mol™'; [a]ff +220.4° (¢ 2.6, eth-
anol); ir v(Rh—H): 2130 cm™!; uv—vis (CH,OH): 288 (28 600), 275
(30 400), 268 (31000), 265 nm (e 30 700 M~ Lem™Y); 'H nmr (CDCl5)
d: —16.23 (9 lines, Jry_y = 16.0Hz, *Jy_p, = 16.0Hz, 2Jyy_p, =
8.0Hz, 1H, Rh=H), 0.46 (virtual quartet, *Jyy =7.5Hz, 3°Jip

(apparent) = 7.5Hz, 6H, 2 X CHj), 0.96 (virtual quartet, *Jyy =
7.5Hz, >*Jyp (apparent) = 7.5Hz, 6H, 2 X CHs), 2.0 (m, 2H, 2 X
CH), 3.4 (m, 2H, 2 x CH), 6.8-7.8 (m, 40H, Ph); *'P-{'H} nmr
(CDCls) &: 38.4 (dt, Jp,_gn = 94Hz, Jog = 27Hz, 2P), 62.7 (dt,
Jogern = 94Hz, Jog = 27 Hz, 2P). The nmr spectra are essentially
identical in acetone-d®,

The complex trans-RhHBr1(S, S-chiraphos); CI~, 4, was character-
ized by 'H nmr after its formation in situ (CDCl5) from the reaction of 1
and gaseous HBr; 'H nmr (CDCl3) & —15.12 (9 lines, Jrhy =
16.0Hz, Yy p, = 16.0 Hz, 2JH_pB = 8.0Hz, 1H, Rh—H), 0.53 and
1.00 (virtual quartets, as for 2), 1.95 (m, 2H, 2 X CH), 3.72 (m, 2H,
2 X CH), 6.8-7.6 (m, 40H, Ph).

X-ray crystallographic analysis of bisf2(S),3(S)-2,3-
bis(diphenylphosphino )butane]rhodium(l) chloride

A crystal bounded by the 8 faces (followed by their distances in mm
from a common origin): {—1 1 1}, 0.07,{1 — 1 —1},0.07,{10 — 1},
0.08, {301}, 0.26 was mounted in a general orientation. Unit-cell
parameters were refined by least squares on 2 sin 8/\ values for 25
reflections (20 = 30-38°) measured on a diffractometer with Mo-Ka
radiation (\(Ka;) = 0.70930, A(Ko,) = 0.71359 A). Crystal data at
22°C are:

C56H56C]P4Rh f.w. = 991.3
Monoclinic, @ = 23.106(3), b = 12.4987(8), ¢ = 21.455(3)A, B =
128.539(5)°, V = 4847(1) A%, Z = 4, p, = 1.359 gcm™>, F(000) =
2056, p(Mo-Ko) = 5.68cm™". Absent reflections: kkl, h + k odd,
space group C2 (C3, No. 5) required by molecular chirality.

Intensities were measured with graphite-monochromated Mo-Ko
radiation on an Enraf—Nonius CAD4-F diffractometer. An w~26 scan
at 1.06—10,06° min~ ! over a range of (0.70 + 0.35 tan 0) degree in
(extended by 25% on both sides for background measurement) was
employed. Data were measured to 26 = 55° The intensities of 3 check
reflections, measured every 3600 s throughout the data collection,
showed only small random fluctuations. After data reduction,* an
absorption correction was applied using the Gaussian integration
method (23, 24). Transmission factors ranged from 0.915 to 0.933 for
100 integration points. Of the 5793 independent reflections measured,
4509 (77.8%) had intensities greater than or equal to o°(/) above back-
ground where 2(/) = S + 2B + (0.04(S — B))? with S = scan count
and B = normalized background count.

The structure was solved by conventional heavy-atom methods, the
Rh and P coordinates being determined from the Patterson function and
those of the remaining non-hydrogen atoms from a subsequent differ-
ence map. Refinement of the non-hydrogen atoms with anisotropic
thermal parameters resulted in R = 0.054. In the final stages of
refinement the hydrogen atoms were included as fixed contributors in
idealized positions (methyl groups staggered in accordance with posi-
tions observed on a difference map, C(sp2)—H = 0.97 and C(sp*)—H
= 0.98 A, recalculated after each cycle). The absolute configuration
is determined by that known for the chiral phosphine ligands. The
scattering factors of ref. 25 were used for non-hydrogen atoms and
those of ref. 26 for hydrogen atoms. Anomalous scattering factors from
ref. 27 were used for the Rh, Cl, and P atoms. The weighting scheme w
= 1/0%(F), where o X(F) is derived from the previously defined o(/),
gave uniform average values of w(|F,| — |F.|)? over ranges of both
|F,| and sin 8/\ and was employed in the final stages of full-matrix
refinement of 559 variables. Reflections with / < o(/) were not in-
cluded in the refinement. Convergence was reached at R = 0.046 and
R,, = 0.032 for 4509 reflections with I = o (/). For all 5793 reflections,
R = 0.069. The function minimized was Zw(|F,| — |F.|)% R = Z|| F,
— |FJ|/Z|Fs| and R,, = Ew(|F,| = |F )Y Zw|F./HY2

On the final cycle of refinement the mean and maximum parameter
shifts corresponded to 0.04 and 0.190, respectively. The mean error
in an observation of unit weight was 1.676. A final difference map

“The computer programs used include locally written programs for
data processing and locally modified versions of the following: ORFLS,
full-matrix least-squares, and ORFFE, function and errors, by W. R.
Busing, K. O. Martin and H. A. Levy; FORDAP, Patterson and Fourier
syntheses, by A. Zalkin; ORTEP II, illustrations, by C. K. Johnson.
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TaBLE 1. Final positional (fractional x 10% Rh, Cl, P x 10%) and
isotropic thermal parameters (U X 10 A?) with estimated standard
deviations in parentheses

Atom x y z Ucq
Rh 25337( 3) 50000 25174( 4) 29
CI(1) 0 51596(35) 0 68
Cl(2) 50000 47860(29) 50000 75
P(1) 24725( 9) 34742(18) 18785(10) 34
P(2) 25637( 9) 58308(19) 15853(11) 33
P(3) 27058( 8) 64949(18) 32390(10) 33
P(4) 23575( 9) 42093(20) 33602(11) 37
C(1) 2261( 3) 3837( 5) 898( 3) 39
C@2) 1983( 3) 4993( 7) 672( 3) 40
C@3) 3129( 3) 6028( 5) 4259( 3) 39
C4) 2686( 3) 5109( 7) 4228( 3) 46
C(5) 1751( 4) 3037( 8) 197( 4) 69
C(6) 1914( 4) 5376( 7) —55( 4) 53
C( 3301( 4) 6887( 6) 4849( 4) 46
C(8) 3100( 5) 4551( 7) 5032( 5) 78
C@O) 3356( 3) 2784( 6) 2367( 4) 41
C(10) 3976( 4) 3115( 7) 3085( 5) 59
C(11) 4635( 5) 2682( 9) 3384( 6) 83
C(12) 4743( 4) 1858( 8) 3110(¢ 5) 74
C(13) 4133( 5) 1509( 8) 2359( 6) 75
C(14) 3451( 4) 1964( 6) 2020( 4) 56
C(15) 1814( 3) 2435( 6) 1658( 4) 37
C(16) 2020( 3) 1430( 6) 1963( 4) 49
c(17) 1516( 4) 683( 7) 1822( 6) 66
C(18) 768( 4) 906( 7) 1325( 5) 62
C(19) 556( 4) 1885( 8) 1006( 5) 66
C(20) 1063( 3) 2671( 7) 1135( 4) 47
C(@21) 3483( 3) 5888( 6) 1879( 4) 38
C(22) 4077( 4) 5585( 7) 2646( 4) 52
C(23) 4796( 4) 5605( 7) 2887( 4) 70
C(24) 4937( 4) 5894( 7) 2433( 7) 90
C(25) 4349( 4) 6222( 7) 1609( 4) 64
C(26) 3643( 3) 6215( 7) 1375( 5) 56
c27 2194( 4) 7160( 6) 1208( 4) 39
C(28) 2659( 4) 8013( 6) 1433( 5) 52
C(29) 2369( 5) 9021( 7) 1103( 6) 67
C30) 1611( 6) 9189( 9) 543( 7) 96
C@31) 1158( 5) 8333(10) 340( 6) 96
C(32) 1422( 4) 7321( 7) 676( 5) 57
C(33) 1842( 3) 7202( 6) 2850( 4) 39
C(34) 1224( 4) 6886( 7) 2091( 4) 53
C(@35) 528( 4) 7369( 8) 1731( 6) 83
C(36) 472( 4) 8120( 7) 2205( 5) 61
C@37) 1097( 4) 8452( 8) 2920( 5) 64
C(38) 1776( 3) 7998( 6) 3258( 4) 49
C(39) 3351( 3) 7551( 5) 3439( 4) 36
C(40) 3134( 4) 8564( 7) 3119( 6) 66
c@4n 3643( 4) 9333( 6) 3277( 5) 63
C42) 4349( 4) 9082( 8) 3717( 5) 64
C(43) 4593( 4) 8058( 7) 4038( 5) 60
C(44) 4095( 3) 7306( 7) 3866( 4) 50
C(45) 1373( 4) 4067( 6) 2924( 5) 49
C(46) 839( 3) 4311( 6) 2101( 5) 56
(6(C)} 80( 4) 4260( 7) 1735( 5) 72
C(48) —104( 5) 3914( 7) 2247( 9) 113
C(49) 400( 5) 3702( 8) 2984( 6) 75
C(50) 1148( 5) 3764( 7) 3362( 6) 74
C(i51) 2750( 3) 2885( 7) 3820( 4) 44
C(52) 2320( 4) 1985( 8) 3675( 5) 59
C(53) 2647( 6) 990( 9) 3993( 7) 87
C(54) 3384( 6) 897( 8) 4443( 6) 77
C(55) 3833( 4) 1765( 8) 4590( 5) 71
C(56) 3493( 4) 2747( 8) 4270( 5) 63

*Ueq = 1/3 trace of diagonalized U; coordinates with esd’s are fixed param-
eters.

TaBLE 2. Bond lengths (A) with estimated standard deviations in

parentheses

Bond Length A) Bond Length (A)
Rh—P(1) 2.301(2) P(3)—C(33) 1.839(6)
Rh—P(2) 2.292(2) P(3)—C(39) 1.832(6)
Rh—P(3) 2.298(2) P(4)—C(4) 1.882(7)
Rh—P(4) 2.308(2) P(4)—C(45) 1.852(6)
P(1)—C(1) 1.894(6) P(4)—C(51) 1.850(9)
P(1)—C(9) 1.829(6) C(H—C2) 1.532(10)
P(1)—C(15) 1.825(7) C(1H)—C(5) 1.563(10)
PQ2)—C(2) 1.860(6) C(2)—C(6) 1.543(9)
P(2)—C(21) 1.801(6) C(3)—C4) 1.512(9)
P(2)—C(@27) 1.812(8) C(3)—C( 1.512(9)
P(3)—C(@3) 1.849(6) C4)—C(8) 1.524(11)

TaBLE 3. Bond angles (deg) with estimated standard deviations in

parentheses
Angle Angle
Bonds (deg) Bonds (deg)
P(1)—Rh—P(2) 83.09(8) C(3)—P(3)—C(33) 108.2(3)
P(1)—Rh—P(3) 174.8%(7) C@B3)—P(3)—C(39) 101.4(3)
P(1)—Rh—P(4) 97.85(8) C(33)—P(3)—C(39) 104.8(3)
P(2)—Rh—P(3) 97.64(8) Rh—P(4)—C4) 111.1(3)
P(2)—Rh—P(4) 173.29(7) Rh—P(4)—C(45) 113.9(3)
P(3)—Rh—P(4) 82.03(7) Rh—P(4)—C(51) 122.3(2)
Rh—P(1)—C(1) 109.92) C@)—P(4)—C(45) 99.7(3)
Rh—P(1)—C(9) 114.7(2) C@)—P4)—C(51) 104.2(3)
Rh—P(1)—C(15) 118.4(2)  C(45)—P(4)—C(51) 102.9(4)
C(1)—P(1)—C(9) 99.93) P(1H)—C(1)»—C(2) 110.1(3)
C(LO—P(1)—C(15) 106.7(3)  P(1)—C(1)—C(5) 115.7(5)
CO—P(1)—C(15) 105.4(3) CQ)—C(1)—C(5) 112.5(5)
Rh—P(2)—C(2) 105.7(2)  P(2)—C(2)—C(1) 108.2(4)
Rh—P(2)—C(Q21) 112.5(2)  P(2)—C2)—C(6) 116.3(5)
Rh—P(2)—C(Q27) 122.92) C(1)—C@2)—C(6) 111.8(6)
C2)—P(2)—C(21) 108.1(3) P3)—C(3)—C4) 110.1(4)
C(2)—P(R)—C27) 102.5(3) P3)—C(3)—C(D) 115.9(4)
C2D—P(2)—C(27) 104.1(3) C(4)—C3)—C(7) 113.2(5)
Rh—P(3)—C(3) 106.4(2) P(@H—C4)—C?3) 110.0(4)
Rh—P(3)—C(33) 113.7(2) P(H—C4)—C(®) 115.4(6)
Rh—P(3)—C(39) 121.2(2)  C(3)—C(4)—C(8) 111.6(6)

showed maximum fluctuations of —0.63 to +0.55¢ A* near Rh and
was essentially featureless elsewhere. The final positional and thermal
parameters appear in Tables 1 and 6, respectively. Measured and
calculated structure factors have been placed in the Depository of
Unpublished Data.® Selected bond lengths, bond angles, and intra-
annular torsion angles for the two chelate rings appear in Tables 2—4,
respectively. Bond lengths and angles involving phenyl carbon atoms
(Tables 2a and 3a), calculated hydrogen atom parameters (Table 5),
and additional torsion angles (Table 7) are included as deposited
material.

Discussion

Synthesis and characterization of the complexes

The yellow complex Rh(S, S-chiraphos); CI7, 1, is readily
prepared from the rhodium(I) cyclooctene precursor as a ben-
zene hemisolvate according to eq. [2]. The unsolvated complex
is obtained by recrystallization from CH,Cl,/ether, or by sub-

SThe structure factor table, Table 6 (anisotropic thermal parameters),
and other material mentioned in the text may be purchased from the
Depository of Unpublished Data, CISTI, National Research Council
of Canada, Ottawa, Ont., Canada K1A 0S2.
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(2] RhCI(CgHig)2]2 + 4 chiraphos

C
_Cells, 2Rh(chiraphos)3 Cl~ + 4CgH 4

jecting a finely ground sample of the hemisolvate to high vac-
uum. Treatment of 1 with Ag* X~ (X = BF,, PFg, SbFe) yields
the corresponding X~ salt. The syntheses parallel those used
earlier (1) for the analogous dpm, dpe, dpp, dpb, and diop
complexes, although, in contrast to these (2), the chiraphos salts
are completely air stable in the solid state and solution.

The conductivity data (28), identical uv—visible spectra of 1
and 2, the absence of v(Rh—Cl) bands in the 400—200cm ™!
region, and the crystallographic data for 1 are consistent with
the presence of discrete cations and counter-anions in solution
as well as the solid state. A solid state visible spectrum of 1 also
shows an absorption maximum at 410 nm, the same as the solu-
tion value. The electronic absorption and emission spectral data
for square planar Rh(P—P); complexes have been analyzed in
some detail (29-31). It should be noted that the Rh(P—P),Cl
complexes with P—P = dpm, dpb, and diop are five-coordinate
in the solid state and in nonpolar solvents, while the dpe (diphos)
and dpp analogues contain ionic chloride (1). Crystallographic
data are now available for the ionic Rh(dpe); ClO; (32),
Rh(dpp); BF; (33), Rh(dpb); BFz (19), and Rh(chiraphos);
Cl™ complexes (see below).

The *'P-{"H} nmr spectrum of Rh(chiraphos); at ambient
temperatures displays a simple doublet produced by equivalent
P atoms coupled to Rh; the large downfield shift, typical of five-
membered ring systems, and coupling constant are very similar
to the data for Rh(dpe)7 (1). The 'H nmr data are uninformative.

The nonreactivity of Rh(chiraphos); towards H, or CO
parallels that of Rh(dpe); (2), while the inertness towards O, is
surprising considering that the dpe analogue forms an isolable
peroxorhodium(III) complex (2, 13, 34). In solution under Ar,
however, the Rh(dpe),03 species readily loses O,, and the pro-
cess has been monitored spectrophotometrically to yield the fol-
lowing data at 30°C in methanol: ko, = 0.25 M~'s™!, kogr = 2.6
% 1073 s~!, and equilibrium constant K, measured by an inde-
pendent static method, = 60 M1, or P, (the pressure for 50%
formation of the dioxygen complex) = 2.3 atm (2, 4). Steric
factors within the chiraphos system must either decrease the
kon, or increase the kg values, respectively, compared to the
dpe system (see below).

Oxidative addition of HCI yields the trans-chlorohydrido
derivative, 3; the low carbon analysis is considered to result
from contamination with lattice-held HCI, a feature observed
with other RhHCI(P—P)5 complexes (2) and the iridium ana-
logues (35). The spectroscopy (ir and nmr) is consistent with
the presence of a single metal complex. The high-field hydride
resonance (Fig. 1) is an overlapping doublet of triplets of triplets
(9 lines) produced by coupling to 'Rh (16.0 Hz) and two sets of
3P nuclei (16.0 and 8.0 Hz). A molecular two-fold symmetry in
the RhHCI(chiraphos); cation is indicated also by the pairs of
well-separated resonances of two sets of —CHj (8 0.46 and 0.96)
and —CH groups (3 2.0 and 3.4) in the 'H nmr. Of interest,
both —CHj; resonances are quartets due to coupling to the
neighbouring —CH proton and P nuclei, as well as virtual
coupling to another P atom. This pattern implies strong 2Jpp
coupling, indicative of trans-P nuclei (36); decoupling of the
—CH protons gives the expected virtual triplet due to coupling
to two equivalent P nuclei (36).

The *'P {'H} nmr of 3 (Fig. 1) exhibits an A,B,X pattern, the
two sets of P nuclei (8 62.7, 38.4) being coupled to Rh and P.

TABLE 4. Intra-annular torsion angles (deg) with
standard deviations in parentheses

Atoms Value (deg)
P(2)—Rh—P(1)—C(1) —-13.1(2)
Rh—P(1)—C(1)—C(2) —-15.1(4)
P(1)—C(1)—C(2)—P(2) 42.2(4)
Rh—P(2)—C(2)—C(1) —-52.8(4)
P(1)—Rh—P(2)—C(2) 33.4(2)
P(4)—Rh—P(3)—C(3) 32.4(2)
Rh—P(3)—C(3)—C(4) —50.5(4)
P(3)—C(3)—C(4)—P(4) 38.6(5)
Rh—P(4)—C(4)—C(3) —11.7(5)
P(3)—Rh—P(4)—C(4) —14.2(2)

62.7 38.4
l l -16.23
[ —|
100 Hz
H
31p_ ' 1H]

FiG. 1. The 'H and *'P{'H} nmr spectra of trans-RhHBr(S,S-
chiraphos)j Cl™ in CDCl, at ambient temperature.

Such A,B, spectra have been used more commonly as diag-
nostic of cis geometry within MHCI(P—P), complexes, with
the required assumption of rapid exchange between H and Cl
(17, 34, 37). However, distortion from C,, (trans) symmetry,
such that the pairs of P atoms become nonequivalent, can also
give rise to A,B, spectra; this is exemplified by the trans-
RuHCI((+)diop), complex, that distorts to minimize phenyl-
phenyl interactions such that the P atom pairs subtend respective
H—Ru—P angles of about 75° and 96°, a difference of >20°
(37, 38). Such a structural feature in 3, resulting from the pre-
ferred conformations of equatorial chiraphos ligands, would
account for the two 2Jygp values observed. The trans structure is
strongly supported by: (a) the 'H nmr virtual coupling data
which require two sets of P nuclei, the members of which are
mutually trans, i.e. near square-planar P donors; (b) the 2Jup
couplings are typical of cis-disposed nuclei; the characteristi-
cally large trans Jyp values (39) are not observed; (c) the rela-
tively high value of 2130 cm ™' for v(Rh—H) is consistent with
hydride trans to chloride (2, 39, 40); (d) the essential features
of the metal-hydride resonance in the nmr are maintained at
—60°C, which argues against a fluxional cis-HCI structure. Of
other RhHHCI(P—P)7 cations (2), the only crystallographic data
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c(17) c(34)

c(42) @ c(41)

Fi1G. 2. A stereoscopic view of the Rh(§ ,S-chiraphos) cation, and the numbering scheme used. Thermal ellipsoids enclose 50% probability

levels. Hydrogen atoms have been deleted for clarity.

available are those for the P—P = dpm system, which has
trans geometry (41).

The RhHBr(chiraphos); complex was formed in situ from
1 using HBr; the nmr data correspond closely to those for 3,
and a trans geometry is again favoured. Unfortunately, 1 did
not react with HF, which prevented a probing of the geometry
via a 2Jyr measurement.

Structure description of Rh(S,S-chiraphos); CI~

The structure consists of discrete Rh(S, S-chiraphos);” cations
and Cl™ anions, the latter situated along the twofold axes (0, y, 0)
and (3, v, 3). The nearest neighbours of each of the two crystal-
lographically independent C1™ anions are six hydrogen atoms at
distances of 2.79-2.90 A. All cation—cation distances corre-
spond to normal van der Waals interactions. Figure 2 shows a
stereoscopic view of the rhodium cation, including the atom
numbering scheme.

The Rh(S, S-chiraphos); cation, as a whole, possesses ap-
proximate C, symmetry and, ignoring the carbon atoms of the
chelate rings (and their methyl substituents), the symmetry is
close to C,5. The coordination about Rh is square planar, dis-
torted toward tetrahedral. The Rh atom lies essentially in the P4
mean plane (displacement —0.008(1) A), while the phosphorus
atoms lie alternately above and below the P, mean plane (dis-
placements: —0.112(2), 0.120(2), —0.108(2), and 0.132(2) A,
respectively for P(1)—P(4)). The distortion of the coordination
group in the closely related Rh(dpe); cation is similar, but dis-
placements of the P atoms from the coordination plane are signi-
ficantly smaller (0.04 A) (32).

The Rh—P distances in Rh(S ,S-chiraphos)s (2.291(2)-
2.308(2), mean 2.300 A) are slightly longer than the values of
2.232(2)-2.289(2) A reported for other square-planar S,S-
chiraphos complexes of Rh(I) (9, 42) and similar to values of
2.289(6)—-2.313(6), mean 2.306 A, observed for Rh(dpe); (32).
The conformations of the two chelate rings are nearly identical
(see Table 4) and are very similar to those observed in other
complexes of §,S-chiraphos (9, 42, 43) and in the Rh(dpe)3
cation (32).

One of the most unusual features of the Rh(S,S-chiraphos);
structure is the highly symmetric disposition of the phenyl rings.
It is this feature that represents the major structural difference
between this cation and the Rh(dpe); cation, as well as nearly
all structurally characterized complexes of bidentate bis(diphenyl-

phosphine) ligands forming five-membered chelate rings. In
addition to the steric interactions between the phenyl rings noted
earlier for the Rh(dpe); cation (32), the methy! substituents on
the chelate rings further restrict rotational freedom about the
P—Ph bonds. The C(5) and C(8) methyl groups make contact
with carbon atoms of adjacent pseudoequatorial phenyl rings,
while the C(6) and C(7) methyl groups are in contact with both
adjacent phenyl rings (C(Me)- - - C(Ph) = 3.02(1)-3.37(9) A,
H(Me)---C(Ph) = 2.66—2.80 A). As a result, the pseudoaxial
phenyl rings are oriented more nearly perpendicular to the RhP,
plane than in Rh(dpe); and are oriented such that the hydrogen
atoms attached to C(10), C(22), C(34), and C(46) effectively
block any axial a‘&pproach to the metal (Rh---H = 3.05, 2.87,
2.84, and 2.92 A, respectively). These “blocking” hydrogen
atoms, two from each ligand situated on opposite sides of
the coordination plane, are in close contact with one another
(H---H = 2.28, 2.36A) and with a phenyl hydrogen atom
associated with a pseudoequatorial phenyl ring of the other
ligand (H---H = 2.38-2.46 A). This steric factor must cer-
tainly contribute to the lack of reactivity toward O, (compared
with Rh(dpe); ), even in solution.

Bond lengths and angles are generally as expected although
some distances, particularly in the phenyl rings, are shortened
as a result of relatively high thermal motion. The phenyl rings
containing C(9), C(15), C(27), C(33), and C(39) are all signi-
ficantly nonplanar (maximum deviation from the mean plane =
0.055(12) A). This nonplanarity is most probably an artifact
arising from the uncertainties in the positions of some of the
peripheral ring atoms having higher thermal amplitudes, al-
though some small deviations from planarity may arise from
steric effects.
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The hot atom chemistry of muonium in alkane vapors
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Energetic positive muons thermalizing in alkane vapors are observed in either diamagnetic environments, with relative
fraction fp, or as the polarized muonium atom (Mu = p.*e™), with fraction fy,. The fraction fp is found to vary from ~0.12 in
CH, to ~0.24 in n-CgH, 4 at pressures near 1 atm (300 K); some pressure dependence in yield is also observed, notably for the
heavier alkanes. The diamagnetic fraction (yield) is interpreted as due to hot atom reactions (Mu*) ip complete analogy with past
studies in hot tritium (T*) chemistry. The data have been interpreted within the Wolfgang—Estrup formalism and compared with
similar analyses of T* reactions for (unmoderated) alkane systems. It is concluded that the energy loss parameter (a) is
determined largely by inelastic scattering effects. If these are assumed to be the same for both Mu* and T* moderation, then the
resulting reactivity integrals (I) for the noncyclic alkanes are found to exhibit the same trend with mass as in hot tritium
chemistry, giving, on average, ~6:1 for the ratio 1(T*)/I(Mu*).

DONALD G. FLEMING, MASAYOSHI SENBA, DONALD J. ARSENEAU, Ivan D. REID et DaviD M. GARNER. Can. J. Chem.
64, 57 (1986).

On a observé que des muons positifs, qui sont chargés d’énergie et qui se rechauffent dans des vapeurs d’alcane, existent soit
dans un environnement diamagnétique avec une fraction relative fp, soit sous forme d’atome de muomum polarisé (Mu = p.*e™)
avec une fraction fy,. Ades pressions voisines de 1 atm (300 K), on a trouvé que la fraction fp varie d’environ 0,12 dansle CHy 2
environ 0,24 dans le n-CgH 14; on a aussi observé une relation entre la pression et le rendement, notamment dans le cas des alcanes
plus lourds. On pense que la fraction diamagnétique (rendement) est due & des réactions d’atomes chauds (Mu™) et ceci est en
accord complet avec les études antérieures réalisées dans la chimie du tritium chaud (T*). On a fait appel au formalisme de
Wolfgang—Estrup pour interpréter les données et on les a comparées a des analyses identiques de réactions du T* dans des
systémes d’alcanes (non-modérés). On en conclut que le parametre de perte d’énergie (o) est déterminé en grande partie par des
effets de dispersion non élastiques. Si on admet que ces effets sont les mémes pour les modérations tant du Mu* que du T*, on
trouve alors que les intégrales résultantes d’activité (/) des alcanes non-cycliques exhibent la méme tendance en ce qui atrait ala
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masse que dans la chimie du tritium chaud; on obtient ainsi un rapport moyen de I(T*)/I(Mu*) qui est d’environ 6:1.

1. Introduction

1.1 General remarks

The realm of studies in chemical reaction dynamics can be
broadly divided into “hot” and “thermal” reactions, distin-
guished roughly by the translational energy of reacting species.
In hot (atom or ion) reactions this energy is large compared to
the value of kg7 characterizing thermal reactions, with the
result that certain reaction channels which are energetically
forbidden in the thermal energy regime become accessible at
higher energies. The most direct knowledge about energetic
reactions comes from atomic and molecular beam studies,
where the capability of systematically varying the reaction
energy (and angle) exists. The goal of such experiments is the
measurement of true state-to-state cross sections, and while this
goal is often not fully realized, molecular beam studies do
provide the means by which theories of reaction dynamics can
be most effectively tested on a microscopic level (1, 2). How-
ever, particularly in the case of atom—molecule reactions, these
studies are limited to beam energies that are typically <leV so
that the excitation function describing the energy dependence of
the reactive cross section (o(E)) cannot be extended to higher
energies. The role of probing o(E) at energies =1eV has
traditionally fallen to “hot atom” reactions, particularly recoil
tritium experiments, in which the upper energy for significant
reactivity is =<30eV (3-6). Although the excitation function in
such studies emerges only indirectly as an integral result,
defined by the hot atom “yield,” these continue to be of interest
(3). Photochemically generated hot H atoms (H*, D*, T*) have

'1983-1984 John Simon Guggenheim Fellow. Author to whom
correspondence may be addressed.

[Traduit par le journal]

also been utilized and the much lower (few eV) incident energies
characteristic of these atoms (7-9) provides some overlap with
atomic beam work.

The importance of isotopic substitution, notably of the hy-
drogen atom, to the study of chemical reaction dynamics is
well known, exemplified by the seminal work of Polanyi and
co-workers on mass effects in chemical reactivity (10). In this
respect there has recently been considerable interest in explor-
ing the isotopic similarity between the muonium (Mu = p.e™)
and hydrogen (H) atoms, in both gases (11~14)? and liquids
(15), motivated by the fact that the mass of the positive muon is
only 1/9th the proton mass.

The effects of a change in isotopic mass on reaction dynamics
can be quite different in hot versus thermal reactions. In the case
of thermal reactions it is the threshold region of the excitation
function that is of paramount importance, a region that is poorly
explored by either hot atom or molecular beam studies. Both
classical and quantum mechanical effects are important in
thermal reactions (10), with marked changes seen upon the
substitution of Mu for H (11-15); in particular, Mu is a very
sensitive probe of quantum tunneling. In contrast, at the much
higher energies characteristic of hot reactions, tunneling is
relatively unimportant and mass effects on reaction dynamics
should be almost entirely classical in nature (3, 4, 16—18).
Indeed, atomic beam results at energies of ~1eV are often very
well described by classical calculations (1), even in the case of
the H(D) + H, reaction (16, 19, 20).

Traditionally, recoil hot T chemistry has been the mainstay of

?Also, J. N. L. Connor and J. C. Whitehead, private communica-
tion.
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studies in (light) hot atom chemistry (3—6), in which the incident
triton is produced with kinetic energies ~ 100keV, orders of
magnitude larger than those of chemical interest. This is also the
situation in Mu formation and hence the hot Mu (Mu*) chem-
istry in alkane vapors discussed here should be directly compar-
able with similar studies of T* reactivity (21-27).

The alkane vapors have been chosen for this comparison
because the hot tritium yields seem to have been most reliably
and systematically determined for these systems. From such a
study one can hope to learn about the sensitivity of hot atom
reaction dynamics to changes in isotopic mass, as in previous
work on thermal reactions (11-14); indeed, a factor of 27
between the masses of Mu and T is the widest possible isotopic
variation at the most sensitive end of the mass scale. The present
paper is the first time that the subject of hot Mu reactivity has
been addressed directly, although it has often been referred to
(15, 28-30). It is hoped that comparison with the analogous hot
tritium studies will help to sharpen the criteria for different
theoretical models of hot atom reaction dynamics.

1.2. Muonium (tritium) formation and thermalization in gases

Positive muons (™) enter the (gas) target of interest with
kinetic energies = 3 MeV. The energy loss processes that the
muon then undergoes can be divided into three stages (28-30),
in analogy with related studies of proton charge exchange (31).
Most of the incident energy is lost in the first stage, where
Bethe—Bloch ionization dominates until a kinetic energy of
~30keV is reached. At this energy, the muon velocity is
comparable to that of electrons bound in atoms of the moderator
and the w* enters a regime of cyclic charge exchange, in which
Mu is formed in one collision (with cross section o1¢) and lost in
a subsequent collision (with cross section ¢q,). There are ~100
of these charge exchange cycles, following which the muon
emerges either in the Mu atom or as abare ™ at akinetic energy
of ~30eV.

In the third and final stage of thermalization a further factor of
~1000 loss in energy to kg T occurs. It is during this third stage
when hot atom (or ion) chemistry will be important, since reac-
tive processes will compete with elastic and inelastic scattering
in thermalizing the muon. In the present study of low ionization
potential moderators (all lower than the 13.6-eV value of Mu
itself), any muons that survive the charge exchange regime as
bare muons are expected to rapidly produce Mu in subsequent
collisions, since g for exothermic charge exchange is large at
such low energies (28, 31). Hence in hydrocarbon vapors charge
exchange alone implies 100% Mu formation ( fa, = 1.0), while
observations of fy, < 1.0 are taken as evidence for the pres-
ence of Mu* reactions. In general these differences are small,
manifest in the fraction of muons appearing in diamagnetic
environments (fp). In contrast to the present study of alkane
vapors, it is noted that, in other gases, only in Kr and Xe is fjg,
= 1.0 observed (28), cases in which hot atom chemical reac-
tions are not possible.

The concept that muonium is formed as a result of cyclic
charge exchange is also believed to be the case in recoil tritium
atom chemistry (3, 4, 6, 32). In the gas phase, tritons are
produced from thermal neutrons via the *He(n, p)T reaction,
endowing the recoil triton with 191keV of kinetic energy.
While this is much lower than the incident n™ energy of
~3MeV, it is still much larger than chemical bond energies.
The triton is likely also produced as an ion but, unlike the p.*, at
191keV its initial velocity is already comparable to those of the
bound electrons in the moderator and hence it can be expected to
undergo cyclic charge exchange as part of the initial thermaliza-

tion stage. However, because of its mass, the triton (T atom)
will emerge from the charge exchange regime at much higher
energies than the muon, ~900eV. At such energies, the elec-
tron loss cross section g, is appreciably larger than is the case
for Mu at ~30¢eV (31), and thus one might expect hot ion
chemistry to be relatively more important in the case of the
triton. The contribution of hot ions in determining measured
yields in recoil tritium studies is, however, still thought to be
small (3, 4, 32, 33).

2. The Wolfgang—Estrup theory of hot (T*) atom reactivity

In the Wolfgang—Estrup (WE) formalism (3-5), the funda-
mental expression for the total probability P of a hot (T*) atom
reaction (often referred to as the “yield”) is defined by

E;

(11 P= ; [ fip(EYn(E)dE
E,

where p;(E) is the probability per collision for formation of
product j at energy E, f; is the relative chance of collision with
component j, and n(E) is the density of collisions between E
and E + dE. Collisions at energies above E; are too energetic to
result in stable molecules, while E; is the minimum (threshold)
energy for reaction. The central hypothesis of the WE theory is
that the collisional density is given in terms of a constant
fractional energy loss «, defined in the absence of reaction by

|
21 n(E)E = — “E dE

where, in the case of elastic scattering from rigid spheres (1s), o
is given by

_(M—m)21n
2mM M—m M

with m and M being the masses of the incident hot atom and the
moderator molecule, respectively. It is also assumed that the
initial energy of the hot atom Ey >>> E,, ensuring a sufficient
number of collisions so that a statistically well-defined energy
distribution of hot atoms exists in the region E, > E > E;. This
assumption should be well justified for recoil T* (Ey < 900 V)
and for the present Mu* study (Eq < 30eV), but may well be
suspect for photochemically induced (epithermal) reactions
(34). A further assumption is that E, > kgT so that any
contribution from thermal reactions can be ignored (this is
accomplished experimentally by the use of scavengers).

If p;(E) is finite at high energies, eq. [2] must be modified to
take account of the fact that the hot atom may have already
undergone reaction in the energy region of interest,

dE [ JEZ ! ? !
[4] n(EME=—|1- fe(En(E")YE
oFE E

M+m_ 2m

B] ox=1

where here a single reactive component is assumed (hence the
label “;” is no longer necessary). If p(E) in this region is small,
eq. [4] can be written as an exponential (e * ~ 1 — x) which,
upon substitution into eq. [ 1] and re-expanding, yields the basic
result of WE theory,

T 1 (fI\N* 1 (fI\? —fI
s pe B LAV ()

a 2\a 6 \a o
Here I is the “reactivity integral,” defined by

E E,
_[® p(E)dE _ 1 J’ > o(E)YdE
[6] = 4(51 E Omax E, E
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where 0., gives the total “geometrical” cross section. For a
binary mixture of one reactant (R) and inert moderator (M), the
collisional energy loss parameter can be written as a = fag +
(1 — fHam, which upon substitution into eq. [6] yields the result

-1 _ QR gﬂ(l_f)

[7] m(l-P 1 I f

Hence, if the roral reaction probability P can be found as a
function of moderator mole fraction, then a kinetic plot of eq.
[7] yields a straight line of slope a// and intercept ag//. In
practice, this may not be nearly so easy as it sounds. In hot
tritium chemistry there can be several products formed from
even a single reactant and the individual reaction probabilities
P; must be found for each product (P = X, P;).

Although the WE formalism has little predictive capability,
since there is no a priori way to determine / and hence the cross
section o(E), it has been very successful over the years in
providing an easily understandable framework for the interpre-
tation of experimental yields. From eq. [5] it can be seen that
there are two competitive processes that determine these yields:
the reactivity / and the collisional energy loss a; if / is large or o
is small (or both), then the hot atom yield will be high. A large
value for / clearly implies a large reaction cross section, while a
small & means a large number of collisions during the slowing-
down process, enhancing the probability for reaction. It is worth
noting that the WE development can be “exact” only in the limit
p(E) — 0 (eq. [4]), a condition more likely to be met in Mu*
than in T* chemistry.

Of the approximations noted above that form the basis of the
WE theory, the most suspect is that of a constant fractional
energy loss (a) with its implication of a time-independent
(steady state) collision density n(E). In recent years this
assumption has been questioned, and alternative methods for
the theoretical interpretation of hot atom reactions based on
Monte Carlo methods (33, 35, 36) or on explicit time-dependent
solutions of the Boltzmann equation (37—39) have been devel-
oped. See also refs. 16—18. These theoretical treatments demon-
strate, however, that the WE formalism still provides a reason-
able framework for the interpretation of experimental hot atom
yields. In the discussion to follow we apply this formalism to a
comparison of the yields of Mu* and T* reactions in alkane
vapors.

3. Experimental technique and results

3.1 The pSR signals

The experiments were carried out at the TRIUMF cyclotron, a meson
facility adjacent to the campus of the University of British Columbia.
Surface (4.1MeV) muons (40) were brought to rest in a gas target
positioned between a pair of Helmholtz coils of 1.5-m diameter, which
provided a magnetic field transverse to the muon spin in the range ~1G
to ~300G. As a result of charge exchange and hot atom (or possibly
hot ion) reactions, one can expect to observe thermalized muons in two
environments: diamagnetic, with fraction fp, and paramagnetic (Mu),
with fraction fyn. A third possibility, the formation of muonium
radicals (41), is regarded as extremely unlikely in the saturated bond
systems under consideration and will not be discussed further here (see
also ref. 30).

Regardless of its environment, the " ultimately decays in the parity
violating process p* — e* ¥, v, emitting the positron preferentially
along the muon spin axis. The decay positron is detected in coincidence
with a data gate that is triggered by a stopped muon; the time difference
between muon and positron is, on average, just the mean life of the
muon, T, = 2.2 pus. This time-differential process is repeated many
times until a histogram of ~10° events has been accumulated. In a
transverse magnetic field, muons bound in the paramagnetic Mu atom

0.10 T T T T T T T
0.05 | ) . L
0.00

—0.05 m  f Ly

Asymmetry

~0.10 H | ML 4

-0.15

I
I

—0.20 | | | | | | |
0.0 05 1.0 1.5 20 25 30 35 4.0

0.15 T T T | T T T
0.10
0.05

0.00

Asymmetry

-0.05

-0.10

—0.15 | | | | | | |
00 05 10 15 20 25 30 35 40

Time (us)

F16. 1. uSR signals at room temperature in 1atm ethane gas at
7.6 G (top) and 195 G (bottom). The solid line is a x? fit to the data, as
discussed in the text.

and those in diamagnetic environments precess with distinctly different
Larmor frequencies (vpg, = 103 X vp = 1.39 MHz G™!), manifest as
modulations of the decay histograms, and referred to as wSR (Muon
Spin Rotation) “signals” S(r). Examples are shown in Fig. 1 for
room-temperature ethane gas at 1 atm pressure, at 7.6 G (top), and at
195 G (bottom). These can be thought of in analogy with free induction
decay signals in magnetic resonance. The curves are 2 fits to the data,
defined in the case of the top spectrum in Fig. 1 by

(8]  S() = Apye ™! cos (wmu? + dy)
+ Ape ™ cos (wp? — dp)

where Apmu, Omu, $mu and Ap, wp, ¢p are the initial amplitudes,
precession frequencies, and phases for paramagnetic Mu and diamag-
netic muons, respectively, while Ay, Ap are transverse relaxation times
(A = 1/T5,) accounting for the interaction of these species with their
environments. In the weak (7.6 G) field of Fig. 1 (top), the signal is
dominated by fast Mu precession; the signal from slowly precessing
diamagnetic muons appearing only as an underlying curvature in the
data. This is in contrast to the bottom spectrum at 195 G, where Mu
precession is averaged out, both by the experimental time resolution
(~3 ns) and by the coarse binning used, so that only the second term of
eq. [8] is relevant. For further details of the technique, the reader is
referred to refs. 28-30.

Of the parameters in eq. [8], we are concerned in this paper only with
the amplitudes Ay, and Ap of muons in paramagnetic muonium and
in diamagnetic environments, since these indirectly reveal the hot
process occurring during the muon’s slowing down process. In par-
ticular, the polarizations (P, and Pp) and relative fractions ( fy, and
Jp) are defined by

[9a] PMu = 2AMu/Amax
951  fwmu = Pmu/(Pma + Pp),

PD = AD/Amax
fo = Pp/(Pyu t Pp)
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where Ap,x is the maximum possible amplitude for the experimental
conditions (typically ~0.3); the factor of two accounts for the loss of
observable Mu due to the p*—e™ hyperfine interaction (28-30, 42).
The sum P, + Py, may be less than unity, the difference reflecting a
“lost” or “missing” fraction of polarization, Py .

Since we are interested in the signal amplitudes from muons stopping
in the gas, any muons that actually stop in the walls of the target vessel
must be corrected for. The source of this “wall effect” is the initial
defining counter (3/8-mm thickness) and thin (1/8-mm) entrance
window, which scatter some fractions of the more energetic muons into
the Al walls, where they precess as diamagnetic muons (with amplitude
Aw) and hence contribute to fp,. This can be corrected for experimen-
tally, as discussed elsewhere (28—30) and can also be modeled from a
Monte Carlo calculation of the muon stopping distribution. In the tables
below (and in eqs. [9] above) Ap, is defined by Ap = Ap(obs) — Aw,
where Ap(obs) is the experimentally observed total signal (e.g., Fig. 1,
bottom).

3.2. Procedure and results

The alkanes employed as vapors in this study were all obtained
commercially and were generally of high purity (total impurity content
typically =<0.5%, including other hydrocarbons). Two different gas
target vessels were used. The gaseous alkanes (up to propane) were
taken directly from the bottle without further purification and were used
to fill a large vessel of ~180-L capacity. The heavier liquid alkanes (up
to hexane, n = 6) were degassed by several freeze—pump—thaw cycles
prior to usage in order to remove any dissolved oxygen. For these cases
adifferent target design of smaller capacity (~30 L) was used (29, 30).

For each run the target vessel was filled with near alkane vapor at a
given pressure and wSR histogram spectra were recorded by detecting
positron events in two independent “counter telescopes” at each of two
different magnetic fields; ~200 G to measure Ap, (Fig. 1, bottom) and
~8 G to measure Ay, (Fig. 1, top). Usually at least two total pressures
were employed in the range ~0.2 — ~1atm, depending on the gas
density. The polarizations Pp and Py, and the lost fraction Py, as well
as therelative fractions fpand fy, (egs. [9]), are recorded as a function
of pressure in Table 1; the values given are weighted averages from the
two independent histograms. Those for n-hexane and c-hexane are
taken from ref. 30. The values for CH, are in good agreement with
those previously reported (28).

It is noted, in agreement with previous studies (28—30, 42), that the
lost fraction Py, — O as the pressure increases to even moderate values
(>=1atm) at therelatively high densities of the present study. The missing
fraction in gases is due to muon depolarization from the p*-e~
hyperfine interaction (vo = 4463 MHz) during the charge exchange
regime, an effect that is rapidly suppressed in the limit of “high”
pressures when the time between collisions becomes short compared to
1/v4 (0.22 ns). This situation is in marked contrast to complementary
studies of Mu formation in condensed media, where relatively large
missing fractions (Py ~ 20%) are routinely observed (15). In some
cases the data in Table 1 also reveal a pressure dependence in the
fraction fp, notably in c-pentane (although curiously not in n-pentane),
c-hexane, and n-hexane. Figure 2 presents a plot of fp, versus pressure
for c-hexane; the solid curve shown is a fit to a simple three-body model
which is discussed further in ref. 30.

4, Discussion

4.1 Comparison of Mu* and T* yields in the alkanes

In general, the extraction of reliable absolute total reaction
yields from experimental data in hot tritium chemistry (P =
2, P;) is not easily done since it is the primary reaction yield that
is of interest, but the experimental (radiochromatographic)
yields are obtained long after the reaction has ceased and com-
plicated exchange processes may have occurred. Moreover,
scavengers (e.g., Bra, O,) are invariably required in order to
minimize the competition between hot and thermal tritons for
specific reaction channels. As a result, often the yield of only
one product (e.g. HT) is reliably determined and this is fre-

TABLE 1. Muon polarizations and relative fractions in alkane vapors®

Pressure
Vapor (Torr)® Pp Pmu PL Svu o
CH, 800 9x1 76x2 152 892 12%2
C,Hg 350 192 69*+4 124 78x2 22%2
500 162 711 131 82+x2 18=x1
760¢ 81+2 192
CsHg 490¢ 79x2 212
n-C4H,o 380°¢ 792 212
i-C4Hyq 215 13+2  51x4 36+4 80x2 20=*2

295 131 652 22x2 83x2 17x2
430 151 69+2 16%x2 82*2 18*2

¢-CsH;g 175 42  50x2 463 92x2 8+3
250 151 63*x1 23x2 81%x2 19%2
n-CsH;» 165 172 42+2 51%3 86%x3 14+3

240 1121 671 22+2 862 14%2
290 121 682 20%2 85*2 [5%2
c-CeH 5 ¢ 175 111  64%3 25+3 86x1 14=1
500 23x2  71x2 53 75%2 25+2
760 271 722 1+3  73x1 271
n-CgH,4¢ 225 1322 78+2  0x3 86+2 14x2
500 2%1  T3x2  5+2  76x]1 241
1010 25=1 752  0x2 75x1 25%1

“Average values from two independent histograms, given as per cent. The
diamagnetic amplitude has been corrected for u™* scattered into the walls of the
target vessel.

®1Torr = 133.3 Pa.

“Maximum amplitude not determined and thus only relative fractions can be
found from the measured wSR amplitudes Ap and Apy,-

dSelected values from ref. 30.
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Fi6. 2. The muon diamagnetic yield ( fp) in cyclohexane vapor as a
function of total pressure. The solid line is a fit to a three-body model,
as discussed in ref. 30.

quently given relative to some other yield, notably HT/RT
yields in hydrocarbons. As a consequence, it is difficult to
compare results from different laboratories and, in some cases,
even to extract total yields from a given publication. Neverthe-
less, by examining a number of representative reports of both
absolute yields and HT/RT ratios (21-27) one can hope to
arrive at a reasonably reliable set of absolute T* yields with
which the fp values found in Mu* chemistry (Table 1) can be
compared.

It is worth pointing out that two distinct advantages are
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brought to the field of hot atom reactions by Mu chemistry: the
1SR technique allows a direct interpretation of hot atom (ion)
reactivity as manifest in the initial (# = 0) diamagnetic ampli-
tudes Ap (and hence fp, eq. [9]); and, moreover, truly thermal

. reactions can be distinguished from hot ones occurring at early

times by the long (ws) time scale for relaxation of the nSR
signal (eq. [8]), obviating the need for thermal scavengers. On
the other hand, there is no possibility of clearly identifying
individual diamagnetic product yields in muonium chemistry.

In analogy with hot tritium studies (7-9, 21-27), hot Mu
atom reactivity with saturated hydrocarbon vapors (RH) can be
described principally in terms of two reactions: abstraction
([104)) and substitution (or displacement) ([105])

 [10a) (MuH)* + R

_—

Mu* + RH
[10] T (MuR)* + H

where the * indicates the possibility of forming translationally
... or rovibrationally excited product molecules, for which third-
. body collisions may be required to form a stable product. In hot

tritium studies, the ratio of HT/RT yields exhibits a rather
marked sensitivity to incident energy, pressure, moderator type,

- and to the nature of the hydrocarbon being attacked. Such a
| variation in reaction parameters can be expected to similarly

affect the corresponding HMu/RMu yields.

There are two sources of moderator and (or) total pressure
effects influencing the HT/RT yields in T* (Mu*) chemistry:
translational excitation of (HT)* as a result of a high energy
abstraction, and rovibrational excitation of (RT)* resulting from
substitution reactions. In the case of translational excitation,
light moderators (He) are very efficient at cooling, and hence

- result in a relative increase in HT yield, whereas heavy mod-
| erators (Xe) have the opposite effect, promoting dissociation of

HT* and hence a reduction in yield (26, 35, 43). On the other
hand, in those same studies it has been shown that for a range of
moderators of mass comparable to that of the CH; group, such

- as Ne, there is little change in the HT/RT ratio; in addition,
. these ratios and the total yields are found to be essentially
- pressure independent for the alkanes up to n = 4 (21-26, 35).

This is important for the present comparison of Mu* and T*
reactivity in pure alkanes, since differences in measured yields
can be construed as largely reflecting differences in hot atom
reactivity rather than in moderation. Such a conclusion is con-

.~ sistent with recent studies of photochemically induced reactions
- in which only minor differences in the energy loss parameter o

are found for different alkanes (7, 9). Moreover, these studies

. strongly indicate that inelastic effects dominate the energy loss
| process, as seen also in recoil tritium work in a variety of
. polyatomic moderators (26, 35, 43).

Although there is ample evidence that neither Mu* (Table 1

. and refs. 28-30) nor T* (21-26, 44) yields are dramatically

dependent on total pressure, in general some pressure depen-

- dence is expected, particularly for substitution reactions (eq.
¢ [10b]), depending on the level of residual excitation in the RT*

(RMu™) product formed. In the hot tritium work there is a steady
but modest increase in tritiated product yields related to (RT)*
formation; typically ~30% increase for a factor of ~20 change
in pressure up to ~3 atm (see, however, ref. 25). Analysis of

. these data in terms of RRK(M) theory indicates a broad distri-
" bution of excitation energies with a mean value of ~5eV (23,
+ 25,26, 45, 46). A more dramatic change in yield with pressure

TaBLE 2. Comparison of Mu* and T* hot atom yields in (primarily)
alkane vapors

RH THP)“?  Tia/Tén Mu*(fp)Y MugwMudyS
N, — — 0.16x0.03 1.3x0.3
CH, 0.50 1.0 0.12%0.02 1.0x£0.2
C,Hg 0.65 1.3 0.19+0.02 1.6x0.2
C;Hg 0.66 1.3 0.21x0.02 1.7£0.3
n-C4Hg 0.68 1.4 0.21£0.02 1.8£0.3
1-C4Hyg 0.62 1.3 0.18+0.02 1.5+0.3
n-CsH,, 0.69 1.4 0.15=0.02 1.3%0.2
n-CgH 4 0.72 1.4 0.24+0.02 2.0%+0.3
¢c-CsHg 0.84 1.7 — —
c-CsHyg 1.1 2.2 0.19+0.02 1.6x0.3
nCO-Csle 0.51 1.0 —_— _—
c-C¢H > 1.2 2.4 0.25+0.02 2.1x0.3
T™MS — — 0.20£0.02 1.7%0.3

9Absolute reaction probability (total yield) of T* reactions, determined from
several sources, as discussed in the text.

bEstimated errors =10% (or more) for the noncyclic alkanes and +20% (or
more) for the cyclanes, as discussed in the text.

°Ratio of measured yield to that found for CH,.

“The experimental hot atom Mu* yields, from Table 1 this paper and from
refs. 28-30.

is seen in the £, values in Mu®* chemistry in the heavier alkanes,
which reach a constant yield asymptote at lower pressures
(=1 atm) than is typically seen in the T* data (Fig. 2 and ref. 30).
This dependence suggests that the average excitation energy in
the corresponding MuR* complex is lower (and also sharper)
than in RT*, consistent with an expected reduced average
energy for (substitution) reactions of hot muonium, since the
initial (Ep) energy is so much less than in the case of hot tritium.
The lack of any total pressure dependence in Mu* reactivity
with the lighter alkanes (Table 1, ref. 30) suggests either rela-
tively lower RMu* excitation energy, possibly due to their
somewhat higher C—H bond energies (22, 47), or that H abstrac-
tion dominates for Mu*, unlike T* reactivity.

Table 2 compares our best estimates of absolute T* yields
(i.e., total reaction probabilities, P) for unmoderated alkane
(RH) vapors (21-27) with the corresponding fp values seen in
Mu* chemistry. The Mu values for N, and tetramethylsilane
(TMS) are also included. In all cases, the values given are meant
to be pressure-independent yields, taken from average values of
“high” (~1atm) pressure asymptotes from the original refer-
ences and the present study. The hot atom yields in Table 2
likely represent upper bounds. In T* chemistry there could be
contributions from thermal reactions, although the data were
invariably obtained in the presence of scavengers. In addition,
some of the earlier T* yields may have been obtained using
slightly incorrect recoil tritium ranges, which could result in
reported yields being about 10% too large (48). An indication of
the absolute error expected in the T* data can be seen from the
values for the cyclanes given in the lower half of Table 2; since
P should be =1, £20% is probably a conservative overall error,
although *+10% is often quoted in some of the original papers.
In the subsequent comparison with the WE formalism we con-
sider only the noncyclic alkanes.

In both T* and Mu* chemistry, the role played by hot ion
reactions is not clear; any such contributions would tend to raise
the observed hot (atom) yield. In wSR studies, the importance of
molecular ions is established to date only in the rare gases (49)
and they can be expected to be of some importance in molecular
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gases as well. However, it is unlikely that a significant number
of molecular ions could be stably formed at energies much
above a few eV (where hot atom reactivity dominates). More-
over, in the case of the alkanes, which all have ionization
potentials lower than that of Mu (or T), molecular ion formation
has to compete with exothermic Mu (or T) formation by low
energy charge exchange. Hence, it is probably reasonable to
ignore the role of hot jons in both the Mu* and T* yields of Table
2. This conjecture is supported by recent theoretical calculations
on hot tritium ions in CHy4 (33), where it is concluded that their
effect on both the collision density (eq. [4]) and on the inte-
grated yield is relatively minor (except at very high energies),
and also by earlier work in He-moderated hot tritium reactions
in hydrocarbon vapors (21, 26, 48). See also discussion in refs.
3,4, and 32.

The results for diamagnetic (hot atom) yields given in Table 2
for both Mu* and T* reactions should also be examined in light
of results on the failure of the “additivity rule” in proton electron
capture cross sections (ojg) in the alkanes (50). At proton
energies of ~800keV (which would correspond to ~90keV
p*) significant loss of neutral atom formation in the larger
alkanes is seen, due to a concomitant increase in the electron
stripping cross section (og;) as the H (or Mu) atom traverses a
large alkane molecule. By extrapolating the trend in ref. 50 to
the data in Tables 1 and 2, however, one would expect about
50% less Mu formation in hexane than in methane, implying a
corresponding increase of about a factor of five in the diamag-
netic fraction, fp. Although the present data do exhibit this
trend, what is observed is not nearly so dramatic a change.
Moreover, it must be remembered that the Mu (or T) atom
actually stops in the gas and so the effects reported in ref. 50
need to be averaged over a wide energy interval, particularly
down to energies near kg T, where electron loss cross sections
are much smaller than at higher energies. It can also be assumed
that any loss of Mu in the larger alkanes will affect T in the same
way and hence the ratios of T*/ Mu* yields discussed below will
not be affected.

Despite the above uncertainties, it appears that the following
general conclusions can be drawn from the original references,
the data in Table 1 and the comparisons in Table 2: (/) For the
noncyclic alkanes the trends relative to CH, are essentially the
same for both Mu™ and T* reactions; in particular, both reactions
exhibit an essentially constant yield beyond ethane. (2) Both
Mu* and T* reactions exhibit pressure-dependent yields in
many of the hydrocarbons, notably in the case of c-pentane,
c-hexane, hexane (and TMS) in the case of Mu* (see also ref.
30) and in ethane (25), c-butane (23, 45), and ethyl fluoride (44)
in T* chemistry. (3) In all cases, the absolute Mu* (fp) yields
are smaller than the corresponding yields for T* (P) reactions.
In the case of the noncyclic alkanes in particular, the Mu* yields
are lower on average than the corresponding T* yields by a
factor of about 3.5.

We conclude then that Mu* and T* reactions behave rather
similarly in the gas phase, although this situation is in contrast
to that seen in the liguid phase. As noted, in hot tritium
chemistry, the yields seen in liquids are usually the same as
those found from high pressure (~3 atm) values in the corres-
ponding gas phase studies (22-24), whereas in Mu chemistry,
diamagnetic fractions seen in liquids are typically 3-5 times
larger than in the gas phase (15). As we have remarked in earlier
publications (29, 30), this dramatic difference is strongly sup-
portive of the contention that radiation-induced “spur effects”
dominate the determination of observed muon fractions in con-

TABLE 3. T*(Mu*) energy loss parameters, cy®

RH o (Mu*)? o (T*)? 05 (T*)¢
CH, 0.0141 0.332 0.090
C,Hs 0.0075 0.187 0.046
C;Hg 0.0051 0.130 0.031
CHyo 0.0039 0.100 0.024
CsH,, 0.0031 0.0811 0.020
CeH s 0.0026 0.0682 0.017
Ne 0.0112 0.272 0.035
Ar 0.0056 0.142 0.036

“ap refers to the different (pure) moderators M in the table,
for either T* or Mu*.

®Calculated from the rigid sphere approximation, eq. [3] in
text.

“Calculated at 10 eV from intermolecular potentials using pro-
cedure of Estrup (52) and Belyaev et al. (53) as described in text.

densed media (15). However, it should be kept in mind tha
many-body effects can also play an important role; indeed
significant changes are known to occur in charge changing cros
sections between the gas and condensed phases (51), effect
which may be related to the loss of neutral atoms referred t
above in the case of proton charge exchange in the larger alkane
(50).

4.2 Reactivity integrals for Mu™ and T* reactions in the
alkanes

In the WE theory of hot atom reactions the reactivity integral
I, and the collisional energy loss parameter, &, are related to the
measured hot atom yield by eq. [5]. For the comparison to b
made here of Mu* and T* reactivity in pure alkanes, f = 1 (w
also refer to these single component alkanes as “moderators™)
The experimental values for the reaction probabilities (yields
are found in Table 2 for both T*(P) and Mu*( fp) reactions. W«
now interpret these yields, for the noncyclic alkanes, in terms o
the WE formalism.

Because the reaction yield in this formalism is given in term:
of the ratio I/, some functional form of o must be assumed i1
order to arrive at a value for I, which is the more fundamenta
quantity since it contains the reaction cross section of interes
(eq. [6]). A common choice over the years has been to assum
the rigid sphere values, o, (eq. [3]), for the energy los
parameter. These values are given in Table 3 for both Mu* anc
T* colliding with the alkane moderators of Table 2; for refer
ence, the corresponding values for Ne and Ar moderators ar
also given. Table 3 also presents the value of a calculated fron
“soft-sphere” intermolecular potentials (as) at 10eV from th:
calculations of Estrup (52) and Belyaev et al. (53) for moderator,
M = Ne, Ar, H»(D,), and CHy. For the other alkanes, the sam
functional form as that used for CH, in ref. 52 is assumed. In th
calculation of « (Table 3), the ss values depend on energy witl
the rs (energy independent) limit being obtained at the lowes
energies. However, at =1eV, the energy dependence in o i
relatively weak (52, 53), suggesting that photochemical an
recoil T* studies and the present Mu* studies can be compare:
on the same basis.

From the a4 values (i.e., for moderator “M”) given in Tabl
3, it is clear that considerable differences between different Rt
moderators should be expected. However, as previously referre:
to, this is decidedly not the case in hot tritium chemistry, where
for example, beyond CH,, the ratio ap/aa, for M = CoHg
C;3Hg, and CHjg is essentially constant in both the ~1-e?
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TABLE 4. Calculated Mu* reactivity integrals in alkanes from the Wolfgang—Estrup formalism

RH I(T*)® am(T*)? ap(Mu¥)¢ IMu®4  KT*%)/KMu*)e
CH, 0.70 1.0 0.70 0.089 7.9
C,Hg 1.5 1.3 1.2 0.25 6.0
C;H; 2.1 1.9 1.8 0.42 5.0
n-C,H,o 2.3 2.0 1.9 0.45 5.1
n-CsHi, ~2.47 2.1 2.0 0.33 ~7.3/
n-CeH,, ~2.5/ 2.0 2.0 0.55 ~4.5/

“Reactivity integrals for T* reactions obtained in a Ne moderator, taken from values given in ref. 21.

*Empirical value of o from eq. [5] for each alkane moderator M, using the T* reactivity integrals in
column 2 and the experimental yields of Table 2.

“Determined from values of a,(T*) in column 3 and the definition & = &, + @iy, Where o, is given
in Table 3.

4Calculated reactivity integrals for Mu* from eq. [5] using the ay, values from column 4 and the

63

experimental yields of Table 2. Estimated errors are +30%.
Ratio of reactivity integrals for T* (column 2)/Mu* (column 5).
/Extrapolated from trends in the lower mass alkanes.

photochemical T* study of ref. 7 and in the recoil T* study of

. ref. 21. This large discrepancy between the experimentally de-
© termined values for o\ and those expected from elastic scatter-

ing models are strongly supportive of the earlier suggestion that
inelastic cross sections play a dominant role in determining the
energy loss process in T* chemistry and, by extension, in Mu*
chemistry as well.

Indeed, if one assumes pure elastic scattering, then a(Mu*)/
a(T™*) = myg, /my for both rigid sphere and soft sphere modera-

. tion, which means that the factor of 3.5 in the ratio of T*/Mu*
' yields in the pure alkanes of Table 2 would translate into a factor
. of =100 enhancement in the reactivity integrals I(T*)/I(Mu*).
- This does not seem reasonable. Not only do we expect T* and
- Mu™* to undergo appreciable hot atom reactivity in the same
. energy region (<20 eV), but extrapolation of isotope effects on
~ reactive cross sections in the eV range from classical trajectory
 studies on a variety of molecules (12, 16, 17) indicates that a
- ratio J(T*)/I(Mu*) = 10 should be expected. In the absence of
~ any detailed dynamical studies of hot atom Mu reactivity, we
' propose here to use the WE model to empirically determine

am(T*) in each pure alkane M from the experimental hot

. tritium yields (Table 2) and the published reactivity integrals

 I(T*) determined in different inert moderators. These oy (T*)

© values are then used to calculate oy (Mu*) for each M, recogniz-
i ing the importance of inelastic contributions. Since the largest
* elastic contribution comes from the rigid sphere value, we adopt
. the definition

[11] a= Ors T Qe

and determine o, from the T* data.

In general, I(T*) is obtained from kinetic plots of reaction

;| yields vs. moderator mole fraction (eq. [7]) and thus its value

depends on the choice of moderator. The most complete data
have been obtained for CH4, C,Hg, CsHg, and C4Hg (21) in
different noble gas moderators, from which the extracted reac-
tivity integrals for each alkane are found to differ by =+ 30%,
on average. This can be taken as a measure of error in the
procedure to extract /(Mu*) in comparison with the 7(T*) values
for each alkane. For the purposes of comparison, though, we
adopt the value of I(T*) determined in a Neon moderator from

. ref. 21 since, as previously noted, the moderating efficiency of
: Ne is comparable to that of the CH; group in each alkane (26,

1 35, 43). The values for I(T*) are given in Table 4; those for

. pentane and hexane have not been reported, to our knowledge,

so the values given are extrapolated from the lower mass
alkanes. Using these values and those for the pure alkane yields
from Table 2 in eq. [5] gives the results shown in the 3rd column
of Table 4 for ap(T*). As expected, these show little variation
with mass compared to the rigid sphere values (7, 9, 26, 35)
and, moreover, exhibit the opposite trend; the value for CH, is
also consistent with that determined by Seewald and Wolfgang
in unmoderated methane (21). Correcting for a(T*) using the
values in Table 3 in eq. [11] yields the corresponding values for
ainel(T*)-

A question now of considerable importance is: how different
is atjne; likely to be for Mu* and T* slowing down in the alkane
moderators? In general, one expects nonresonant vibrational
relaxation of at least small molecules to be enhanced by light
atomns (Mu), but relaxation of rotational levels to be enhanced
for heavier atoms (T) (54); on the other hand, vibrational
excitation due to strongly attractive potentials is expected to
depend directly on the mass (1, 55). In addition, the transfer of
incident translational energy to translational—rotational energy
in the exit channel can depend both on the incident energy and
the target molecule (10). We will simply assume here that o,
is the same for both Mu* and T*, averaged over their respective
energy intervals. In practice, then, from eq. [1 1], ap(Mu*) =
ainel(T*) for the RH moderators of Table 4 since o (Mu®) is
too small (Table 3) in every case. The values for o (Mu™®)
determined in this way for each of the alkane moderators M are
given in column 4 of Table 4. These values are then used in
conjunction with the experimental Mu* yields (Table 2) to find
the corresponding reactivity integrals /(Mu*) from eq. [5], as
given in column 5.

The reactivity integrals determined in this way for Mu*
reactions mirror the trend seen to increasing reactivity with
increasing numbers of C—H bonds in the corresponding I(T*)
values, both exhibiting the saturation apparent in the yields
themselves beyond ethane. It is apparent that beyond ethane (or
even methane) the excitation functions for T*(Mu®) reactions in
the alkanes do not display any pronounced intrinsic dependence
on structure and (or) on the number of carbon atoms, consistent
with model calculations (35, 46, 56) of hot tritium reactivity.

The last column in Table 4 gives the ratio of I(T*)/I(Mu*),
the overall average of which is ~6:1. If the reactive cross
sections are assumed constant over a common energy interval,
then o(T*) would be larger than ¢(Mu*) by this same factor (eq.
[6], ref. 37). It should be kept in mind, however, that the data
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have been viewed within the framework of the WE theory, a
formalism that is constantly being called into question (37, 43).
In addition, several simplifying assumptions have been made,
the most suspect of which is likely the assumption that the
dominant inelastic contributions to the slowing-down processes
are the same for both hot muonium and hot tritium. The calcu-
lated ratios are certainly sensitive to this assumption, as can be
seen by arbitrarily weighting the inelastic (or elastic) contribu-
tion differently for Mu* and T* moderation. For example, if we
define ot/ (Mu™) = 2050 (T*), then the ratio I(T*)/I(Mu*) is
simply reduced by approximately this same factor; conversely,
if the opposite weighting is assumed, the ratio is correspond-
ingly increased by a factor of two. Differences of a factor of five
or so in the number of collisions required to moderate Mu* vs.
T* atoms are probably reasonable. Clearly one cannot state with
any confidence what the absolute reactivity integrals (or cross
sections) are for hot muonium (or hot tritium) reactivity in the
absence of more detailed theoretical guidance.

The present comparison of Mu* and T* reactivity in the
alkanes represents, in fact, the first time that there has been a
wide enough variation in isotopic mass to “test”, in principle,
dynamical models of hot atom reactivity. Unfortunately, the
record to date on the success of direct theoretical calculations of
I(T*) from specific excitation functions generated on a particu-
lar potential energy surface, in comparison with hot tritium
results, is poor (18, 43). In Raff’s calculation on methane (18),
for example, the theoretical value for I(T*) is about a factor of
10 too low, although the ratio of HT/RT yields is well pre-
dicted. In general, this lack of success likely reflects a combina-
tion of poorly known potential surfaces at high energies and
errors in the calculation of the collisional density n(E)dE, rather
than in the dynamics themselves, which can presumably be
accurately treated classically. It may be, moreover, that inaccu-
racies in the nature of the potential surface for a given reaction
would cancel in the ratio of I(T*)/I(Mu*), thus allowing a
theoretical calculation of the corresponding collisional density
and hence the reaction cross section. No calculation of this
nature has yet been reported.

The only calculation to date of an excitation function compar-
ing Mu* and T* over a wide enough energy range is the current
work of Connor et al. on the Mu*(T*) + F, reaction (12), in
which the same potential surface that was successfully utilized
in calculations of thermal reaction rates (13) is employed.
Although this surface is likely quite incorrect at high energies
for the HF, system, and, moreover, cannot be expected to
mirror the alkane systems of Table 4, it is interesting to note that
an evaluation of eq. [6] with their excitation function gives
~2.5 for the ratio I(T*)/I(Mu*), suggesting that the slowing
down processes for Mu* are more efficient than for T*. It is
hoped that the present results comparing hot Mu chemistry with
hot tritium chemistry in the alkanes will stimulate further
theoretical calculations.

5. Summary

In this paper we have compared the hot atom reactions of
muonium (Mu*) on the alkane vapors, C,H2, 4, (n = 1-6),
with those determined elsewhere (7-9, 21-27) for hot tritium
(T*) reactivity on these same alkanes. The corresponding ex-
perimental yields (Table 2) are found to be in the ratio T*(P)/
Mu*(fp) ~ 3.5:1, essentially independent of »; moreover,
within experimental error (~*30%), they exhibit the same
trend with increasing n, both showing a saturation effect in total
yield beyond ethane. This kind of similarity and consistency in

hot muonium and hot tritium yields in alkane vapors strongly
supports our contention that the same reactions (eq. [10]), over
comparable energy intervals are being seen by both Mu* and
T* and the factor of ~3.5 difference in their yields is a
manifestation of dynamical mass effects on hot atom reactivity.
Although it may seem surprising that the marked difference of a
factor of 27 in isotopic mass between muonium and tritium
should be reflected in only a factor of ~3.5 in total yields
(indeed, differences in thermal rate constants between H and
Mu are frequently much greater than this (11-15)), it must be
remembered that the hot atom yield reflects a competition be-
tween moderating collisions, which are primarily nonreactive,
and reactive (hot atom) collisions, during the slowing down
process.

The measured yields of both Mu* and T* reactions in the
alkanes have been interpreted within the framework of the
Wolfgang—Estrup (WE) theory (3-5), in which the hot atom
yield (P) of eq. [5] is defined in terms of two quantities: the
reactivity integral “I” (eq. [6]) and the energy-loss parameter
“o” (f = 1 in the present study of pure alkane moderators).
Despite the continuing questions about the validity of this
formalism (37, 43) recently brought into focus by current
theories in which the explicit time dependence of the rate
equations for the slowing down process is considered (37-39),
the WE theory still remains the only easily tractable procedure
for the interpretation of experimental hot atom yields, a role it
has played for over 20 years now. In our analysis, we have
observed that o is dominated by inelastic scattering effects, and
moreover we have assumed that o (Mu*) = e (T*), the
latter determined from experimental hot tritium yields (eq. [11]
and Table 4). With this assumption, the ratio of reactivity
integrals I(T*)/I(Mu*) is ~6:1 for the alkanes, from methane
to n-hexane (Table 4). As emphasized in the text, the WE for-
malism makes no a priori prediction of either / (or equivalently,
the excitation function, o(E)) or of «, both being essentially
model-dependent parameters in the theory; indeed, if we assume
that inelastic moderation is more (or less) efficient for Mu*
compared to T* (e.g., by a factor of 2), then the ratio
I(T*)/I(Mu*) changes accordingly.

Nevertheless, despite the uncertainties inherent in the WE
formalism used and hence in our analyses of the T* and Mu*
data carried out, the present study of these reactions represents
the first time that the hot atom yields of two isotopes of such
enormously differing masses have been carried out on the same
(alkane) systems. It is hoped that the results will stimulate more
detailed calculations of dynamical mass effects for hot atom
reactivity, on the alkanes or on related systems (16—18). Some
progress along these lines is currently underway (12).
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The one- and two-electron reductions of 2-thioriboflavin with -CO3 and cyclic disulphide anion of dithiothreitol (DS3-)
have been studied by the steady state -y and pulse radiolysis techniques. The -CO;3 radical reacted with 2-thioriboflavin to give
the neutral semiquinone (-FIH) and the radical anion (-F17) at pH 5 and 10 respectively. The pK of the -FIH radical was
determined to be 7.4. In the case of the anion, the 2-thioriboflavin spectrum is similar in shape to that of FAD radical anion, but
red shifted by 40—50 nm. Red shifts are also seen in the neutral - FIH form for the 370-nm peak and 580-nm shoulder. However, in
addition, there is strong enhancement of the absorbance at 500 nm. The spectrum of 2-thioriboflavin semiquinone produced in the
presence of 2—-5 mM dithiothreitol was perturbed, as was observed previously for unsubstituted flavin semiquinones in the
presence of sulphydryls. The rate constants for the initial one-electron reduction step viz: [5] FI + :CO3 — F1I™ + CO, were
4.0=x05x10°M s tand 1.3 = 0.2 X 10° M~'s™! at pH 7 and 10 respectively. The corresponding rate for the reaction of
DS3 - with 2-thioriboflavin at pH 7 was determined to be 2.4 = 0.2 X 10° M~!s™!. The continuous production of DS3 -
radicals by v radiolysis reduced 2-thioriboflavin to the dihydro form, and the flavin was regenerated on the addition of air. The
-CO5 radical also effected a two-electron reduction. However, in this case, if the process was taken beyond the equivalence
point, the dihydroflavin spectrum was bleached and the oxidized flavin could not be recovered.

PARMINDER S. SURDHAR, DAVID A. ARMSTRONG et VINCENT MASSEY. Can. J. Chem. 64, 67 (1986).

Faisant appel aux techniques de la radiolyse y de I’état stationnaire et de la radiolyse pulsée, on a étudié les réductions a 1 et a2
€lectrons de la thio-2 riboflavine avec le -CO3 et I’anion cyclique disulfuré du dithiothréitol (DS3*). Le radical -CO3 réagit
avec la thio-2 riboflavine pour donner la semiquinone neutre (-FIH) et I’anion radicalaire (-FI") & des pH respectifs de 5 et de 10.
Le pK duradical -FIH est égal a 7,4. Dans le cas de I’anion, la forme du spectre de la thio-2 riboflavine est semblable a celle de
I’anion radicalaire du FAD mais les bandes sont déplacées vers le rouge par environ 40—50 nm. Dans le cas de 1a forme neutre du
-FIH, on observe également un déplacement vers le rouge du pic a 370 et de I’épaulement a 580 nm. Mais, il y a de plus une forte
augmentation de I’absorption a4 500 nm. Le spectre de la semiquinone de la thio-2 riboflavine produite en présence de 2—5 mM
dithiothréitol est perturbé par rapport a ce qui a été observé précédemment dans le cas des semiquinones de la flavine non
substituée en présence de sulphydryles. Les constantes de vitesse de Iétape initiale de la réduction a I’électron [5] FI + -CO; —
‘FI™ + CO, sont respectivement de 4,0 = 0,5 X 10° M~ s™' etde 1,3 + 0,2 X 10° M~* 57! a des pH respectifs de 7 et de 10. La
vitesse correspondante de la réaction DS3- avec la thio-2 riboflavine & un pH de 7 est de 2,4 = 0,2 X 10° M~ s~'. La
production continue de radicaux DS3 - par radiolyse -y réduit la thio-2 riboflavine en la forme dihydro et ’addition d’air permet
de regénérer la flavine. Le radical -CO3z permet également une réduction & 2 électrons. Mais dans ce cas, si on considere la
réaction en déga du point d’équivalence, la coloration du spectre de la dihydroflavine disparait et il n’est pas possible de récupérer

la flavine oxydée.
[Traduit par le journal]
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Introduction

Chemically modified flavins (F1)! have been used success-
fully in recent years as probes of reaction mechanisms and of the
protein environment around the bound flavin in a number of
flavoproteins (1-4). In most cases the modified flavins have
quite different absorption spectra, pKs, and redox potentials
from their normal counterparts FAD or FMN. This also applies
to the one-electron reduced semiquinone forms: -FIH/-Fl™.
Studies of the spectra of these semiquinone forms in the protein
is an additional source of information on the immediate environ-
ment of the flavin and on the interactions with protein residues
that may serve to stabilize it. For these reasons it is important to
have as a reference the spectrum of the uncomplexed semiqui-
none forms of the modified flavins in aqueous solution.

Abbreviations: Fl, flavin; -FIH, flavin semiquinone; *F17, flavin

semiquinone anion; FIH,, dihydroflavin; FIH™, dihydroflavin anion;
LFl, lumifiavin; FAD, flavin adenine dinucleotide; FMN, flavin mono-
nucleotide; D(SH),, reduced dithiothreitol; DS,, oxidized dithiothrei-
tol; DS3 -, radical anion of dithiothreitol.

This investigation is concerned with the formation and spectra
of the semiquinone forms of 2-thioriboflavin, which has found
use in several recent studies (1, 4). The experiments were
performed by the pulse radiolysis technique (5), which was also
utilized in earlier examinations of flavin semiquinones (6-9).
The reducing radicals -CO; and DS3- (the radical of dithio-
threitol, see reaction [4] below and footnote 1), were produced
by the well-established sequence of reactions (5, 10):

(1]  4.2H,0 2.7ez + 0.6-H + 2.8-OH + 2.7H* + 0.5H,
+ 0.7H,0,
[2] e+ NO+H,O0—->OH + -OH + N,
[31  -OH (or -H) + HCO; — H,0 (or H,) + -CO3
[4] -OH (or -H) + D(SH); — DS7 - + H,0 (or Hy) + H*
Suitable concentrations of D(SH), and formate were chosen
so that the time scale of reactions [1]-[4] was much shorter

(1077 s) than that for the reaction of Fl with primary radicals
€25, ‘H, and -OH. The Secondary radicals, ‘COz and DS3-,
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reacted with Fl on a ~10-ps time scale:
[51 F1+:COz;— -FI™ + CO;,

[6)/{—6] -FIH= FI + H*

[71 Fl+DS;-— -FI” + DS,

Low dose rate “steady state” radiolysis experiments were also
conducted with a Co®° vy source to establish that the final product
formed by these reductions was the dihydroflavin FIH, (11).

Experimental
Materials
Dithiothreitol was from the Sigma Chemical Co. All other chemicals
were the purest available grade and were used as supplied. The water
for preparing solutions was redistilled, first from alkaline permanga-
nate and then from acid dichromate (10).

Apparatus and procedures

All experiments were conducted at room temperature (24 = 2°C)
with solutions containing 10 mM phosphate buffer. In order to prevent
its oxidation by air, solutions requiring dithiothreitol D(SH), were
prebubbled with nitrous oxide, which had been passed through a
column of Ridox (Fisher Scientific Co.). The pH was finally adjusted
by adding HC1O, or NaOH.

The v irradiations were performed in an A.E.C.L. ®Co “gamma
cell” with a steady dose rate of ~10 Gy/min. The precise dose rate was
checked with a Fricke dosimeter (10) and corrections were made
routinely for the natural decay of the isotope. The procedures were as
described by Ahmad and Armstrong (11).

The pulse radiolysis experiments were performed by utilizing 2-ps
pulses of electrons with a dose of 2—4 Gy/pulse from the 1.5-MeV Van
de Graaff generator. Details of the generator and dosimetry have been
described earlier (12).

Values of AA, the change in absorption per unit dose observed at a
given time after the radiation pulse, were converted to [e(F! Radical) —
€(FD)] at each wavelength by dividing AA by the concentration of
radicals produced per kilogray. Values of €(Fl1 Radical) at different pHs
were then obtained by adding the appropriate values of €(Fl). The
values of €(Fl, 490 nm) were taken to be 21 000 and 19 100 at pH 7 and
10 respectively (1).

Results and discussion
Pulse radiolysis

The changes in absorption produced by the reaction of -CO;
with 10-14 WM 2-thioriboflavin at pH 5 at 80 ws after the
irradiation pulse are plotted as a function of wavelength in Fig.
1. A typical oscilloscope trace illustrating the loss of absorbance
at 490 nm with time can be seen in the top inset. The absolute
spectra of the radicals at pH 5 and 10 were calculated from the
changes in absorbance as described above. They have been
presented in Figs. 2(a) and (b) (solid lines). Each spectrum has
been based on at least two sets of experimental points.

The main features of the spectrum at pH 5 were a minimum at
420 nm, maxima at 360 and 500 nm, and a broad shoulder at
about 620 nm. The spectrum at pH 10 showed a much stronger
peak at 400 nm and a maximum at 510 nm. Above 540 nm the
absorption tailed off and the shoulder at 620 nm was absent. The
inset in Fig. 2(a) shows the absorbance coefficient of the radical
at 580 nm as a function of pH. The curve through the points has
been calculated for a pK of 7.4. This pK is attributed to the
ionization of the radical in reaction [6], and may be compared to
the pK of the radical of riboflavin, which is 8.3 (6). The lower
value observed for 2-thioriboflavin is in accord with a similar
lowering of the pK of the fully reduced form to 5.2,2 which can
be compared with the value of 6.5 for riboflavin (14). )

The spectra of the neutral form of lumifiavin semiquinone and

2Al. Claiborne and V. Massey, unpublished data.
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Fig. 1. Circles and triangles: change in absorbance (AAB) at pH S
of 10—14 pM 2-thioriboflavin in N,O saturated 10 mM phosphate buffer
containing 20 mM sodium formate. Dose 4 Gy/pulse. Top inset: oscillo-
scope trace illustrating the loss of absorbance with time at 490 nm. Bot-
tom inset: plot of —In (A< — A,) versus time for reaction of -CO3 with
15uMFL(X), 7.7 uM Fl () at pH7, and 16.89 nM F1 (O) at pH 10.

the FAD radical anion obtained under similar conditions (15,
16) are shown as dashed lines in Figs. 2(a) and (b). In the case of
the anion the 2-thioriboflavin spectrum is similar in shape but

" red shifted by 40—-50 nm. Red shifts are also seen in the neutral

-FIH form for the 370-nm peak and 580-nm shoulder of lumi-
flavin. In addition there is strong enhancement of the absorbance
at 500 nm.

The dash—dot lines in Figs. 2(a) and (b) are, respectively, the
neutral semiquinone form of 2-thio-FMN flavodoxin and the
anjonic form of 2-thio-FMN lactate oxidase obtained by photo-
reduction (4). The anion spectrum in the flavoprotein is similar
in shape to the free anion spectrum but the peaks are red shifted
by 20-30nm. In the flavodoxin, the 370-nm peak is similar in
intensity and position. However, the 490-nm peak is drastically
reduced and there is a much enhanced absorbance at 670 nm.
These features must be attributed to interactions with amino acid
residues in the flavin binding site.

The changes in absorbance during the period of reaction of Fl
with -CO; (top inset in Fig. 1) can be treated in terms of a
pseudo first-order integrated rate equation. Plots of In (A, — A,)
versus time at two different flavin concentrations at pH 7 and a
third plot at pH 10 have been presented in Fig. 1 (bottom inset).
The pseudo first-order rate constants at pH 7 were plotted
against [F1] to obtain the value of ks. This rate constant was
4.0 0.5 x 10°M~'s™! in 20 mM formate and can be com-
pared with 3.6 = 0.4 x 10°M~'s™! for the corresponding
reaction with riboflavin (6) and lumifiavin (15). As the pH
increased above 8.5 the value of ks fell, reaching 1.3 £ 0.2 X
10°M~'s™ ! at pH 10. It may be noted that this corresponds
to the pH region for ionization of thioriboflavin (pK = 9.8,
Claiborne et al. (1)). Thus above pH 10 the dominant form of
thioriboflavin, FI(—H)™~, bears a negative charge, which would
reduce the rate of reaction with +CO5. A similar reduction in
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FiG. 2(a). Absorption spectra, at pH 5, of the neutral semiquinone
produced from 10-14 pM 2-thioriboflavin in N,O-saturated 20 mM
formate solutions by -CO, (—). Absorption spectra, at pH 7, of
lumiflavin radical produced under similar conditions (---). Absorption
spectra of 2-thio-FMN flavodoxin radical produced by photoirradiation
in 0.1 M potassium phosphate, pH 7.0, containing 30 mM EDTA and
1 wM 5-deazaflavin (---). Inset: plot of e(Radical) at 580 nm versus
pH.
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FiG. 2(b). Absorption spectra, at pH 10, of the radical anion pro-
duced from 16—18 wM 2-thioriboflavin (—) and 10-40 wM FAD (---)
in N,O-saturated 20 mM formate solutions at pH 10 by -CO3. Ab-
sorption spectra of 2-thio-FMN lactate oxidase at pH 7 produced under
anaerobic conditions in the presence of 0.1 M glycine, 6 pM 5-deaza-
flavin, and 0.01 M imidazole (---). Ordinate scale for (---) is in
arbitrary units.

rate has been observed with unsubstituted flavins (6, 16). It may
be noted that step [6] is too fast to be seen in our buffered
solutions (17).

A number of pulse experiments were also performed in
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Fig. 3. (a) Spectra obtained from an N,O-saturated solution of
13.43 wM 2-thioriboflavin at pH 10 in 40 mM formate and 10 mM
phosphate buffer before irradiation and after 1, 2, 4, 6, and 8 min of y
irradiation at 10 Gy min~ ", The absorbance scale has been displaced by
0.35 from zero for clarity. (b) Spectra obtained from an N,O-saturated
solution of 12,98 pM 2-thioriboflavin at pH 9 in 2 mM dithiothreitol
and 10 mM phosphate buffer before irradiation and after 1, 2, 4, 8, 12,
and 15 min of -y irradiation at 10 Gy min~ . The spectra after aeration of
the irradiated solutions are shown by the dashed lines. Inset: change in
[F11, A[FI1}, versus number of reducing equivalents of reducing species
reacted for F1 + -COz at pH 10.
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2—5mM D(SH), solutions at pH 7, using the DS; - radical as
the reducing species. As in the case of lumiflavin semiquinone,
formed in sulphydryl-containing solutions (16, 18), the spec-
trum of the 2-thioriboflavin radical was somewhat perturbed,
exhibiting increased absorption in the 400—500 nm region and
lesser absorbance above 540 nm.

The slopes of pseudo first-order rate constants versus [Fl] for
the reaction of DS - with 2-thioriboflavin at pH 7 gave k; =
2.4+0.2 X 10°M s~ !, which is abit larger than 1.6 = 0.2 X
10° M ! s~ ! for the corresponding reaction with lumiflavin (18).

Co% vy-radiolysis

Spectral changes resulting from the reduction of 2-thioribo-
flavin with +CO; and DS3 - radicals are shown in Figs. 3(a)
and (b), respectively. In both cases the absorbance of Fl was
suppressed by each successive dose of irradiation. For the
DS, - radicals there was no further change after 12 min of
irradiation. Also, apart from the increase in absorbance below
310 nm due to the formation of DS, in reaction [7], the initial
flavin absorption was completely restored on the addition of air.
These observations are consistent with dihydroflavin as the only
major product, formed via reactions [71, [6], and [8a—c] or [9].

[8a] 2FIH- — FIH, +Fl
(8] -FI” + FIH: — FIH™ + Fl
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[8¢] 2-FI" + H* > FIH™ + Fl
[9] -FIH + DS7 - — FIH™ + DS,

The flavin species present would vary with pH because of the
ionizations of -FIH and FIH, (see above).

In the case of the -CO; radicals, reference to the isobestic
point at 354 in Fig. 3(a) and (b) shows that up to 2 min of
radiation there was only one product formed. This is again
attributed to dihydroflavin formation by the above reactions.
Further treatment with -CO; caused an apparent shift in the
isobestic point and a continuing reduction in the absorption
between 310 and 410 nm. On admission of air, the initial
absorption of the flavin was completely restored only if the
reduction was stopped at or before the equivalence point. If the
reduction proceeded beyond this, the absorbance on reoxidation
with air followed the pattern illustrated by the dashed line in Fig.
3(a). This type of behaviour has been seen in reactions of e,
and certain amine radicals with lumiflavin (15, 19). It is at-
tributed to a further and irreversible reduction of FIH, by these
species. It is interesting that in the case of 2-thioriboflavin it
occurs with -CO;,, which does not react with the dihydro forms
of lumiflavin or FAD at this pH.

The spectra at the equivalence points for -CO; reductions
were taken to be those of 2-thiodihydroriboflavin. Values of
€(F1H,) at 490 nm calculated from these agreed within +2% for
different flavin and formate concentrations at the pHs used.
From these and the known value of e€(Fl) at 490 nm, the change
in flavin concentration A[FI] could be calculated. The inset in
Fig. 3is a plot of A[FI] X 10° M versus the equivalents of -CO5
radicals produced, eq X 10°M (cf. Ahmad and Armstrong
(15)). The values of 1, the moles of reducing equivalents taken
up per mole of flavin, were calculated from the initial slopes of
such plots. As shown in Table 1, they lie in the range 1.8-2.2
with an average value of 1.9; = 0.1, independent of [HCOz7]
and [F1]. This indicates a two-electron reduction of the thioribo-
flavin in accord with eq. [10] at both pH 7 and 10.

[10] 2-CO; + FI™ + 2H* — FIH, (or FIH™ + H"Y)

Similar experiments were performed with DS3 - radicals
from dithiothreitol except that in these cases a correction had to
be made for the thermal reaction (13, 20):

[11] D(SH); + F1— DS, + FIH, (or FIH™ + H*)

At pH 10 the initial rate calculated from the slope of the
absorbance versus time plot observed with an unirradiated
2 mM D(SH), solution was 2.02 X 10~7 M min~!. Changes in
flavin concentration calculated from this rate were subtracted
from the initial changes observed in irradiated solutions to ob-
tain the true change due to DS; - radicals. A similar procedure
was used at pH 9. However, below this pH the rate of the thermal
reaction was negligible and no correction was necessary. The

TABLE 1. Summary of 7 for -CO5 radicals

[2-Thioriboflavin], uM [HCO3], mM pH M

11.04 10 7 1.99
5.3 20 7 2.18
14.63 20 7 1.90
11.22 10 10 1.93
5.83 20 10 1.90
13.68 20 10 1.86
20.21 20 10 1.91
13.43 40 10 1.80

values of m for 10—20 pM Fl and 2 mM D(SH), solutions were
2.24 = 0.10, independent of pH in the range 5-10. This
confirms the two-electron reduction of thioriboflavin by the
DS5 - radicals.

Summary

The present study has demonstrated that, as with unsubsti-
tuted flavins, the -CO5 and DS; - anion radicals can effect the
two-electron reduction of 2-thioriboflavin to the dihydroflavin.
The rate constants for the initial one-electron step, reactions [5]
and [7], are close to the “diffusion control limit” at pH 7 and are
slightly reduced at pH 10 due to charge repulsion. These results
are quite similar to those obtained with FAD, lumiflavin, and
riboflavin. The spectrum of the radical anion of 2-thioriboflavin
in free solution is similar to that of the normal flavin, but slightly
red shifted. However, the spectrum of the neutral - FIH form is
significantly different. This feature should certainly be taken
into account in interpreting spectral data of the semiquinone
spectrum in flavoproteins.
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Direct observation of low spin — high spin electronic ground states and cross-over
exchange in manganocene derivatives, (nS-C5H4R)2Mn, R = H, CH;, C,H; by
paramagnetic nuclear magnetic resonance’
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DaN1EL CozAK, FRANCOIS GAUVIN, and JACQUES DEMERS. Can. J. Chem. 64, 71 (1986).

The paramagnetic 'H nmr spectra for manganocene (1) and 1,1'-dimethylmanganocene (2), and the '3C nmr spectra for
1,1'-diethylmanganocene (3) have been recorded in toluene solvent over a —90 to 90°C temperature range. 1 shows a low field
and a high field ring proton resonance in its spectrum near —59°C. At higher temperatures the low field resonance is prevalent and
becomes gradually averaged due to a fast spin exchange process that dominates the spectrum at 90°C. For the ring substituted
derivatives 2 and 3, resonances due to only one paramagnetic species were detected in the low temperature range. Above ambient
temperature a new spectrum due to rapid spin exchange averaging is observed for these complexes. Results are readily interpreted
in terms of ground state molecular cross-over exchanges between the 2E2g, GAlg, and ZAlg spin states of the complexes.

DaNIEL CozAK, FRANGOIS GAUVIN et JACQUES DEMERS. Can. J. Chem. 64, 71 (1986).

Nous avons enregistré les spectres de larmn "H du manganocéne (1), du diméthyl-1,1" manganocéne (2) ainsi que les spectres
de résonance du '*C pour le diéthyl-1,1’ manganocéne a différentes températures entre —90 et 90°C. Le spectre du composé 1,
déterminé 4 —59°C, présente deux résonances paramagnétiques dues aux protons annulaires. La résonance se trouvant a champs
faible domine les spectres déterminés a plus hautes températures. A 90°C, ce signal est dii a un spectre moyen causé par un
€change rapide entre plusieurs états paramagnétiques de la molécule. Les spectres des composés 2 et 3, déterminés a basse
température, présentent un seul état paramagnétique. Aux températures supérieures a celles de la piece, un nouveau spectre, di
aussi a un échange rapide entre plusieurs états paramagnétiques, remplace graduellement le premier. Les résultats expérimentaux
sont interprétés en fonction de la dynamique des états électroniques fondamentaux 2E2g, %4, g€t 24, ¢ connus pour ces molécules.
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Introduction

Several paramagnetic transition metal compounds are known
to exist in an equilibrium ground state between their low spin
(Is) and high spin (hs) electronic configurations (1). However,
the d° manganocene compounds are the only sandwich com-
plexes known to have such an equilibrium (2). Also, magnetic
susceptibility, epr (electron paramagnetic resonance), and photo-
electronic studies have shown that both the electronic ls a%g egg
configuration, or 2E,, state, and the hs a},e3,e?, configura-
tion, or 6Alg state, are possible structures for the molecular
ground states of (n°-CsHs),Mn (1) and its 1,1’-dimethyl substi-
tuted derivative (v-CsH4,CH;),Mn (2) (3-5). Moreover, the
electronic state associated with the other possible Is configura-
tion, edgaly, or 24, state, is generally considered too far
above the ground state energy level to be significantly populated
or involved in a muiltiple ground state cross-over exchange
process (6). However, the ZA, g doublet state has been used to
interpret the gas phase photoelectronic spectrum (7) of 1 and it
has been suggested as a contributing factor to the larger isotropic
paramagnetic nmr proton shifts (6) observed at room tempera-
ture for 2 compared to 1. Thus, spectroscopic data point to the
possible existence of these three ground states for manganocene
compounds but direct spectroscopic detection and characteriza-
tion of only the Is 2E2g and the hs 6A1g states have so far been

reported (2, 6, 8).3

'Taken in part from the M.Sc. Thesis of F.G., Laval University,
Québec (Qué.), Canada, 1985.

2Author to whom correspondence may be addressed.

*Some controversy seems to exist on the necessity of involving the
A 1 ground state to explain the photoelectronic spectra of gaseous
complex 1, seerefs. 4 and 7. Subsequently it was shown by epr that the
ground states for 1 and 2 depend on the molecular environment. The
epr spectroscopic data are available at low temperature. However,
the main drawback of this spectroscopic method in the study of the
dynamic spin process is the line broadening caused by rapid electron
relaxation, which makes observation of the hyperfine structure im-
possible above —229°C; see refs. 2 and 8 for more details.

We wish to report here the paramagnetic ‘H nmr behavior for
the unsubstituted manganocene complex 1 and its methylcyclo-
pentadienyl derivative 2, together with '3C nmr data for the
ethyl analogue, (1°-CsH4C,Hs),Mn (3).

Experimental

Chemical reactions and manipulation of the compounds were carried
out under a blanket of purified nitrogen in Schlenk-type vessels.
Oxygen and water impurities from the nitrogen gas were controlled by
passing the gas first over supported copper catalyst (BASF-R3-11)
heated at 200°C, which was purchased from Badische Anilin and
Soda-Fabrik AG, W. Germany, followed by 4A molecular sieve beds.
The solvents used were refluxed for 1h in a nitrogen atmosphere and
passed over a drying agent before being distilled and stored.

Meiting points were measured, in a nitrogen atmosphere, in sealed
glass capillaries on a Thomas Hoover oil immersion type apparatus
and are reported uncorrected. Mass spectra (ms) of the complexes
studied were recorded on a Hewlett Packard 5995A mass spectrometer.
Samples were placed in capillary glass tubes and introduced into the
apparatus by means of a steel rod; they were then heated at a tempera-
ture rate of 64°C/min to 200°C under 107 Torr pressure (1 Torr =
133.3 Pa). Background subtracted spectra were regularly recorded for
15 min. A Varian EM 360A and a Bruker HX90 CW instrument were
used to record the proton nuclear magnetic resonance (nmr) spectra of
the diamagnetic compounds. The nmr spectra for the manganocenes
were recorded on a Bruker WH-400 instrument from toluene-dg
saturated solutions in 5-mm nmr tubes filled with nitrogen gas. For the
liquid complex 3, 1:10 (*H) or 2:5 ('3C) (v/v) complex — toluene-dsg
mixtures were used to run the spectra. The temperature range from —90
to 90°C was covered in this study. The experimental chemical shifts
were measured against the internal methyl carbon or proton resonance
of the non-perdeuterated toluene solvent (<1%) and are reported in the
text in & units with positive values increasing downfield from TMS.
Internal reference chemical shift values used: 3(C'HD,CgDs), 2.3 ppm
and 3('3CD;CgDs), 21.3 ppm. Band widths at half-height, H,,,, are
given in parentheses following each chemical paramagnetic shift value
in the text. Elemental C, H, and N analyses were done in duplicate by
Schwarzkopf Microanalytical Laboratory, New York.

Anhydrous manganese bromide, MnBr,, and sodium hydride, NaH,
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were purchased from Aldrich Chemical Co. Ethyl bromide was used as
received from Fisher Scientific Co.

Synthesis

The sodium cyclopentadienides used in the preparations given here
were prepared by deprotonating the corresponding dienes with sodium
hydride (10).

Manganocene (1) and 1,1'-dimethylmanganocene (2)

Complexes 1 and 2 were prepared following the procedure described
in the literature (11, 12). The following analytical data were obtained
for the synthesized products. 1: yield 46%; mp 167-169°C (lit. (11) mp
172-173°C). Anal. caled. for CjoHoMn: C 64.88, H 5.45%; Mol.
We.: 185.13 g; found: C 64.36, H 5.34%; Mol. Wt. (ms): 185. 2: yield
57%; mp 60—62°C (lit. (12) mp 61-63°C). Anal. calcd. for C;,H 4;Mn:
C 67.61, H 6.62%; Mol. Wt.: 213.18 g; found: C 67.29, H 6.15%;
Mol. Wt. (ms): 213.

1,1'-Diethylmanganocene (3)

First, ethylcyclopentadiene ligand was prepared in the following
manner. Ethyl bromide, 32.9 g (302 mmol), diluted in an equal volume
of tetrahydrofuran (THF) was added dropwise from a dropping funnel
over a period of 1 hour to a 200-mL. solution of sodium cyclopenta-
dienide 1.50 M (300 mmol) in THF maintained at ~10°C. The mixture
was magnetically stirred for the next 15 h. The solution temperature
was then raised to room temperature and the solution filtered on a glass
frit to remove a white solid (NaBr), The filtrate was then extracted with
100 mL distilled water and the aqueous fraction further washed with 3
X 100 mL pentane. The THF and pentane fractions were then com-
bined and dried over magnesium sulfate. The bulk of the pale yellow
organic solution was then fraction distilled under normal pressure.
Following the distillation of the pentane (35-36°C) and THF (66—67°C)
fractions, a colorless liquid (11.4 g, 40%) passing at 53°C was col-
lected by increasing the heating rate of the distillation. The expected
mixture of structural isomers for the monomeric ethylcyclopentadiene
gave the following proton chemical shifts and peak intensities: '"H nmr
(CDCl;) &: 1.14 (t, 9H), 2.38 (m, 6H), 2.90 (m, 4H), 6.23 (m, 6H)
ppm. The product was then stored in a Schlenk tube over Dry Ice.

The sodium ethylcyclopentadienide salt was prepared by adding,
dropwise, ethylcyclopentadiene, 13.4 g (142 mmol), to 3.50 g (146
mmol) sodium hydride in suspension in ca. 200 mL THF. The reaction
mixture was left under magnetic agitation overnight, then filtered over
a glass frit to remove any unreacted hydride. The reaction yield was
determined by volumetric titration (0.471 M, 66%) of the organic
sodium. This value was then used to determine the quantity of reactants
used in the following step. Proton nmr spectra of the reaction product
were recorded after evaporating the THF solvent under vacuum from an
aliquot placed in an nmr tube, and replacing it by a deuterated solvent:
'"H nmr (toluene-dy) 8: 1.02 (t, 3H), 2.33 (q, 2H), 5.38 (s, 4H) ppm.

In a typical experiment 11.30 g (52.6 mmol) manganese bromide
was suspended in 10 mL THF in a 500-mL Schlenk flask and 200 mL
sodium ethylcyclopentadienide (110 mmol) solution, 0.55 M in THF,
was slowly added at 0°C while stirring. Once the addition was com-
pleted, the mixture was magnetically stirred at room temperature for
15 h. The insoluble NaBr formed during the reaction was removed from
the solution by filtration and the solvent was pulled off on a vacuum
line. This left an oily brown residue, which was washed with 3 x
200 mL hexane, leaving behind an insoluble solid. The hexane was
then vacuum distilled until a thick red-brown oil (ca. 5 g) was left in the
flask. The residue was then distilled under 13 Torr pressure. The
middle distillate (107°C) gave 1.92 g (15%) of a highly air-sensitive
red liquid corresponding to the pure product. Anal. caled. for
Ci4HgMn: C 69.69, H 7.54, Mn 22.78%. Mol. Wt.: 241.24 g; found:
C69.82, H7.56, Mn 21.43%; Mol. Wt. (ms): 241.

Results

Selected variable temperature proton nmr spectra showing
the ring proton isotropic shifts for 1 over the full temperature
range examined are shown in Fig. 1. These spectra can be
regrouped in three temperature regions each having their spec-

|
25 0 -25 8, ppm

Fic. 1. Proton nmr spectra of 1 in toluene-dy at various tempera-
tures. The CsHs resonance at low temperatures is more evident at
stronger recording amplitudes. The spectra ¥ scale is not constant in the
figure: s, solvent; g, silicon grease; *, impurities.

tral features. Starting at high temperatures (90°C), a single
resonance at § 27.9 ppm (800 Hz), due to the ring protons, is
present at low field from the usual proton resonance region
where -bonded cyclopentadienyl rings are generally observed.
This resonance showed two distinct temperature dependences.
For the first, between 90 and 41°C, the ring protons moved
upfield as the temperature was lowered. For the second, below
41°C, the same resonance shifted downfield, as predicted by the
Curie Law, until the temperature reached —76°C. A third
temperature region appeared at low temperatures, near —59°C,
where a new resonance grew in at high field with concomitant
decrease in intensity of the other low-field resonance, see Fig. 1.
For example, at —59°C, the new signal is present at 8 —25.8 ppm
(1800 Hz) while the former is now at 8 28.3 ppm (4300 Hz). As
the temperature is further lowered to —90°C the new signal
moved upfield, following once more the Curie Law normally
observed for the temperature-dependent isotropic shifts for most
paramagnetic metallocene complexes (13, 14). The total shift
variation observed is quite small for a given series of related
spectra (ca. 2 ppm), considering the resonance band widths
(probable error). Nevertheless, the spectra are quite reproduc-
ible and therefore the observed experimental errors fall well
within the shift variations discussed or graphically represented
below.

The variable temperature proton nmr spectra for substituted
complexes 2 and 3 were also recorded. In both cases two main
temperature-dependent spectra were observed, one at high tem-
peratures and the other at low temperatures. The high tempera-
ture limit spectrum, taken at 90°C, for the 1,1’-dimethyl substi-
tuted complex 2 is given in Fig. 2A and shows two broad
resonances and a narrow signal at low field from the nmr region
where the complexed diamagnetic ligand resonances are usually
found. The low-field 8 131.8 (7700 Hz) and 78.3 ppm (3800 Hz)
resonances observed at this temperature are assigned to the
resolved ring protons and the 8 12.9 ppm (920 Hz) signal to the
remaining methyl protons of 2. At41°C extensive line broaden-
ing in the spectrum made detection of paramagnetic nmr reso-
nances impossible. Further lowering of the temperature yielded
an exchange broadened spectrum discernible at 2°C and fully



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
- B For personal use only. T -

COZAK ET AL. 73

CHy

FiG. 2. Proton nmr spectra of 2 (A) and 3 (B) in toluene-ds at various temperatures. Only the “limit” spectra are shown: a, complex 1 as impurity;

s, solvent; g, silicon grease; *, impurities.

grown-in at —90°C, as shown in Fig. 2A. The higher-field
signals in the —90°C spectrum are assigned to the nonequivalent
cyclopentadienyl protons & 0.5 (540 Hz) and —4.5 ppm (650 Hz),
and the low-field resonance at 8 50.6 ppm (270 Hz) is attributed
to the methyl protons.

Similarly, the variable temperature proton nmr spectra for the
1,1’-diethyl substituted complex 3 are analogous to the di-
methyl derivative discussed above and mutually confirm the
chemical assignments made here for the resonances. The main
temperature-dependent spectra are depicted in Fig. 2B. Hence
at 90°C the spectrum showed two broad ring resonances present
atd 114.5 (3500 Hz) and 64.2 ppm (2300 Hz), together with two
narrow signals at & 18.5 (1200Hz) and 10.3 ppm (340 Hz)
assigned to the CH, and CHj protons, respectively. The iso-
tropic chemical shifts observed did not follow the Curie Law.
All four isotropic shifts moved upfield instead of downfield as
the temperature was lowered from 90°C to approximately 31°C.
Moreover, at 31°C the former two low-field ring resonances
were fully collapsed into one signal at 8 77.8 ppm (8000 Hz) and
the latter CH, and CHj signals were overlapping at 8 11.7 (ca.
2300 Hz) and 8.1 ppm (ca. 2000 Hz), respectively (see Fig. 2B).
This spectrum gradually disappeared as the temperature was
lowered and a new set of resonances was present at — 12°C. This
new spectrum evolved as the temperature was further lowered

+ and was fully resolved at ~90°C, with relatively narrow peaks at

833.6 (230Hz) and ~11.5 (110 Hz) ppm, due to CH, and CHj
respectively, and a doublet resonance at & —1.4 (570Hz) and
—2.8 ppm (570 Hz), due to nonequivalent ring protons.
Because of their poor solubility in toluene we were unable to
record the corresponding '>C nmr spectra for 1 and 2. In THF-dj
both 'H and '3C nmr results indicated a strong paramagnetic
exchange interaction between the complexes and the solvent.
Moreover, the proton spectra bear no resemblance to those
taken in toluene. This result is not unexpected since THF and

-+ other Lewis bases are known to associate with manganocene to
{ form addition compounds (15, 16). More details on this will be

given elsewhere. However, 3 is miscible in toluene and its

variable temperature '*C nmr spectra were recorded. The spectra
recorded above 44°C show non-Curie Law temperature-depen-
dent isotropic carbon shifts as for the proton spectra. Though no
other manganocene spectrum in toluene is available for com-
parison, we tentatively assign the two paramagnetic reson-
ances in the spectrum, & 471.1 ppm (480 Hz) and —126.0 ppm
(210Hz), to the ethyl CH, and CHj; groups, respectively. The
ring carbon resonance was not observed. At —9°C, no para-
magnetic signals were detected in the spectrum due to line
broadening caused by spin exchange. Below this temperature,
near —43°C, a new spectrum appeared with a broad low-field
peak at & 271.8 ppm (650 Hz), followed by a doublet at 8 57.7
(270Hz) and 43.7 ppm (220Hz) located in the middle-field
range, and at higher field a sharp signal was present at &
—104.0ppm (220Hz). At —28°C a single resonance at &
52.4 ppm (480 Hz) is observed due to the collapsed middle-field
signals, which are assigned to the nonequivalent ring carbons.
The remaining low- and high-field resonances are due to the
CH,; and CHj; carbons, respectively.

Figure 3 shows the dependence upon temperature of the
observed proton chemical shifts (8 versus 7~') for 1 and 3.
Once more, the plots represented in this graph underline the
distinct magnetic behavior of these compounds. Hence at low
temperatures (7~! = ca. 0.004 K™!) the resonances have a
linear Curie-type dependence on temperature and the extrapola-
tion of this portion of the plots intercepts the ordinate axis within
a reasonable value for the diamagnetic ligand chemical shifts.
The other distinct region of these curves is at high temperature
where the isotropic chemical shift variations do not obey the
Curie Law. This is depicted in Fig. 3 by the departure from
linearity in the curves, and increased paramagnetism is observed
as the temperature increases (7~ ! < ca. 0.004 K™'). A similar
type of isotropic shift behavior has also been reported to be
caused by metal-ring non-rigidity in cobaltocene derivatives
(17). According to the Curie Law, the paramagnetic isotropic
shift is inversely proportional to the temperature. Hence, at
infinite temperature or 7~! = 0 K™! the paramagnetic isotropic
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Fi1G. 3. The observed chemical shifts versus the inverse temperature
plots for 1 (---O---) between —90 and 90°C and for 3 (—@®—)
between —90 and 30°C. The vertical bars on the curves are the probable
errors for the observed chemical shifts, based on the band width at
half-height, and are equal to 0.287 X H\,».

shifts should ideally be nil and the observed nmr chemical shifts
would then be those of the diamagnetic ligand. In practice,
extrapolation of the observed chemical shifts often falls in the &
0-10ppm region because of some error in the measured fre-
quencies reported; H;,, = 10°~10° Hz.

The room temperature isotropic proton resonance for the
solid complex 1 was first reported to be far upfield of the
diamagnetic nmr region (— 120 ppm from H,0) (18). Our room
temperature solution results coincide more closely with those of
a subsequent communication where, in benzene solution, the
ring protons for 1 are reported at & 25.8 ppm and, for 2, an
unresolved doublet centered at 8 141 ppm is assigned to the ring
protons with the methyl resonance reported to be at 8 81 ppm
(117 and 70 ppm, respectively, in cyclohexane-d;,).* The dif-
ferences in the shift positions quoted here and our results are
due to the strong temperature and solvent dependence observed
for the paramagnetism in these manganocenes.

Discussion

The low- and high-field proton resonances detected in the
spectra of 1 can be interpreted as being due to two slow or
non-exchanging molecular states of the manganocene molecule
(exchange rate < 10°s™!). Slow exchange on the epr time scale

4Values taken from ref. 6 discussed here are transposed in 8 units
using: (C,H;s);Fe, & = 4.0 ppm; (CsH4CH3),Fe, 8 = 4.0 and 1.8 ppm,
taken from ref. 9.

between hs and ls configurations of 1 in host lattices has been
observed previously (8). Departure of the chemical shifts from
the Curie Law, evident in Fig. 3 by the inflection in the curve at
high temperature (7' < 0.004 K™), suggests that above ca.
40°C the resonances are time averaged by rapid spin exchange
over two or more paramagnetic molecules, of which at least one
has a strongly deshielding effect on the ring.

The nmr properties for 2 and 3 in toluene solution are better
related to each other than with 1. For the former complexes the
resonances are at much lower fields at a given temperature
(especially above room temperature) and there is a total absence
of Curie Law behavior at elevated temperatures (low-field ring
proton resonances). The linear relationship for the low tempera-
ture resonances (see Fig. 3 for 3, for example) is indicative that
spin exchange is not significant below ca. —46°C for the sub-
stituted manganocene complexes in solution. This contrasts
with the two resonances observed for 1 in the same temperature
range (see Fig. 3). Above this temperature there is, for both
substituted complexes, an inflection in the curves towards low
magnetic fields as the temperature is increased. Data for the high
temperature region (30—90°C) are not shown on Fig. 3 for
scaling reasons, i.e. T~! < 0.003 K™, but it can be seen that
there is reversal of the slope below this point. Hence, the
observed resonances for 2 and 3 can not be accounted for by the
Curie Law in this temperature range and must be due to a rapid
spin exchange similar to that mentioned for 1.

The large low-field proton shift observed at 37°C for 2 rela-
tive to 1 has been interpreted by Switzer et al. as due to the
presence of a rapid equilibrium involving a doublet 24, ground
state (6). Moreover, variable temperature epr studies have
shown that 1 and 2 have thermally populated 2E», and 6A1g
ground states exchanging in hydrocarbon solutions (2, 8).
Based on the known electronic equilibria mentioned above, our
variable temperature solution nmr results for the complexes
studied can be interpreted in the following manner. For 1 at low
temperatures in toluene, the s *E,, molecular ground state
gives way to a hs A}, spin state as the temperature is raised.
At higher temperatures a second spin exchange process is ob-
served, presumably due to the rapid equilibrium between mainly
®A15/%A, spin states of the molecule. Similarly, at low tem-
peratures, the substituted manganocenes show spectra for one
main populated electronic state, which can be either the 2E», or
the 5A,, state, or possibly the time-averaged spectra of these
rapidly exchanging states. At higher temperatures a rapid three-
way 2Es, /%A g/%A ), oF a two-way ®A;,/?A;, spin exchange
sets in, depending respectively on the preceding attribution.
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The electrochemical oxidation of aromatic heterocyclic compounds thiophene, pyrrole, and indole and benzenoid and
nonbenzenoid polycyclic hydrocarbons azulene, fluorene, and pyrene yield electrically conducting polymers with conductivities
of 107°~10S/cm. The presence of substituents affects the electrical conductivity of these films and also their electroactive
properties. Furthermore, substituents determine whether electropolymerization of these compounds can occur or whether soluble
products are formed. The relative importance of these pathways is dependent on the stability of the intermediate radical cation.
These effects are investigated by INDO molecular orbital calculations.

R.J. WaLTMAN et J. BARGON. Can. J. Chem. 64, 76 (1986).

L'oxydation électrochimique de composés hétérocycliques aromatiques comme le thiophéne, le pyrrole et I’indole et des
hydrocarbures polycycliques de type benzénique et nonbenzénique comme 1’azuléne, le fluoréne et le pyréne donne des
polyméres conducteurs d’€électricité avec des conductivités de 107> 4 10 S/cm. La présence de substituants affecte la conductivité
€lectrique de ces films ainsi que leur activité €lectrique. De plus, selon les substituants, on obtient soit une électropolymérisation
de ces composés, soit la formation de produits solubles. L'importance relative de ces mécanismes dépend de la stabilité du cation

radicalaire intermédiaire. On étudie ces effets a I’aide de calculs INDO d’orbitales moléculaires.

I. Introduction

The electrochemical oxidation of aromatic heterocyclic, ben-
zenoid, or nonbenzenoid molecules frequently leads to the for-
mation of an electrically conducting organic polymer film at
the electrode surface (1-5). These films typically have good
adhesion and electrical contact to the electrode surface. Thin
films, when supported by an electrode surface, can be electro-
chemically cycled between the oxidized, conducting state, and
the neutral, insulating state. Thicker films can be produced in
the oxidized, conducting state and can be peeled off from the
electrode surface to yield free-standing, electrically conducting
films. Because these films are in the oxidized state, they repre-
sent polymeric cations, whereby their overall charge balance is
achieved by the incorporation of counteranions which stem
from the electrolyte of the “electroplating” solution.

According to this approach, conducting films have now been
prepared from a wide variety of organic molecules. These
include heterocyclic compounds such as pyrrole (1), thiophene
(2), furan (3), indole (4), thianaphthene (4), and carbazole (5).
Conducting polymeric films have also been prepared from poly-
cyclic benzenoid and nonbenzenoid hydrocarbons such as azu-
lene (5), fluorene (6), fluoranthene (6), triphenylene (6), and
pyrene (6). Thus, the set of organic molecules which undergo
electrochemical stoichiometry of the film-forming reactions; (b)
opportunity to investigate the generality of the electropolymer-
ization reaction. This can be achieved by studying: (a) the
electrochemical stoichiometry of the film-forming reactions; (b)
the parameters which determine the aptitude of a molecule to
electropolymerize; and (c) how the aptitude for electropolymer-
ization, i.e., reactivity, responds to the presence of substituents.
The substituent effects can be further categorized into: (i)
electronic effects, i.e., by its effect on the distribution of
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electrons at the reactive site; and (ii) steric effects, i.e., by its
effect due to crowding at or near the reactive site. These con-
siderations should provide a qualitative picture of the electro-
polymerization reaction.

Additional parameters, such as the properties of the resulting
polymer films, are important in that the eventual technological
application of these polymer films will require some versatility
of their properties. This will most likely include the ability to
vary the electrical conductivity of the films and the ability to
improve the mechanical properties thereof. These goals can be
met by chemical modification of: {a) the polymer film; (b) the
electroplating solution; and (¢) the structure of the starting mole-
cule. This latter category falls into the domain of substituent
effects and will be considered in some detail below. With respect
to chemical modification of the polymer film itself (7) or of the
electroplating solution (8), these topics have been the subject
of recent reviews (7, 8). Recently also, the electrochemical
preparation of conductive composites (such as from polyvinyl-
chloride and polypyrrole) have provided polymer composite
films which have the advantageous mechanical properties of the
host polymer, yet retain the high electrical conductivity of the
conductive polymer (9). In this report, we will describe the
effect of substituents on the electropolymerization reaction and
how substituents affect polymer film properties, i.e., their
electrical conductivity. These aspects will be considered utiliz-
ing the following molecules as illustrative examples: pyrrole,
thiophene, indole, azulene, fluorene, and pyrene. Finally, we
will summarize some technological applications for which the
high electrical conductivity and stability of these electrically
conducting polymers have been exploited.

II. The electropolymerization reaction
Electrochemical stoichiometry
One of the important features found with the electropolymer-
ization reaction is that it proceeds with electrochemical stoichi-
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TaBLE 1. Electrochemical data, elemental composition, and electrical conductivity of some electrically conducting polymers

Ep
monopmer Voltammogram  Elemental composition T
Compound (V) n value of polymer (ochm™'em™")  Reference
Pyrrole (C4H5N) 1.2 2.2-2.4 C4'0H3.5N0'9 (BF4)0|9 100 2, 11
Thiophene (C4H,4S) 2.06 2.7 C4.0H3.350.9 (BF4)0.07 0.02 12,13
2,2'-Bithiophene (CgHeS) 1.32 — C4.0H2.151.0(HSO4)0 17 0.1 12, 13
Indole (C3H7N) 1.26 2.1 C8'0H6' |N140(C104)0‘34 0.02 4
Thianaphthene (CgHgS) 1.75 2.4 Cs.055.451.0(ClO4)p.16 0.008 4
Carbazole (C]zHgN) 1.30 2.5 C12H13N(C104)0A45 10_3 5, 14
Azulene (Clng) 0.96 2.1 C10H6‘5(C104)0'25 10_2— 1 5
Fluorene (CIJHlO) 1.82 2.5 C13.0H9'5(BF4)0A23 10_4 6
Fluoranthene (C](,Hlo) 1.68 2.0 C16,0H9'6(BF4)0‘ 18 10_5— 10_3 6
Triphenylene (CISHIZ) 1.83 2.7 C18'0H11‘4(BF4)0'20 10_4 6
Pyrene (C16H10) 1.33 1.7 C16_0H12'0(C104)0.31 10_1—1 6

ometry (2). This allows characterization of the film-forming
reactions, which typically proceed with »n values which are
slightly in excess of 2.0 (2, 4—6). The n values can be measured
in several ways. One of the most convenient is from voltammo-
grams, utilizing the Nicholson and Shain (10) treatment for
a totally irreversible reaction. For most of the film-forming
reactions discussed here, the n values are usually in the range
between 2.0 and 2.7 (Table 1), whereby 2 electrons/molecule
are involved in the film-forming reaction, and the charge in
excess of 2.0 is consumed in the concomitant electrooxidation
of the polymer film. However, the n values derived from
voltammograms really represent the total reaction at the elec-
trode surface and can include secondary chemical reactions that
accompany the electropolymerization reaction, such as dimer-
ization reactions to form soluble products. This has been ob-
served in the electropolymerization reaction of pyrene (6), and
will be discussed below (Sect. IIIf) in more detail. For the
moment, these data at least establish the fact that the electro-
polymerization reaction does involve approximately 2 electrons/
molecule (Table 1).

A more quantitative estimate of the degree of oxidation in the
polymer films comes from their elemental composition data
(Table 1). These data reveal that all of the polymers of Table 1
are oxidized to the extent of 0.07 to 0.45. These data are, in gen-
eral, consistent with the n values obtained from voltammetry.

Electrochemical aspects

Cyclic voltammetric studies of the molecules listed in Table 1
reveal that they all electrooxidize irreversibly. These data
suggest that the intermediate radical cations are unstable and
rather reactive. As an illustrative example, a typical cyclic
voltammogram using pyrene is shown in Fig. 1. The first
oxidation wave of pyrene occurs at an anodic potential of
+1.33 V. Upon reversing the direction of sweep from the first
oxidation wave, a corresponding cathodic wave owing to the
reduction of the oxidized polymer film is observed in the region
from =+1.0 to +0.6 V. Subsequent anodic sweeps reveal the
growth of the polymer film at a lower oxidation potential, where
the peak potential (Ep,) occurs at ca. +1.1V. Thus, the cyclic
voltammogram of pyrene has all the characteristics of an ECE
reaction (15, 16), i.e., a sequence of steps whereby an electron
transfer event (E) is followed by a chemical reaction (C) and a
subsequent electron transfer reaction (E). Since the film-forming
reaction can be described as a cascade of ECE reactions, the
general term E(CE),, has been recently forwarded to describe the
film-forming reactions (5).

- Cathodic | Anodic =

F16. 1. Cyclic voltammogram of =5 pmol/cm® pyrene in 0.1 M
TEAFB/CH;CN; (a) successive sweeps (200 mV/s) revealing growth
of polymer and (b) two consecutive sweeps of pyrene from O to
+1.80 V. The trace marked by the arrows is the first sweep. TEAFB
is tetracthylammonium fluoroborate, an electrolyte.

Radical-cation coupling

When a molecule (R) is electrooxidized to its radical cation
(R™") at the electrode surface, the electron transfer reaction is
much faster than the diffusion of R from the bulk solution to the
electrode surface. Accordingly, at the applied voltage, mole-
cules close to the electrode surface region will occur only in
their oxidized state R™". This insures a high concentration of
R™* at the electrode surface, which is continuously maintained
by the steady state diffusion of R from the bulk. These mono-
meric radical cations can undergo a variety of follow-up reac-
tions depending upon their intrinsic stability (4). When R™" is
relatively stable, it can diffuse away from the electrode surface
and undergo reactions to form low molecular weight soluble
products. If R** is very unstable, it can rapidly undergo indis-
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criminate reactions with either the solvent or anions to form low
molecular weight, and thus soluble, products equally well.
Between these two stability ranges (which vary depending on
the nature of R™*), R** can undergo dimerization reactions or
“electropolymerization.” These reactions are thought to pro-
ceed by the coupling of two radical cations. The concept of
radical-cation coupling as a consequence of electrooxidation is
not new, and has been applied before to explain the ECE
reactions of many irreversible systems in which a monomer
dimerizes to form a coupled product (14, 16). We wish to point
out that electropolymerization reactions can be regarded as an
extension of the dimerization reaction, i.e., they represent a
sequence of dimerization reactions involving radical-cation
coupling of R™* with its oligomeric radical cations. Evidence
for such a reaction pathway, in which chain propagation is
dependent on the presence of R** (as opposed to R), is reflected
in the following: (a) the cyclic voltammograms reveal an
E(CE), process, consistent with radical-cation coupling
reactions; (b) the finding that in order to sustain film growth
at the electrode surface the electrode potential (voltage) has
to be maintained at the electrochemical oxidation potential
of R, where R is not limited to a monomer, as evidenced by the
facile electropolymerization of 2,2’-bithiophene) (17); (¢) the
film-forming reaction is surface localized, and no evidence of
polymerization in the bulk of the solution has yet been observed
(where for the concentrations the relation [R} >3 [R™ ‘] holds);
and (d) chronoabsorptometric studies (for R = pyrrole) reveal
that polypyrrole films grow linearly with time ¢, and not Vi
This latter finding implies that the rate-limiting step during film
growth is the radical coupling process itself, and not the
diffusion of monomer to the electrode surface (18). Thus, the
evidence favoring the radical-cation coupling reaction is strong.
In general then, the electropolymerization reaction for a mole-
cule can be summarized by eqs. [1]-[4]. Equations [1]—[3]
describe the step by step electropolymerization reaction of a
monomer RH,, while eq. [4] represents the overall electropoly-
merization reaction. Note that the electropolymerization reac-
tion proceeds via an intermediate dihydro-oligomer dication,
which then loses two protons to form the neutral oligomer.

(1] RH, _Te» RHZ*
pa
.

—2H
[2] 2RH3® — [HR—RH,]** ——— HR—RH

[3] HR—RH ——— [HR—RH]*"*
pa
RH;* e —2HT
2, [HR—RH—RH,** —=*» HR—R—RH

[4 (X+2RH; —— HR—(R)x—RH
pa
+ 2X + 2H* + QX + 2e”

Street et al. (21) have observed that during the electropoly-
merization reaction, the pH of the solution becomes increasingly
acidic, consistent with the elimination of protons during electro-
polymerization. The actual value of X is unknown, although
recent tritium labelling studies (19) of poly-3,4-dimethylpyrrole-
ClOy indicate that X == 750, which corresponds to a molecular
weight of =100000. However, Street et al. (19) have con-
cluded that polypyrrole has a wide range of chain lengths,
including some short-chained oligomers; therefore, such con-
versions may not be applicable in the usual way.

Structure—reactivity correlation
Due to the insolubility and the poorly crystalline nature of

conducting polymers, characterization of their structure and
physical properties has represented a considerable challenge.
For example, solid state CMAS (**C magic angle spinning) nmr
studies of polyazulene-BE, films give rise to a single, broad-
line resonance in the aromatic region, which only provides
evidence for its ring integrity but no evidence for the linkage
pattern of the monomer units in the polymer film (20). Much
progress in the structural characterization of polypyrroles has
been made, but the body of evidence comes primarily from a
variety of indirect measurements, again due to its poorly crystal-
line structure (21). However, since vastly different aromatic
molecules (Table 1) representing different classes of compounds
have been found to electropolymerize and, moreover, since their
anodic oxidation pathways are remarkably consistent, it would
not be surprising if the polymer films were formed by a univer-
sal polymerization mechanism. Knowledge of this mechanism
would decidedly assist characterization efforts, since a hypo-
thetical polymer structure could be predicted. Accordingly, we
have studied (13, 23) the electropolymerization reaction path-
way by investigating: (a) the electronic structures of radical
cations; and (b) the effect of substituents on the electropolymer-
ization reaction. For this purpose, we will take advantage of a
known (16) correlation between reactivity and the unpaired
electron density of R*", in particular with its degree of localiza-
tion at a specific site. The electropolymerization reaction of
pyrrole will be used as an illustrative example; however, all of
the molecules listed in Table 1 follow an analogous reaction
pathway.

The electrooxidation of pyrrole gives rise to polypyrrole in
which the monomer units are linked primarily via their o,0.'-
positions (2). This hypothesis has been supported primarily by
the failure of 2-substituted pyrroles to electropolymerize (2).
Furthermore, oxidative degradation studies of chemically syn-
thesized polypyrrole (25) yielded primarily 2,5-disubstituted
products. Nuclear magnetic resonance studies (26) also suggest
primarily o,a’-linked polypyrrole, although more recent
XPS (X-ray photoemission spectroscopy) studies (27) show
that as many as one out of three pyrrole rings is affected by
structural disorder, part of which may be attributed to non-o,0.'-
linkages. Nevertheless, for a “simple” structure such as pyr-
role, the gross structural features of its polymer can be
predicted from the symmetry and reactivity of the pyrrole
monomer. In fact, it has been suggested that the susceptibility
of a given molecule towards electrophilic substitution is a
valid reactivity index in determining the overall polymer link-
age sites (22). Thus, polypyrrole can be expected to be (ideally)
o,a’ linked, based upon the high selectivity of pyrrole to
undergo electrophilic substitution at the o-positions. How-
ever, because electropolymerization proceeds via radical-cation
coupling reactions, R*" is the key intermediate species and,
accordingly, its reactivity parameters are the pertinent ones.
Moreover, as the electropolymerization reaction proceeds, oligo-
meric radical cations, which undergo radical coupling with
other R™* molecules, are produced at the electrode surface. As
the oligomeric radical cations become larger in chain length,
they become easier to electrooxidize (16, 17), and they become
less reactive (23). However, electropolymerization is sustained
because reactive monomer radical cations, which react with the
oligomeric radical cations, are continuously produced. The site
of radical coupling of R** to the oligomeric radical cation will
depend upon the unpaired electron distribution in the oligomeric
radical cation, which could be different from that of the mono-
meric R*". Depending upon the unpaired electron distribution,
nonregular linkages may occur. Thus, consideration of only the
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tively, and their idealized polymer structures

Compound

m-Electron
Oensity

Primary Eiectrophilic
Reactive Site(s)

Unpaired Electron Density
of Radical Cation

Ideal Polymer Structure

~
(%]
—

1.010

Z >1 060
S

1.860
Reference 28

/ZSB\

Relerence 28

i/ \ s I\
S \/ 57 /x

Reference2. 12

1.068 0.0012 H
/BA\ / A\ N I\
1.076 - ~_ 0.0270
N N N N \ / N x
: 1713 -0.0084 H H
Reference 28 Reference 30 Reference 23 Reference 2
NH N
NH, NHz H 0.269 " "
1.067 0.246 N Na\
0.973 0.064 \@\ /©/ x
N
1.045 1 0.404 N
Reference 31 Reference 32 Reference 33 Reference 41
1,015 4 128 / 0.0053 g0172

79

Reference 29 Reference 34

1.015 00012[:(\
1.023 -0.0129
1 015@ m -0.0009 N

0.0068

Reterence 4

0.0351

ko7

Reference 4

1.008 1.015 \ /

N 1018 N
1.879

Reference 35 Reference 36, 37

H H
0.073 N N
(-0 O
Q_Qo.om
N” 0133 x
0.202
N
H

Reference 14

Reterence5, 14

1.004

1.106
0.893
1.020

0.925

o

Reterence 39

oo B B|C

Reference 38

Reference 40

0.056 O
0.380
8 0.014 0 O Q x
0.154 O O
0.041

Reference 20

unpaired electron distribution of monomeric R** would allow,
at best, extrapolation to a polymer structure whose linkage sites
are the same as the reactive sites of the monomer radical cation
R™", i.e., an idealized polymer structure. These considerations
are summarized in Table 2. Again, focussing on pyrrole as the
illustrative example, it can be seen from Table 2 that the
a-positions of the neutral monomer have the highest 1r-electron
density, and accordingly, would be reactive in these positions.
Thus, the primary electrophilic reactive sites are the a-positions
(30). Consideration of the pyrrole radical cation also reveals that
the positions of highest unpaired electron distribution are the
very same o-positions, and thus, point to o,a’-linked polypyr-
role. The other molecules shown in Table 2 reveal similar
behavior. Thus, in general, the ideal polymer structure can be
gleaned from either of the above considerations. However,
because chain propagation does in fact depend upon R** and its
oligomeric radical cations, departure from such an ideal struc-
ture based on the reactivity pattern of the monomer would not be
unexpected. Thus, again utilizing the electropolymerization
reaction of pyrrole as an illustrative example, we have applied
INDO (intermediate neglect of differential overlap) (24) mo-
lecular orbital calculations to its various oligomeric radical
cations, which occur intermediately in the electropolymeriza-
tion reaction of pyrrole, to determine the trends in their reac-
tivities and any differences which may occur in the reactivity
pattern of oligomeric radical cations from their monomer radical
cations. Therefore, we may determine the most probable linkage
sites of the monomer units in the polymer.

The electrooxidation of monomeric pyrrole at an electrode
surface gives rise to a delocalized radical cation. Our (23) INDO
molecular orbital calculations reveal that, as expected, the
delocalized pyrrole monomer radical cation 1 has the highest
unpaired electron density at its equivalent a-positions (Fig. 2).
Thus, among the resonance forms 2—4 shown, 3 is the most

)= — 1) — 3 — 13
| I ! | ]
H H H H H

1 2 3 4

important. Accordingly, when two monomeric pyrrole radical
cations dimerize, radical coupling can be expected to occur
at the a-positions. Indeed, dimerization to the dihydrodimer
dication 5 proceeds with great facility, followed by loss of two
protons to yield the neutral 2,2’ dimer 6. The driving force for
deprotonation among other things is stabilization by return to
aromaticity.

H
— — —\ H | _oH* |
_— N N
SENY YN 2
N N+ TH \= N \ /
H H H
5 6

The E(CE), reaction at the anode surface continues with the
electrooxidation of the dimer 6 to its radical cation 7. Since the
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4 3 0.0012
(a) 5[ }2 w { Yoozo

M1 N
H -0.0084
4 3 l;l - -0.0043
2 5 NV N
2 .
5 5 0.0139
N1 N
H , . -0.0049
¥ 4 0.0093
0.0024

-0.0017

H 3 4 H

N
1 2 5 oo NI 0.00
s N2 2 5 N .0083
N -0.0052
4 3 H 3o g 0.0078 -0.0043

F1G. 2. (a) The numbering scheme for pyrrole oligomers and ()
open shell INDO molecular orbital calculations of the unpaired elec-
tron distribution of pyrrole, coplanar anti 2,2'-bipyrrole, and
2,2":5',2"terpyrrole radical cations.

loss of an electron is now accommodated by two mono-
mer units, the oxidation potential of 6 is lower than
that of the monomer and should therefore be readily elec-
trooxidized at the applied voltage (i.e., the voltage needed
to electrooxidize the monomer), provided that it is not severely
twisted (16). An example is given in Fig. 1. The un-
paired electron distribution of the coplanar anti form 7 is
given in Fig. 2. As was the case with the monomer radical
cation, the highest unpaired electron density remains at the
a-positions, namely the 5,5'-positions. However, because the
unpaired electron is now distributed over two monomer units,
delocalization dilutes the unpaired electron density (i.e., reac-
tivity) of the w-positions in the dimer. Conversely, the B-posi-
tions have acquired more unpaired electron density, indicative
of a different type of spin distribution in the dimer radical
cation. A resulting consequence is stabilization and thus de-
creased reactivity of 7 in comparison with 1. This may well
account for the difficulty found in producing thick, continuous,
free-standing polypyrrole films from the electrooxidation of
either 2,2’-bipyrrole or 2,2":5',2"-terpyrrole (17), although it is
reported to be possible (21).

Among the resonance forms shown for the dimer radical
cation, INDO calculations (Fig. 2) predict 9 to be the predomi-
nant structure. The dimer radical cation can, therefore, be
expected to continue to react primarily via the a-positions.

P

BNl AW

NN/ AL A\ R
b

|
H

+s

7

i — H = H
7\ N — N N
% W e
! | |
H H H

8 9 10

Thus, at this stage of the electropolymerization reaction, the
surplus of monomer radical cations 3 at the electrode surface
assures further predominance of «,a’-coupling, to yield the
dihydrotrimer dication 11 that, upon deprotonation, forms the
neutral trimer, i.e., 2,2":5',2"-terpyrrole 12. Subsequent elec-
trooxidation yields the radical cation 13, for which the unpaired

| ! i

— ju— H—.

£ s % N LI N

+rl“ '\|'+ \W/ —-Hf\|l+ \_J
H H H

1

12

electron distribution predicted by the INDO calculations is
given in Fig. 2. The radical cation 13 in its coplanar anti
configuration is predicted to be well delocalized, with much of
the unpaired electron density residing at the 2',5’-,5,5"-, and
3,3"-positions. It is interesting to note that here the a-positions,
namely the 5,5"-positions, are no longer the positions with the
highest unpaired electron density. They are comparable in the
magnitude of their unpaired electron densities to those predicted
for the 2’,5'- and 3,3"-positions. The 2’,5'-positions should be
sterically inaccessible to monomer radical-cation attack. Con-
versely, the 5,5"-positions can be easily attacked by the mono-
mer radical cations, thereby propagating «,a’ linkages still
further. The 3- or 3"-positions, i.e., the B-positions, are some-
what sterically hindered and, therefore, a monomer radical
cation would have to couple with the trimer radical cation in a
nonplanar configuration. Thus, our INDO calculations predict
that monomer radical cations could in principle undergo radical
coupling reactions at either the 5,5"-positions (i.e., a-positions)
or the 3,3"-positions (i.e., B-positions) of these oligomeric
radical cations. The above conclusion is valid only if the
criterion for reaction is the unpaired electron density. However,
because the B-position is somewhat sterically inaccessible, «
coupling should continue to predominate. Nevertheless, the
INDO calculations reveal an important trend, namely, that as
oligomerization proceeds from monomer to dimer to trimer
radical cations, the unpaired electron distribution pattern does
indeed differ from that of the monomer radical cation. Extra-
polation of this trend suggests that as the oligomer progressively
increases in chain length, the extensive w delocalization which
sets in will delocalize the unpaired electron over the entire
oligomer, such that further radical coupling would not be
overwhelmingly favored at any single position. If the INDO
results are taken literally, nonregular linkages would be much
more prevalent in polypyrrole than previously appreciated, and
the simple picture of a regularly a,a’-bonded polypyrrole
would thus be grossly incomplete. Indeed, XPS studies of
polypyrrole by Street et al. (27) reveal that as many as one in
three pyrrole rings is affected by some kind of structural
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disorder. This may include nonregular linkages. For example,
the poor crystallinity of polypyrrole (27) could in part be
explained in terms of 3 linkages. Thus, B,B’-dimethylpyrrole,
which has both B-positions blocked with methy! groups, should
contain none or few 3 linkages, and indeed yields a much more
crystalline polymer (27).

If this concept is extrapolated to a more “complex” monomer
such as pyrene (see below), which has potentially many more
reactive positions, then nonregular bonding can be expected to
occur more frequently.

III. Substituent effects

The stoichiometric electropolymerization reaction de-
scribed above is not limited to the unsubstituted parent
molecules (R). Rather, some substituted forms thereof undergo
electropolymerization, provided that the substituent does not
dramatically affect the reactivity of the molecule. As stated
previously in the introduction, substituents can influence the
electropolymerization reaction by either a steric effect or an
electronic effect. They can also cause changes in the overall
properties of the polymer film. These aspects will now be con-
sidered for a group of monomers that electropolymerize, and
which exhibit such a substituent effect.

a. Polythiophene

1. Electrochemical data

Cyclic voltammetric data for thiophene and some 3-substituted
thiophenes are summarized in Table 3. In general, the reactions
which produce polymer films have n values between 2 and
2.7. These include thiophene, 3-methyl-, 3-bromo-, 3-iodothio-
phene, and thiophene-3-acetonitrile (Table 3). Among these,

|.I| +e H H
N N S
\/ -~ \/ ’I\J+o\/
H
14
H

15

the best polymer films are prepared from thiophene, 2,2'-bithio-
phene, and 3-methylthiophene. These thin films, when sup-
ported by an electrode surface, display electroactive and elec-
trochromic properties (12, 13). The peak oxidation potential
(Epa) of polythiophene-BF, occurs at +1.0 V. The cyclic vol-
tammogram of a 1-pum thick film has a peak width at half height
(PWHH) of =300-350 mV. Polythiophene films derived from
2,2-bithiophene also have an E,, of +1.0V, as may be ex-
pected. However, its cyclic voltammogram reveals a much
sharper oxidation peak with a PWHH of =90 mV for a 1-um
thick film. This is most probably due to the more regularly
o, -linked monomer units in the dimer derived polymer film,
and the much lower degree of hydrogen saturation of the dimer
derived film (Table 4), which may preserve the regularity of the
polymer film to a higher degree than the monomer derived film.
This hypothesis is consistent with a more homogeneous, i.e.,
more regularly o,a’-linked polymer film. A more uniform
distribution of polymer chains can be expected to yield a much
sharper peak.

With the introduction of a 3-methyl substituent, the polymer
film is much more easily oxidized. A cyclic voltammogram of
poly-3-methylthiophene shows similar features (Fig. 3): The
presence of 3-methyl substituent shifts the E,, by ca. 300 mV
cathodic of the E, of the unsubstituted polymer film, and is
therefore electroactive in a region considerably less anodic than
polythiophene. Also, the PWHH for a 1-pm thick film of
poly-3-methylthiophene is =200 mV, considerably sharper than
the parent polythiophene, although still not as sharp as the film
derived from the 2,2" dimer. Thus, we find that polythiophene
films, when appropriately substituted, are electroactive in dif-
ferent regions of the electrochemical voltage scale.

a—attack ',4 |_l|
_oH* N /N N N
\ N N
H H
-2H*

[B-attack
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TasBLE 3. Cyclic voltammetric data for thiophenes: monomer concentration 8.9-23.0 wmol
em™>in 0.1 M TEAFB/CH;CN with sweep rate 40mV s~ ! (ref. 13)

Monomer
Polymer

Ep, Ep,

Compound V) (AcmsZmol”' vy )

Thiophene 2.06 3791 2.7 0.96

3-Methylthiophene 1.86 3203 2.4 0.72
3-Todothiophene 2.03 2362 2.0
3-Bromothiophene 2.10 3085 2.3
3-Thiopheneacetonitrile 2.22 2725 2.2
3-Thiophenecarboxylic acid 2.28 1031 1.2
3-Cyanothiophene 2.46 2260 1.9
3-Nitrothiophene 2.69 2476 2.0

TaBLE 4. The elemental composition and electrical conductivity of some polythiophene
films: £ = film; p = pressed polymer

Compound Elemental composition o (S/cm) Reference

Thiophene C4A0H3'3SO‘9(BF4)0.07 002(f) 12, 13
C4H,5(Cl04)g 30 10-20(p) 45
C4H,S(BF4)0 30 10-20(p) 45
C4H25(CF3SO3)030 10—20([)) 45
Cs.0H3.050.98(BF4)0.05 ~107X(f) 46
C4.0H2.050.92(C104)p.13 ~107'-1(f) 46

2,2'-Bithi0phcne C4A0H2'|SL0(HSO4)0,]7 Ol(f) 12,13
3-Methylthiophene — 1(f) 12
CsH4S(Cl04)g 25 10-30(p) 45
C5H4S(CF3SO3)OV30 30- 100(p) 45
Cs.0H4.450.98(C104)0.18 ~100(f) 46
3,4-Dimethylthiophene CsHss(CF3SO3)oA30 10—50(p) 45
— 1073(f) 27

The electropolymerization of 3-thiopheneacetonitrile, and of
3-bromo- and 3,4-dibromothiophene is accompanied by much
discoloration of the acetonitrile solution. This suggests that
significant amounts of soluble products are produced simulta-
neously with the film-forming reaction. Polymer films are not
obtained from 3-thiophene carboxylic acid and 3-cyano- and
3-nitrothiophenes. Thus, not all of the thiophene monomers
electrooxidize to produce films. However, for those that do, a
plot of the £, monomer versus E,, polymer yields a structure—
property correlation between thiophene monomers and their
respective polymers (12). In particular, a linear correlation is
obtained (Fig. 4), suggesting that the B-substituted monomers
and their respective polymers are made up of a related system of
T electrons, consistent with the fact that polythiophenes ought
to consist primarily of a,a’-linked monomer units.

2. Hammett correlation and electropolymerization

InFig. 5, the E,, of some 3-substituted thiophenes are plotted
against their respective Hammett substituent constants (o,
according to Brown and Okamoto, see ref. 42). While E°
should be used for this treatment, only the E, values are
available for these irreversible reactions. However, we have
shown (43) recently that the E,, values are close to the E Yvalues
within a regular series of substituted fluorenes which electro-
polymerize. Thus, by analogy, the E, values of irreversible
systems such as thiophenes must be close to, or linearly related
to E° within a regular series. Accordingly, the shift in the E,,
values of the series of B-substituted thiophenes is dependent on

three parameters, namely their polar, steric, and mesomeric
effects (44). This behavior can be described by the usual
Hammett—Taft equation:

51 E=p0™"+S

where p.o"’ describes the polar-mesomeric effects, and §
accounts for the steric factor (44). From these considerations,
Fig. 5 allows three conclusions to be drawn. First of all, the
straight line fit with a slope of m = 0.80 indicates that all of the
monomers electrooxidize by the removal of a & electron from
the thiophene ring. Secondly, the positive sign for the substitu-
ent constant p, reveals that as the substituents take on more
electrophilic character, the oxidation of the corresponding thio-
phene monomers proceeds with more difficulty. Finally, the
steric term S appears to be minimal for the electrooxidation
reaction of the thiophene monomers. Therefore, the primary
effect exerted by the B-substituents is electronic and described
by the p,o™‘ term. Thus, it appears that there is an optimum
reactivity of the radical-cation intermediate which favors radical-
cation coupling in the follow-up reaction to yield polymeric
films. In this case, polymer films are obtained from thiophene,
3-methyl-, 3-bromo-, and 3-iodothiophenes. However, thick,
free-standing conducting films are obtained only from the parent
and methyl-substituted thiophene monomers (13). 3-Bromo-
and 3-iodothiophene yield poorly conducting thin films. 3-Thio-
phenecarboxylic acid and 3-cyano- and 3-nitrothiophene yield
no polymer films., Several reasons may be attributed to this



Can. J..Chem. Downloaded from www.nrcresearchpress.com by 190.90.36.8 on 09/06/12
< For personal use only

REVIEW/SYNTHESE 83

90 mV/s
80
CHj CHj" 70
e _ 60
D 5.2 .8, 5
Q S Yo S % 40
5 30
c
<
o
g 90 mV/s
oy
= 80
O
i 70
60
50
40
T 30
.0 20
©
Q
c
<
Q
2
]
]
3
l | [ | |
-0.4 0 +0.4 +0.8 +1.2
E(V)

F1G. 3. Cyclic voltammograms of poly-1-methylthiophene-BF; (top figure) and polythiophene-BF, (bottom figure), in 0.1 M TEAFB/CH3;CN

containing no other electroactive species.
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F1G. 4. Peak oxidation potential of thiophene monomers versus
their respective polymers in 0.1 M TEAFB/CH;CN.

finding. One interpretation postulates that the stability (or
reactivity) of these monomers is affected by the (3-substituents.
As the reactivity of the radical cation increases, as reflected in
their increasing oxidation potentials (Fig. 5), the more reactive
they become. Thus, strongly electron-withdrawing groups de-
stabilize the radical-cation intermediate such that its decreased

lifetime favors rapid reaction with solvent or anions to form
soluble products, rather than to electropolymerize.

While steric effects do not appear to play any significant
role in the electrooxidation of the monomer, their subsequent
follow-up reactions (such as electropolymerization) may be
more susceptible to steric effects that, therefore, may well play a
role in deciding whether the electropolymerization reaction can
compete favorably with other accessible follow-up reactions,
such as dimerization or capture by solvent. This may explain the
overall inferior quality of the polymer films derived from
3-bromo- and 3-iodothiophenes, since their oxidation potential
is not much different from the parent, and since halogens do not
usually exert a strong electronic substituent effect. It is, how-
ever, interesting to note that while a 3-methyl substituent allows
facile electropolymerization, a less bulky 3-cyano substituent
altogether suppresses electropolymerization. Again, this is con-
sistent with the interpretation of electronically induced substitu-
ent effects.

Thiophenes in which the 2-position is substituted do not
electropolymerize, presumably due to blockage of the reactive
a-position.

3. Polymer composition and electrical conductivity

The electrical conductivities of variously substituted poly-
thiophene films are summarized in Table 4. Their elemental
analyses reveal that the basic monomer units are preserved in the
polymer films, and that their level of oxidation varies from
=0.05 to 0.30. In general, polythiophenes have electrical
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FIG. 5. Electrochemical peak oxidation potential of thiophene
monomers versus their respective Hammett substituent constants. The
monomers enclosed within the square electropolymerize.

conductivities between 1072 and 20 S/cm, depending on the
growth conditions (Table 4) and the counteranion that is incor-
porated into the polymer film. These values strongly depend on
the exact nature of the polymerization conditions, which ex-
plains the variances that are observed in the electrical conduc-
tivity and film quality of polythiophene films (Table 4). Despite
these shortcomings, the agreement is generally good. Compari-
sons with derivatized polythiophene films reveal that, in gen-
eral, the addition of a 3-methyl substituent enhances the electrical
conductivity of polythiophene by a factor of ==10--1000 (Table
4). Thus, we see a case in which the electrical conductivity of a
parent polymer is actually improved by the addition of a
substituent. For polymer films derived from 3,4-dimethylthio-
phene (27, 45), the results are less definitive. In one case,
pressed films of poly-3,4-dimethylthiophene-CF;SO; exhibit
conductivities as high as 50 S/cm (45). On the other hand,
free-standing films derived from perchlorate anions (27) exhibit
conductivities of 107> S/cm.

Hotta et al. (46) have shown that the preparation temperature
of polythiophene films has a significant effect on the polymer
film properties. In particular, films that were prepared at lower
temperatures were consistently higher in their electrical con-
ductivity than those prepared at room temperature. This was
especially prominent for polythiophene-SO, films, whose elec-
trical conductivity was higher by a factor of ~10* when prepared
at 5°C compared with room temperature (46). Films prepared at
the lower temperatures were also found to be more dense and
tougher than their room temperature counterparts (46).

b. Poly-1-substituted pyrroles

1. Poly-n-alkylpyrroles

Another example in which substituents give rise to modifica-
tions in polymer film properties comes from 1-alkyl-substituted
pyrroles (48). These data are summarized in Table 5. In par-
ticular, the electrical conductivity of the 1-alkyl-substituted
pyrroles decreases with increasing size of the alkyl substituent
(48). Thus, while polypyrrole films have an electrical conduc-

TaBLE 5. The oxidation potential, oxidation level, and electrical con-
ductivity of N-alkyl substituted pyrroles and polypyrroles. Data taken
from Diaz et al. (48)

E,, (monomer) Oxidation level o
N-alkyl Group V) of polymer (S/cm)

H 1.20 0.25-0.30 100
CH, 1.12 0.23-0.29 1073
CH,CH, 1.22 0.20 1073
CH,CH,CH, 1.26 0.20 1073
CH,CH,CH,CH,4 1.22 0.11 1074
CH,CH(CH3), 1.24 0.08 1073

tivity of 100 S/cm, poly-1-methylpyrrole has a conductivity of
1073 S/cm, and poly-1-isobutylpyrrole 1073 S/cm. Also, the
level of oxidation in the polymer films shows a decreasing trend
with increasing size of the substituent (Table 5). The quality and
yield of the polymer films also become poor with the larger alkyl
substituents. From these results, it was concluded that the alkyl
substituents alter the polymer film properties solely via a steric
effect (48).

2. Poly-p-substituted n-phenylpyrrole

The substituent effects exerted by p-substituted n-phenyl-
pyrroles are much more subtle than 1-substituted pyrroles since
the electronic substituent effect is first transmitted through a
phenyl ring before the pyrrole structure is affected. Further-
more, if the phenyl ring is twisted relative to the pyrrole moiety,
the substituent effect is further diluted. Thus, the substituent
effect is expected to be rather modest, and this is indeed the case
(49). Salmon et al. (49) have plotted the E,, of a variety of
p-substituted r-phenylpyrroles versus their respective substitu-
ent constants, and obtained a straight line of slope m = 0.16,
much less than that obtained for the 3-substituted thiophenes
(m = 0.80) discussed previously. They have also obtained a
straight line plot (m = 0.18) from a plot of the Ey, of poly-p-
substituted n-phenylpyrroles as a function of o**. From these
data, they have concluded that substituents affect the p-substi-
tuted n-phenylpyrroles and their respective polymers similarly
(49).

The assertion may be further verified if a plot of the E,
values of the monomers against their respective polymers yields
a linear correlation. Such a plot has been constructed in Fig. 6,
utilizing the data of Salmon et al. (49). A least-squares fit
yields approximately a straight-line fit, albeit a correlation co-
efficient of only 0.77. However, this serves to substantiate the
structure—property correlation between monomers and their
respective polymers, as discussed previously with poly-3-sub-
stituted thiophenes.

¢. Polyindole

1. Electrochemical data

Cyclic voltammetric data for indole and some 5-substituted
indoles are summarized in Table 6 (4). In general, the film-
forming reactions have n values of approximately 2, as do the
thiophenes (Sect. IIla). These values are consistent with the n
values obtained from elemental analysis (see below) and con-
stant potential electrolysis. The constant potential electrooxida-
tion of indole itself produces a light-green colored solution, and
a green-black polymer film is deposited at the electrode surface.
Among the substituted indoles that electropolymerize (Table 6),
5-cyanoindole and indole-5-carboxylic acid produce the best
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TaBLE 6. Cyclic voltammetric data of 0.5-2.0 pmol/cm® of indole and 5-substituted
indole monomers in 0.1 M tetrabutylammonium perchlorate — acetonitrile versus NaSCE

85

Epa iJACY'"? Polymer film
Compound V) (Acms?mol™!' V7Y% p formation
Indole 1.26 2867 2.1 +
5-Aminoindole 0.64 746 0.9 -
5-Hydroxyindole 0.90 — — -
5-Methoxylindole 1.12 2378 1.9 -
5-Methylindole 1.14 2617 2.0 -
5-Bromoindole 1.30 2804 2.1 +
5-Chloroindole 1.31 2651 2.0 +
5-Fluoroindole 1.52 2254 1.8 +
5-Indole carboxylic acid 1.40 2512 1.9 +
5-Cyanoindole 1.59 2782 2.1 +
5-Nitroindole 1.70 3419 2.4 -
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Fi1G. 6. Peak oxidation potential of p-substituted N-phenylpyrrole
monomers versus their respective polymers, constructed from the data
of Salmon et al. (49).

films. The relative yields are 0.6, 0.5, and 0.4 mol /F (F = fara-
day) for indole-5-carboxylic acid, 5-cyanoindole, and indole,
respectively.

From the electrooxidation of a wide variety of substituted
indoles, it was found (4) that polymers can be obtained when
substituents are present on the benzene ring, but not when they
are present on the five-membered ring of indole. These included
bulky substituents, such as with 5-chloro- or 5-bromoindole.
Thus, these data suggested that the linkage sites of the monomer
units in polyindole occur away from the benzene ring, namely at
the five-membered ring of indole. Therefore, substituents on the
benzene ring should have only an electronic but not a steric
influence on the reactive radical cation.

2. Hammett correlation and electropolymerization

InFig. 7, the E, of some 5-substituted indoles plotted against
their respective Hammett substituent constants are shown. As
observed previously for the thiophenes (Sect. Illa), a linear
correlation is obtained. Thus, electrooxidation of 5-substituted
indoles results in a m-delocalized radical cation. The linear
correlation also suggests that steric effects (see eq. [5]) are not
important in the electrooxidation step. The slope obtained for
the indole series is m = 0.56, smaller than that found previously

mers versus their respective Hammett substituent constants. The
monomers enclosed within the square electropolymerize.

for the thiophene series (m = 0.80). This indicates a less-
pronounced substituent effect for the indole series, which can be
accounted for in terms of its much larger m-structure, as well as
to the fact that the substituents are further removed from the
reactive sites, i.e., on an adjacent benzene ring.

Among the 5-substituted indoles, electropolymerization is
observed when they are substituted with electron-withdrawing
groups, and not with electron-donating groups (Fig. 7). The
exceptions are the strongly destabilizing nitro substituent, and
the weakly donating fluorene substituent. Since the 5-substitu-
ents exert only an electronic effect, inspection of Fig. 7 suggests
that there is an optimum region in which the reactivity of the
indole radical cation is well suited for the radical-cation coupling
reaction, i.e., electropolymerization. Appropriate substituents
can push indole in or out of this optimum region. Thus, with the
more strongly electron-donating substituents such as a methyl or
methoxy, the indole radical-cation intermediate becomes suffi-
ciently stabilized to diffuse away from the electrode surface
during its increased lifetime. The previously postulated ten-
dency of the radical cations to undergo coupling reactions (Sect.
II) would thus become reduced in favor of reactions in which
the radical-cation intermediates would be captured by nucleo-
philes or solvent outside of the electrode surface region. Con-
versely, electron-withdrawing substituents up to the cyano
group do not push the indole radical cation out of its optimum
reactivity range (with respect to radical-cation coupling), and
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TaBLE 7. Open shell INDO molecular orbital calculations of the unpaired electron densities of some 5-substituted indole
monomer radical cations (ref. 4)

X
Position® NH, OH CH; F H CN NO,
1 0.0074 0.0331 0.0353 0.0357 0.0351 0.0352 0.0349
2 —0.0039 —0.0123 —0.0130 —0.0132 —-0.0129 —0.0130 —0.0130
3 0.0035 0.0138 0.0161 0.0159 0.0172 0.0169 0.0161
4 0.0097 0.0062 0.0053 0.0049 0.0053 0.0051 0.0052
5 —-0.0022 0.0042 0.0030 0.0034 0.0012 0.0020 0.0030
6 0.0030 -0.0055 —0.0031 —0.0039 —0.0009 —0.0018 —0.0035
7 —0.0022 0.0081 0.0078 0.0076 0.0068 0.0071 0.0075
8 0.0049 —0.0069 —0.0067 —0.0070 —0.0057 —0.0062 —0.0069
9 —0.0051 —0.0031 —0.0037 —0.0033 —0.0046  —0.0042 —0.0036
X 0.0299(N) 0.0024(0) —0.0018(C) 0.0004(F) —0.0019(C)  —0.0002(N)

0.0008(N)

thus electropolymerization is still possible. This behavior is
opposite to that observed with the thiophenes (Sect. Illa),
whereby electropolymerization is suppressed by electron-with-
drawing substituents, but not with a donating methyl group.
This comparison serves to illustrate that, because the intrinsic
stability of radical cations varies according to their structure,
substituent effects need not follow the same pattern.

3. Electronic structure of 5-substituted indoles:
an INDO study

In order to qualitatively investigate the “push—pull” effect of
substituents on the indole moiety, open-shell INDO (24) calcu-
lations were performed. These results are summarized in Table
7. The indole radical cation is characterized by high unpaired
electron densities at the 1- and 3-positions of the five-membered
ring. The unpaired electron densities in the adjacent benzene
ring are comparatively low. Thus, delocalization into the
benzo-moiety of indole does not seem to be attractive, possibly
because such resonance structures would require a loss of
aromaticity of the six-membered ring. The indole radical cation
can accordingly be represented via the resonance structures as
shown below. The high unpaired electron density at the 1- and
3-positions identify these as the reactive sites, and also suggest
that the monomer linkages in the polymer do occur in these same

@H +'/ <> +D
N N ITI
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H

positions, at least in an idealized structure for polyindole (Sect.
II, Table 2).

Since the INDO calculations (Table 7) reveal that the unpaired
electron density in indole is primarily localized in the five-
membered ring, the electronic push—pull effects exerted by the
5-substituents can be expected to be mild. This appears to be the
case indeed. The electronic structure of indole with a strongly
destabilizing group such as cyano is similar to the parent.
5-Cyanoindole would therefore be expected to electropolymer-
ize, and does so (4). The exception is 5-nitroindole, which does
not electropolymerize even though its unpaired electron distri-
bution is not too different from indole itself. It is important to

emphasize here that the value of the INDO calculations comes
from evaluating the trends which result from substitution, rathei
than from evaluating the data in any quantitative manner. In this
way, some insights into the aptitude of any given molecule tc
electropolymerize, and its reactive sites, may be ascertained.

The trend, which is observed in the indole radical cation
when substituted with increasingly electron-donating substit-
uents, is one of decreasing unpaired electron density in the
five-membered ring, concomitant with an increase in the un-
paired electron density in the benzene ring. With 5-aminoindole,
most of the unpaired electron is localized on the substituent
nitrogen atom. Because of the decreasing reactivity at the 1- and
3-positions, radical-cation coupling becomes less likely as the
substituent becomes more electron donating. This is indeed
observed experimentally, where 5-methyl-, 5-methoxy-, 5-
hydroxy-, and 5-aminoindole are found not to electropolymer-
ize (Fig. 7). These findings establish two very important results:
First, R*" can undergo a variety of reaction pathways, depend-
ing upon its intrinsic stability. When R™ " is relatively stable,
it can diffuse away from the electrode surface and undergo
reactions to form soluble products. If R** is a highly unstable
radical-cationic species, it can rapidly undergo indiscriminate
reactions with either the solvent or anions to yield soluble
products. In between these two stability extremes, R*" can
undergo electropolymerization. These findings also imply the
possibility of electropolymerization of a substituted monomer
that would otherwise not have electropolymerized in its unsub-
stituted form. Secondly, these data indicate that substituents,
even when removed from the reactive position such that steric
effects are unimportant, nevertheless can suppress the electro-
polymerization reaction by electronic effects.

TaBLE 8. Elemental composition and electrical conductivity of
pressed films of polyindole and polythianaphthene

Compound Elemental composition  (ohm cm)~
Indole Cy.0He.13N0.98(C1O04)0 34 0.020
Indole-5-carboxylic acid Co.0Hs.60N1.02(C104)0.25 0.024
5-Cyan0indole C9A0H5'21N|.94(C]O4)0.23 0.014
Thianaphthene C8,0H5A3SSO.99(C104)0.]6 0.008
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TABLE 9. Cyclic voltammetric data for azulene and some azulene derivatives

Ep, i/ACv'? Polymer
Compound (V) (Acms"?mol™'Vv™V3 p film
Azulene 0.96 2855 2.1 +
4,6,8-Trimethylazulene 0.90 1048 1.1 +
Guaiazulene 0.73 949 1.0 -
1-tert-Butylazulene 0.91 1644 1.5 -
1,3-di-tert-Butylazulene 0.85 1112 1.1 -
4,6,8-Trimethyl-1-azulenealdehyde 1.26 880 1.0 -

NoTE: + indicates polymer formation.

4. Polymer composition and electrical composition
The elemental analyses and electrical conductivities of some
substituted polyindoles are summarized in Table 8. Their ele-
mental analysis reveals that the basic monomer unit and substit-
uent are preserved in the polymer films. Their level of oxidation
- varies from 0.23 to 0.34. Polyindoles are poorly electrically
. conducting, as seen in Table 8. Their conductivities are between
1075 and 10~ % S/cm. These data establish that a high uptake of
counteranions does not necessarily give rise to highly conduct-
. ing polymers (Table 1).
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FiG. 8. Cyclic voltammogram in 0.1 M TEAFB/CH;CN of: (a)

guaiazulene, showing formation of the 3,3 dimer on the second sweep
(500mV/s), and (b) the authentic 3,3’-biguaiazulene dimer.

d. Polyazulene

1. Electrochemical data

Cyclic voltammetric data for azulene and some 1-substituted
azulenes are summarized in Table 9. All of the monomers
electrooxidize irreversibly, except for 1,3-di-tert-butylazulene,
which exhibits a reversible redox reaction. Among the mono-
mers shown in Table 9, electropolymerization is observed only
for azulene and 4,6,8-trimethylazulene. 1-Substituted azulenes
do not electropolymerize, but instead form soluble products.
These reactions are characterized by n values of =1, which is
indicative of the formation of dimeric products (50). The forma-
tion of these dimers can be observed via cyclic voltammetry
utilizing rapid sweep rates. For example, successive sweeps in
the cyclic voltammogram of monomeric guaiazulene (Fig. 8)
reveal the formation of 3,3’-biguaiazulene, which exhibits a
two-wave reversible redox couple. These new peaks are in good
agreement with the cyclic voltammogram of authentic 3,3'-
biguaiazulene (Fig. 8). These data suggest that the equivalent 1-
and 3-positions of azulene are important for electropolymeriza-
tion. When the 1-position of azulene is blocked with a substit-
uent, only dimerization occurs upon electrooxidation. This
finding is consistent with the electronic structure of the azulene
radical cation (40), which reveals that the positions of highest
unpaired electron density occur at the equivalent 1- and 3-posi-
tions. These data identify them as the reactive positions, and
also suggest that, in the idealized structure of polyazulene
(Table 2), the monomer linkages in the polymer do occur in
these same positions (Fig. 9). Thus, 1-substituents on azulene
sterically hinder the electropolymerization reaction, much as
2-substituents block the electropolymerization reaction of pyr-
role (2) or thiophene (12).

e. Polyfluorene

1. Electrochemical data

Cyclic voltammetric data for fluorene and some 1-substituted
fluorenes are summarized in Table 10. Asshown, the monomers
that electropolymerize have n values in excess of 2.0. These
include fluorene, and 1-methyl- and 1-methoxyfluorene.

2. Hammett correlation and electropolymerization

The Ep, values of some 1-substituted fluorenes plotted against
their respective Hammett substituent constants are shown in
Fig. 10. As seen previously with the thiophene series (Sect.
IIla) and the indole series (Sect. Illc), a linear correlation is
obtained (Fig. 10). Thus, the electrooxidation of 1-substituted
fluorenes produces a delocalized radical cation whose substitu-
ents exert an electronic push—pull effect in a predictable man-
ner. The slope of the line is m = 0.18, which does not indicate
a pronounced substituent effect, at least when compared with
the thiophenes series (m = 0.80) or the indole series (m =
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FIG. 9. A possible electropolymerization pathway for azulene.

TaBLE 10. Cyclic voltammetric data for 2—5 wmol/cm? of fluorene and 1-substituted fluorenes
in 0.1 M TEAFB/CH,CN

E,,
(monomer) i/ACV'? Polymer
Compound V) (Acms"2mol™!V™Y%) p film
Fluorene . 3683 2.5 +
1-Hydroxyfluorene 1.63 1931 1.6 -
1-Methoxyfluorene 1.66 3791 2.5 +
1-Methylfluorene 1.78 3925 2.6 +
Fluorene-1-carboxylic acid 1.87 — — -

0.56). This may be attributed to the larger m structure of
fluorene over thiophene or indole, which dilutes the substituent
effect to a greater degree.

Among the 1-substituted fluorenes, electropolymerization is
observed with the fluorenes that are substituted with electron-
donating groups. These include the 1-methoxy- and 1-methyl-
fluorenes. No electropolymerization is observed with the more
strongly electron-donating hydroxy substituent, which stabi-
lizes the delocalized fluorene radical cation such that electro-
polymerization is no longer a favorable follow-up reaction.
Instead, its increased lifetime allows it to diffuse away from the
electrode, and react to form soluble products. With the electron-
withdrawing carboxylic acid group, the failure to electropoly-
merize indicates that the fluorene radical cation is sufficiently
destabilized, and therefore very reactive. The unstable interme-
diate is rapidly captured by solvent or anion to produce soluble
products.

3. Electronic structure of fluorene: an INDO study

INDO (24) molecular orbital calculations of the fluorene
radical cation (51, 52) indicate that the positions of highest
unpaired electron density occur at the equivalent 2- and 7-
positions (Fig. 11). Thus, in the idealized structure of poly-
fluorene, the monomer units can be expected to be primarily
2,7 linked. The addition of substituents at the 1-position alters
the distribution of the unpaired electron density and the stability
of the fluorene radical cation, which in turn affects its aptitude
to electropolymerize. With increasingly electron-donating sub-
stituents (methyl, methoxy, hydroxy), the unpaired electron-
density distribution is increasingly localized within the substi-
tuted benzene ring, and the reactive 7-position becomes increas-
ingly unreactive. As shown in Fig. 10, the electropolymeriza-
tion cut-off point is reached at the methoxy substituent, and
no electropolymerization is observed with fluorene substituted
with a more electron-donating substituent such as a hydroxy.
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Fig. 10. Electrochemical peak oxidation potential of fluorene
monomers versus their respective Hammett substituent constants. The
1-substituted fluorenes enclosed within the square electropolymerize.

0.0038 -0.0038
(b) 0.0114
-0.0067
-0.0030

FiG. 11. (a) The numbering scheme for fluorene, and (b) open shell
INDO molecular orbital calculation of the unpaired electron density of
the fluorene radical cation.

TaBLE 11. Elemental composition and electrical conductivity of some
polyfluorenes (pressed polymers)

Compound Elemental composition o (S/cm)
Fluorene (C;3H,0) Ci3.0Ho 5(BF4)0.23 107
1-Methylfluorene (C,4H;3) Ci4.0H10.9(BF4)0.12 10°°

1-Methoxyfluorene (C;4H20)  Cyq.0H12.401 9(BF4)o.16 107°

This result stems from the decreased unpaired electron density
at the 7-position, which prevents a 2,7 linkage of the monomer
units to form a polymer.

4. Polymer composition and electrical conductivity

The elemental analyses and electrical conductivities of some
1-substituted polyfluorenes are summarized in Table 11. Ele-
mental analysis data indicate that the basic monomer units and

Fig. 12. The numbering scheme for pyrene.

substituents are preserved in the polymers and that the polymers
are oxidized to the extent of 0.12 to 0.23 per monomer unit. The
electrical conductivity of polyfluorenes is between 107> and
107#S /cm.

f. Polypyrene

1. Electrochemical data

Cyclic voltammetric data for pyrene (Fig. 12) and some of
its 1-substituted derivatives are summarized in Table 12. As
mentioned previously in Sect. II, the electrochemically esti-
mated n value for pyrene (n = 1.7) is lower than would
ordinarily be expected for these film-forming reactions, i.e.,
less than 2.0. This may result from the presence of competitive
reaction pathways which have different electrochemical stoi-
chiometries and different products, e.g., polymer versus soluble
products (6). Thus, the »n value of 1.7 is an apparent n value
(napp) for the fotal reaction. The n value for the film-forming
reaction (n,) is provided by the elemental composition of the
polymer. Since n,,, and n, are both known (Table 1), the
fraction of pyrene monomer which leads to polymer can be esti-
mated. This assumes that the competing reaction is a dimeriza-
tion reaction with n = 1, and that it is the only competing
reaction (6). Thus, if f is the fraction of monomer which
electropolymerizes, then (1 — f) is the fraction that forms
soluble species. From eq. [6],

[6] Rapp = npf+ ns(l + f)

where n, is 2.31 and is the n value of polypyrene determined
from elemental analysis, and ng is 1.0 and is the » value for
dimerization. Thus, the fraction of pyrene monomers that gives
rise to polymers is 0.54; i.e., approximately half of the mono-
mers are used in the film-forming reaction.

ny Soluble Product

M .
n=2™ Polymer

2. Hammett correlation and electropolymerization

The E,, values of pyrene and some 1-substituted derivatives
plotted against their respective substituent constants are shown
in Fig. 13. As previously observed with the thiophenes (Sect.
IIla), indoles (Sect. IIIc), and fluorenes (Sect. Ille), a linear
correlation is obtained. Thus, the electrooxidation of pyrene
results in the removal of a  electron, yielding a delocalized
radical cation. The slope of the line is m = 0.26, which, like
1-substituted fluorenes (m = 0.18), indicates a mild substituent
effect. Of the monomers shown in Fig. 13, all give rise to
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TABLE 12. Cyclic voltammetric data for 2—4 umol/cm? of pyrenes in 0.1 M TEAFB/

CHiCN
Epa
(monomer) i/ACY'? Polymer
Compound 1\ (Acms'?mol™' VvV formation
Pyrene 1.33 2033 1.7 +
1-Chloropyrene 1.42 1900 1.6 +
1-Bromopyrene 1.41 1973 1.6 +
1-Methylpyrene 1.27 1528 1.4 +
Pyrene-1-carboxylic acid 1.45 1790 1.5 +
Pyrene-1-sulfonic acid 1.82 — — —
20 T L T T T T T L
X
o & ]
J
1.6 % d
-Ci o
S F °3Br/—<:OOH 4
% 0
w2 b .
10 ! / -
08 .
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FiG. 13. Electrochemical peak oxidation potential of pyrene mono-
mers versus their respective Hammett substituent constants.

conducting polymer films. This includes the range from the
electron-donating methyl group to the electron-withdrawing
carboxylic acid group. Substituents outside of this range, i.e.,
those substituents which are either more electron donating than
methyl, or more electron withdrawing than carboxylic acid,
were not tested.

3. Electronic structure of pyrenes: an INDO study

The electronic structure of the pyrene radical cation (53) is
summarized in Fig. 14. An INDO (24) molecular orbital calcu-
lation reveals that the positions of highest unpaired electron
density occur at the equivalent 1-, 3-, 6-, and 8-positions. The
high unpaired electron densities also identify these positions as
the reactive sites, suggesting that the monomer linkages in an
idealized polymer structure do occur in these same positions.
Thus, the first step in the electropolymerization reaction se-
quence (Sect. 1I), i.e., dimerization, produces 1,1’-bipyrene
(Fig. 15). As with the monomer pyrene radical cation, the
positions of highest unpaired electron density in the 1,1’-dimer
occur atthe 1-, 3-, 6-, and 8-positions, according to esr data (54,
55) for the 1,1'-bipyrene radical cation (Fig. 16). Thus, when
1,1'-bipyrene is electrooxidized to its radical cation, a monomer
radical cation will attack the 1,1'-dimer radical cation at its
unblocked 3-, 6-, or 8-positions, to produce a 1,1':8",1"-,
1,1":6',1"- and (or) 1,1':3',1"-trimer (Fig. 15). Extrapolation
of the reactivity pattern suggests a polymer that is linked
primarily via these positions, or some combination thereof.

4. Polymer composition and electrical conductivity

The elemental compositions and electrical conductivities of
polypyrene and some 1-substituted polypyrenes are summa-
rized in Table 13. These data reveal that the polymers are

FiG. 14. Open shell INDO molecular orbital calculations of the
unpaired electron density of some pyrene radical cations.

oxidized to the extent of 0.06—0.31 per monomer unit. Their
electrical conductivities are in the range of 1072-1S/cm,
similar to the polyazulenes and polythiophenes.

IV. Substituent effects on the electropolymerization
reaction: competitive kinetics

As outlined in the previous section, substituents decidedly
influence the follow-up reaction, and therefore, the aptitude for
the electropolymerization reaction of a molecule upon electro-
oxidation. They occur via a steric effect, or an electronic effect.
In the latter case, the stability of the radical-cation intermediate
is affected, and as shown in the scheme below, the fate of R at

polymer
kp
K, kg Radical cation diffuses
R———>» Rt —3
Epa K away from electrode

S

Nucleophilic substitution
product

steady state is either to react with the polymer electrode, i.e.,
electropolymerization (k;), to diffuse away from the electrode
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Fi16. 15. A possible electropolymerization pathway for pyrene.

0.56
2.61
1.20
539 1.09
2.17

FiG. 16. Hyperfine splitting constants of pyrene and 1,1’-bipyrene
radical cations according to the data of Cooper and Forbes (54).

(k4), or to react with solvent (S) or anions (X ™) in the vicinity of
the electrode surface (k) (4). Therefore, the fraction f, of R**
which undergoes electropolymerization is given by
- ky

ko + ko + k(] + (X))

(71 f

Fromeq. [7], we see that electropolymerization will occur when
the stability of R*" is such that k, => k4 + k((S] + [X7]).
When the stability of R** is enhanced, for example by a
substituent, then k4 becomes greater than &, + k([S] + [X7]).
Under these conditions, R** will diffuse away from the elec-
trode to produce soluble products. The proclivity of R™" to
undergo the electropolymerization reaction becomes reduced in
favor of capture by nucleophiles or solvent. When R** becomes

sufficiently unstable, it reacts indiscriminately with either sol-

TasLE 13. Elemental composition and electrical conductivity of some
polypyrenes (pressed polymers)

Compound Elemental composition o (S/cm)

Cis.0H12.0(ClO4)o 31 107'-14
C17.0H12.0(BFa)o.06 107
Ci6.0H10.2Clo 4(BF4)0 .07 1072

Pyrene (CisHiq)
1-Methylpyrene (Cy7H;2)
1-Chloropyrene (CcHgCl)

“Either tetrafluoroborate or perchlorate pressed polymers.

vent or anions and electropolymerization is suppressed. In this
case, k([S] + [X7]) > (k, + ky). These considerations were
vividly illustrated by the E,,—Hammett plots of the various
compounds discussed above.

Y. Technological applications

a. Polymer electrodes

In the oxidized state, conducting polymer films such as
polypyrrole (56), when supported by a Pt anode, are electrically
conducting and therefore may be used as an anode to drive
oxidation reactions. In particular, polypyrrole films coated onto
Pt anodes, i.e., [Pt] polypyrrole electrodes, were used to
investigate the redox reactions of various electroactive species
dissolved in aprotic electrolyte solutions (7). Diaz et al. (7)
found that the electrochemical data obtained from [Pt] polypyr-
role electrodes compared favorably with bare Pt electrodes: the
redox reactions occurred only at the electrode surface, electron
transfer was rapid, and no absorption, adsorption, or reaction of
the polymer electrode with the dissolved species occurred.
Furthermore, modification of the polymer electrode surface by
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TABLE 14. Some typical electrochromic data for a variety of polyheterocycles. Data taken from
Garnier et al. (47)

Oxidized form Reduced form Frequency response

Polymer Anion A (nm) A (nm) time (ms)
Pyrrole Cl0; 660 420 20
Thiophene BF;, ClOy 730 470 40-50
3-Methylthiophene BFy 750 480 12
3,4-Dimethylthiophene Clo; 750 620 60
2,2’'-Bithiophene CF;507 680 460 40

TABLE 15. A comparison of the “all-polymer” battery cell characteristics of polyazulene, poly-
thiophene, and polyacetylene with the polyacetylene/Li battery

Polyazulene®  Polythiophene® Polyacetylene® Polyacetylene/Li®

I, (mA/cm?) 0.4-2.2
Voo (V) 0.5-2.3

0.02 3 15-200

1 3.7

“Reference 13.
#Reference 61c.
“Reference 6la.

the attachment of electroactive species is facile. For example,
polypyrrole films can be easily nitrated, then electrochemically
reduced, followed by acylation to attach a desired group (57).

b. Electro-optical display devices

The color changes that accompany the electrochemical switch-
ing reaction, i.e., the reversible cycling between the oxidized
conducting state and the neutral insulating state, suggest the
applicability of electroactive polymers in passive display devices
(58). In this regard, Garnier et al. (47, 59) have investigated the
electrochromic behavior of a variety of polythiophene thin films
supported by a Pt anode. Their data (59) are summarized in
Table 14. The colors that are obtained depend upon both the
chemical structure of the polymer and the counteranion that is
incorporated into the film. The switching response times are
typically 10—-50 ms and are dependent on film thickness. They
have concluded that a 0.1-pwm film would represent the mini-
mum thickness required to yield a sufficient color contrast on a
Pt surface (59). Druy and Seymour (60) have also investigated
the electrochromic behavior of polythiophene electropolymer-
ized from the 2,2' dimer. They report a switching response time
of ~500ms for a 0.42-p.m thick film.

c¢. Battery applications

To our knowledge, electrochemically produced conducting
polymers as battery electrodes have not yet been exploited to the
same degree as has the chemically synthesized conducting
polymer polyacetylene (61). However, polyacetylene batteries
remain the prototype among batteries that are constructed using
electrically conducting polymers, so the interested reader is
referred to the pertinent references (61). As for electrochemi-
cally produced polymers, a preliminary account (13) utilizing
polyazulene and polythiophene films, supported by a Pt surface
as electrode, will be dilineated briefly and compared to the
polyacetylene standard.

A simple “all-polymer” battery cell design consists of a
neutral and an oxidized film of polyazulene (or of polythio-
phene) supported by a Pt surface, in an electrolytic solution
(13). Such a cell in a closed circuit loop yields a maximum
open-circuit voltage of ~2.3 V, and a maximum initial short-

2.001 _

1.60

1.20

Voltage (V)

0.80

0.40} -

10 20 30 40 50
Time (min)

FiG. 17. A typical voltage change during 0.15-mA constant current
discharge of a polyazulene battery cell.

circuit current of ~4 mA. These data are summarized and
compared with an all-polymer polyacetylene battery (61¢) in
Table 15. A typical voltage change during a constant current
discharge of a polyazulene battery is shown in Fig. 17. The
polyazulene batteries tested could be recharged to yield similar
values in the regenerated cells, at least in the short term (13).
d. Protection of semiconductor photoanodes

The proclivity of small-band-gap semiconductor photoanodes
to photocorrosion in aqueous media has thwarted the develop-
ment of inexpensive yet efficient photoelectrochemical cells for
the conversion and storage of solar energy. Various approaches
have now been undertaken in an effort to stabilize the semicon-
ductor—electrolyte interface. They include, for example, (a)
coating the semiconductor with thin metal films (62) or with
semiconductors (63); (b) using nonaqueous electrolytes (64);
(¢) derivatizing the semiconductor surface itself with electro-
active species (65); and (d) coating the semiconductor surface
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FiG. 18. A comparison of the relative stability of variously coated photoanodes. The bare Si, Si/Pt, and Si/Pt/polypyrrole photoanodes are in
I~ /I electrolyte; taken from Skotheim er al. (66b). The Si/polyaniline photoanode is in a pH = 1 solution of 0.15 M Fe2*/3* and 0.1 M Na,SO,

in H,SOy; taken from Noufi ef al. (68).

with electrically conducting polymers (66—71). The salient
features of the latter will be summarized briefly.

The driving force for utilizing electrically conducting poly-
mers as protective thin-film coatings on photoanodes stems
from their high electrical conductivity and chemical stability
(58). Thin films also have good adhesion to the Pt surface (72),
although peeling off of the polymer films from the photoanodes
continues to be a problem. More recently, poly-3-methylthio-
phene has been shown to yield improved adhesion to semicon-
ductor photoanodes (71). Nevertheless, an electrically conduct-
ing polymer film acts as a barrier to ion/solvent transport to the
photoanode surface and effectively minimizes photocorrosion
for up to approximately several hundred hours, depending upon
the system (66—71). Accordingly, redox reactions may be
utilized to yield optimum open-circuit voltages with improved
stability of the photoelectrochemical cell (68). Thus far, poly-
pyrrole has been the film of choice primarily because of its high
electrical conductivity, and because other electrochemically
generated conducting polymers have not been available until
more recently (Table 1). The stabilization to corrosion imparted
by a polypyrrole (PP) film on n-Si is shown as an illustrative
example in Fig. 18, taken from the data of Skotheim ez al.
(66b), and from Noufi et al. (68). The lifetime and photocurrent
output of a Si/PP photoelectrode is improved over a bare Si
photoelectrode; however, a Si/ Pt/ PP photoelectrode shows the
greatest longevity with a lifetime of ~450h and with no loss in
photocurrent output. A thin metal-coated photoelectrode (Si/Pt)
and a polyaniline-coated Si photoelectrode (68) are also shown
for comparison (Fig. 18). It is also noteworthy that the perfor-
mance characteristics of the polymer-coated photoanodes are
comparable to those of the bare photoelectrodes (66—71).

Electroplate

Transfer to

e. Information storage

In a novel application exploiting the high electrical conduc-
tivity of polypyrrole, Meyer et al. (73) have explored the
possibility of its use for high-density information storage (74).
As shown in the scheme below, adapted from Meyer et al. (73),
polypyrrole is electrochemically grown onto an anode with a sur-
face relief pattern. Polypyrrole is then peeled off and made to ad-
here to a solid substrate, leaving exposed the inverse surface relief
pattern of the anode. The high electrical conductivity of poly-
pyrrole may then be utilized for information storage as long as
the information is stored as a relief pattern on the polymer film
surface. The information is accessed by reading it capacitively
with an electrode (73). Subsequent testing of this material in a
video disk machine, as a disk of 210-mm diameter and supported
by a substrate, revealed a virtually defect-free material of con-
stant signal-to-noise ratio over the entire information containing
disk; i.e., a high degree of surface relief replication with no
distortion of information was achieved. Furthermore, because
the decrease in conductivity of polypyrrole occurs over long
periods (i.e., years), Meyer et al. (73) anticipate no problems
associated with the readability of the information even after
years of storage.

J. Other applications

The increasing usage of home-electronics products, coupled
with an increasing density of electronic circuitry on chips, has
presented problems with electromagnetic interference (EMI)
previously unforeseen (75). In this regard, conductive plastics
(9) may find use as shielding materials to prevent the passing of
electromagnetic signals into the airwaves (75).

When polypyrrole is exposed to ammonia, its resistivity

Polypyrrole

anode Polypyrrole

Substrate

Substrate
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creases. Lundstrém and co-workers (76) have prepared poly-

pyrrole—paper composites, which can be used as sensitive
ammonia detectors. When exposed to ammonia, the change in
electrical conductivity of polypyrrole is related to the concentra-
tion of ammonia in air.

The search for electrode materials that extract metallic cations

from solutions and interfaces has prompted Le Berre et al.

(7

7, 78) to electrochemically synthesize electrically conducting

polymers from macrocyclic ligands such as crown ethers. For
example, thin films of poly(dibenzo-24-crown-8)-BF, supported
by a Pt anode can be cycled reversibly from its oxidized, con-
ducting state to its neutral, insulating state with no apparent loss
of electroactivity, as long as the polymer is not electrochemi-
cally driven beyond its first oxidation state. The dicationic state

is
su

W N

10.
1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22,

23
24

reported to be rather sensitive to the presence of nucleophiles,
ch that electroactivity becomes lost (77).
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An intrinsic selectivity is defined for identity SN2 reactions (X~ + RX — XR + X"). This selectivity parameter is shown to
yield information about: (a) the average looseness of the TS geometry in a reaction series; and (b) the sensitivity of the reaction

series to geometric loosening.

SAsoN S. SHAIK. Can. J. Chem. 64, 96 (1986).

On définit une sélectivité intrinséque pour les réactions Sy2 d’identité (X~ + RX— XR + X7). On démontre que ce paramétre
de sélectivité fournit de I’information concernant: (a) 1’état de relachement de la géométrie de I’ET dans une série de réactions; et
(b) la sensibilité des séries de réactions a des relachements géométriques.

Ever since Leffler’s proposal (1) that the Brgnsted parameter
can serve as a measure of transition state (TS) structure, there
has existed an ongoing debate regarding the significance of
selectivity parameters (2). The key question is, what kind of TS
information is provided by selectivity measurements? To begin
answering that, one must start with the fundamental reaction,
the identity exchange. This work defines the intrinsic selectivity
of identity SN2 reactions (eq. [1]) and shows that such
selectivity experiments may lead to geometric information
about the looseness of the TS and the “flexibility” of its C---X
bonds.

[11 X:~ +R—X—=X—R +:X~

The reaction profile for an identity Sn2 reaction (3) is shown
in Fig. 1. The reaction barrier follows eq. [2] where f is a

(2] AE* = fUx.— Arx) — B

steepness variable that derives from the curvature of the
intersecting curves. Whenever the curves descend steeply from
the upper states towards the crossing peint, the f-factor will be
small, and vice versa when the descent is shallow (3, 4). The /Ix.
— Apx term is the vertical electron transfer energy from X:™ to
RX under the reaction conditions (gas phase (3a,c) or solution
(3b)). The B factor is the crossing avoidance interaction which
appears to be approximately constant for various X’s (3b,c, 5).

Figure 2 shows a structure—reactivity plot using eq. [2]. The
ensemble of reactions is predicted to fall into families such that
the members (X:~ /RX) of each family share a common f-factor
(6). In each family line the barriers increase in proportion to Ix.
— Agx and the line slope is the characteristic f of the reaction
family. The f-factor defines then the intrinsic selectivity (IS) of a
reaction family as specified in eq. [3]:

IAE™)
dx. — Arx)

The physical property that determines f has been shown
(3a,b, 4) to derive from the delocalization properties of the

substrate’s radical anion (R—X)~, which is described in eq.
[4] in valence bond terms:

[4] R=X)" = Wyx,(R:X7) + Wr(R:™ -X); Wr, + Wy, =1

Whenever the weight (Wg.) of R:™ X is large, the odd electron
of (R—=X)~ is delocalized away from the R union center. In
such a case, the bond coupling interaction between X- and
(R=—X)~ will become weak and the X:/(R—=X)~ ~ww>

[3] IS=f=

[Traduit par le journal]

k__X' (R2X) {(X=R)*X

Energy ——

o
x¢ (R-X)

(X-R)SX "

reaction coordinate ———

Fi1G. 1. State correlation diagram for identity Sy2 reactions. The two
ends of the reaction coordinate represent the geometries of the
encounter jon—molecule complexes. In reactions in solutions all the
states are solvated (ref. 3b). The avoided crossing is shown by dashes
near the intersection point. AE¥ is the resulting reaction barrier.

(X—R)/:X™ correlation lines will possess a shallow descent
towards the crossing point in Fig. 1 (4). This will resultin a large
f, in eqgs. [2] and [3], and hence also in a large intrinsic
selectivity (IS). The IS of an identity-reaction family can then be
reexpressed as in eq. [5] in terms of the Wg. property.

A(AE¥)

Bl IS=5= (Ix. — Arx) i

WR:

Collected in Table | are Wy, indices and barriers for a few
identity reactions that have been investigated experimentally
and computationally (7, 8). As may be seen, the halide
exchange reactions in entries 1—4 have smaller Wy. values than
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TABLE 1. Wg. indices and barriers (AE¥) for identity reactions X~ + CH3X — XCH; + X~ in the
gas phase and in solutions

AE? (kcal /mol)

X Gas phase H,O DMF Gas phase? H,0¢ DMF*
) F 0.242 0.204 0.209 11.7 31.8 —_
2) Cl 0.253 0.242 0.245 5.5 26.5 22.7
3) Br 0.246 0.241 0.244 — 23.7 18.4
4 I 0.240 0.244 0.242 — 2.0/ 16.0
5) HS 0.340 0.326 0.328 15.6 — —
6) PhS 0.331° 0.326°  0.328° _ ~348 _
) HO 0.357 0.307 0.313 21.2 41.8 —
8) NC 0.309 0.304 0.306 43.8 50.9 —

Can. J. Chem. Dawnloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12

“Whr. is defined in eq. [4].

>The values are taken from ref. 3b. Note that in ref. 3b the symbol (5?) is used for the Wy, index.

“Calculated as described in refs. 3b,c, 4, 6b.
9Data from ref. 8.

¢AG*data from ref. 7a.

fAG* datum from ref. 7b.

8AG* datum from ref. 7¢ for ethanol as a solvent.

AE¥ (kcal/mol )

140 160 180 200
— Iy Ary (keal/mol )~

Fic. 2. Structure—reactivity plots of barriers (AE¥) vs. vertical
electron transfer energies (Ix. — Arx) using eq. [2] (B = 14 kcal /mol,
see ref. 3). Note that the slopes of the family lines are equal to the
corresponding f-factors.

the exchange reactions of PhS™, HS™, HO™, and NC™. In
accord with eq. [5], the halide exchange series is predicted to
possess a lower intrinsic selectivity than the exchange series of
PhS™, HS™, HO™, and NC7, in either the gas phase or in
solution. Figure 3 is a plot of the experimental AG* values (7)
against the corresponding vertical electron transfer energies
(3b) for the aqueous solution identity reactions that are collected
in Table 1. The experimental data set is seen to obey the above

prediction and to behave as the theoretical plots in Fig. 2. While
it is clear from Fig. 3 that the two families exhibit different
intrinsic selectivities, the question remains whether one can
associate any property of the TS with such experimental IS
parameters?

Consider then the geometric looseness (L) of the TS as
defined (5), in eq. [6], by the fraction of C—X bond stretching

[6] Ad*/d°=L = (déx — d@x)/dex

in the TS relative to the bond length in the R—X molecule
(d2y). In previous publications (5, 65) it was demonstrated
that TS looseness correlates with the height of the barrier since
both properties derive primarily from the C—X stretching
deformation (5) that is required to achieve the crossing in Fig.
1.1 Thus, looseness in a series of identity reactions is a result of
the extent of C—X stretching that overcomes the Ik, — Arx
energy gap and achieves a transition state at the crossing point of
X:7/(R—X) and X-/(R—=X)" in Fig. 1. Large Ix. — Agrx
gaps and delocalization indices (Wg.) will require a greater
C—X deformation and will thereby lead to looser transition
state geometries (5). Since barriers and transition state geome-
tries behave alike, it follows then that the intrinsic selectivity
that derives from plots of barriers AE¥ vs. (Ix. — Arx) may
serve as an indicator of transition state geometry.

Reliable geometric data for the identity reactions of X~ =
NC—,HO ™ ,HS,F, Cl™ isavailable from the ab initio studies
of Wolfe ez al. (8). These data are plotted in Fig. 4 against the
natural logarithm of the gas phase electron transfer energies, Ix.
— Agrx (3b).% The looseness of the transition state is seen to

This means that high barriers are associated with a high R—X
stretching deformation and, hence, also loose TS geometries. See ref. 5
for a detailed treatment of this correlation. Such a correlation exists
because the energy requried to dissociate the TS into three fragments
(X:~ + CH; + X) is given by AEg, = Dc_x — AE¥ where D is the
C—X bond energy (ref. 6b). Thus, the larger the AE¥, the closer the
TS to its dissociation limit.

2A line for the halide exchange transition states of X~ = F~, Cl~,
and Br~ can be generated from MNDO geometries (ref. 9). The
looseness varies in the order F~ > C1™ > Br~ . The slope of the line,
Ad* /d® vs. (Ix. — Arx), is 0.127 with 0.995 correlation coefficient.
The looseness varies in proportion to the calculated barrier heights.
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T NC™
Té 50
~ L XSIope~O.25
(=} °
o 1 Wrpe ~ 0.31-0.33
x 40 HO™ R:
©
< .
30 1 F
Br- Slope ~ 0.1
2077 - Wge ~ 0.2 - 0.25

, . . . . ]
140 160 180 200 220 240 260
— Iy -Agx (kcal/mol ) —

FiG. 3. Plots of experimental free energies of activation (ref. 7)
against vertical electron transfer energies (ref. 3 b) for aqueous solution
identity reactions X~ + CH3X— XCHj; + X~ . The X’s are indicated
alongside the family lines.

increase in the following orderof X~ = NC™ > HO™ >HS™ >
F~ > Cl~.2 This s also the order of the corresponding barriers in
the gas phase (or in solution), so that the loosest transition state,
(CN---CHj;--CN)™, belongs to the reaction with the highest
barrier (see Table 1).? This correlation (5, 65, 10) provides a
basis for attaching a geometric significance to the intrinsic
selectivity parameter (IS) that derives from plots of barriers
AE* vs. (Ix. = Arx). Such a significance is projected in
Fig. 4, which shows that the identity reactions fall into two
families that differ in their Wg. indices. The larger the Wg.
index of the reaction series, the looser the average transition
state of the series. Thus, the exchange reactions of HS™, HO™,
and NC™, which are characterized by a large Wy, index, possess
on the average looser transition state geometries than the halide
exchange reactions, which are characterized by a smaller Wg.
index. Since the IS parameter varies in proportion to Wx. (eq.
[5), Fig. 3), the intrinsic selectivity of a reaction series is
associated then with the average transition state looseness in the
series: the higher the IS parameter, the looser, on the average,
the transition states in the reaction series.

A solvent is expected to effect only small changes in
the looseness of transition states (65, 10, 11) of the type
(X--+CHs-+X)~ .3 Therefore the foregoing conclusion will carry
over to the corresponding reactions in solutions. In general then,

3An extreme hydration (solvation by H,0) is a complete proton
transfer by the solvent (stabilization relative to the unprotonated
TS by >100kcal/mol). But even such extreme “solvation” does
not seem to change the looseness of the TS significantly. Thus,
(H;N--CH3'--NH;)™ (supplementary material of ref. 8) differs by
4.5% in looseness in comparison with the doubly protonated TS
(H;N---CHj--NH3) 1 (ref. 12). The same difference is observed for
the free molecules CH3—NH, vs. CH;—NH, " (refs. 8, 12). Similar
data exist for (HO:--CH;---OH) ™ vs. (H,0---CH;--OH,)* (ref. 8 vs.
ref. 13) and CH3—OH vs. CH;—OH, ™" (ref. 8 vs. ref. 14). Thus the
(X-+*CH;-+-X)™ transition states appear to possess strong covalent
bonds much like CH;—X molecules. The solvent will not change
significantly the looseness of such transition states. For detailed
thermochemical arguments, see refs. 6b and 10, while for isotope
effect evidence see ref. 11.

NC~

0.45-( Slope ~0.34
WR: > 0.3

o 0.301 _
Ro) _ -
* HS™ _.e
-7 F-
[ ]
i -~ CI° §
0.151 WR:'V 0.25
Slope ~ 0.22
| .
4.5 4.8 5.1

In (Ix: —ARx)

FiG. 4. Plots of the computed Ad¥ /d° indices (ref. 5) against the
vertical electron transfer energies (ref. 3b) for gas phase identity
reactions X~ + CH3X — XCHj3 + X™. The d° value refers to the
C—X bond length of CH3X in the ion—dipole encounter complex. The
correlation coefficient for the upper solid line is 0.992. The lower
dashed line is a two-point straight line that is used to indicate the
separation of the two families (see, however, footnote 2).

the curve-crossing model predicts that an identity reaction
series that possesses high intrinsic selectivity, IS, will exhibit,
on the average, high intrinsic barriers and loose transition state
geometries. It follows that, both in the gas phase and in solution
(Fig. 3), the less selective series of the halide exchange
reactions will possess, on the average, tighter transition states
than the more selective series of X~ = NC~, HO™, PhS™ (and
(or) HS™). Furthermore, both the intrinsic selectivity and the
average transition state looseness will correlate with the average
height of the intrinsic barriers in the corresponding series. These
conclusions regarding the looseness of the transition states and
the correlation of barriers and looseness in the two reaction
series are in disagreement with previous conclusions of Albery
and Kreevoy (7a).*

The geometric significance of the intrinsic selectivity (IS)
parameter may be somewhat refined by inspecting Fig. 4.
Having different slopes, the two lines? in the figure will
theoretically intersect at Iy, — Agx = 41 kcal /mol. This means
that, theoretically, two reactions that belong to families having
different IS parameters may possess the same degree of transi-
tion state looseness. This is the reason why the IS parameter can
be strictly associated only with the average degree of looseness
in a reaction series. There may then exist a more basic transition
state property that is probed by the IS parameter. As shown in
the following discussion, this property is the sensitivity of the
reaction series to bond loosening in the transition state,
(X-+-CH;---X)™, as a result of varying X.

The looseness of the transition state is a result of the C—X

4See refs. 5 and 6b for comparisons with the conclusions of the
three-dimensional potential energy surface diagram model.
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stretching deformation that is required to achieve a transition
state (5) at the crossing point of Fig. 1. In accord, the looseness
has been shown (10) to fit the approximate expression in eq. [7]
where G is a constant, in energy units, for a reaction series
(X~ /RX) that is typified by a constant Wg.. This equation is

(71 (Ad*/d% =L~ ln( M)

G
seen to mimic the trends in Fig. 4 such that in each series the
looseness of the transition state increases as the electron transfer
energy gap Ix. — Agy increases.? The change in TS looseness,
which is brought about by varying X in the series, is proportion-
al then to Wg. as expressed in eq. [8].
8 oL = W,
B S e — A0l
Thus a reaction series that possesses large Wg. will experience
great TS loosening or tightening effects as X is varied. In
accord, the exchange series of X~ = NC™, HO™, HS ™ (and (or)
PhS™) is expected to exhibit a greater rate of variation in
transition state looseness in comparison with the exchange
seriesof X~ =F ,Cl7,Br~,and I".

As can be seen from egs. [5] and [8], both the barriers and the
looseness of the transition state vary in proportion to Wx. and,
therefore, a somewhat stricter definition of IS can be formu-
lated. Thus, intrinsic selectivity parameters, which derive from
plots of AE¥ vs. (Ix. — Agrx), measure not only the average
looseness of the transition state, but also the sensitivity of the
reaction series to geometric loosening as X is varied. It follows
that a series of identity reactions that possesses a high IS
parameter will then be characterized, on the average, by high
intrinsic barriers and loose transition states. The looseness in
such a series will be more sensitive to changes of X than a series
that is characterized by low IS. This correlation of transition
state properties derives from the notion (5, 65, 10) that both
barriers and transition state geometries result from the C—X
stretching deformation required to overcome the Ix. — Arx gap
and to achieve a transition state, (X---CHs---X)™, at the
crossing point of Fig. 1.

Other identity reaction series can be generated by varying X.
Intrinsic selectivity parameters can then be measured and

coupled with isotope effect® measurements to test the predic-
tions of this work. Once the physical significance of the intrinsic
selectivity is unravelled, there may then exist a basis from which
to understand the physical nature of selectivity parameters in
nonidentity reactions.
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The effect of substituents on the electrochemical oxidation potentials of
1,1,2,2-tetraphenylcyclopropane and 1,1,3,3-tetraphenylpropenyl radical
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DANIAL D. M. WAYNER and DoNALD R. ARNOLD. Can. J. Chem. 64, 100 (1986).

The effects of multiple substitution by methoxy and cyano in the 4-position(s) of 1,1,2,2-tetraphenylcyclopropane (1) and
1,1,3,3-tetraphenylpropenyl radical (2°) on the oxidation potentials have been measured. The results indicate that the oxidation
process for the cyclopropanes (1a—m) is irreversible. Nevertheless, the substituent effect on the potential is essentially additive
and correlates reasonably well with o *. A slow electron transfer process (an overall conversion of 1to 2%), with a transition
state resembling the ring-opened radical cation, is consistent with these observations. The oxidation of the radical 2° is
quasi-reversible in dichloromethane. In this case also, the substituent effect on the oxidation potential is additive and correlates
with o™ . Any deviation from planarity of 2* is not sufficient to prevent substituents from exerting normal (additive) behaviour.

DANIAL D. M. WAYNER et DONALD R. ARNOLD. Can. J. Chem. 64, 100 (1986).

On a mesuré les variations des potentiels d’oxydation du tétraphényl-1,1,2,2 cyclopropane (1) et du radical tétraphényl-
1,1,3,3 propényle (2°) portant des substituants méthoxy et cyano en position 4. Les résultats indiquent que 1’oxydation est
irréversible dans le cas des cyclopropanes (1a—m). Cependant, I’effet du substituant sur I’oxydation est essentiellement additif et
cet effet est en bonne corrélation avec la valeur de So*. Ces observations suggérent un processus de transfert d’électron (une
transformation globale de 1 en 2™), qui est lent et qui implique un état de transition s’apparentant au cation radicalaire 4 chaine
ouverte. Dans le cas du radical 2°, I'oxydation est quasi réversible dans le dichlorométhane. Dans ce cas, également, le
substituant a un effet additif sur I'oxydation et cet effet est en accord avec la valeur de So ™. Les déviations de la planéité du

composé 2° ne suffisent pas a contrecarrer ’effet normal (additif) des substituants.

Introduction

The electrochemical oxidation of 1,1,2,2-tetraphenylcyclo-
propane (1a) has been shown to lead to the formation of the
1,1,3,3-tetraphenylpropenyl cation (2a%*) in acetonitrile and
dichloromethane (1). This carbocation subsequently cyclizes to
form 1,3,3-triphenylindene (3) or deprotonates to give tetra-
phenylallene (4), depending on the basicity of the medium
(Scheme 1). The photosensitized (electron transfer) reactions of
lainvolve the same intermediate (2a™). In this case, the ratio of
3 to 4 depends on the choice of sensitizer for the reaction (2).

Both of these reactions undoubtedly involve the 1,3-radical
cation as the first intermediate. 1,3-Radical cations have not
been well characterized. Because of the stabilizing effect of the
tetraphenyl substitution, we had hoped to obtain some direct
evidence for the involvement of this species during the
electrochemical oxidation of 1a. Radical cations are generally
more stable in dichloromethane than in acetonitrile (3), but even
in this solvent, at sweep rates as high as 20 Vs™!, no evidence
for a single one-electron transfer was obtained (2).

The homologous 1,2-radical cations are more easily studied.
The effect of substitution on the electrochemical oxidation of
tetraphenylethylene (S) is particularly interesting in this regard.
It has been observed, by Bard and Phelps, that tetrakis(4-N,N-
dimethylaminophenyl)ethylene undergoes a two-electron re-
versible oxidation while tetraanisylethylene is oxidized in two
closely spaced one-electron steps (4). Furthermore, the anodic
oxidation of the unsubstituted tetraphenylethylene occurs in two
one-electron steps that are even further apart (5). Presumably,
electron-donating substituents on the tetraphenylethylene de-
crease the potential of the second electron transfer step so that
only one two-electron wave is observed in these cases. By
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2Author to whom correspondence should be addressed.
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SCHEME 1

analogy, it was anticipated that substitution with electron-
withdrawing substituents on 1 would separate the two one-
electron transfer steps. It was found, in fact, that the cyclic
voltammogram of 1,1,2,2-tetra(4-cyanophenyl)cyclopropane
(1) does exhibit two closely spaced waves of approximately
equal peak currents (1).

The purpose of this paper is to report the details of the effect
of substitution on the electrochemical oxidation potential of 1.
Combinations of cyano and methoxy substitutions were used in
order to study the additivity of the substituent effects in these
species. The preparation (and thermal isomerization) of these
compounds has already been described (6).

The consequent formation of the allylic cation 2* from the
oxidation of 1 provides a convenient opportunity to study the
substituent effects on the reduction potentials of these inter-
mediates. This potential, of course, corresponds to the oxida-

AL
X2 Y2
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TaBLE 1. Oxidation potentials of 1 in dichloromethane (0.1M TBAP)*

1 X! X2 Y! y? E, (V)P E, — E,/2(mV) an’
a H H H H 1.36 130 0.37
b OMe H H H 1.30 160 0.30
c OMe OMe H H 1.10 130 0.37
d-cis OMe H OMe H 1.10 140 0.34
d-trans OMe H H OMe 1.10 140 0.34
e OMe OMe OMe OMe 1.03 150 0.32
f CN H H H 1.54 140 0.34
g CN CN H H 1.70 180 0.27
h-cis CN H CN H 1.75 220 0.22
h-trans CN H CN H 1.75 220 0.22
i CN CN CN CN 1.95¢ 150 0.32
Jj CN OMe H H 1.28 160 0.30
k-cis CN H OMe H 1.25 140 0.34
k-trans CN H H OMe 1.25 140 0.34
l CN CN OMe OMe 1.36 220 0.22
m-cis CN OMe CN OMe 1.22 120 0.40
m-trans CN OMe OMe CN 1.22 120 0.40

“Measured by cyclic voltammetry at a sweep rate of 400mV s™'.

bVersus SCE.
“Calculated from E, — E,/2 = 0.0483 /an,.
First wave.
194
e
17
16 |-
|
14l
13
12|
11 cde
ce L
-3.0 2.0

_40+
Fic. 1. The oxidation potentials (Ep) of the 1,1,2,2-tetraphenyl-
cyclopropanes (1a—m) versus Zot. (o+: OCHs, —0.78; CN, 0.66).

tion potential of the radical 2°. Possible mechanistic implica-
tions also are considered.

Results

The oxidation potentials of 1a—m are listed in Table 1. All of
the oxidations are irreversible with E; — E,; ranging from 130
to 230mV. A plot of E, versus o™ gives a linear correlation

1

TaBLE 2. Reduction potentials of 2% in
dichloromethane (0.1M TBAP)®

2+ Ein (V)C'd EP: - EPa
a 0.37 90
b 0.22 90
c 0.07 90
d-cis® 0.12 90
d-trans® 0.12 70
e —0.04 70
f 0.48 70
g 0.65 80
h-cis® 0.66 80
h-trans® 0.66 80
i Not observed

j 0.30 80
k-cis® 0.28 90
k-trans® 0.28 90
/ 0.31 80
m-cis® 0.32 80
m-trans® 0.32 80

“Measured by cyclic voltammetry at a sweep
rate of 400mV s,

*The stereochemical designation represents
that of the tetraphenylcyclopropane precursor.

“Versus SCE.

9E,, = E° (ref. 14).

withaslopeof 217 + 17mV, aninterceptof 1.38 = 0.02 V, and
a correlation coefficient of 0.956 (Fig. ).

The reduction potentials of 2a—m™ are given in Table 2. All
of these reductions are quasi-reversible with a separation of
E,, — E, between 70 and 90 mV. The plot of E; versus Sot
has a slope of 193 + 12mV and an intercept of 0.37 = 0.01 V
with a correlation coefficient of 0.982 (Fig. 2).

Discussion

The Hammett equation for electrochemical reactions (ref. 7,
eq. [1]) is often used to describe the effect of varying electron
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Fi. 2. The oxidation potentials (E,;) of the 1,1,3,3-tetraphenyl-
propenyl radicals (2a—m") versus =o*. (o*: OCH;, —0.78; CN,
0.66).

demand at the reactive centre on the equilibrium constants (£°)
for a series of structurally related compounds. In general, these
plots have slopes in the range 0.1-0.8V (8). While this
relationship is thermodynamically significant for reversible
electrode processes, for irreversible processes the analysis is not
straightforward.

(11 E\, = (RT/nF)pc

Analysis of the oxidation of 1a—-m by the Hammett approach
gives a best-fit line with a slope 0of 217 mV and with a correlation
coefficient of 0.956 (Fig. 1). The oxidation potential of 1e,
which falls well off the line, was not included in this correlation.
Including this point has a significant effect on the correlation
coefficient (0.927 in this case) and the slope of the best-fit line
decreases markedly, to 185 mV. The reason why the oxidation
potential of this derivative falls off the line is not obvious but it
may represent a saturation in terms of the substituent effect on
the oxidation of 1, or a change in the mechanism for the anodic
process. In all cases only one anodic wave is observed.

There has been some controversy over the ability of a
cyclopropyl ring to transmit electronic effects (9). It is in fact
surprising to find that the oxidation potentials of 1a—m correlate
as well as they do with 2o, If the electron is removed from a
molecular orbital that is essentially localized on an aromatic
ring, then substitution at another ring should not have a large
effect on the oxidation potential, and certainly not an additive
effect. The oxidation of 1¢, however, is the same as that of 14,
similarly, the oxidation potentials of 14 and 1g are close. It is
interesting that the oxidation potential of 1; is close to that of 1k.
However, 1m is significantly easier to oxidize than 1/. In the
latter case, the difference may be attributed to merostabilization
in the radical ion. This effect has been used to explain the

observed variation in reduction potentials of 4,4'-disubstituted
benzophenones (10) and the oxidation (and reduction) poten-
tials of tetraarylethylenes (11). However, the effect of mero-
stabilization in the 4-methoxy, 4'-cyano substituted diphenyl-
methyl moiety is not large (only 3 kcal mol ~'). Furthermore, the
observed oxidation potential of 1j(and 2j* and 2m™, Table 2) is
not anomalous.

The cyclopropane ring will be distorted in the 1,3-radical
cation. Theoretical estimates of the length of the 1,2-bond in the
radical cation of 1,2-divinylcyclopropane give a value of more
than 1.9 A (12). Thermochemical estimates of the strength of
the one-electron, two-centre bond in 1a"* give a value of only
5-8 kcal mol ™! (2). For the oxidation of 1, the additivity of the
substituent effect is undoubtedly derived from the interaction of
all of the aryl rings in this ring-opened species, which interact
through the vacant and half-filled p-orbitals. The idea of this
product-like transition state is compatible with a slow electron
transfer step (i.e. the electrochemical irreversibility).

Shono and Matsumura have measured the half-wave oxida-
tion potentials of some 4-substituted arylcyclopropanes (13). In
their work, a slope of 730 mV was obtained from the Hammett
plot of Ey,, versus o”. The slope of the best-fit line from the
Hammett plot for 1a—m would be expected to be about
one-fourth of the slope obtained for these monoarylcyclopro-
panes if the transition states (i.e. ) are similar. One-fourth of
the slope reported by Shono and Matsumura is 183 mV. The
observed slope of 217 mV obtained from 1a—m is close to this
value. However, the limited number of substituents used in both
studies makes further comparison difficult.

There are some interesting comparisons to be made with the
oxidation potentials reported for the homologous tetraaryl-
ethylenes (5) (11). In this previous report the variation in the
oxidation potential of several 4-methyl, 4-cyano, and 4-
methoxy derivatives of 5 were correlated with Zo™. The
deviation of 1,2-di(4-methoxyphenyl)-1,2-di(4-cyanophenyl)-
ethylene (§m) from the best-fit line was attributed to merosta-
bilization of the intermediate radical cation. We notice now,
however, that there are some inconsistencies with this interpre-
tation. For the oxidation (and reduction) of §, those compounds
that show reversible electrochemical behavior form one line
while those that show irreversible behavior fall on another line;
all of the irreversible potentials show a positive deviation from
the line formed by plotting the reversible potentials. This is to be
expected since the deviation represents an increasing activation
energy or, in electrochemical terminology, an increasing
overpotential for oxidation. (Similarly, a negative deviation is
observed for the reduction potential, indicating that there is an
overpotential associated with the irreversible reduction.) The
correlation of the overpotentials with o™ is not a surprise since
the overpotentials are related to the activation energy for the
heterogeneous electron transfer. The oxidation (and reduction)
of Smisreversible. This point, in fact, lies on the line defined by
the reversible oxidation potentials. These electrode processes
probably involve the transfer of two electrons; thus, the effect of
merostabilization should not be observed since the radical
cation will not exist as a discrete intermediate.

It is interesting that the slope of the best-fit line for the
irreversible oxidation potentials of 5 is 190 mV, which com-
pares well with the 217 mV found for the oxidation potentials of
1. (The slope of the line through those points corresponding to
the reversible oxidation of 8§ is 110 mV.) In the case of 1m the
deviation may be attributed to merostabilization since the
irreversible oxidation represents the barrier to the transfer of the
firstelectron. However, the scatter of the points near o™ = 0 as
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well as the absence of the effect on the oxidation of 2° preclude
definitive conclusions from being drawn.

The electrochemical oxidation of 1a leads to the formation of
2a* (1, 2). A quasi-reversible wave in dichloromethane for the
reduction of 2a—m™ is observed from the cathodic sweep in the
cyclic voltammogram. In all cases, the reduction of 2a™*
chemically reversible. Therefore, although the system is not
electrochemically reversible, the value of E° must lie between
E, —30mV and E +30mV (14). Analysis of the reduction
potentials of 2a—m " by the Hammett approach gives a slope
of 193 mV with a correlation coefficient of 0.982 (Fig. 2). As
was the case with 1¢, the reduction potential of 2e™ does not fall
on the line. If this point is included in the correlation, the slope
of the Hammett plot decreases to 163 mV, and the correlation
coefficient decreases significantly (r = 0.966). The esr spec-
trum of 24’ has been observed; it is a well-resolved spectrum of
over 200 lines (15). In this study the radical (as well as the
corresponding anion) was assumed to have a conformation in
which two of the phenyl rings were in the plane of the propenyl
m-system and the other two phenyl rings were parallel to each
other but perpendicular to the propenyl w-system. If this were
the case, additivity of the substituent effects would be unlikely
since the heterogenous electron transfer process is fast and
therefore cannot be preceded by, or concurrent with, aryl ring
rotation. The additivity of substituent effects in, for example,
the reduction of 2c¢* and 2d*, 2g™* and 2k™, and the other pairs
that have the same number and type of substituents indicates that
a more reasonable conformation is one in which all of the rings
are twisted in a propeller-like conformation. Otherwise, the
effect of preferential rotation of, for example, the 4-cyano-
phenyl rings in 2g* out of the plane should be observed. A
similar propeller-like conformation was reported for the tetra-
anisylethylene radical cation (5e*™) in which the rings were
estimated to be twisted by about 30° (16).

It is interesting that the slope of the Hammett plot of the
oxidation potentials of 2a~m" is about the same as the slope
from the plot of the oxidation potentials of 1a—m. In fact, a plot
of E, of 1 versus E,; of 2 gives a slope of 1.09 = 0.15, an
intercept of 0.98 = 0.06V, and a correlation coefficient of
0.967. This, again, supports the suggestion that at the transition
state for oxidation of 1, all four aryl rings can interact with the
developing charge.

Experimental

The synthesis and spectral characterization.of 1a—m have been de-
scribed previously (6, 17). Tetrabutylammonium perchlorate (TBAP)
was obtained from Fisher Scientific Company, recrystallized three
times from 95% ethanol, and dried in a vacuum oven (12 h at 80°C,

10 Torr (1 Torr = 133.3 Pa)). Dichloromethane (Fisher) was distilled
from P,0s5 and stored over 4A molecular sieves. The electrochemical
cell and apparatus have been described previously (2). Typically,
concentrations of 0.001 M (1) were used in a total cell volume of
10 mL. A sweep rate of 400 mV s~! was used for all measurements.
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A systematic study of reductions of unsymmetrically substituted maleic anhydrides by a variety of metal hydride reagents
indicates that the high regioselectivity observed in these reactions is controlled chiefly by electronic factors.

MARGARET M. KAYSER, LIVAIN BREAU, SONIA ELIEV, PETER MORAND et H. S. Ip. Can. J. Chem. 64, 104 (1986).

Une étude systématique de la réduction d’anhydrides maléiques substitués d’une fagon non symétrique, par divers hydrures
métalliques, indique que la régiosélectivité observée au cours de ces réactions est contrdlée principalement par des facteurs

électroniques.

There is continuing interest in reductions of unsymmetrical
cyclic anhydrides to the corresponding lactones (1), and much
effort has gone into the study of the mechanism of these
reactions and into the development of methods permitting the
selective reduction of one or the other carbonyl group to obtain
the desired lactone (2).

The reductions of unsymmetrically substituted succinic
anhydride 1 by simple metal hydrides (NaBH, and LiAlH,)
yield as the principal product lactone 2, resulting from reduction
of the more hindered carbonyl function (1). However, when
selectrides (Aldrich Catalog No. 19, 987-7, 21-340-3, 22-
076-0) are used as reducing agents, the major product of the
reaction is lactone 3 (3).

R P R R P
b reduction ) p
R’ O ——> R O + R O
O O
1 2 3

R = CH3 or C6H5

These results have been rationalized in terms of steric effects
in the following manner (4). The interaction between the
substituent R, protruding above the plane of the carbonyl
function, and the highly hindered selectride reagent is strong
enough to offset other effects usually implicated in the regio-
selectivity control (5).

In the case of planar, unsymmetrical anhydrides such as
phthalic 4 or maleic anhydride 7, the substituent is located in the
plane of the carbonyl function; thus, the steric interaction
between the incoming reagent and the substituent should be
minimal.

However, a recent study (6) on reductions of 3-methoxy-
phthalic anhydride 4 has shown that, while NaBH, reduction
yields a mixture of two lactones in approximately 1:1 ratio, the
selectride reduction produces mostly lactone 6.

Knight and Pattenden (7) examined the regioselectivity of
reductions of 2-methoxy-3-methyl and 2-methoxy-3-phenyl
maleic anhydrides, 7a and 75, by LiAlH, and lithium tri-zerz-

! Author to whom correspondence may be addressed.
2Undergraduate participants in research,
SRevision received August 28, 1985.
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Y reduction b + iC;QO
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CH;0 CH,0 CH;0
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butoxyaluminum hydride (LITBAL). The only products ob-
tained in these reductions resulted from hydride attack at the
carbonyl function adjacent to the methoxy group (8 and 9).

On the basis of (i) ab initio calculations for the complexation
of methoxymaleic anhydride 7¢ with a counterion (5), and (ii)
the fact that the activation of a carbonyl function by a cation
appears necessary for the reaction to occur (8), we have
concluded that the regioselectivity observed in reductions of
methoxymaleic anhydrides is due principally to the chelation of
the methoxy group and the adjacent carbonyl function by the
counterion (5).

In view of the above results, the methoxy substituent appears
to be a key element in directing reduction to the adjacent
carbony! function in methoxymaleic anhydrides, but sterically
prevents reduction of the neighbouring carbonyl function in
3-methoxyphthalic anhydride 4. Such puzzling results and
conflicting interpretations have prompted us to undertake a
systematic study of the relative importance of chelating versus
steric effects in reductions of planar cyclic anhydrides. The
substituted methoxymaleic anhydrides were chosen as suitable
models for this investigation, since chelating and electronic
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effects of the methoxy substituent in position 2 could be
consistently confronted with the steric effect of the substituent
in position 3 of methoxymaleic anhydride molecule 7. At the
same time an insight into the steric influence of methyl (and
phenyl) substituent(s) could be gained from a parallel study of
reductions of methyl (and phenyl) maleic anhydrides.

Results

All model compounds were prepared via short synthetic
routes. 2-Methoxy-3-phenylmaleic anhydride 7a was synthe-
sized by condensation of phenylacetonitrile with diethyloxalate,
followed by methylation and acid hydrolysis (7). 2-Methoxy-3-
methylmaleic anhydride 7 was prepared by a slightly modified
synthetic sequence first reported by Schreiber (9). The conden-
sation between ethylpropionate and diethyloxalate in the pres-
ence of sodium ethoxide, generated in situ, gave ethyl B-
methyloxalacetate, which was subsequently methylated with
dimethylsulfate-K,CO; to the diester 11. Basic hydrolysis of
11 gave 2-methoxy-3-methylmaleic anhydride 75 (eq. [1]).

Methyoxymaleic anhydride 7c¢ was prepared from tartaric
acid 12 in a three-step synthetic sequence. In the first step
tartaric acid 12, on treatment with acetic anhydride and sulfuric
acid, was converted to diacetyltartaric anhydride 13 (10). The
anhydride 13 reacted with pyridine and glacial acetic acid to
give the pyridinium salt of hydroxymaleic anhydride 14 (11),
which was subsequently methylated with diazomethane to
methoxymaleic anhydride 7¢ (eq. [2]). This sequence gives an
excellent overall yield of methoxymaleic anhydride.

The three substrates 7a, 7b, and 7 ¢ were reduced with simple
metal hydrides (LiAlH,) and (NaBH,) and with bulky selectride
reagents (L-, Na-, and K-selectrides). The crude products were
analyzed by proton nmr and gc/ms before purification. The
results are listed in Table 1.

COOH o

TaBLE 1. Metal hydride reductions of methoxymaleic

anhydrides
Product ratio*
Compound Reducing agent §:9
Ta NaBH, 83 17
LAH 25 75
L-sel 17 83
K-sel 30 70
7b NaBH, 80 20
LAH 30 70
L-sel 10 90
K-sel 10 90
Tc NaBH, 100
LAH 100
L-sel 100
K-sel 100

*Product ratios were obtained from the analysis of nmr
spectra of crude reaction products.

In all reactions, regardless of counterion present (Li*, Na*,
K™) or the nature of the nucleophile (compact or bulky), the
products obtained were the result of hydride transfer to the
carbonyl function adjacent to the methoxy substituent. We
could not detect the isomeric lactone 10, or the corresponding
lactol, in either crude or purified products.

Citraconic (methylmaleic) anhydride 20 was reduced with
several reducing agents under various conditions of concentra-
tion and temperature. The results are shown in Table 2. Several
attempts to reduce phenylmaleic anhydride with selectride
reagents gave no indication as to selectivity of this compound
since the first step in the reduction appears to be hydride transfer

AcO PyHOZ CH,0
H—C—OH  AcOAc Py CH:N,
[2] H,50 < AcOH ¢ L
H—C—OH 204 AcO ¢
0 o)
COOH 13 14 %

12
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TABLE 2. Reductions of methylmaleic anyhydride 20

Yield (%) Lactonic products
Temperature Reduction Ratio
Reducing agent 0 Time (h) Crude Isolated (%)* 21 ;. 22
1 mol NaBH, 0— +22 2 100 85-90 100 92 —
1 mol KBH, -10— 0 2 —% — Trace Trace —
2mol KBH, -10—» 0 2 —i — Trace Trace —
1 mol KBH, -22—> 22 2 —t — Trace Trace —
2 mol KBH, 22 2 100% 50-60 70 91 9
1 mol LiAlH, —78— —30 2 100 85-90 100 88 12
L-sel —78— —30 2 100 85-90 96 83 17
L-sel —78 —> +22 48 100 85-90 100 70 30
L-sel 22 2 100 85-90 100 75 25
Na-sel —-78— —30 2 100 85-90 100 91 9
K-sel —78—> —30 2 90-100 78-85 93 88 12
K-sel -30— 422 2 100 75-80 100 83 17

*Reduction 100% means that no starting anhydride or diacid could be detected in the nmr spectrum of the crude product.
‘tLactonic ratio c:3 was established from the nmr spectra of the crude reduction products by comparing the signals for hydrogen attached

to a double bond, 8 5.85 (a) vs. 7.15 (8), and methyl groups CHs, 8 2.10 () vs. 1.95 (8).

iDiacid recovered.

to a carbon—carbon double bond. The subsequent reduction of
phenyl succinic anhydride gives a mixture of two phenyl
butyrolactones.

Discussion

The role of a methoxy substituent in controlling regio-
selectivity of hydride transfer can be double in nature: (I)
the formation of chelate (5), which activates the implicated
carbonyl group o toward hydride transfer; (2) the promotion of
enolization, which deactivates the carbonyl group B (13). Since
both effects were discussed elsewhere (5, 13), we shall present
here only a brief resumé.

The ab initio calculations for methoxymaleic anhydride —
Li* complex have shown that the preferred binding site for the
cation is the “bridged position”, 15, corresponding to the strong
overlap between the cation and the lone pairs on the two oxygen
atoms (5).

Chelate 15 is energetically favoured over the alternate
structure 16 by 6 kcal mol™! and over 17 by 10kcalmol™'.

Lit, -
S0 0O
CH,0 «  CH;0 CH,0
| [ | O
p
) O
Lit
15 16 17
E (kcal mol™) —10 —4 0

Since association with a cation activates carbonyl function
toward nucleophilic addition, the preferentially formed com-
plex 15 is reduced selectively at the a-carbonyl group. Of the
two remaining isomeric complexes, 16 is more stable than 17 by
4kcal mol™*. From the energy viewpoint 16 is the more likely
candidate for reduction. However, the same effect that stabi-
lizes complex 16 also diminishes reactivity of the carbonyl
function B.

It is apparent from examination of the canonical forms of the
complexes 16 and 17 that the stabilization of 16 is due to the
ar-electron donating capacity of the methoxy substituent 18. For
the same reason, 16 possesses a higher degree of enolate

CH,0 CH;0 CH,04
e > h,O < o
6__1 OLi OLi
w6 o 18
CH,O0%,
.0
OLi
Lit
J OLi OLi
CH;0 CH;0__« CH;0
| O > | O < + 0O
H H
e} 0} 0
17

character and, since enolized carbonyl groups resist reduction
by metal hydrides (14), the complex 15 is reduced in preference
to 16. The observed selectivity is a net result of these two
effects.

Steric effects, if any, are clearly less important. Evidently,
the results of reductions of 7a and 7b could be interpreted in
terms of steric control in the follow manner. The methyl
substituent occupies “more space” in the immediate vicinity of
the carbonyl function (B) than the methoxy group occupies in
the immediate vicinity of the carbonyl function {«). Similarly,
the phenyl group, which may assume a position perpendicular to
the plane of the anhydride ring as shown in 19, is more sterically
important than the methoxy substituent. Thus, both the methyl
and phenyl groups could, in theory, hinder the approach of a
nucleophile, particularly a bulky selectride, toward the neigh-
bouring carbonyl function more effectively than the methoxy
group. However, if steric effects alone were involved, we
would expect reversed regioselectivity in reductions of the
unsubstituted methoxymaleic anhydride 7¢, where steric com-
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19

petition is between the methoxy group and the hydrogen atom.
This, of course, is not the case; the regioselectivity in the
reduction of 7c¢ follows the pattern observed in reductions of
other methoxymaleic anhydrides. In all the reductions studied
only the lactone 9¢ was obtained and we were unable to detect
any evidence of the isomeric lactone 10c¢ in the crude reaction
product.

The results obtained from reductions of methylmaleic anhy-
dride suggest that the steric effect of a methyl substituent
situated in the plane of the anhydride ring is only marginal (see
Table 2). In a preliminary communication (4) on selectride
reductions we have reported that, while NaBH, reduction of
methylmaleic anhydride 20 gave mostly lactone 21, the reduc-
tion with K-selectride yielded lactone 22 as the principal
product. Systematic study of methylmaleic anhydride reduc-
tions with a variety of metal hydrides, under different reaction
conditions (Table 2), has shown that the preliminary results
were incorrect. The error was most likely due to the selective
loss of the lactone 21 during work-up and distillation. In the
present study we have examined, by proton nmr and gc/ms, the
crude reaction products before attempting isolation and purifica-
tion of the lactones. The results show that in all cases
preferential reduction occurs at the carbonyl function next to the
methyl group. The highest proportion (25-30%) of the alternate
lactone 22 was obtained in the reduction of 20 by L-selectride,
carried out at room temperature.

O 0O
CH3 a CH3 CH3
e | O | O
B
O (0]
20 21 22

Under the usual reaction conditions (temperature — 78°C —
—30°C) the product distribution ratio is only marginally
affected by the size of the nucleophile, which suggests that the
steric effect is feeble.

What does affect regioselectivity of these reductions, if the
steric effect is ruled out, chelation is not applicable, and the
stabilization of the enolate 23 is weak in comparison to the
stabilization of enol 18?

The ab initio calculations performed for the “naked” methyl-
maleic anhydride (24) show a small difference in the magnitude
of the LUMO coefficients on the carbon atoms of the two
carbonyl groups. We should point out that this difference is

)
o .~ O
HunC Y CH;—0Y
T
A Lo w i)
OLi OLi
23 18

considerably larger in methoxymaleic anhydride, 25. Since the
size of the LUMO coefficient correlates well with the reactivity
of a carbonyl function toward a nucleophile, these results

indicate that the carbonyl group adjacent to the methyl substi-
tuent is intrinsically more reactive than the B-carbonyl group
and is attacked preferentially even by a sterically demanding
selectride reagent. These considerations are supported by the ab
initio calculations (Gaussian 70 program with a minimal
STO-3G basis set) (16). The study of protonation of methyl-
maleic anhydride® indicates that the association of H* with the g

0% _0.356 0% _0.38
CH; ~ LuMo CH;0 " Lumo
[ O coefficients I O coefficients
6B\— 0.348 o'B\—0.342
24 25

carbonyl group is favoured by 3.0kcalmol™! (26, 27) which
confirms the slight stabilizing effect of methyl substituent as
illustrated in 23. The calculations also show that the H™ attack
should occur preferentially at the a-carbonyl group, 28 and 29.

H+
0 o
CH; CH,
| O | O
0, 0
26 27
E (kcal mol™) =3 0

For both structures 28 and 29, the optimal position for
hydride attack, at the distance of 2 A, was found to be above the
double bond and at the angle of 110° to the plane of the carbonyl
group. We did not optimize the position of H™ attacking the
carbonyl group — H™ complex. The calculations carried out for
perpendicular attack showed slight, but consistent, preference

28 29
E (kcal mol™) 0 -7.5

for the a-attack. Hence, the intuitive interpretation of the
experimental results in terms of electronic effects is supported
by ab initio calculation.

Conclusion

The present studies indicate that the regioselectivity of metal
hydride reductions of substituted maleic anhydrides is only
marginally affected by steric congestion. The principal factors
controlling regioselectivity of these reactions appear to be
electronic in nature. These effects seem to be the following: (1)
intrinsic reactivity of the carbonyl group adjacent to phenyl,
methyl, or methoxy substituent; (2) activation of the carbonyl
function next to the methoxy substituent by chelation with a
counterion; (3) deactivation of the carbonyl function capable of
forming (by electron-releasing substituent) stabilized enolate.

“The geometry for the parent maleic anhydride was obtained from
the crystallographic data (17a). For the methyl substituted maleic
anhydride, standard bond lengths and bond angles were used (175).
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Experimental

Proton and *C nmr spectra were recorded on a Varian HA-100
spectrometer in CDCl; or (CD3),CO as solvent and TMS as internal
standard. The gc /ms spectra were obtained on a VG mass spectrometer
with a DANI 7070 gas chromatograph, and infrared spectra on a
Beckman TR-20 instrument,

The general procedure for the reactions with LiAlH4 and NaBH, is
described in ref. 15. The selectride reductions were carried out as
follows: an anhydride (0.003 mol) was dissolved in dry, freshly
distilled THF (100 mL). The mixture, flushed with a constant slow
stream of dry N;, was cooled in a Dry Ice — acetone bath. Li-, Na- or
K-selectride (1 M in THF, 10 mL) was injected slowly into the reaction
flask. The reaction was stirred for 2h while the temperature was
allowed to rise slowly to —30 or —20°C. At that time NaOH (4 N,
2ml) and 30% H,0, (3 mL) were added and stirring was continued
overnight. The reaction mixture was acidified with 6 N HCI, reduced
on a rotatory evaporator, and extracted several times with chloroform
and diethyl ether. The combined organic layers were evaporated to
dryness.

2-Methoxy-3-phenylmaleic anhydride, 7a

Condensation of phenylacetonitrile with diethyloxalate in the pres-
ence of sodium hydride (50% oil dispersion) gave ethyl (3-cyano-3-
phenyl) pyruvate: mp 129-130°C (18); proton nmr 3 (CDCls): 1.40 (t,
3H), 4.40 (q, 2H), 7.25-7.50 (m, 3H), 7.60-7.80 (m, 2H). Methyla-
tion of the pyruvate with dimethyl sulfate - K,CO; gave ethy!
(3-cyano-2-methoxy) cinnamate; proton nmr 8 (CDCl3): 1.40 (t, 3H),
3.8 (s, 3H),4.43 (g, 2H), 7.30-7.50 (m, 3H), 7.60-7.80 (m, 2H). The
hydrolysis in concentrated HCl /glacial acetic acid gave anhydride 74
as pale needles (yield 80%); vi.x (KBr): 1835, 1765, and 1635 cm™;
proton nmr 8 (CDCl;): 4.30 (s, 3H), 7.35-7.50 (m, 3H), 7.85-8.00
(m, 2H). These results are in agreement with the data reported in the
literature (7).

Reductions of 2-methoxy-3-phenylmaleic anhydride, 7a

Reductions carried out according to the general procedures gave
80-90% isolated yields of reduced products (8¢ and 9a). Crude
products were analyzed by proton nmr. Separation by chromatography
in hexane-ether (1:4) gave 4-hydroxy-3-methoxy-2-phenylbut-2-
enolide 8a: mp 132-134°C; v, (KBr): 3280, 1715, and 1650 cm™;
proton nmr 3 ((CDs),CO): 4.16 (s, 3H), 6.35 (s, 1H), 7.20-7.55 (m,
3H), 7.80-8.05 (m, 2H); and 3-methoxy-2-phenylbut-2-enolide 9a:
mp 123-124°C; vy, (KBr): 1745, 1645cm™; proton nmr §
((CD»),CO): 4.15 (s, 3H), 5.15 (s, 2H), 7.26-7.45 (m, 3H),
7.85-8.12 (m, 2H).

2-Methoxy-3-methylmaleic anhydride, 7b

Under the continuous flow of N, sodium hydride (60% suspension
in oil, 61.0 g) was washed with two portions of hexane and one of dry
diethyl ether. After decanting solvents, a fresh diethyl ether (800 mL)
was added. Absolute ethanol was added dropwise until evolution of H,
ceased. The reaction mixture was cooled on an ice bath. Diethyl oxalate
(209.0 g) followed by ethyl propionate (130.0g) wre added to the
stirred mixture. The reaction mixture was refluxed for 2 h 45 min, then
cooled, diluted with ice water, and acidified with 6 N HCl to pH 2. The
mixture was extracted with three 500-mL portions of ether. The
combined organic layers were dried over CaCl, and reduced on a
rotatory evaporator. Vacuum distillation of the residue gave B-methyl-
oxalacetic ester (1.0 Torr (133.3 Pa), 85-95°C, 157 g, 63% yield). The
ester was methylated with dimethyl sulfate — K,COj3 according to the
procedure described by Knight and Pattenden (7). The resulting diethyl
ether 11 (20.0 g) was refluxed for 2 h with 4 N KOH (100 mL). After
cooling, the mixture was acidified with 6 N HCl and extracted with five
100-mL portions of ether. Ethereal extracts were dried over anhydrous
MgSO, and the solvent was removed. The product obtained gave ir and
nmr spectra identical to those described in the literature (8): mp
40-42°C; vpay (CHCL3): 1875, 1775, and 1675 cm™!; proton nmr &
(CDCl3): 4.25 (OCH5), 2.10 (CH3). The yield was 71%.

Reduction of 2-methoxy-3-methylmaleic anhydride, 7b
The reductions of 7b according to the general procedures gave

75-80% yields of isolated reduced products. Crude products were
analyzed by proton nmr. Separation on thick-layer chromatography
gave 5-hydroxy-4-methoxy-3-methyl-furan-2(5H)-one, 8b: mp 93°C
(crystallized from benzene); vy 3315, 1750, 1733, 1686cm™;
proton nmr 8 (CDCl): 1.79 (s, 3H), 4.07 (s, 3H), 5.96 (CHOH), 6.2
(OH); and 4-methoxy-3-methyl-furan-2(5H)-one, 9a: vp., (KBr):
1740 and 1665 cm™'; proton nmr & (CDCl3): 1.75 (m, 3H), 3.97
(s, 3H), 4.67 (m, CH,). The spectral data are identical with those
described in the literature (19).

Methoxymaleic anhydride, 7¢

Tartaric acid (103 g) was placed in a round-bottom flask, to which
freshly distilled acetic anhydride (220 mL) and concentrated H,SO,
(6 mL) were added slowly. The mixture was stirred until all solid was
dissolved. The solution was warmed and refluxed briefly (20 min).
White crystalline diacetyltartaric anhydride precipitated on cooling. It
was filtered, washed with cold dry ether, and dried. The yield of pure
product was 118 g. Diacetyltartaric anhydride (26.0 g) was placedina
flask containing dry acetone (40 mL) and heated gently until dissolved.
The solution was cooled in an ice bath to 10°C and dry pyridine (18 mL)
was added with stirring. After a few minutes the colour of the reaction
mixure changed from colourless to yellow-green. Glacial acetic acid
(14 mL) was added in one portion with vigorous stirring to the mixture
cooled below 10°C. The mixture was left overnight in a refrigerator.
Pyridinium salt crystallized as fine, brown needles. It was filtered and
washed with ice-cold dry diethylether (yield 15.2 g). The alcohol-free
diazomethane (2.0 mg in 150 mL of dry ether) was added to a dry THF
(200 mL) solution of the pyridinium salt (3.69 g). The solution was
allowed to react for 30 min at 0°C. Then AlICl; (0.95 g) dissolved in dry
ether (30 mL) was added. The reaction mixture was stirred for 1 h at
room temperature., The white, flaky precipitate was removed by
filtration. The organic solvents were removed and the product distilled
at reduced pressure (0.5 Torr, 111°C) (ref. 12). The yield of 7¢ was
2.45 g, 100%; vz (CHCL3): 1860, 1775, and 1645 cm™; proton nmr &
(CDCl,): 4.05 (s, 3H), 5.75 (s, H); ms: M* 128, M* — 44, 84,

Reductions of methoxymaleic anhydride, 7c

Reductions carried out according to the general procedures gave only
the lactonic product 9¢. The isolated yields varied between 60 and
94%. In general the best yields were obtained with LiAlH,, the poorest
with NaBH,. The selectride reductions produced 9¢ in 70-85% yields;
9¢: Vpax (CHCl3): 1785, 1745, and 1640 cm™"; proton nmr & (CDCls):
3.92 (s, 3H), 4.55 (s, 2H), 5.05 (s, 1H), ms: M™* 114, 85, 69, 56.

Reductions of methylmaleic anhydride, 15

Reductions were carried out according to the general procedures.
The variations in time and temperaturc as well as the yields and ratios of
lactonic products obtained are shown in Table 2. Lactone 15a: proton
nmr § (CDCls): 2.14 (CH3), 4.73 (d, CH;—O0), 5.87 (m, 1H); ms: M*
98. Lactone 15b: proton nmr & (CDCl;): 1.95 (CHs), 4.77 (1, CH,0),
7.15(q, 1H); ms: Mt 98,
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Thionium analogs of the opiates levorphanol and isolevorphanol: synthesis of the
17-deaza-17-thia isosteres (sulforphanol and isosulforphanol)
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B. BELLEAU, U. GULINI, R. CaMicioLl, B. I. GOUR-SALIN, and G. SAUVE. Can. J. Chem. 64, 110 (1986).

The total synthesis of the position-17 sulfur analogs of the perchlorate salts of the morphinans, (*)-levorphanol and
(*)-isolevorphanol via 4a-(2-aminoethyl)-1,2,3,4,4a,9-hexahydro-6-methoxyphenanthrene, a key intermediate in the synthesis
of butorphanol (4), is described. 2D-Correlation and heterocorrelation nuclear magnetic resonance spectroscopy confirmed the

configurational relationship of the isosteres.

B. BELLEAU, U. GuULINI, R. CamMicioLl, B. J. GOUR-SALIN et G, SAUVE. Can. J. Chem. 64, 110 (1986).

On décrit la synthése totale des analogues portant un atome de soufre en position 17 des perchlorates des morphinanes,
(*)-1évorphanol et (*)-isolévorphanol; ces synthéses se font par I'intermédiaire du (amino-2 éthyl)-4a hexahydro-1,2,3,4,4a,9
méthoxy-6 phénanthréne, un intermédiaire clé dans la synthése du butorphanol (4). La rmn, corrélation 2D et hétérocorrélation, a
permiis de confirmer les relations configurationnelles des isostéres.

Introduction

In a previous publication (1) a rationale was presented that
ascribes a fundamental role to the directionality of the nitrogen
lone pair of morphinan-like structures in a stereocontrolled
proton transfer process at the opiate receptor level. Structure—
activity relationship studies (2) led to the conclusion that
sulfonium salt analogs of well-known opiates like levorphanol
and isolevorphanol 1a,b would help clarify the separate roles of
ion pairing and hydrogen bond complex formation (as in a
proton transfer complex) at the key counter anionic site level of
the receptor. The key structural feature deserving exploitation
here centers on the fact that the sulfonium ion cannot carry a
proton-like tertiary amine, so that its incorporation as a
substitute for the basic nitrogen of an opiate such as levorphanol
should yield useful information about the role of the nitrogen
lone pair (and its attached proton) in productive interactions
with the receptors. In order that an unambiguous answer to this
question may be secured, it is essential that the receptor probe
engages in a unique mode of binding, as is the case for
morphinan-like structures whose enantiomers are discriminated
against in an absolute manner by the receptor binding sites,
hence our choice of the levorphanol and isolevorphanol
geometries as the patterns for the generation of sulfonium
isosteres. In a preceding article (1), we described the synthesis
of the sulfonium analog of isolevorphanol (isosulforphanol 3a)
using a strategy patterned after that of Grewe and Mondon for
the generation of morphinans (3). As it turned out, this strategy
as applied to analogous sulphur-containing, non-nitrogenous
intermediates led exclusively to the isomorphinan geometry
(trans B /C fusion 3a) rather than the morphinan stereochemis-
try 2a, the usual well-known outcome of the Grewe process.
The structure of the isosulforphanol 3a thus obtained (as well as
that of an unexpected by-product) was established by single
crystal X-ray analysis (1). It became obvious then that a
different synthetic strategy had to be conceived in order to
generate the isomeric sulforphanol analog 2a (cis B /C fusion).
It is the purpose of this communication to describe such a
selective but bifurcate strategy, allowing as well for an
alternative and efficient synthesis of the already described
isosulforphanol analog 3a.

'Permanent address: Department of Chemical Sciences, University
of Camerino, Camerino, Italy.
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The synthetic strategies leading to 2 and 3 are outlined in
Scheme 1. The starting material 4 is the key intermediate in the
commercial synthesis of butorphanol (4), and we endeavored to
replace its amine function by a hydroxyl group that could then
be transformed into a thiol group. In principle, a more direct
approach to this transformation would involve reaction with a
pyridinium intermediate with a suitable thiolate anion, a
sequence based on Katritzky’s method (5). Although the requi-
site 2,4,6-triphenylpyridinium intermediate could be easily
obtained from 4, all attempts at reacting it with a variety of rele-
vant nucleophiles (thioacetate, thioxanthate, thiourea, acetate,
iodide) failed to give any of the desired products (aromatization
of ring B being the major event). In a parallel fashion all attempts
at diazotization of 4 and its N-acetyl or 3,5-dinitrodibenzoyl
derivatives (6) failed to yield any of the corresponding alcohol
6 or its esters. We thus turned our attention to a transamination
process, with the hope of generating aldehyde intermediate §.
Attempts to extrapolate the recently developed method of
Buckley and Rapoport (7) to amine 4 using a 4-formyl-1-methyl
pyridinium salt led to disappointing results, only very small
yields of aldehyde 5 being formed. However, the use of excess
ninhydrin under controlled conditions led to the desired alde-
hyde 5 in acceptable yields. Its structure was readily confirmed
by spectroscopic methods and by borohydride reduction in high
yield to the corresponding alcohol intermediate 6. Access to this
key intermediate provided an opportunity to develop an im-
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proved process for the production of the isosulforphanol 3
previously synthesized (1). Thus hydroboration of 6 in the
expected anti-Markovnikov fashion (8), followed by peroxide
oxidation, produced diol 10a exclusively, as judged by nmr
spectroscopy. The corresponding bis-mesylate 105 was readily
obtained; this, upon treatment with sodium sulfide, led in good
yield to the isosulforphan derivative 11a, which was identical in
every respect with an authentic specimen. It was transformed
into the isosulforphanol 3a as previously reported (1), and into
3b by reaction with allyl bromide (the structure of 3a having
been established by single crystal X-ray analysis). Attention
was then turned to the generation of the sulforphanol stereo-
chemistry as in 9 (cis B/C fusion). We have previously shown
(9) that angularly substituted hexahydrophenanthrenes analo-
gous to 6 can be isomerized stereospecifically to conjugated
forms like 7 to yield exclusively the product of B-face
protonation at the B/C ring junction, thus allowing for the
smooth generation of the desired cis fusion of the two rings.
Intermediate 6 was therefore treated with potassium rers-
butoxide in DMSO (9), whereupon 7a was obtained in good
yield as judged on the basis of its nmr characteristics (distinct
olefinic protons and expected coupling constant for a bridge-
head proton). It was converted to the tosylate, which upon
treatment with potassium thioacetate yielded thioacetate 8a
readily and then thiol 85 after base-catalyzed deacetylation.
After extensive experimentation, this air-sensitive thiol could
be induced to undergo photochemical cyclization in 25-35%
yields to the sulforphan derivative 9a. Conclusive evidence that
9a is the B/C-cis isomer of the established structure 11a was
adduced by correlated homo- and heteronuclear nmr spectro-
scopy (Figs. 1-4) (10). The 'H and '*C nmr chemical shifts are
given in Tables 1 and 2 respectively. The structure of 3a, as
noted previously, was established from an analysis of its X-ray
crystal structure.

Because the X-ray crystal structure of 2 is not yet available,
evidence for its morphinan-like structure rests in part on the

obvious presence in 9a of the benzylic CHjpa, s—CHs—CH 4
system, which in the nmr spectrum displays absorption charac-
teristics closely similar to those of 11a (9a, 3.15 (H,p4, ArCH),
3.47 (H,os, ArCH) (AB portion of ABX pattern, Ju,, n,,, = 16
HZ, JHIOA»H9 =6 HZ), lla, 3.24 (HIOA! AICH), 3.56 (HIOBa
ArCH) (AB portion of ABX pattern, Jy, , 1, = 16 Hz, Ju,,, 1,
= 6 Hz). The configurational relationship between 2 and 3a was
deduced from an analysis of the variations in 'H and '*C nmr
chemical shifts in compounds 11« and 9a.

The H-15,, appears at 2.53 ppmin 11a and at 1 .84 ppmin 9a.
The downfield shift experienced by this axial hydrogenin 11a is
similar to that of the hydrogen of an axial methyl group on a
cyclohexane ring (11). In the case of 9a, this interaction is
removed and, as a consequence, the signal representing H-15,,
has shifted upfield by 0.69 ppm. The most dramatic change was
observed with H-8,,. This proton experiences two steric
interactions, downfield shifting, paramagnetic in nature, with
C-15,, and S-17. When rings B and C are cis fused as in 9a,
these two interactions are removed and the observed shift
difference of —0.99 ppm (an average of 1.3 & was used for
H-8,4 eq in 9a) may be viewed as a reflection of this change. It is
also interesting to note that the H-6,5 and H-6,4 protons in 11a
appear at the same place (1.66 ppm) in spite of the anticipated
shift difference between them (0.55 ppm: cyclohexane (12)).
This is obviously due to its proximity to the H-15,,, which
imparts a downfield shifting effect on H-6,,, thus offsetting the
expected shift difference between H-6,, and H-6,4 protons.

The diastereomeric relationship between 11a and 9a is also
evident from their relative C-13 nmr chemical shifts. The most
characteristic change is seen at C-15. This carbon has two
y—gauche interactions with C-6 and C-8 in 11a and therefore is
expected to be shifted upfield. In 9a, the C-15 carbon has an
anti-relationship with these two carbons and hence should be
shifted downfield, as compared to 11a. The observed 12.89-
ppm downfield shift of C-15 from 11a to 9a confirms this
change in geometric relationship. Also consistent is the upfield
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Fic. 1. Contour plot of the COSY 45 map of the aliphatic region of 3-methoxy-17-deaza-17-thiamorphinan (9a); 256 were recorded
(4 scans/spectrum). The matrix was 1024 X 1024 data points. The data were processed with a sine bell function.

shift (—5.07 ppm) of the C-12 carbon. In 11a this carbon is anzi
to both C-6 and C-8, whereas in 9a these are gauche to it. The
reduced upfield shift, as compared to C-15, may be due to the
absence of attached protons on the C-12 atom. The upfield shift
(—5.2 ppm) experienced by C-10 in 9a is also in accordance
with the geometric changes required when 11a is formally
converted into 9a, namely an additional y—gauche interaction
with the C-8 atom. The downfield shift (5.02 ppm) of C-14
(from 11a to 9a) may have its origin in the reversal of the
relative orientations of the C-15 and C-12 atoms which are 8 to
the C-14 atom.

The 'H and *C nmr shift differences therefore corroborate
each other and support the geometric changes required in the
formal conversion of 1la into 9a, thus establishing the
diastereomeric relationship between 11a and 9a.

Sulforphan intermediate 9a was O-demethylated using boron

tribromide to give 9b, which was S-methylated with methyl
iodide to yield a mixture of the two possible methyl sulfonium
iodide salts 2a (ratio of 55:45 as estimated by nmr). This result
is in marked contrast to that observed with isosulforphan 115,
which gives a single sulfonium salt, that in which the S-methyl
assumes the equatorial configuration (1). This different beha-
viour of 95 can only be ascribed to the absence of steric
interference by ring C to an axial approach of the methylating
reagent. However, the trans-B/C geometry of the isosulfor-
phan isomer 115 effectively prevents such an axial approach.
Separation of the two geometrical isomers 2a by chromato-
graphic methods could not be achieved in a practical manner.
Fractional crystallization of the iodide, perchlorate, or hexa-
fluorophosphate salts was also unproductive. However, separa-
tion into the a-(equatorial) and B-(axial) (25 and 2¢) isomers
could be achieved using the picrate salts.
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spectra were recorded (16 scans /spectrum). The matrix was 1024 X 512 data points. The data were processed with line broadening in the detection

domain and with a pseudo echo shape function in the evolution domain.

The configuration of the S-methyl groups of the two
sulfonium salts was assigned unambiguously by '*C nmr
spectroscopy as based on well-known precedents (13). The
relevant chemical shift assignments were made by 2D-
homocorrelation and 2D-heterocorrelation nmr and the results
compared with those previously reported for the case of
2H-tetrahydrothiapyran and the corresponding isomeric S-
methyl salts (13). An axial S-methyl induces a smaller down-
field shift (B-interaction) at the (3-carbons than an equatorial
S-methyl. The relevant 'H and '*C nmr data for epimers 24 and
2¢ are assembled in Tables 1 and 2, from which it can be
deduced that the former has its S-methyl equatorially oriented
and the latter has the same group axially oriented. Noteworthy
are the C-14, C-15, and C-18 of 2¢, which resonate upfield
relative to those of 2, whereas C- 10 of the latter appears upfield
relative to the same atom in 2¢. These differences originate from
Y-gauche interactions as well as a B-interaction with C-16 of
the S-methyl group, as quantitatively specified in Table 2.

Supporting evidence for the assignment of configurations 26

and 2¢ was obtained from the geminal 2/(H,H) values for the
H-16,4 cq protons. These amounted to 12.2 and 14.0 Hz for 2b
and 2c¢, respectively, in agreement with the experimental
evidence of Fava and co-workers for relevant S-methylthionium
cations (14).

The question of the relative thermodynamic stabilities of the
equatorial (2b) and the axial (2¢) epimers was answered by
submitting each isomer to conditions of equilibration in
acetonitrile-d; at 110°C for 1 week according to a previously
established protocol (13). The ratio of epimers was monitored
by nmr, using the relative peak intensities of the S-methyl
groups at 2.86 (axial) and 2.76 ppm (equatorial) as the reference
peaks. At equilibrium, both epimers yielded an identical K.q
value of 2.33, which translates in a AGSg; value of —0.66
kcal /mol in favor of the axial configuration. An examination of
CPK models revealed that in the equatorial orientation (25), the
S-methyl is in very close contact with C-10 (hindering free
rotation of the methyl) whereas in 2¢, the axial methyl does not
suffer serious repulsions or rotational restrictions. This reversed
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order of configurational stabilities for a methyl substituent
relative to cyclohexane models has its origin in the relief of
1,3-diaxial compressions associated with the longer C—S
bonds (=1.8 A). This result parallels those of Eliel and Willer
(13) who also observed substantial destabilizing gauche interac-
tions (AG373 = 1.2 kcal /mol) for an equatorial S-methyl in the
cis-1-thiadecalin series. With 25, the analogous destabilizing
interaction is estimated to approach a similar value.

Preliminary pharmacological testing, using the experimental
protocol already defined (1), indicated that the isomer mixture
2a is significantly more active than isosulforphanol 3a.

Experimental

General

Melting points and distillation temperatures are uncorrected. Infra-
red spectra were recorded on a Perkin~Elmer model 297 spectrometer.
Proton nuclear magnetic resonance (‘H nmr) spectra were measured
using a Varian XL-200 spectrometer. The 2D nuclear magnetic
resonance experiments were carried out using a Varian XL-300
spectrometer. Tetramethylsilane was employed as the internal standard

for all compounds. Mass spectrometric measurements were recorded
on a Dupont 21-492B or LKB 9000 mass spectrometer.

1,2,3,4,4a,9-Hexahydro-6-methoxy-4a-phenanthrylacetaldehyde 5
The hydrochloride salt of 4a-(2'-aminoethyl)-1,2,3,4,4a,9-hexa-
hydro-6-methoxyphenanthrene 4 (2.5 g, 8.5 mmol) was dissolved in
saturated aqueous NaHCOj; solution (50 mL) and extracted with chloro-
form (3 X 50 mL). The organic extracts were dried and the solvent
removed in vacuo. To the residue was added ethanol /water (1:1 v/v)
(100 mL), followed by ninhydrin (6.0 g, 33.7 mmol) also dissolved in
ethanol/water (1:1v/v) (100mL). If the reaction mixture became
gummy an additional 100 mL of ethanol was added. The reaction flask
was wrapped in aluminum foil and stirred under nitrogen for 30 min,
after which time solid NaHCO, (7.5 g, 0.09 mol) was added. Stirring
under nitrogen was continued for an additional 14 h and the ethanol
evaporated in vacuo. The aqueous layer was extracted several times
with ethyl acetate and the combined extracts washed with water, dried,
and the solvent evaporated. The blue residue was purified by flash
chromatography (8in. X 1in. silica gel 60 (230—400 mesh)), using
hexane /ethyl acetate (9:1 v/v) as the eluent, to give a colourless oil
that crystallized from hexane to yield 1.36 g (5.3 mmol, 62% yield) of
white crystals; mp 72-74°C; ir (CHCly): 2815, 2715, 1712, 1610,
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% TaBLE 1. 'H chemical shifts (ppm) in the nmr spectra of sulforphan pairs of analogs 11a/9a and 2b/2¢ respectively
(@)

Position of hydrogen

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 18 19
11a 2.15. 1.66  1.87, 2.29, 2.79 3.56, 1.87  2.53, 2.45,
1.48, 135, 1.50, 3.25, 1.26, 2.21,
94° 7.06 672 — 6.77 2.24. 1.46, 1.64 142, 2.73 3.47, 2.12 1.84, 2.49,
1.35, 1.20, 1.21, 3.15, 1.71, 2.18,
LACH)Y? -0.21 —0.99 —-0.69,
| 0.45,
L2 7.11 6.74 — 6.77 2.37. 1.54. 1.67. 1.58, 3.75 3.42, 2.20 ~1.90 3.23, 2.76 6.95
:’ 1.42, 1.19, 141, 1.30, 3.22, 2.61,
2¢° 7.06 6.74 — 6.79 232, 1.54, 1.72, 1.50, 3.55 3.58, 232 213, 2.96, 2.86 6.95
1.50, 1.14, 141, ~1.22, 3.10, 1.75. 2.63,

“Solvent for nmr, CDCl;.
®Negative and positive values represent upfield and downfield shifts, respectively, for the change from 11a to 9a.
°Solvent for nmr, CD5;CN.
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TABLE 2.

13C chemical shifts (ppm) in the nmr spectra of sulforphan pairs of analogs 11a /9a, 9a/2b, and 9a/2c, respectively, and the relevant

shift differences (A)

Position of carbon

1 2 3 4 5 6 7 8

10 11 12 13 14 15 16 18

11a° 129.25 111.13 158.30 110.19 37.94 22.12 25.82 27.52 39.55 40.82 129.25 145.66 35.64 41.15 31.52 22.97

or or
110.19 111.13
9g°  129.30 111.18 158.45 110.87 38.05 22.31 26.94 29.60 37.17 35.62 129.51 140.59 38.40 46.17 4441 22.67
or or
110.87 111.18
ABChe 2.08 —2.38 -5.2 5.02 12.89
267 130.90 115.43 157.78 112.92 36.94 22.71 26.76 29.91 46.90 24.50 125.24 139.16 37.95 43.02 40.66 34.14 22.21
or or
112.92 115.43
APCPe 9.73 —11.12¢ -3.15" —=3.75" 11.47'
267 131.28 115.59 157.81 112.92 37.18 22.85 27.04 28.23 46.95 30.03 124.85 139.00 37.32 36.20 34.55 30.94 19.31
or or
112.92 115.59
ABcY 978 -5.59" —9.97¢ —9.86% 8.27°

“Solvent for nmr, CDCl;.

bNegative and positive values represent upfield and downfield shifts respectively.

“Change from 11a to 9a.

4Solvent for nmr, CD,CN.

“Change from 9ato 2b.

fChange from 9a to 2c.

8y-gauche interactions; based on ref. 13, the expected value is —10.
hy—anti interactions; expected value (13) is —4.

‘B-interactions; expected value (13) is 11 (an axial S-methyl may accordingly be expected to be deshielded more weakly by about 6 ppm; however, the trend is in the

correct direction).

1574, 1500, 1460, 1444 cm™'; 'H nmr (CDCl3) 8: 1.2-2.5 (m, 8H),
2.55,3.12 (d of ABq, CH,C(O), J = 4Hz,J = 16 Hz), 3.25-3.4 (m,
CH,Ar), 3.8 (s, OCH3), 5.75 (s, CH—C(RZ)) 6.7-7.1 (m, 3H, ArH),
and 9.25 (m, C(O)H); m/e: 212 (M — CH;C(O)H), base peak).
Anal. caled. for C7H3¢0,: C 79.65, H 7.86; found: C 79.64, H 7.88.

4a-(2' -Hydroxyethyl)-1,2,3,4,4a,9-hexahydro-6-methoxy-
phenanthrene 6a

The preceding aldehyde 5 (0.50g, 1.95 mmol) was dissolved in
chloroform (20 mL) under nitrogen and the solution cooled to 0°C. A
slurry of sodium borohydride (0.08 g, 2 mmol) in dry ethanol was
added and the mixture stirred at 0°C for 30 min, followed by the
addition of enough 10% aqueous HCI to produce a clear solution
(10 mL). The aqueous layer was extracted with CHCl; (4 X 50 mL) and
the combined extracts washed with saturated aqueous NaCl, dried, and
the solvent evaporated in vacuo, leaving a pale yellow oil that crystal-
lized from hexane to yield 0.47 g (1.82 mmol, 93.4% yield) of the
alcohol 6 as white crystals; m|i> 78-79°C; ir (neat, oil): 3385, 1607,
1571, 1495, 1458, 1440 cm™'; 'H nmr (CDCl5) 8: 1.02—2.6 (m, 12H),
3.2-3.5 (m, 3H, CH,OH), 3.77 (s, 3H, OCHj3), 3. 63 (br s, 1H,
R,C=C(H)), 6.52~7.05 (m, 3H, ArH); m/e 258 (M), 213 (base
peak).

4a-(2'-Hydroxyethyl)-1,2,3,4,4a, 10a-hexahydro-6-methoxy-
phenanthrene 7a

The preceding alcohol 6 (1.0g, 3.87 mmol) was dissolved in
dry DMSO (20 mL) under nitrogen, the solution cooled to 5°C, and
potassium tert-butoxide (1.0 g, 9.0 mmol) added. Afterstirring at room
temperature for 48 h the mixture was cooled again, an additional quan-
tity of potassium tert-butoxide (1.0 g, 9.0 mmol) added, and stirring
continued for an additional 48 h. The mixture was poured onto water
(50 mL), extracted with methylene chloride (3 X 50 mL), and the com-
bined extracts washed several times with water (in order to remove all
of the DMSO), then dried and decolourized with charcoal. Evaporation

of the solvent left 0.9 g (3.49 mmol, 90.1% yield) of a colourless oil,
which formed white crystals from hexane; mp 73.5-75°C; ir (neat, oil):
3380, 1602, 1563, 1487, 1470, 1430, 1420 cm™"; 'H nmr (CDCls) &:
0.9-2.6 (m, 12H), 3.2-3.6 (m, 3H, CH,OH) 3.8 (s, 3H, OCH3),5.8
(Hyp,), 6.25 (Hjg,) (AB portion of ABX pattern, Jy ., = 8Hz,
JHoHyos = 16Hz) 7.6-8.1 (m, 3H, ArH);, m/e: 258 (M+) 213
(base peak).

4a-(2' -Tosyloxyethyl)-1,2,3,4,4a,10a-hexahydro-6-methoxy-
phenanthrene 7b

The above alcohol 7a (2.93 g, 11.34 mmol) was treated at 0°C in dry
pyridine (18 mL) with a solution of p-toluenesulfony! chloride (2.59 g,
13.58 mmol) in dry pyridine (5 mL). After stirring at 0°C for 20 h, the
mixture was gradually diluted with cold water, causing separation of a
light yellow solid, which was collected, washed with water, and dried
invacuoto yield 4.305 g (10.44 mmol, 92.0% yield) of the tosylate 7b;
mp 86-88°C. It was used as such in the next step. An analytical sample
was prepared by recrystallization from ether—hexane to give white
crystals; mp 90.5-92°C; ir (neat, oil): 1170, 1355cm™"; 'H nmr
(CDCl5) 8: 0.7-2.5 (m, 10H), 3.7-4.05 (m, CH,0), 3.8 (s, OCH3),
5.75 (HIO ), 6.25 (Hlo ) (AB portion of ABX pattern, JHgH.o =8 Hz
JHypuHyop = 16 H2), 6.6-7. 0 (m, 3H, ArH), 7.3, 7.6 (ABq,4H, J,

Hz, ArTs); m/e: 257 (M — Ts), 91 (base peak). Anal. calcd for
Cy4H250,S: C 69.87, H 6.84; found: C 69.64, H 6.60.

da-(2'-Acetylthioethyl)-1,2,3,4,4a, 10a-hexahydro-6-methoxy-
phenanthrene 8a

The preceding tosylate 75 (1.38 g, 3.33 mmol) was treated under N,
with potassium thioacetate (0.42 g, 3.7 mmol) in refluxing dry THF
(50 mL) for 12 h. The solvent was removed in vacuo, the residue taken
up in CHCl4 (74 mL), the solution washed with H,O (4 X 50 mL), and
the organic layer dried and evaporated in vacuo, leaving a yellowish
oil. This oil was purified by flash chromatography (8 in. X 1in. silica
gel 60 (230-400 mesh)) using hexane /ethyl acetate (9:1 v/v) as the
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eluent to give 0.7g (2.2 mmol, 66.5% yield) of a colourless oil
(homogeneous by tlc); ir (neat): 1688 cm™'; nmr (CDCl5) 8: 0.9-2.9
(m, 12H), 2.2 (s, 3H, C(O)CH3), 3.8 (s, 3H, OCH3), 5.8 (Hyo,), 6.25
(Hjo,), (AB portion of ABX pattern, Jyy,,, = 6Hz, Ju He =
16 Hz)); m/e: 316 (M), 213 (base peak).

3-Methoxy-17-deaza-17-thiamorphinan 9a »

The above thioacetate 8a (9.08 g, 28.7 mmol) was treated under N,
in dry deoxygenated THF (100mL) with a solution of sodium
methoxide (1.86g, 34.42mmol) in deoxygenated methanol. The
mixture was stirred for 3 h, the pH adjusted to 4 with 5% deoxygenated
aqueous citric acid, and the aqueous layer extracted with deoxygenated
chloroform. The combined extracts were dried, the solvent removed in
vacuo under N, and the resulting air-sensitive thiol 85 (colourless oil)
irradiated under nitrogen in deaerated benzene (air cooling) with two
GE sunlamps 136 (275 W, 110-125 VAC, 60cyc) for 54h. The
solvent was removed in vacuo and the residue purified by flash
chromatography (12 in. X 31in. silica gel 60 (230-400 mesh)) using
hexanes /toluene (3:1, v/v) as the eluent to yield a light yellow solid
that was crystallized from hexane to give 9a as white crystals (1.93 g,
25.2% vyield); mp 106.5-108°C; ir 9a (CH,Cl,): 2925, 1610, 1490,
1230 cm™!; 'H nmr 9a (CDCly) 8: 1-2.7 (m, 14H), 3.15 (Hjoa,
ArCH), 3.47 (H o3, ArCH) (AB portion of ABX pattern, Jyy,,, =
6Hz, Jy, .0 16 Hz)), 3.8 (s, 3H, OCHa3), 6.6-7.1 (m, 3H, ArH);
m/e (15): 274 M™), 213 (base peak). Anal. caled. for C;H5,0S: C
74.40, H 8.08; found: C 74.22, H 7.96; 'H nmr 86 (CDCl3) &:
1.07-2.7 (m, 14H), 3.8 (s, 3H, OCH3), 5.8 (Hyo,), 6.25 (Hyo,) (AB
portion of ABX pattern Jy 1., = 6 Hz, Jyy 11, = 16 H2)), 6.6-7.1
(m, 3H, ArH).

3-Hydroxy-17-deaza-17-thiamorphinan 9b

The preceding 3-methoxy-17-deaza-17-thiamorphinan 9a (0.5 g,
1.82 mmol) was dissolved under N5 in dry methylene chloride (10 mL)

—78°C followed by the addition of a solution (5 mL) of BBr; in
CH,Cl, (0.5 M) at —78°C. The reaction mixture was allowed to warm
slowly to room temperature and, after 18 h, it was poured onto H,O and
the aqueous layer washed with CH,Cl, (4 X 20 mL). The combined
extracts were dried, the solvent removed in vacuo, and the residue
purified by flash chromatography (6 in. X 1 in. silica gel 60 (230~400
mesh)) using CHCI; as the eluent to give a colourless oil that was
crystallized from methylene chloride to yield 0.317 g (1.3 mmol, 67%
yield) of white crystals; mp 134—136°C; ir (KBr disc): 3300, 2920,
2840, 1615, 1490, 1450, 1290, 1220 cm™!; '"H nmr (CDCl3) $:0.9-2.8
(m, 14H), 3.1 (H,OA) 3.5 (Hy0p) (AB portion of ABX pattern JHeH, os
= 6Hz, Ju,,H, 16Hz)) 4.75 (br s, 1H, OH), 6.7-7.1 (m, 3H,
ArH); m/e: %60 (M "), 199 (base peak).

o and B sulforphanol isomers 2a

The above 3-hydroxy-17-deaza-17-thiamorphinan 94 (0.60g,
2.32 mmol) was treated with CH5I (4 mL) in CH3CN (22 mL) and, after
standing for 14 h, dry ether was added to the solution, whereupon white
crystals separated. These were washed with dry ether and dried in
vacuo to yield 0.90 g (2.24 mmol, 96.4% yield) of white crystals; no
definite mp; 'H nmr (CDCl; + CF;COOD) §: 1.2-4.0 (complex m,
20H), 2.98 (s, SCH3), 3.1 (s, SCH3), 6.8—7.3 (ArH); m/e: 260 (M ™"
— CHiD), 199 (base peak). Anal. calcd. for C7H310S: C 50.75,
H 5.76; found: C 50.53, H 5.62.

The iodide salt (761 mg, 1.89 mmol) was dissolved without delay in
methanol and the solution passed through an anion exchange column in
the perchlorate form prepared as described previously (1) to yield a
methanol solution of the perchlorate salt of sulforphanol 2a; the salt
was obtained as a white solid after evaporation of the solvent. It was
recrystallized from CH;CN /hexane to give 671 mg (1.79 mmol,
94.6% vyield) of long white needles mcorporatlng the two S-methyl
stereoisomers, as judged by nmr analysis; "H nmr (CDCl; /CF;COOD)
3:1.1-3.8 (m, 20H), 2.8 (s, 3H SCHs), 3.0 (s, 3H, SCH3), 6.7-7.2
(m, 3H, ArH); m/e: 260 (M — CH;CI0y), 199. Anal. caled. for
C;7H,3ClOsS: C 54.47, H 6.18; found: C 54.49, H 6.33.

The a-(equatorial CHs) and $-(axial CHj) isomers (26 and 2¢) could
not be separated efficiently by hplc or as their perchlorate or

hexafluorophosphate salts, but could be separated as their picrate salts.
Thus treatment of the perchlorate or iodide salts mixture with sodium
picrate in aqueous ethanol gave crude yellow crystals that, after three
recrystallizations from warm ethanol, yielded 2¢ picrate as yellow
needles; mp 176-178°C. The mother liquor, upon concentration
followed by several recrystallizations of the solid from CH,CN /Et,0,
yielded pure 2b picrate as yellow needles; mp 120-122°C. The two
isomers were converted into their corresponding perchlorate salts by
the anion exchange method previously described (1) to give, after
recrystallization from CH3;CN/hexane, white crystals of pure a-
sulforphanol perchlorate (25, mp 200°C (dec.)) and its isomer 2¢ (mp
208°C (dec.)).

4a-(2' -Hydroxyethyl)-10-hydroxy-1,2,3,4,4a,9,10, 10a-octahydro-6-
methoxyphenanthrene 10a

The alcohol 6 (0.224 g, 0.95 mmol) was dissolved in CH,Cl,
(10 mL) under nitrogen and 10 M borane—dimethylsulfide (1 mL) was
added. After 1 hour, 15% aqueous sodium hydroxide (20 mL}) was
added, followed by 30% aqueous hydrogen peroxide (20 mL), and the
mixture was allowed to stand an additional 24 h. The solution was
extracted with ether, which was washed with 15% aqueous sodium
tartrate (3 X 40 mL) and H,O (2 X 50 mL). The organic phase was
dried and the solvent removed in vacuo to yield 0.26 g (0.95 mmol,
100% vyield) of the crude diol. The diol was purified by flash
chromatography (4in. X 1in. silica gel 60 (230—400 mesh)) using
hexane /ethyl acetate (1:2 v/v) as an eluent to give 0.22 g (0.81 mmol,
85% yield) of white crystals; mp 138—139°C; ir (Kbr disc): 3300, 1600,
1570, 1490, 1400 cm™"; 'H nmr (CDCl,) 8: 1.1-4. 3(m 18H) 3.78 (s,
3H, OCHa), 6.57-7.13 (m, 3H, ArH); m/e: 258 M* - H,0), 83
(base peak). Anal. caled. for C17H240,: C 73.88, H 8.75; found: C
73.86, H 8.76.

4a-(2'-Mesyloxyethyl)-10-mesyloxy-1,2,3,4,4a,9,10,10a-octahydro-
6-methoxyphenanthrene 10b

The preceding diol 10a (1.97 g, 7.1 mmol) was dissolved in dry
pyridine (100 mL) at 0°C, methane sulfonylchloride (3 mL) added,
and, after 24 h at 0°C, the mixture was poured onto water (400 mL) and
extracted with CH,Cl, (3 X 50mL). The combined extracts were
washed several times with 10% aqueous HCI (5 X 50 mL), once with
H,O (50mL), dried, and evaporated in vacuo to yield 2.77g
(6.42 mmol, 90.4% yield) of a yellow oil. This was purified by flash
chromatography using ethyl acetate /hexane (2:1) as the eluent to yield
2.60g (6.02mmol, 84.8% yield) of a white solid, which was
recrystallized from absolute ethanol to give 2.55 g (5.90 mmol, 83.1%
yield) of white crystals; mp 115-116°C; ir (CH,Cl,): 1350, 1330,
1170em™Y; 'H nmr (CDCl3) 8: 0.7-2.6 (m, 13H), 2.83 (s, 3H,
CH3S0,), 3.00 (s, 3H, CH5S0,), 3.72 (s, 3H, OCHg), 3.82-4.3 (m,
2H, CH,0SO,R), 4. 63 5.18 (m, 1H, CHOSO;R), 6.53-7.17 (m, 3H,
ArH); m/e: 337 (M — CH3SOsH, 213 (base peak). Anal. calcd. for
C1gH2305S,: C 52.75, H 6.52; S 14.67; found: C 52.68, H 6.63, S
14.56.

3-Methoxy-17-deaza-17-isothiamorphinan 11a

The above dimesylate 105 (2.4 g, 5.5 mmol) was treated in absolute
ethanol (300mL) with sodium sulfide nonanhydrate (14.5g,
60.4 mmol) under N, and the mixture heated under reflux for 20 h.
After cooling, the solvent was removed in vacuo, methylene chloride
added to the residue, the suspended sulfur filtered off, the filtrate dried,
and the solvent removed in vacuo to leave a yellow oil. This was
purified by flash chromatography (6in. X 1in. silica gel 60 (230-
400 mesh)) using hexane /ethyl acetate (25:1 v/v) as the eluent to give
1.02 g (3.72 mmol, 66.9% yield) of white crystals; mp 73—74°C; ir
(neat, oil): 3300, 1600, 1570, 1490, 1400 cm™'; 'H nmr (CDCl;) &:
1.1-2.8 (m, 14H), 3.24 (Hy,, A"rCH) 3.61 (Hiq,, ArCH), (AB por-
tion of ABX pattern, Jy,, u,, = 16Hz, Jy n,, = 6Hz)), 3.8
(s, 3H, OCHs), 6.7-7.0 (m, 4H ArH); m/e: 274 (M "), 213 (base
peak). Anal. caled. for C7H,,08S: C 74.40, H 8.08; found: C 74.61,
H8.17.

3-Hydroxy-17-deaza-17-allylthionium-17-isothiamorphinan
bromide 3b
3-Hydroxy-17-deaza-17-isothiamorphinan (0.222 g, 0.853 mmol)
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was prepared by O-demethylation of 11a as previously described (1)
and treated in dry acetonitrile (3 mL) with allylbromide (4.1 mL) under
N,. After 42 h, the solution was poured onto dry ether and the solid col-
lected, washed with dry ether, and recrystallized from acetonitrile /ether
to yield 273 mg (0.72 mmol, 84.0% yield) of white crystals; mp 131~
133°C (dec.). Anal. caled. for C;gH,sBrOS: C 59.84, H 6.61;
found: C 59.93, H 6.55.
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Interfering effects of different cations on the atomic absorption signal of platinum can be completely eliminated by adding
n-butylamine. The releasing action of n-butylamine comes through the formation of a volatile, platinum—amine complex, so the
platinum species reaching the flame will normally be independent of the original composition of the solution. The inhibition
release titration method has been used in studying the interfering effects to achieve a determinate characterization of compound

formation.

M. A. MosTaFa et M. A. KaBIL. Can. J. Chem. 64, 119 (1986).

Les interférences de divers cations sur 1’absorption atomique des signaux du platine peuvent étre complétement éliminés par
I’addition de n-butylamine. L’effet de relargage de la n-butylamine provient de la formation d’un complexe volatil
platine—amine qui fait que les especes platiniques qui atteignent la flamme seront normalement indépendantes de la composition
originale de la solution. On a fait appel a la méthode de titration avec €limination de I'inhibition pour étudier les effets
d’interférence et obtenir une caractérisation déterminée de la formation du composé.

Introduction

The determination of platinum by atomic absorption spec-
troscopy (AAS) has been reported in the literature (1-3).
Lockyer and Hames (4) observed serious interferences from
several metal ions. Addition of copper sulphate with a concen-
tration above 20000 pg/mL overcame the interferences en-
countered from noble metals and sodium. Although copper
sulphate was added in a large excess, the interferences were not
completely eliminated. Another study (5) showed that the
serious depressive inter-element interferences of Ag, Al, Au,
Bi, Ca, Co, Cr, Fe, Hg, K, Mg, Mn, Mo, and Ni were removed
by buffering the solution with a mixture of cadmium and copper
sulphates, each at 0.5%.

The disadvantage of the above method is the limitation of the
buffer capacity in controlling interferences when some of the
offending ions are present in concentration levels exceeding
200 p.g /mL. Extraction procedures (6) have been presented to
avoid interferences from a variety of matrices. The standard
releasing agent for platinum is 1% lanthanum chloride (7).
However, such methods hinder a better understanding of the
phenomena during aspiration and atomization of the sample in
the flame.

Experimental

Solutions

All solutions were prepared from B.D.H. chemicals and Analar
grades. Stock solutions of the metals were prepared as chlorides;
aliquots were suitably diluted to give the desired metal ion concentra-
tion used for the experiments. The stock solution of platinum (7 X
10~ M chloroplatinic acid) was standardized using thiophenol (8).

Equipment

The atomic absorption spectrophotometer, Unicam SP 90A series 2,
was fitted with a new HTA phototube, No. R 270 from EMI. Air was
supplied through a PU 9003 air compressor. Acetylene was obtained
from cylinders after passing through concentrated sulphuric acid and
glass wool for purification. A continuous titration device (9) was
attached to the instrument and the results were analyzed on a CASIO
FX-502P type programmable pocket calculator. Absorbance values
were recorded with a Philips PM 8251 single-pen recorder at chart
speed of 30 cm min™'.

The instrumental parameters were: lamp current, 12 mA; wave-

'Revision received September 2, 1985.

[Traduit par le journal]

120}
[ ola
100 o/
;\3 80
- ™ . e Mg
e 0 o Sr
g 60 . . .Ca
S B
» n » Ba
& 40
20  ©-no "} P g4
a » ‘NG
0 L 1 | S 1 1
0 1 2 3 4 5 (x10-3)

Cation concn. (M)

FiG. 1. Effect of some cations on the recovery of 1.025 x 107> M
chloroplatinic acid.

length, 265.9 nm; slit width, 0.15 mm; obervation height, 1.0 cm; air

flow rate, 5.0 L min™"; fuel flow rate, 1.0 L min™",

Results and discussion

Interference of cations

Metal—metal interactions in a flame present a very compli-
cated problem. Analysts can be puzzled from data reported by
many workers in which no general observation can be con-
cluded because any proposed mechanism for an inter-element
interaction cannot be applied in general for others.

The initial study concerning the effect of different cations (as
chlorides) on the absorbance of the standard platinum solution
in an air—acetylene flame are represented in Figs. 1 and 2. It is
evident that the absorbance is changed considerably by the
foreign cations and that at a definite concentration of the
interferent a pronounced inflection is observed. The graphs
obtained when the time axis of the titration plot was converted to
molar ratio between the interfering ion and platinum showed
that the distinct breakpoints corresponded to [M ™) /[Pt] at a ratio
of 1:2, [M2*]/[Pt] at aratio of 1:1, and [M>*]/[Pt] at a ratio of
2:3 (where M™, M2™, and M>* are the mono, bi, and trivalent
cations). The ratios are directly related to the formation of
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FiG. 3. Changes in the absorption signal of 200 pg/mL (1.025 X
10> M) platinum in the presence of inorganic acids.

M,,,[PtClg] and M,[PtClg}s, according to the following equa-
tions:

2

[1] 5 M™* + H,[PtClg] = My, [PtCle] + 2HT, (n=1or2)

and
(21 2M3* + 3H,[PtCls] = M,[PtClg]ls + 6HT

Thus the data suggests a condensed phase chemical interfer-
ence in which a less volatile platinum sait is formed (10). The
general trend of the graphs indicates that the absorbance
decreases at the first stage of the titration, and after the
stoichiometry is attained the graphs plateau, except for lantha-
num. In the case of La the absorbance of platinum was restored
to about 110 recovery percentage at a concentration of 4 x
1073 M of lanthanum.

Effect of anions

It is difficult to independently investigate the influence of
anions on the absorption signal of platinum because essentially
all cations cause serious interferences on platinum. Inorganic
acids are used for the decomposition of most samples, and the
hydrogen ion has little effect on the dissociation of chloro-
platinic acid. Thus anion interferences are best investigated
using inorganic acids. The data in Fig. 3 show that the
absorption signal of platinum is affected by the nature of the acid
added. Hydrochloric and nitric acids have little influence. The

2 120}
> o—Il—o0
$100 o
3 o
o
o 80 /
60}
40 1 —_ 1 ] L
0 1 2 3 6

Molar ratio ([ n-butylamine] / [Pt])

FiG. 4. Changes of the absorption signal of platinum as a function of
the n-butylamine /Pt ratio.

decrease in the absorption signal was pronounced for other acids
when the acid concentration became greater than 0.2 M. These
acids decrease the signal even at low concentration. This may be
due to some condensed phase interferences, i.e., crystallization
of mixed salts with different thermal stabilities during evapora-
tion and disintegration of aerosol. Evaporation of chloroplatinic
acid solutions in the presence of sulphuric acid gives platinum
sulphate (11). Curves 3, 5, and 6 of Fig. 3 indicate distinct
breakpoints corresponding to [PO37]/[Pt] and [SO3~]/[Pt] at
ratios of 2:1 and [Br~]/[Pt] at a ratio of 6:1. Such ratios are
directly related to the formation of H,[Pt(SO.,),(OH),}, PtP,O,
and H,[PtBrg] which are known as less volatile compounds in
the flame (11).

Elimination of interferences

Platinum is known to form stable complexes with different
amine compounds (12). A continuous AAS titration method
was used to study the effect of n-butylamine on the chemical
interferences affecting the Pt-absorbance signal. Changes in the
absorption signal of Pt were monitored continuously and
recorded as a function of amine concentration and the data are
shown in Fig. 4. A feature of the data shown in Fig. 4 is that
the absorbance decreases and reaches a minimum at an [n-
butylamine]/[platinum] ratio of 1:1. After reaching this ratio an
enhancement occurs, reaching a maximum at about 108
recovery percentage. The behaviour of n-butylamine can be
discussed according to three main steps which take place during
the process of atomization. (i) Vaporization of the solid
Pt—amine complex, followed by its decomposition in the flame
produces platinum atoms, which instantaneously react with the
oxidizing species already present in the flame. Such reaction
yields PtO leading to the deficiency of platinum atoms, followed
by a depression in the absorption signal. (if) After a particular
stoichiometric ratio was attained at 1:1 for Pt / n-butylamine, the
decomposition of the complex may form a reducing species in
the flame, such as, CN, NH, or CH, which may react with PtO
according to the following equations:

[3] PtO + NH<=Pt+ N+ OH
[4] PO+ CN=Pt+ N+ CO

(iii) The excess of n-butylamine leads to the formation of more
reducing radicals in the flame which balance the excess of
oxidizing species and restores the absorption signal to its normal
value.

In support for the previous mechanism, Fig. 5 shows the
relatively steady decrease in the emission intensity of the OH
radical with the continuous increase in NH emission intensity as
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the n-butylamine solution is added. In such a case the
decomposition of n-butylamine gives reducing fragments (CN
and NH). Accordingly an enhancement in NH band emission
intensity has occurred (Fig. 5, graph 1). Also, such fgragments
scavenge OH radicals in the flame giving a suppression in OH
band emission intensity (Fig. 5, graph 2). Such foundations can
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Fic. 8. Distribution of platinum atoms (1.025 X 102 M) as a
function of observation height for different interferents, each in 2 X
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6, Al; and 7, K.
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Fig. 9. Distribution of platinum atoms (1.025 x 107 M) as a
function of observation height in 5 X 10 M of n-butylamine for
different interferents, each in 2 X 10~ M (O) Pt only, the others having
Pt, n-butylamine, and (A) Mg, (@) Sr, (©) Ca, (O) Ba, (A) Al, and
(m K.

be represented by the following equations:
[5] CN+NH=N,; + CH
[6] CN + OH =CO + NH

When n-butylamine is added in sufficient concentration to
samples containing interfering cations, the suppression is
gradually eliminated (Figs. 6 and 7). The data are encouraging,
except for Na, K, and Pd, where the recovery percentages are
84, 87, and 80.

The data in Fig. 8 illustrate the distribution of platinum atoms
in the presence of different cations as a function of observation
height. The effect of different concomitants were examined as a
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function of observation height in the presence of 5 X 1073 M
n-butylamine. The data were completely coincident (Fig. 9)
indicating that the formation of platinum—amine complex
is attained in solution, protecting platinum from offending
species. These data clearly illustrate the possibility of applying
n-butylamine as a good masking agent for AAS determination
of platinum.
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M. C. CHALANDRE, J. BRUNETON, P. CABALION et H. GUINAUDEAU. Can. J. Chem. 64, 123 (1986).

En plus d’une aporphine, les écorces de Hernandia peltata Meissner (Hernandiacées) ont fourni deux nouvelles bisréticulines
et 10 diméres aporphine—benzylisoquinoléine. Quatre d’entre eux sont nouveaux: la (+) northalicarpine-6 6, la (+)
N-oxythalicarpine-2’ 10, la (+) hébridamine 11 et la (+) vilaportine 12. L’hébridamine est le premier exemple de
benzylisoquinoléine—phénanthréne et la vilaportine est un dimére comportant une moitié zwitterionique. La déhydrothal-
mélatine-6a,7 9 est isolée ici pour la premiere fois a 1’état naturel. La possibilité d’une relation biogénétique entre la (+)

vanuatine et la (+) thalicarpine est envisagée.

M. C. CHALANDRE, J. BRUNETON, P. CaBALION, and H. GUINAUDEAU. Can. J. Chem. 64, 123 (1986).

The bark of Hernandia peltata Meissner (Hernandiaceae) has yielded four new dimeric alkaloids, namely (+)-6-northali-
carpine 6, (+)-thalicarpine 2'-N-oxide 10, (+)-hebridamine 11, and (+)-vilaportine 12. Hebridamine is the first example of a
benzylisoquinoline—-phenanthrene dimer and (+)-vilaportine is a dimer with an oxoaporphinium zwitterionic moiety. The
6a,7-dehydrothalmelatine 9, previously known as a synthetic compound, has been isolated from a natural source for the first
time. The possibility of a biogenetic relationship between (+)-vanuatine and (+)-thalicarpine 7 is considered.

I1 est connu que la (+) réticuline conduit, via un couplage
oxydatif intramoléculaire, 4 de nombreuses structures mono-
mériques (2, 3). Or récemment nous avons pu isoler de
Hernandia peltata Meissner trois alcaloides dimeres qui cons-
tituent le premier exemple connu d’un couplage oxydatif
intermoléculaire de deux unités dérivées de la (+) réticuline (4).
L’un d’entre eux, la (+) vanuatine 1 pourrait s’inscrire dans un
schéma biogénétique conduisant a la (+) thalicarpine 7,
alcaloide aporphine—benzylisoquinoléine dimere cytostatique
présent en particulier chez Hernandia ovigera (5) et dont la
présente note rapporte I’isolement en quantité notable dans H.
peltata. Avant d’envisager une étude spécifique de cette
biosynthése, il importait d’approfondir la connaissance de la
composition en alcaloides diméres de cette espéce. Nous
rapportons ici I’isolement et 1’identification de 13 alcaloides, 1
aporphine et 12 dimeres, obtenus lors d’une étude sur un nouvel
échantillon de cette plante. Six des molécules isolées sont
originales: deux bisbenzylisoquinoléines de type bisréticuline et
quatre dimeres aporphine—benzylisoquinoléine.

L’extraction est conduite selon le procédé déja décrit (4): une
séparation préliminaire des monomeres et des dimeres est
réalisée par filtration moléculaire sur gel de Sephadex LH 20; la
fraction des alcaloides diméres est scindée en bases phénoliques
et non phénoliques par partage entre une solution aqueuse
d’hydroxyde de sodium diluée et du chlorure de méthyléne.

Le fractionnement des bases phénoliques conduit a I’isole-
ment de la (+) malékulatine 2 (0,2%) (4) et de deux nouveaux
alcaloides bisbenzylisoquinoléiques de type bisréticuline, la
(+) ambrimine 3 et la (+) éfatine 4; la structure de ces deux

'Pour la partie XI de la série, voir la référence 1.
ZAuteur 4 qui adresser la correspondance.

dimeres diphénoliques monopontés “téte a queue” a fait I’objet
d’une autre note (1). Une suite de chromatographies sur
colonnes de silice et de chromatographies sur couche mince
préparatives a permis d’isoler neuf alcaloides a partir du
mélange de bases non phénoliques. Un seul monomere, la (—)
laetine a été isolé (6¢); les autres alcaloides obtenus sont des
dimeéres: la (+) thalicarpine 7 qui représente ’acaloide majori-
taire de cette fraction (0,1%), accompagnée de (+) vanuatine 1
(4), de (+) northalicarpine-2’ § et de (+) thalmélatine 8. Le
cinquieme alcaloide isolé est la (+) déhydrothalmélatine-6a,7 9
qui n’était jusqu’alors connue qu’a 1’état de produit synthétique
5, 7.

La (+) northalicarpine 6, C,4oH4sN-Og, est un isomeére
structural de la (+) northalicarpine-2’ 5 (5). Le spectre de masse
de 6 est tres proche de celui de 5, mais il présente un pic de base
am/z206 au lieu de 192 comme dans le spectre de 5. Le spectre
de rmn du proton de 6 présentant un seul singulet did a un
N-méthyle est également trés proche de celui de 5, avec
cependant deux différences sensibles; le singulet dd au métho-
xyle en 7' apparait a 8 3,54 ppm comme dans le cas de la (+)
thalicarpine (3,58 ppm) ou de la (+) pennsylvanine (3,56 ppm)
(15), au lieu de 3,72 ppm comme dans le spectre de S, ce qui
permet de dire que I’azote 2’ de 6 est engagé dans une amine ter-
tiaire. La substitution de N-2' par un méthyle est confirmée par
ladeuxieme particularité du spectre de rmn de 6, c’est-a-dire par
la position relativement blindée du singulet dii au proton 8’ i
6,14 ppm. De méme, le pic de base présenté par le spectre de
masse de 6 a m/z 206, résultant de la coupure de la liaison

*Pour une liste compléte des aporphines—benzylisoquinoléines
dimeres, voir la référence 5. Pour une liste compléte des alcaloides
aporphiniques, voir la référence 6.
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NMe

benzylique 1'-a, est en faveur d’une amine tertiaire en 2’ et
d’une amine secondaire en 6, c’est-a-dire du coté aporphinique
de la molécule. La (+) northalicarpine-6 est le premier exemple
connu d’aporphine—benzylisoquinoléine déméthylée sur I’azote
aporphinique, les seuls diméres“nor” connus dans cette série
portant 1’amine secondaire du c6té de la partie benzylisoquino-
léine ((+) northalicarpine-2' et (+) noradiantifoline-2') (5).
La (+) thalicarpine N'-oxide 10, C4,H4gN,0,, présente dans
son spectre de masse un trés faible pic moléculaire & m/z 712
(0,1), traduisant I’incorporation d’un oxygeéne supplémentaire
par rapport a la (+) thalicarpine 7 (5). Les spectres de rmn du
proton de 7 et de 10 sont voisins bien que un des singulets dd a
un N-méthyle de 10 soit déplacé vers les champs faibles 2 &

NMe

I

3,39 ppm au lieu de 2,50 ppm, ainsi que le signal donné par le
proton 1’ (4,87 au lieu de vers 3,80 ppm). L’ensemble de ces
données et le fait que la réduction de 10 par le zinc chlorhy-
drique conduit a la (+) thalicarpine 7, indiquent que 10 est la
N-oxythalicarpine-2'.

Les positions respectives des signaux du proton 1’ et du
N-méthyle-2" (3 4,81 et 3,39 ppm, respectivement) laissent
penser qu’ils sont en position frans 1’un par rapport a 1’autre et
donc que 10 serait la (+) B-N-oxythalicarpine-2'; cependant,
une étude plus approfondie serait nécessaire pour confirmer la
configuration de la fonction N-oxyde (8).

Peu de diméres porteurs d’une fonction N-oxyde ont été
décrits jusqu’alors; 11 bisbenzylisoquinoléines de ce type ont
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été rapportées (8), mais il semble que la (+) N-oxythalicarpine-
2’ soit la premiere aporphine—benzylisoquinoléine N-oxyde &
étre isolée.

La (+) hébridamine 11, C4,H5,N,Og, est un dimére dont le
spectre de masse présente un pic moléculaire 2 m/z 710(0,1%).
Son spectre de masse présente les caractéristiques d’un groupe-
ment phénanthréne, en particulier un pic de forte intensité a m /z
58. Le pic de base & m/z 206 et le pic moléculaire trés faible a
m/z 710 indiquent que 11 est un dimére avec une moitié
benzylisoquinoléique.

Le spectre de rmn du proton de 11 est également en faveur
d’une structure de ce type présentant, 2 2,46 ppm, un singulet de
9 protons résultant de la superposition d’un signal di a un
N-méthyle et d’un signal di & un groupement diméthylamino
d’un phénanthréne. Le systtme AB de deux protons a 7,35 (d) et
7,70 (d) ppm (J = 9,2 Hz), di aux protons 6a et 7, ainsi que la
présence d’un singulet fortement déblindé a 9,39 ppm, dii au
proton en 11, sont des indications caractéristiques dans la série
des phénanthrénes dérivés d’une moiti€ aporphinique (6). Les
autres signaux présentés par le spectre de rmn sont identiques a
ceux observés pour la (+) thalicarpine 7, permettant donc
d’attribuer a la (+) hébridamine la structure 11.

Le dernier alcaloide, la (+) vilaportine 12, C4oH44N>Os, est
fortement coloré en vert. Son spectre uv (EtOH, N ., 227,257,
320 et 392) est proche de celui des oxoaporphines et pratique-
ment superposable a celui des zwitterions type bétaine des
oxoaporphiniums comme [’alcaloide PO-3, la corunnine, la
nandazurine ou 1’arosinine (6); pour ces derniers comme pour
12, le spectre uv est fortement modifié en milieu acide (pour 12;
Nmax: 227, 255, 187 et 379), ce qui résulte de la tautomérie
possible pour ces molécules (9). Le spectre de masse de la (+)
vilaportine 12 indique qu’il s’agit d’'une molécule dimeére,
présentant un pic moléculaire & m/z 692 (10%) et un pic de base
a m/z 206, caractéristique d’une moitié benzylisoquinoléine.
Le spectre de rmn du proton, résumé autour de la formule 12, est

en accord avec cette hypothese; il est 4 noter tout particuliere-
ment la position, dans les champs faibles a 4,70 ppm, du
singulet de trois protons donnés par le N-méthyle de la moitig
oxoaporphinium ainsi que la présence de six singulets dus a des
méthoxyles; la présence de neuf oxygenes dans la molécule et
de seulement six méthoxyles montre 1’existence d’une fonction
phénolique, ce qui confirme le type bétaine de la (+) vilaportine
et non d’'un sel d’ammonium quaternaire comme dans la
thailandine ou I’uthongine (6). La coloration verte et la position
normale du signal correspondant au proton en 3 impliquent que
I’hydroxyle soit en 1 (10). La comparaison des spectres de rmn
de la (+) thalicarpine 7, de la (+) thalmélatine 8 et de la (+)
vilaportine 12 montre que la substitution sur la moitié benzyliso-
quinoléine reste la méme.

Il n’existe qu’une seule structure dimére possédant une moitié
oxoaporphinium vrai, le beccapolinium, un bisaporphinoide
isolé de I’ Annonacée Polyalthia caulifiora (5). La (+) vilapor-
tine constitue donc le premier exemple de dimére possédant une
structure benzylisoquinoléine—oxoaporphine.

Au terme de cette étude, il convient de procéder & un certain
nombre de remarques. La premiére concerne la différence de
composition alcaloidique observée entre notre premiére étude
réalisée sur un lot récolté en juillet et cette présente analyse
effectuée sur un échantillon récolté en novembre. Il apparait
alors que si la (+) malékulatine 2 est présente dans les deux
échantillons, la vanuatine 1, qui représentait environ 2,5% des
alcaloides de I’échantillon précédent, n’est présente ici qu’a
I’état de traces; au contraire, la (+) thalicarpine 7 que nous
n’avions pas pu mettre en évidence lors de la premiére étude,
représente ici 4% des alcaloides totaux. En premiére approxi-
mation, tout semble se passer comme si une “balance biogénéti-
que” existait entre la (+) thalicarpine 7 et la (+) vanuatine 1.
Une telle affirmation, cependant, doit étre vérifiée par 1’étude
des variations saisonnitres et par élimination, 4 la suite de
prélevements multiples, des possibilités de variations liées & des
conditions édaphiques, écologiques ou climatiques. De plus, si
une telle balance existe, on peut s’interroger sur la disparition,
dans le lot de novembre, de la (+) vatéamine sans qu’apparais-
sent pour autant des diméres du type (+) foetidine. Il convien-
drait enfin d’étudier les variations éventuelles de la composition
en monomeéres; . peltata est en effet riche en aporphines
monomeres (11) et donc rien n’exclut I’hypothése que la (+)
thalicarpine soit formée par couplage de la (+) réticuline avec
une aporphine-1,2,9,10 tétrasubstituée (12).

Une autre remarque souligne ’homogénéité des structures
décrites ici, toutes dimeres de la (+) réticuline, ne variant que
par leur état d’oxydation. Bien que les quantités isolées soient
souvent faibles (quelques milligrammes ou dizaines de milli-
grammes par kilogramme de plante seéche), 1’absence de
stockage ainsi que les conditions de dessiccation et d’extraction
permettent d’exclure I’hypothése que ces composés soient des
artéfacts. De plus, des dérivés oxydés comme la (+) oxothali-
carpine et la (+) déhydrothalicarpine-6a,7 (5) ont déja €té mis
en évidence dans des Hernandia. Enfin, il est intéressant de
remarquer que Hernandia peltata livre presque tous les inter-
médiaires postulés pour le passage des aporphines aux oxoapor-
phines (13).

Partie expérimentale

Les pouvoirs rotatoires sont mesurés dans le CHCly a 1’aide d’un
polarimétre Schmidt Haensch; les spectres uv sont enregistrés sur un
appareil Beckman 530 et les spectres ir sur Perkin Elmer 580. Les
spectres de rmn ont été réalisés sur des appareils Varian EM 360 et
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Bruker WB 360 (CDCl;, TMS = 0 ppm); les spectres de masse, sur
AEI-MS 902.

Extraction des alcaloides totaux, purification

L’échantillon étudié (3,5 kg) a été récolté en novembre 1982 (réf
PCNH-1079) et ’extraction est conduite selon le procédé déja décrit
(4). Les alcaloides totaux (105 g) sont filtrés sur Sephadex LH-20
(CHCl3—MeOH, 30:70) ce qui conduit a recueillir une fraction enrichie
en diméres de 31 g. La fraction d’alcaloides dimeres est dissoute dans
CHCIl5-Et,0 et la solution organique extraite par une solution diluée de
NaOH (5%) pour séparer les bases phénoliques (17 g) et non phénoli-
ques (11 g).

Fractionnement des alcaloides

Les bases phénoliques sont chromatographiées sur alumine désacti-
vée par addition de 6% d’eau. L’élution par des solvants de polarité
croissante permet d’isoler la (+) malékulatine 2 (3,2 g) (éluée par
CHCl3—-CgHg, 50:50) et un mélange de 2, 3, 4 et de produits polaires
(8lué par CHCl;—MeOH, 95:1, 95:5, 90:10); 1,8 g du mélange est
rechromatographié sur colonne de gel de silice pour ccm (chromatogra-
phie en conche mince) (CHCl,—MeOH, 88:12) et fournit 2 (306 mg)
ainsi que la (+) ambrimine 3 (172 g) et la (+) éfatine 4 (298 mg).

Les bases non phénoliques sont séparées par chromatographie sur
silice. L’élution est conduite avec un gradient de MeOH (de 0,5 2 20%)
dans CHCI;. Sont successivement isolés: 780 mg d’épimagnoline,
lignane déja décrit chez H. peltata (14), 3,5 g de (+) thalicarpine 7,
1,3 g d’un mélange complexe, 1,1 g de 2 et 0,78 g de produits non
identifiés. Le mélange élué aprés 7 est purifié par passage sur colonne
de silice pour ccm (CHCl;—MeOH, 95:5) et séparé en quatre groupes.
Les groupes 1 (350 mg), 2 (165 mg) et 3 (105 mg) sont rechromatogra-
phiés sur colonne de silice pour ccm (pour 1, CHCl;-C¢H,;,—DEA,
40:55:5; pour 2 et 3, CHCl3— AcOEt—-MeOH-NH,OH, 79:10:10:1).
Le groupe 4 est traité en ccm préparative (CH3;CN-CgHg~EtOAc—
MeOH-NH,OH, 40:30:20:5:5). Le groupe 1 fournit la (+) hébrida-
mine 11 (7 mg), les northalicarpine 5 (1,4 mg) et 6 (6,5 mg) ainsi que
la (+) thalmélatine 8 (17 mg) et son dérivé déhydro-6a,79 (2,2 mg). Le
groupe 2 livre la laetine (1,1 mg), la (+) vanuatine 1 (3,2 mg) etla (+)
vilaportine 12 (6 mg). Du groupe 3 sont isolés des produits en cours
d’étude et le groupe 4 fournit 4,4 mg de (+) N-oxythalicarpine 10.

Les produits 1, 2 (4), 3, 4 (1), 5, 7, 8, 9 (5) ayant déja été décrits,
leurs constantes ne seront pas reprises ici. Pour 1, 2 et 7, ils sont
identiques a des échantillons authentiques (f, ir, rmn, Ry en ccm); pour
5et 9, les constantes et données spectrales sont en bon accord avec les
valeurs publiées.

(+) Northalicarpine-6 6: rmn (240 MHz (FT), CDCly): 2,45
(2’-NMe), 3,55 (7-OMe), 3,71 (1-OMe), 3,77 (6'-OMe), 3,78 et 3,83
(12’-OMe et 13’'-OMe), 3,90 (2-OMe), 3,92 (10-OMe), 6,16 (H-8"),
6,47, 6,55, 6,58, 6,60, 6,62 (H-5', H-3, H-11', H-14" et H-8), 8,21
(H-11); m/z: 680(1), 490 (8), 324 (20), 322 (27), 206 (49), 192 (100).

(+) N-Oxythalicarpine-2' 10: [a], +15° (0,14, CHCly); uv
(MeOH) Apa,: 215, 280, 300sh (log £ 4,36, 3,98, 3,86); rmn
(200 MHz (FT), CDCl5): 2,53 (6-NMe), 3,39 (2'-NMe), 3,70, 3,73,
3,74, 3,77, 3,85, 3,86, 3,90 (7-OMe), 4,81 (m, H-1"), 6,50, 6,51,
6,54, 6,58, 6,62, 6,64 (6H), 8,18 (H-11); m/z: 712 (0,1), 696 (0,3),
695 (0,8), 505 (1,5), 490 (4), 340 (7,3), 206 (100).

(+) Hébridamine 11: [a], positif; uv (MeOH) .. 220, 260, 315;
rmn (200 MHz (FT), CDCly); m/z: 710(0,2), 708 (0,8), 504 (0,1), 503
(0,2), 206 (100), 58 (65).

(+) Vilaportine 12: uv (MeOH) Aq,ax: 297 sh, 257 sh, 320, 392 (log
£4,57, 4,30, 4,45, 3,67); dc Ae (nm): +0,25 (286), +2 (257 sh), +11
(246), 0 (220), fin de courbe positive; m/z: 692 (40), 648 (20), 647
(40), 632 (12), 487 (6), 486 (4), 324 (13), 206 (100).
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JouN C. ANDERSON and A. DouGLAS BROADBENT. Can. J. Chem. 64, 127 (1986).

Equations have been derived to describe how the ratio of the total concentration of all keto forms to that of all enolic forms (K")
varies with changing pH, for a tautomeric system in which the enol and ketone are polyprotic acids. The influence of pH on the
tautomerism of 2-amino-9,10-anthracenediol, 2,9,10-anthracenetriol, 2,4-pentanedione, and 1-(3-pyridyl)-1,3-butanedione
was examined. The equilibrium constants for all the acid—base equilibria involved were calculated from the dependence of K’
on pH.

JoHN C. ANDERSON et A. DOuGLAS BROADBENT. Can. J. Chem. 64, 127 (1986).

On a dérivé des équations qui décrivent les variations du rapport (K') de la concentration totale de toutes les formes c€toniques
sur celle de toutes les formes énoliques en fonction du pH d’un systéme tautomeére dans lequel 1’énol et la cétone sont des acides
polyprotiques. On a étudié I'influence du pH sur la tautomérie de I’amino-2 anthracénediol-9,10, de I'anthracenetriol-2,9, 10, de
la pentanedione-2,4 et de la (pyridyl-3)-1 butanedione-1,3. A partir de I’effet du pH sur X', on a calculé les constantes d’équilibre
de tous les équilibres acide~base impliqués dans cette étude.

Introduction

A simple prototropic tautomerism, of the keto—enol type,
consists of four coupled acid—base equilibria, as shown in
Scheme 1. This represents the accepted pathways for intercon-
version of an enol (EH) and a ketone (KH). A clear distinction
between the acidic dissociation reactions and the overall
tautomerism is essential (1, 2). The tautomerism equilibrium
constant, K, is a function of the acidic dissociation constants
and is independent of pH (3).

K, K,

EH —— E- + H* —= KH

H* + EH —— HKH* *=—= KH + H"*

K3 K4
Kt = [KHJ/[EH] = K/K2 = KyK>
SCHEME |

The influence of pH on the coupled acid-base reactions,
constituting a tautomeric equilibrium, has not been widely
studied, despite the significance of keto—enol and nitrogen
heterocycle tautomerism in organic chemistry. The paucity of
data on this aspect of tautomerism is not surprising on
consideration of the criteria for optimum analysis of this
problem. Firstly, the solution must have measurable amounts of
the tautomeric species, and the analytical technique used must
determine the concentrations of these without disturbing the

[Traduit par le journal]

equilibrium. Since the influence of pH is being considered, an
aqueous or semi-aqueous solution is needed. This should not
introduce any competing reactions, such as hydration, or result
in inadequate solubility. Finally, the effect of the acid—base
equilibra of the tautomers will be most obvious when at least one
of them has an acidic dissociation constant in the normal
aqueous pH range.

In this paper, the overall tautomerism equilibrium constant,
K', is defined as the ratio of the total concentration of all ketonic
to that of all enolic species. For Scheme 1,

K' = ((HKH"] + [KH]/([EH] + [E7])

An equation for the dependence of K’ on the concentration of
hydrogen ion has been derived for a tautomeric system where
both the ketone and enol are polyprotic acids. The tautomerism
of 2-amino-9,10-anthracenediol, 2,9,10-anthracenetriol, 2,4-
pentanedione, and 1-(3-pyridyl)-1,3-butanedione has been ex-
amined and the dependence of X' on pH has been used to
determine the acidic dissociation constants of the various keto
and enol forms and their influence on K.

Results and discussion

Reaction scheme

In a system where the enol and keto forms are polyfunctional
acids and bases, Scheme 2 is applicable. Enolic species are
represented by the symbol E and ketonic species by K.

Kg, E Kg3 K4
EH, <—— EH,, =— EH,, —— EH,; —— ...
lIKKle l[KKZC J{Kiﬁc
KH, *—= KH,, & KH,, &&— ...
K1 K2 Kk
SCHEME 2

Scheme 2 clearly illustrates that the overall tautomerism is a
series of coupled acid—base equilibria. Hydrogen ions and ionic
charges have been omitted from the scheme for clarity. The

Author to whom correspondence should be addressed. Present
address: Département de génie chimique, Faculté des sciences appli-
quées, Université de Sherbrooke, Sherbrooke (Qué.), Canada JiK 2R1.

acidic dissociation constants are given for each step. These are
apparent constants, which would be experimentally deter-
mined, so that no distinction between isomeric conjugate bases
from ionization of a polyprotic acid is considered (4).

The overall tautomerism equilibrium constant, K’, will have
a form dependent upon the analytical technique that is used to
measure the concentrations of the various species present in the



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
; B For personal use only.

o
|

128 CAN. J. CHEM. VOL. 64, 1986

EH;
OH
+
<008

EH

NH, NH,
OOO =

SCHEME 3

solution. If ideal solution behaviour is assumed, so that molarities are valid for activities, K’ may be defined by

K' = >\[KH,]/>.[EH,]
0 0

Simple equilibrium considerations give

Kri*(1 + Ky, /[H*] + Ky *Kk2/[H"1* + Kx K2 Kis/[ H P

1 K =
(1] (1+ Kg, /TH'] + Kg1"Kea /IH]? + Kgi"Ke2'Kes /[HTP-)
2] _ Kro(1 + [H*]/Kg) + K2 /[H'] + Ky Kgs/[H ]>++)
(1 +[H*1/Kg) + Kga/[H™] + Kgo K3 /[HT>++)
[3] K1 =[KH,I/(EH,] = Kg\/Kkie

(4] K> ={KH,]/[EH, ] = Ke>/Kxae
Both K, and K1, are independent of pH and are related by
[5]1 Kri/Kr2 = Kg1/Kxa

The above equations represent a more general situation than has
been considered previously (3, 5) and are applicable over any
range of pH.

2-Amino-9,10-anthracenediol

Bredereck et al. have studied the tautomerism of 2-amino-
9,10-anthracenediol (2-amino-HOAOH) in aqueous ethanol
solutions of varying pH (6). Although the keto form can be
isolated by precipitation from a solution of the two tautomers
(6), we were unable to confirm the structure by FT 'Hmr,
because of the very low solubility of the compound in the
usual solvents. By analogy with the corresponding hydroxy-
substituted derivatives (7), the keto form is considered to be
3-amino-10-hydroxy-9(10H)anthracenone, in which conjuga-
tion of the carbonyl and amino groups results in a low frequency
ir carbonyl absorption band (6).

An interpretation of Bredereck’s data on the variation of K’
with changing pH, in terms of eq. [2], would require that the
decrease in K', with decrease in pH from 8 to 6, as illustrated in
Fig. 1, be related to protonation of the amino group in
2-amino-HOAOH (EH, — EH; in Scheme 3). The ammonium
ion would, therefore, have to have a pK, of about 7. This is less
acidic than typical phenylammonium ions, e.g., the conjugate
acid of 2-aminoanthracene has a pK, of 3.40 in 50% aqueous
ethanol at 25°C (8).

Because of this unusual discrepancy, we re-investigated the
tautomerism of 2-amino-HOAOH in buffered, aqueous ethanol
solutions, over a wide range of pH, using polarography as
described earlier (6, 7). The value of K’ was determined from
the ratio of the limiting, diffusion-controlled, cathodic current
for the reduction of the anthracenone to the anodic current for
the oxidation of the 2-amino-HOAOH. It was assumed that all
the species had identical diffusion coefficients and that the
influence of the applied potential on the drop-time did not affect
the ratio of the recorded currents. The sum of the limiting
currents for the 2-amino-HOAOH and its keto form was always
within *5% of the initial limiting current for the parent
quinone, from which the 2-amino-HOAOH was generated by
reduction using sodium dithionite, in neutral and basic solu-
tions, or hydrogen and colloidal palladium in acidic solutions.
The data are shown in Fig. 1.

Above pH 9, equilibrium between the two tautomers was
attained within 1-2 min. In this pH region, there is reasonable
correspondence between the previous and present X'—pH data,
considering that all our pH values were 0.3-0.5 units higher
than reported in the former study (6, 9). Below pH 9, the rate of
ketonization of the 2-amino-HOAOH decreased significantly
with decreasing pH. This is a consequence of the general
base-catalysed mechanism, typical of tautomerism of an enol
via the enolate ion, which is formed in a rapid pre-equilibrium.
At pH <7, equilibration required 2-3 days and it became
apparent that the values of K’, previously reported for the pH
range 6—9, were too low and were not equilibrium values. In
addition, because of the confusion between acid—base and
tautomeric equilibria, the published linear free energy relation-
ship (6, 10) does not describe the influence of substituents on the
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TaBLE 1. Acidic dissociation constants for various tautomers according to Scheme 2

Enol or ketone KTI KT2 PKEI pKEZ pKKl PKch pKK2e

2-Amino-9,10-anthracenediol 0.08 2.71 4.34 10.57 2.9 33 11.0

+0.03 +0.07 +0.06 +0.05 *0.2 *0.2 *0.1

2,9,10-Anthracenetriol 3.9 30 8.70 9.67 7.90 3 11.1
*1.1 * *0.16 +0.09 +0.27 *0.2 *

1,3-Pentanedione ~0.45 5.03 —5.12 8.19 —6.2 -5.5 8.9

+0.06 +0.16 *0.07 *0.04 +0.1 +0.1 *0.1

1-(3-Pyridyl)-1,3-butanedione 0.21 0.38 5.51 9.18 5.2 4.8 8.7
+0.02 *0.18 +0.75 +0.26 * * *

*Large standard error caused by scatter or paucity of data points.

FiG. 1. The dependence of K’ on pH for 50% aqueous ethanolic
solutions of 2-amino-9,10-anthracenediol at 25°C. Circles represent
experimental values and the line is based on the appropriate form of eq.
[2], given below, using the values Kt; = 0.08, K1y = 2.71, pKg;, =
4.34, and pKg, = 10.57, which were derived from the X' data. Crosses
represent previously published data (6).

_ Kn+ K11 [H™1/Kg,
1+ [H*]/Kgi + Kga/[H']

1

equilibrium constant for tautomerism of anthracenediols, but
rather their effect on the acidity of the C—H bond in the keto
forms.

The redetermined values of K’ are plotted as a function of pH
in Fig. 1, which also shows the dependence based on the plateau
values K1, and K, and the two acidic dissociation constants,
K1 and Kg,, whose values were confirmed independently. The
weighted least-squares estimates of these parameters were
derived from the experimental data using a nonlinear regression
procedure. Only these four constants are needed to define the
curve, since the value of Kg; is so small that the term involving
itin eq. [2] only becomes significant after K’ is essentially zero.
In addition, K, and K3 are negligibly small and KH3 and KH,
(Scheme 3) are the only keto species present in the solution.
Values of the constants are listed in Table 1.

The graph of Ej, versus pH, for the diffusion-controlled
anodic wave for polarographic oxidation of the 2-amino-
HOAOH, consisted of three linear sections with slopes close to
—90, —60, and —30 mV /pH unit. These lines intersected at pH
values of 3.9 = 0.2 and 10.4 % 0.1, which correspond to the
values of pKg, and pKg, (11). The value of pKgs was
inaccessible since no evidence was found that E,, became
independent of pH in alkaline solution, as reported earlier (6).

Freshly prepared solutions of 2-amino-HOAOH at pH 1
exhibited maximum absorbance at 381 nm in the uv spectrum,
which decreased on increasing the pH of the solution. A graph
of absorbance at 381 nm versus pH gave a typical neutralization
curve, for which regression analysis of the usual plot of pH
versus log (A, — A)/(A — A,) gave an intercept of 4. 15 = 0.05,
corresponding to pKg;. In the acidic solutions examined, the
2-amino-HOAQOH was generated by reduction of the parent
quinone using hydrogen and colloidal palladium. The absorb-
ance at 381 nm was determined as soon as reduction was
complete, but it remained constant over 5—10 min since the rate
of ketonization was too low to influence the reading.

The spectrophotometrically determined value of pKg; 0f 4.15
is the most reliable. The determination of pK, values from the
dependence of E,,; on pH is inferior because the potentials
cannot be measured with a precision better than =5mV and
errors occur if the polarographic process is irreversible, or
variations of diffusion coefficients occur over the pH range
examined. Derivation of pK, values from the dependence of K’
on pH, in the case of 2-amino-HOAOH, was limited by the
considerable scatter of the K’ values. This was a consequence of
the errors inherent in measuring limiting currents and the long
equilibration time necessary for the volatile, air-sensitive,
neutral and acidic solutions. Despite this, the constants Ky,
K12, pKE1, and pKg; uniquely describe the dependence of X’ on
pH and could be calculated from the experimental data. The
other equilibrium constants in Scheme 3 were then calculated
using eqgs. [3], [4], and [5] (see Table 1).

2,9,10-Anthracenetriol

Equation [1] was applied to the published data on the
tautomerism of 2,9,10-anthracenetriol in aqueous solution,
where extensive ketonization occurs over only a narrow range of
pH (7). The keto form KH3 is considered to be 3,10-dihydroxy-
9(10H)anthracenone, based on the structures of the 3,6,10- and
3,7,10-trihydroxy derivatives, which were established by 'Hmr
(7). The various species present are illustrated in Scheme 4.

Figure 2 shows how the polarographically determined values
of K’ for 2,9,10-anthracenetriol depend on pH and includes a
matching plot of the appropriate form of eq. [1]. Only two keto



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
. o For personal use only. K ~

130 CAN. J. CHEM

EH,
OH

EH,
OH
SeeMET
400 LS
KEl
OH

o-

OH
QLT ==
Ky

. VOL. 64, 1986

EH
OH
OH O~
= U0 =
Kgs Kgs
O-

K K2e

H OH
o-
L ==
1 Ko
O

0]
KH3 KH,
SCHEME 4
0]
O
l 6.0
O
K KT2
PREy
PRE>
L 3.0

1 |

FiG. 2. The dependence of K’ on pH for aqueous solutions of
2,9,10-anthracenetriol. Circles represent the published experimental
data (7) and the line is the plot of the appropriate form of eq. [1], given
below, using K1, = 3.9, pKg; = 8.70, pKg> = 9.67, and pKk,; = 7.90.

_ Kr:(1 + KKI/[H+])
1 + Kgi/[H*] + Kgy*Keo/[HT)?

1

forms (KH3 and KH;) exist in the solution, because Kg» >
Kga2e > Kko, and Ky is essentially zero, corresponding to the
dissociation of an aromatic C—H bond. In addition, the value of
K3 is too small (2.5 X 107'3) to be of influence (7).

The experimental data for K’ did not show any plateau
because of the proximity of the values of Kg; and K. In this
case, therefore, these acidity constants and K, cannot be
derived from direct examination of Fig. 2. The values of X'
above 10 could not be measured with great precision (*10%),
so initially the analysis of the experimental data was achieved by
adjustment of the values of K1, Kg,, Kgs, and K, to give the
best visual fit to the X' — pH data points using the appropriate
form of eq. [1]. Subsequently, better estimates of these
equilibrium constants were derived by a nonlinear regression

—o0—" Koy
-6.0 0.0 pH 6.0
i 1 S -

FiG. 3. The dependence of K’ on pH for aqueous and sulfuric acid
solutions of 2,4-pentanedione. The points represent published experi-
mental data (5, 13) and the line is the plot of the appropriate form of eq.
[2] with K15 = 5.03, pKg; = —5.12, pKg» = 8.19, and K1, = 0.45.
Kt K1 H")/Kg

1+ [H*]/Kgi + Kea/[HT]

'

procedure. Their values are given in Table 1. This analysis
demonstrated that the values of the four parameters uniquely
define the dependence of K’ on pH.

2,4-Pentanedione

There is little published data on the influence of pH in
keto—enol systems. Zuman and co-workers (12) have studied
the tautomerism of 1,3-dicarbonyl and related compounds, in
the basic pH range, using spectrophotometric, polarographic,
and bromine titration methods. Their results allowed the
calculation of acidic dissociation constants for the enol and keto
forms. Because of the limited pH range involved, the solutions
contained only the enol and keto forms, and the enolate anion. A
more detailed description is required when a wider pH range is
considered.

The enol content of aqueous sulfuric acid and basic solutions
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of 2,4-pentanedione has been determined (5, 13) and we chose
to examine these data in relation to eq. [2] because of the range
of acidity of the aqueous solutions studied. Values of K',
calculated from the published data, are plotted as a function of
pH in Fig. 3. The various species present are illustrated in
Scheme 5.

The protonated enol EH, behaves as a diprotic acid (Kg;,
Kg»), but for the keto form KH, K- is negligibly small since it
corresponds to acidic dissociation of a C—H bond in a methyl
group of the 2,4-pentanedione. This also applies to Kg3. The
solution contains up to 5 species (Scheme 5) and there are 5
acidic dissociation constants neglecting Ky,. The appropriate
form of eq. [2], given in Fig. 3, involves four constants, which
can be read from the diagram. Nonlinear least-squares regres-
sion gave the values of the constants listed in Table 1, which
differ slightly from those previously calculated (5, 13).

The Kt plateau is not well defined, primarily because K’
increases as the pH (Hammett acidity function) decreases from 0
to —3, prior to the large decrease in K’ associated with the
formation of the resonance-stabilized, protonated enol in
strongly acidic solutions (pH << —3). This anomalous behaviour
is a consequence of the large changes in sulfuric acid concentra-
tion resulting in variations of activity coefficient ratios (5).

To confirm the value of K’ in weakly acidic aqueous
solutions, we investigated the proton nmr spectrum of 2,4-
pentanedione in such solutions. Integration of the 'Hmr signals
at 154 Hz (CH;—CO group in enol and ketone) and 166 Hz
(CH3;—C==group in enol) upfield from the water resonance of a
1.0 M aqueous 2,4-pentanedione solution;, adjusted to pH 4.1
with dilute HCI, gave a value of Kt =4.68 = 0.16 at 25°C. That

EH, EH

/H
O O O O
K Kis
Ei @)\/“\ E2 f\/ll)\)‘\
SN N

H
v
O O
fj)%)‘\
N

L

K/

this is lower than the anticipated plateau value is a consequence
of the effect of the high concentration of the diketone decreasing
Kt (14).

Various groups have established that the apparent acidic
dissociation constant pK,p, of 2,4-pentanedione in aqueous
solution at 25°C is 9.05 *+ 0.03 (15-17).

_ [H*]'[E7] _ _Ke
P KI+I[E] 1+ Km

From the above equation, a value of pK,,, = 9.05 and Kp» =
5.0 gives pKg, = 8.27, which is in good agreement, consider-
ing differences in concentraton and ionic strength, with the
value of 8.19 derived fromthe K’ — pH data. The dependence of
K’ on pH thus provides a useful method for the determination of
the acidic dissociation constants. In the case of K, however,
the value derived is not the true acidic dissociation constant
because ketones follow a different acidity function than the
amine indicators used to establish the Hammett acidity function
used in Fig. 3 (18).

K

1-(3-Pyridyl)-1,3-butanedione

Scheme 6 describes the tautomerism of 1-(3-pyridyl)-1,3-
butanedione. For this sytem, » = 2, but K, is negligibly small.

K’ was determined by 'Hmr spectroscopy in aqueous
buffered dioxan solutions, by integration of the signal areas for
the resolved methyl resonances of the enol and keto forms (enol
CHs;, 2.04 ppm; keto CHj, 2.20 ppm) and for the enol alkene
and aromatic H-5 proton resonances (enol =—=C—H, 6.20 ppm;
enol and keto aromatic H-5, 7.3 ppm).

K’ = (keto CH3)/(enol CH3)
K' + 1 = (aromatic H-5)/(enol =C—H)

Both methods gave consistent results but, in basic solutions of
pH >8, the resolution of the enol and keto methy! resonances
was unsatisfactory because of peak broadening, resulting from
the enhanced rate of base-catalysed tautomer interconversion.
In addition, because of the concentrated solutions required to
obtain reliable signal integrations, and also because of the need
to maintain a constant ionic strength, precise K’ values could
not be obtained at pH >8.7.

The experimental data are illustrated in Fig. 4, along with a
plot of the appropriate form of eq. [2]. Approximate values for
K11, K12, KE1, and Kg; could be read from the points plotted in
Fig. 4. Nonlinear least-squares regression gave the values in
Table 1.

E
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FiG. 4. The dependence of K’ on pH for 30% v/v dioxan/water
solutions of 1-(3-pyridyl)-1,3-butanedione at 35°C. The points repre-
sent experimental values and the line is the plot of the appropriate form
of eq. [2] using K11 = 0.21, K1, = 0.38, pKg; = 5.51, and pKg, =
9.18.

,_ KEmt K11 [H*]/Ke
1+ [H"]/Kg; + Kpp/[H*]

Conclusion

The reaction scheme and equations used in this study describe
the tautomeric and acid—base equilibria linking polyprotic enols
and ketones. The experimental dependence of X' on pH
provides sufficient data to calculate all the relevant acidic
dissociation constants for both tautomers (see Table 1). In
several cases, good estimates of both equilibrium and acidic
dissociation constants could be read directly from the graph of
K' vs. pH. The nonlinear regression provided the best values of
the constants and also clearly established that the set of
equilibrium and acidic dissociation constants uniquely de-
scribes the pH dependence of X'.

When the enol is the predominant tautomer, the acidic
dissociation of the enol O—H bond, to give the enolate ion, is
less favourable than that of the keto C—H bond, which gives
the common conjugate base; i.e., Kgy < Kkpe, a reversal of
the usual order of O—H and C—H acidities.

Experimental

Materials

Commercial 2-amino-9,10-anthracenedione was purified by column
chromatography (SiO,/HCCl;) and recrystallized from ethanol, mp
301°C.

1-(3-Pyridy!)-1,3-butanedione was synthesized from ethyl nico-
tinate by reported methods and recrystallized from ethanol / water, mp
81-82°C (19); *Hmr (DCCl3) 8: 2.15 (s, 3H, enol CH,), 6.15 (s, 1H,
enol =C—H), 7.36 (m, J4y5 =8 HZ, J5,6 =35 HZ, J2‘5 = IHZ, IH,
H-5),8.14(m, J4 s =8Hz,J46=J24=2Hz,1H,H-4),8.72(m, Js ¢
=5Hz, J; s = 2Hz, 1H, H-6),9.05(m, J, 4 = 2Hz, J, s = 1 Hz, 1H,
H-2), 16 (s, b, 1H, encl O—H).

Polarography
All polarographic measurements were performed using a Metrohm
Polarecord E261. The polarographic cell has been described (20). The

solutions of 2-amino-HOAOQH were prepared by diluting 50.0 cm® of 8
X 10*M solution of 2-amino-9-10-anthracenedione in absolute
ethanol with aqueous buffer solution and water to a final volume of
100 cm®, Stoichiometric reduction of the quinone was achieved by
amperometric titration with alkaline 0.05 M sodium dithionite solution
under nitrogen, for solutions with pH >6.5, or by using hydrogen and
colloidal palladium, and subsequent displacement of hydrogen by
nitrogen, for acidic solutions. All solutions had an ionic strength of
0.1 M and were maintained at 25°C. The polarographic behaviour and
the evaluation of K’ (precision £7%) have been described (9). For pH
measurements with the Beckman Research pH Meter, the glass
electrode was calibrated with aqueous standard solutions and the pH of
the ethanolic solutions was recorded after adequate equilibration
(~15 min).

Nuclear magnetic resonance

The '"Hmr spectra of 1.0 M 1-(3-pyridyl)-1,3-butanedione solutions
in 30% v/v dioxan/water were recorded using a Varian EM 360-L
spectrometer at 35°C. Multiple integration of the appropriate signals
gave K’ with a precision of £8%. The pH of the solutions was adjusted
by including aqueous HCl, NaOH, or aqueous buffer solutions, so that
the ionic strength was always 0.5 M. Two solutions with pH >9 had
higher ionic strengths.

Nonlinear regression

Values of the equilibrium and acidic dissociation constants were
derived from the K'~pH data using the weighted nonlinear least-
squares regression procedure of the SAS Institute (SAS-ELIN).
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Kinetics of acid and nucleophile catalysis of the diazotization of 1-naphthylamine
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JuLio CasaDO, ALBINO CASTRO, EMILIA IGLESIAS, M. ELENA PENA, and JosE VAzQuEz TATo. Can. J. Chem. 64,
133 (1986).

The diazotization of 1-naphthylamine has been studied at acidities ranging from 1072 to 1.5 M. At low acidities nitrosation
takes place via the unprotonated form of the amine, and the rate-controlling step is either the interaction with the nitrosating
agent or, if high concentrations of a nucleophile are present, the loss of a proton from the protonated nitrosamine (the nucleo-
philes studied were C1~, Br~, SCN™, and thiourea). At high acidities the protonated and free amines also react, the former of
these reactions involving proton transfer to the solvent. In each case the proposed mechanism was supported by studying the
reaction in D,0O, which also allowed the isotopic effect of the solvent on the formation equilibria of the various nitrosating agents
to be obtained.

JuLio Casapo, ALBINO CASTRO, EMILIA IGLESIAS, M. ELENA PENA, et JoSE VAZQUEZ TaTO. Can. J. Chem. 64
133 (1986).

On a étudié la diazotation de la naphtylamine-1 dans un intervalle d’acidités allant de 10224 1,5 M. A faible acidité, la nitrosa-
tion se produit via la forme non protonée de ’amine; I’étape déterminante de la réaction est soit I’interaction avec ’agent de
nitrosation ou, s’il y a une forte concentration de nucléophiles, la perte d’un proton a partir de la forme protonée de la nitrosamine
(les nucléophiles étudiés sont les ions Cl~, Br~, SCN™ et la thiourée). A des acidités élevées, les amines protonées et libres
réagissent également. Dans le cas des amines protonées, la réaction implique un transfert de proton au solvant. Dans chaque cas,
le mécanisme proposé repose sur une étude de la réaction dans le DO, qui permet également d’obtenir I’effet isotopique du
solvant sur la formation a 1’équilibre des divers agents de nitrosation.

’
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Introduction

The rate equations of diazotization reactions are heavily
dependent on the experimental conditions, whose modification
may change both the nitrosating agent (nitrosation being a
preliminary step towards diazotization) and the slow step of the
reaction, and at one time this behaviour gave rise to con-
siderable controversy, the general validity of conflicting rate
equations being claimed by their authors (1). Most research in
this area has involved aromatic amines such as anilines and
pyridines, whose diazonium ions are relatively stable and for
which the effect of substitution has been analysed in some
detail, but rather less is known about compounds with multiple
rings. These considerations have led us to carry out a detailed
study of the diazotization of 1-naphthylamine (1-NA) in water
and in D,0, at acidities ranging from 1072 to 1.5 M and in the
presence of various nucleophiles. 1-NA was chosen for its
simplicity and the value of its pK,, and because the only
published study of its diazotization (2), in which CINO was used
as nitrosating agent, yielded a value of 1.9 X 10'° M~ s~! for the
attack constant at 0°C, which is surprisingly high compared with
the values of (1.0-5.9) X 10° M~!s~! obtained at 25°C for
anilines and their derivatives (3), and which are widely accepted
as evidence of these reactions being diffusion controlled. It was
expected that varying the experimental conditions might result
in 1-NA exhibiting nucleophile catalysis, rate-limiting proton
transfer to the solvent, and reactions via its free and protonate
forms.

Experimental

All the reagents employed were Merck p.a. products and were used
directly after drying. D,O was supplied by the Spanish Nuclear Energy
Board (Junta de Energia Nuclear) and contained 99.77% D. 1-NA and
its solutions were protected from light to prevent their photodecomposi-

present address: Departamento de Quimica Fisica, Facultad de
Quimica, Universidad, Salamanca, Espana.
?Author to whom correspondence may be addressed.

[Traduit par le journal]

tion, but fresh solutions were in any case prepared at short intervals.
The stability of the diazonium salt produced by the reaction and that of
the 1-NA were verified experimentally under the various working
conditions used. The decomposition of nitrite was also observed to be
negligible during the course of the reaction, even under the most
unfavourable conditions.

Kinetic measurements were carried out in a UVIKON 820 spectro-
photometer, the temperature of the cell carrier being kept constant by a
HETO 03T623 thermostat. A Radiometer 82 pH-meter with a GK
2401C combined electrode was used to measure pH.

The formation of the diazonium salt was monitored spectrophoto-
metrically at 362 nm, a wavelength at which this salt is the only
component of the reaction mixture to exhibit any appreciable absorp-
tion (€ = 6400 M~ cm™Y). The integration method was used for kinetic
analysis. When equal concentrations of nitrite and 1-NA were
employed, the equation fitted to the experimental absorbance—time

data was

11
(1 A=A AL = A, (KOt

A,, A, and Ag being the absorbances at times ¢, infinity, and 0 respec-
tively. When the reaction was slow enough for more than a 20-fold
excess of amine to be used, the method of Davies, Swann, and Campey
(4, 5) was used to fit the equation

2] In(Ax— A) = In (As — Ag) — kit

In either case the corresponding graphs (respectively 1/(A. — Ay)
against r and In (A — A,) against 7) were linear for at least 85% of the
reaction (Fig. 1) with standard deviations of less than 2%. Wheneq. [1]
was used the values of A and Ay were obtained experimentally. The
values of k; and k, were reproducible to within =3%. All experiments
were carried out at 25°C.

Results and discussion
At acidities in the range 0.085-1.62 M HCIO, the diazotiza-
tion of 1-NA was found, using excess amine, to be of first order
with respect to both reagents (Table 1). First-order behaviour
with respect to HNO, was confirmed by the agreement between
the experimental A,—¢ data and eq. [2]. Thus,

[31 v=Kk[HNO;]= k;[1-NA][HNO,]
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F16. 1. (a) Typical pseudo-second-order plot of the diazotization of
I-NA at 25°C, I=0.35 M, [HNO,] =[I-NA]=3.27 X 10™> M,
[NaSCN] =2 x 1073 M,[H*] = 0.1 M. (b) Typical pseudo-first-order
plot of the diazotization of I-NA at 25°C, 1 =0.35 M, [I-NA] =
1.05 X 1073 M, [HNO,] =3.27 x 10~° M, [NaCl]= 0.0266 M,
[H*]=0.1 M.

Catalysis by nucleophiles

The influence of the nucleophiles Cl~, Br~, SCN-, and
(NH,),CS was studied at 25°C in 0.1 M HCIO, using constant
concentrations of nitrous acidand 1-NA (/ = 0.35 M).Cl~,Br,
and SCN~ were used in the form of their sodium salts. The
concentrations of NaCl and NaBr employed varied from
0.017 M t0 0.25 M, those of NaSCN from 0.001 M t00.015 M,
and those of thiourea from 1.48 X 107* M to 2.23 X 107* M.
The concentrations of HNO, and 1-NA were 3.3 % 107> M
except in the experiments with Cl~, which were slow enough to
allow the use of excess amine (1.06 X 1073 M).

Under the above conditions the halide ions and thiourea all
catalysed the reaction. The graphs of &, against [Nucleophile]
are curves in which k; tends with increasing [Nucleophile] to a
limit that is the same for all nucleophiles employed (Fig. 2).
This limiting value may be evaluated from the intercepts of the
plots 1/k, vs. 1/[X~] (the average value is 4500 M~ ' s~! for all of
them). This suggests the reaction mechanism to be of the kind
put forward by Woppmann (2), in which the nitrosating agent is
the nitrosyl salt of the nucleophile (Scheme 1). No evidence of
nitrosation by any other agent (NO*(H,NO,*) or N,O3) was
observed.

Assuming the steady-state condition to be applicable to the
intermediate I in Scheme 1,

kKoK X
[4] S A &

where Kxno = K1 K5 1s the equilibrium constant of the forma-
tion of the nitrosyl salt of the nucleophile, and K, is the
dissociation constant of the protonated amine (the value of 3.96
obtained spectrophotometrically by the present authors for the
pK, at 25°C and an ionic strength of 0.2 M agrees well with the

TABLE 1. Values of the first-order pseudo-constant k; and A.. under
various conditions

[HCIO, (M) [1-NA1(M) [Nitrite] (M) A ky (s7h
1.62 1.35x 107*  1.65x107°  0.100 2.00 x 102
1.62 1.01 X 1073 6.60 x 10> 0.415 1.49 x 102
1.62 6.77x 107% 3.30%x 1075  0.213 9.98 x 1073
1.08 1.35 1073 1.65%x 1075 0.097 1.68x 102
1.08 6.77 X 107%  6.60x 1073 0.426 8.40x 1073
0.085* 1.35x 1073 1.65%x107° 0.114 3.02x 1073
0.085 1.01 X 1073 6.60x 107> 0.427 2.29x 1073
0.085 6.77x107% 3301075 0.217 1.52x107

*Calculated from the pH.

[sch—J103 (M)

4 $ 12
4 SCN™
T
g 34
)
=
™
1
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x 24
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0.1 Q.2 0.3
[Br ] W)

F1G. 2. Influence of the concentration of SCN™ (@) and Br~ (O) on
the second-order rate coefficient, k; (eq. [4]) at 25°C, I = 0.35 M.

value published by Hall and Sprinkle (6). Except for thiourea,3
the values of &, were unchanged on working at pH 1.5.

The values of k; and k_3/k, obtained by plotting k,~! against
[Nuclcophile]‘l are listed in Table 2. The values thus found for
k3(CINO) and k3(BrNO) indicate diffusion-controlled pro-
cesses and are compatible with those reported by Williams and
co-workers (3) and Schmid and Fouad (11) (Table 2). The much
lower values of k3 for SCNNO and nitrosothiourea are in
keeping with the lower reactivity of these latter nitrosating
agents, their greater catalytic effect being due to their large
Kxno. Figure 3 shows that the values of log (k_s/ks) are
satisfactorily correlated with Pearson’s nucleophilicity param-

3In this case it is necessary to take into account that the initial

stoichiometric concentration of nitrous acid is equal to [HNO,] +
[Nitrosothiourea]. Thus, k» = k3KxnoK[TUIA{1 + (k_s/ky)[TUJ}
(1 + Kxno[H*][TU]).
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TABLE 2. Values of k; and k_s/ks (eq. [4]) at 25°C and [ = 0.35 M, together with
some published values

ky X 107%(M~"s7h

ky x 107° *
X- Kxno (M~'sh k_/ky* A p-CIA  p-MeA
Cl- 1.14 x 1073(7)" 2.22 0.359 2.4 1.8¢
5.50 x 107%7)? 2.5¢ 2.3¢
Br- 5.10 X 107%(8)7 3.70 5.80 1.7 2.8¢
3.2 3.04
SCN- 32 (9)° 0.382 248
TU 5000 (10)* 0.00245 548

*This paper; A = aniline; p-CIA = p-chloroaniline; p-MeA = p-methoxyaniline; TU = thiourea.

925°C (ref. in parentheses).
50°C.

€20°C.

9Acidity 0.2 M, cf. ref. 3.
“Acidity 1-5 M, cf. ref. 3.
fReference 11.

eter, n (12), the value of 1.1 for the slope of the line being similar
to those usually found for typical Sn2 substitutions on the
carbon atom. The present results are thus in keeping with the
usual order of nucleophilicity, C1~ < Br~ < SCN~ < (NH,),CS.

Support for the proposed &4 step was sought by repeating the
Br~ and SCN~ experiments in heavy water. The constants
obtained in water and D,O are shown in Table 3. If, as is
reasonable, the isotopic effect on the k5 process is assumed to be
negligible, then a value of 3.11 may be calculated for the
isotopic effect on the k4 step. Since this value is that of a primary
isotopic effect, the slow &, step must involve proton transfer.

The D,0 experiments also allow the isotopic effect on the K|
equilibrium to be calculated from the values of k3KynoK,. If
the effects on the K, equilibrium constant and the diffusion-
controlled k3 step are assumed negligible, then when the
nucleophile employed is SCN~ or Br~ the values of pk,
obtained in water and D,0 and listed in Table 3 imply isotopic
effects of 2.19 and 2.96, respectively, on the formation of NO*t.
These values agree well with each other and with those reported
by Challis ef al. (13) for the nitrosation reaction

I- + H,NO," — INO + H,0

which supports the assumptions made in their derivation.

Experiments carried out to determine the influence of
temperature on the diazotization of 1-NA by CINO yielded the
value of 79.67 kJ/mol for the Arrhenius activation energy and
the values AH* = 13.89 klJ/mol and AS™ = —19.45 J/(mol K)
for the k3 step.” The enthalpy of activation is within the accepted
limits for a diffusion-controlled step (10—20 klJ/mol), and thus
agrees with the value obtained for the constant ;.

Catalysis by HCIO4 and NaClO,

The influence of ionic strength on the diazotization of 1-NA
was studied by varying the concentration of NaClOy, in a series
of experiments carried out at 25°C in 0.5 M HCIO,, using
constant concentrations of nitrite and 1-NA of 2.75 X 10°> M

“These quantities were calculated from the values at different tem-
peratures of ksKcnoK, (the slope of the graph of k,~* against [C17]™")
together with published values for Kcino at 0 and 25°C (7) and the
values of K, at 14 (5.55 X 107> M, I = 0.2 M) and 25°C (Table 3). The
latter were obtained spectrophotometrically at 310 nm by the present
authors because the values found in the literature for K, at 15°C (14)
and 25°C (6) afford a value of 136.6 kJ/mol for the enthalpy of ioniza-
tion of the 1-naphthylammonium ion, which is enormously high com-
pared with the values of 20-53 kJ/mol found for anilines (15) and
would imply a negative enthalpy of activation.
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TaBLE 3. Values of the kinetic and thermodynamic parameters of eq. [4] in water
and D,0, r=25°C

H,O

D,O
(ka)u (Kxno)p

k_s/ky k3 KxnoK k_s/ky k3KxnoKa (ka)p (Kxno)u

SCN- 248 1.346 x 10° 9.13x10°  3.14 2.19
Br~ 5.80 2.08 x 104 17.91 1.91 x 10* 3.09 2.96
ky=1.09 % 107* M K,=3.39x 1073 m°
I=02M) (I=035M)
H =H,0; D =D,0.
“Determined by us.
TU
1.4
SCN™ @
2] 301
1.0
T 204 :
—— 1- T ‘a;
<+ = o
f [ N:Ie - 08 T
™ k4
<
\g'; 104
= 04
L0.2
cli~
1 2 3
1(™m)
. 5 6 1 FiG. 4. Influence of the ionic strength on the second-order rate
n constant, k, at 25°C, [HClO,4] = 0.5 M, [NaNO,] = 2.75 X 107 M,

FiG. 3. Variation of log (k_3/k4) with Pearson nucleophilicity, n.

and 1.32 X 1072 M, respectively. The observed reaction rates
reveal increasing catalysis as the concentration of salt rises, the
dependence of the logarithm of the second-order experimental
rate constant k on the ionic strength of the medium being linear,
with a slope of 0.485 = 0.017 (Fig. 4). These findings are
similar to those obtained for other substrates (15), and may be
considered as evidence of a secondary saline effect acting to
increase the equilibrium concentration of the nitrosating agent
(NO+ or H2N02+).

The influence of acidity was studied by varying the concen-
tration of HCIO,4 from 0.15 to 1.5 M at 25°C and an ionic
strength of 1.5 M controlled by NaClO,, the concentrations of
nitrous acid and 1-NA being those mentioned in the previous
paragraph. In these conditions the rate equation is (16, 17)

[5] v = k[Amine} [HNO,]

Figure 5 shows that the slope of the graph of log k against —H,
varies with acidity, Hy being the Hammett acidity function,
whose values for concentrations of HC1O, corrected for an ionic
strength of 1.5 M were taken from ref. 17. The experimental
constant k itself, however, is a linear function of hy. These
results are in keeping with there being interaction between the

[1-NA]=1.32 % 107> M.

nitrosating agent (NO* or H,NO,*) and the free and protonated
forms of the amine, as in the diazotization of o-chloroaniline
(17) and 2- and 4-aminopyridine-1-oxides (16a), for then

[6] v = ks[1-NA][HNO,]ho + ks[1-NAH*] [HNO,] 4o

which, since [1-NA]h, = [1-NAHT]K,, implies the linear
relationship

[7] k= kSKa + k6h0

between k and hy. If this hypothesis is accepted, comparison of
eq. [7] with Fig. 5 implies values of 2.17 £ 0.09 and 2.44 =
0.04 for ksK, and kg, respectively, and the former of these in
turn implies a value of 1.97 X 10 for ks = kaqackKno+» (Kattack
being the rate constant for the elementary process of reaction
between NO™ and the free amine), which is extremely high
compared with the values of 2000—6000 found for the nitrosa-
tion of other amines by NO™, and accepted as indicating a
diffusion-controlled process (18). One reason for the high value
of ks may lie in the exponential influence of ionic strength on the
reaction (see above). If this effect is allowed for by using the
data of Fig. 4 to obtain an equivalent value for zero ionic
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FiG. 5. Dependence of k (eq. [7]) on H, (@) and ho (O) at 25°C,
I=1.5M, [NaNO,] =2.75 x 10> M, [1-NA] = 1.32 X 1073 M.

strength according to the equation
[8] log ks =log ks +0.485 1

the result is a value of 3690 for ks that is fully compatible with
published values for other substrates.

For the k¢ interaction between the nitrosating agent and the
protonated form of the amine, a mechanism analogous to that
shown in Scheme 2 for aniline is proposed, involving the
association of the NO™ ion and the aromatic ring in a complex
that, upon losing a proton, rearranges to yield the nitroso
compound. Naphthylamine’s possession of two condensed
rings increases the number of possible positions for NO* in the
initial complex and hence the importance of nitrosation via the
protonated form and, indeed, the value of k¢ for 1-NA is greater
by a factor of 10 than for anilines and pyridines (16¢), making
this pathway significant at intermediate acidities.

Since the above scheme involves proton transfer to the
solvent in the rate-controlling step of the reaction, a primary

isotopic effect ought to be detectable. Measurements of kg in
D,0 yielded the value of 1.59 for (ke)u,0/(ks)p,0 and, since kg

= K'K'Kyo+, the value of (Kno+)u,o/(Kno+)p,o Obtained
earlier implies an isotopic effect of 3.50 for K'k", which is
indeed a primary isotopic effect and thus supports the validity of
Scheme 2.
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Replacement of a carboxyl function by fluorine, fluorodecarboxylation, is a new process that can be accomplished by the
reaction of alkanoic acids with xenon difluoride. Primary, tertiary, and benzylic acids perform best in the reaction, which is
conducted at room temperature in methylene chloride or chloroform solution. A reaction mechanism is proposed in which the
acid is initially converted to a fluvoroxenon ester, RCO,XeF. The esters of the primary and secondary acids react by nucleophilic
displacement by fluoride, as evidenced by incorporation of '*F~ and no reactions common to free radicals or carbocations. The
esters of the tertiary and benzylic acids react by converting to free radicals that can be further oxidized to carbocations. Thus
incorporation of 'F~ and racemization are observed with a-methoxy-a-trifluoromethylphenylacetic acid. Hydroxyl and amino
functions inhibit the reaction. Aromatic and vinylic acids do not react.

TiMoTHY B. PaTRICK, KAMALESH K. JOoHRI, DAVID H. WHITE, WILLIAM S. BERTRAND, RODZIAH MOKHTAR, MICHAEL R.
KILBOURN et MICHAEL J. WELCH. Can. J. Chem. 64, 138 (1986).

Le remplacement d’une fonction carboxyle par un fluor, la fluorodécarboxylation, est une nouvelle réaction que 1’on peut
réaliser en faisant réagir les acides alcanoiques avec le diflorure de xénon. Les acides primaires, tertiaires et benzyliques sont les
meilleurs acides pour cette réaction qui s’effectue a la température ambiante, dans du chlorure de méthyléne ou du chloroforme.
On propose un mécanisme réactionnel dans lequel I’acide conduit initialement a un ester fluoroxénonique RCO,XeF. Les esters
des acides primaires et secondaires réagissent par le biais d’un déplacement nucléophile par les ions fluorures tel que mis en
évidence par I’incorporation du '®F-, et non pas par les réactions mettant en jeu les radicaux libres ou les carbocations. Les esters
des acides benzyliques et tertiaires réagissent en se transformant en radicaux libres qui peuvent étre oxydés par la suite en
carbocation. Ainsi, on observe 'incorporation de I’ion '*F" et la racémisation avec I’acide a-méthoxy a-trifluorométhylphényl

acétique. Les fonctions hydroxy et amino inhibent la réaction. Les acides aromatiques et vinyliques ne réagissent pas.

The decarboxylation of carboxylic acids with replacement of
halogen, halodecarboxylation, has proven both synthetically
useful and mechanistically intriguing. The Hunsdiecker (1) or
Kochi (2) reactions, which employ the use of silver, mercury, or
lead salts, are the normal procedures for accomplishing halo-
decarboxylation. However, in current halodecarboxylation
methodology the replacement halogen is restricted to chlorine,
bromine, or iodine, and methodology for replacement by
fluorine is unknown (3). In this paper we report our details on
the reaction of xenon difluoride with alkanoic acids, the first
general method for fluorodecarboxylation (4). In addition, the
mechanistic aspects of the reaction are presented.

Results and discussion

Aliphatic carboxylic acids react with one equivalent of xenon
difluoride (5) in methylene chloride or chloroform solution,
according to eq. [1]. The reaction may be performed at room
temperature and usually requires 8—16 h for completion. The
yields of pure product reported in Table 1 are obtained simply by
washing the reaction mixture with sodium carbonate solution
followed by removal of the solvent.

{11 RCOOH + XeF, - R—F + Xe + HF + CO,

Alkanoic acids (entries 4, 5, 7, 9), arylalkanoic acids (entries
1-3, 6), and aryloxyacetic acids (entries 10,11) are examples of
primary carboxylic acids that readily undergo fluorodecarboxyl-
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ation. Although aromatic fluorination is known to occur with
xenon difluoride (5), aromatic fluorination does not compete
with the reaction at the carboxyl group by the xenon difluoride.
Two dicarboxylic acids (entries 18, 19) are converted smoothly
into the difluoro products with two equivalents of xenon
difluoride. Also, the ketone function of levulinic acid (entry 8)
is unaffected in the reaction and the carboxyl group is smoothly
fluorodecarboxylated. Several secondary carboxylic acids
tested for fluorodecarboxylation (entries 12, 13) give only small
amounts of fluoro products, while norbornane-2-carboxylic and
trans-2-phenylcyclopropanoic acids give no reaction.

Tertiary carboxylic acids, similar to the primary aids, are
smoothly fluorodecarboxylated as seen in entries 15 and 16.
However, the bicyclic acid, 3-phenylbicyclo[1.1.1]pentan-1-
oic acid (entry 17)° displays decarboxylation with formation of
its dimer; no fluoro product is obtained.

Carboxylic acids containing other protic functions, such as
amino acids and cholic acid, give only unreacted starting
material, as does cinnamic acid. Benzoic acid (entry 20) gives
small amounts of benzoyl fluoride (6).

Our studies on fluorodecarboxylation show that both primary
and tertiary acids react very well, but secondary acids react less
readily. Mechanistic studies have allowed us to explain this
behavior. Our mechanism, summarized in Scheme 1, begins
with the formation of a xenon ester. We have not detected the
ester, but its formation is based on experiments by DesMarteau
and co-workers (7), who have shown that a xenon ester can be
isolated from the reaction of trifluoroacetic acid with xenon
difluoride at —24°C (CF,COOH + XeF, — CF;CO0XeF +

SWe thank Professor W. Adcock, the Flinders University of South
Australia, for a sample of this acid.



TABLE 1. Yields and properties of fluorinated compounds

Mass
spectrum
Entry Acid Product® Yield® 19F nmr 'H nmr* (m/e)
1 PhCH,COOH PhCH,F 76 —207.0(t, Jue = 48.4) 4.25 (d, CHy), 7.15 (Ph) 110
2 Ph(CH,),COOH Ph(CH,),F 76 —215.3 (2, 2Jyr = 47.0, 2.8(d,t), 4.4(d,t), 7.13 (Ph) 124
N 3Jup = 22.3)
) 3 Ph(CH,);COOH Ph(CH,);F 60 -220.2 (2t, Yur = 47.0, 1-3 (CH,, m), 7.13 (Ph) 138
g 3ur = 25.0)
2 4 CH3(CH,)sCOOH CH;(CH,)sF 54 —218.2 (septet, ZJyp = 46.4) 1.6 {m), 5.5, t, J = 50) 146
(@] 3J].": = 231)
] 2
o 5 CH;(CH,),,COOH CH3(CH,),,COOH 62 ~218.3 (septet, *Jyr = 47.0, 1.2-2 (m, CHp), 5.5 (m, CHy) 236
g 3Jur = 24.0)
o 6 Ph,CHCH,COOH Ph,CHCH,F 63 —214.9 (d, t, 2Jye = 47.1, 4.9(d, d, CH,, Jgr = 47, Jue = 7), 200
§ 3 e = 17.3) 6.9 (m, Ch), 7.0-7.5 (m, Ph)
3 7 Cholanic acid 23-Fluoro-23-norcholane* 71 —218.13 (m) 0.7-2.2 (m, ring), 5.4 (m) 310
I 8 CH;C(0O)CH,CH,COOH CH3C(O)CH,CH,F* 82 —221.3 (m, 2y = 46,4, 2.1(s, CH,), 2.7 (t,d, CH,, Jug = 12.1, 90
8 3ur = 22.0) Juy = 4.7), 4.67 (1, d, CH,F, :
g Jep = 46.9, Jyy = 5.4)
>
E_E 9 2-Norbornane acetic acid 2-Fluoromethy! norbomane* 74 —213.97 (t, d, Jur = 46.4, 1.1-2.3 (CH,, ring) 4.2 d, d, Jur = 48, 128
55 3Jur = 14.6) Jun = 6)
%3 10 PhOCH,COOH PhOCH-F 64 —148.7 (t, 2Jur = 53.7) 5.1(d, CH,), 7.15 (Ph) 126
h@ 11 2,4-CLLPhOCH,COOH 2,4-C1,PhOCH,F* 84 —149.8 (t, 2Jyr = 53.7) 5.7 (d, CHy), 7.15 (Ph) 195
gg 12 (CH,;),CHCOOH (CH,),CHF* 10 --149.5 (m) 1.4, d Jyr = 30,6, Jyn = 9), 4.83 €
>0 (d, sept Jur = 72.9, Juu = 9)
%E 13 (CH,)sCHCOOH (CH,)sCHF 3 —172.9 (m, 2yp = 46.4) 1.35-1.7 (m, CH,), 4.5 (d, m, CH, €
IS Jue = 46)
o 14 1-adamantanoic acid 1-F-adamantane 82 —128.7 (s) 1.1-2.1 (m, CH, CH,) €
3 15 Ph;CCOOH Ph;CF 65 —126.1 (s) 7.21 (Ph) 212
_g 16 PhC(OCH3)(CF;)(COOH) PhC(F)(OCH3)(CF;)* 95 —83.8(d, Jgp=3.52),—134.3  3.83 (s, CH,), 7.51 (s, Ph) 208
= (q, F, Jpp = 3.52)
% 17 3-Phenylbicyclo[1.1.1]pentanoic ~ Bis(3-phenylbicyclo[1.1.1]-1- 35 4 1.25 (CH3) 7.2-7.4 (Ph) 262
[a) pentanyl)*
g 18 PhCH(CH,COOH), PhCH(CH,F), 60 —225.4(d, t, 2Jue = 49.4) 2.4-3 (m, CH,) 6.9-7.4 (m, Ph) 156
= 3]].”: = 208)
g 19 PhCH,CH(COOH), PhCH,CHF, 68 —115.1 (t, d, 3Jyr = 56.2, 3.2 (CH,, m) 5.5 (m), 7.2 (Ph) 142
3 _
g Jue = 17.1)
L%S 20 PhCOOH PhCOF 20 € e
21 BrCH,CH,CH,COOH BrCH,CH,CH,F* 91 —228.8 (m) 2.4 (m, BrCH,CH,), 4.0 (d of t, Jyug = 45, 140

Jun = 6, CH,—F

“New compounds are marked with an asterisk and gave satisfactory elemental analyses. These analyses have been deposited and may be purchased from the Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ont., Canada KIA 052. Other compounds are reported in refs. 4 or 16.
bIsolated yields (%) based on the quantity of starting acid.
“‘Multiplicities are as follows: s = (singlet), d = (doublet), t = (triplet), m = (multiplet).
43¢ nmr (CDCly) 8: 29.7 (C-1), 41.8 (C-3), 53.3 (CH,), 125.9, 126.9, 128,2, 133.4 (aromatic), no elemental analysis.
‘Not obtained.
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RCOOH + XeF, — RCOOXeF + HF
A

RCOOXeF + F- -— RF+CO, + Xe + F~ (a)
RCOOXeF — R-+ CO, + XeF (b)
-XeF
R* Xe + F~

R:- + XeF — RF + Xe
R* +F~ — RF
SCHEME 1

(CF5C0O0), Xe + HF). DesMarteau further showed that the
xenon esters decarboxylated on warming to 23°C. Xenon esters
have also been suggested as reaction intermediates in the works
of Gregorcic and Zupan (8), Nikolenko and co-workers (6), and
Musher (9). Thus our postulation of the formation of fluoro-
xenon ester A is strongly backed by literature precedent and
supported by our observation of a required 1:1 acid-XeF,
reaction stoichiometry.

For the case of primary and secondary carboxylic acids, the
fluoro product is derived from nucleophilic displacement of
CO; and Xe by F~, mechanism (a). Evidence for this process
comes from radiolabeling experiments performed with (n-
Bu),*N ¥F~. Thus when 3-phenylpropanoic acid is allowed to
react with xenon difluoride in the presence of *F~ for 30 min at
room temperature, a 40% radiochemical yield of 1-['#F]-fluoro-
2-phenylethane is obtained. Similarly, reaction of 4-bromo-
butanoic acid with ®F~ /XeF, leads to a 78% radiochemical
yield of 1-['®F]-fluoro-3-bromopropane. The !8F could be
incorporated into the products either as fluoride-18 ion or as a
18F_exchanged xenon difluoride species such as '8FXe!°F. A
complete exchange of ¥F~ with XeF, to produce '*FXe!°F
would permit statistically a maximum radiochemical yield of
50%, as only one of the two fluorine atoms of the '*FXe'°F is
radioactive. The 78% radiochemical yield of 1-[*®F]-fluoro-3-
bromopropane could not be attained through involvement of an
exchanged species. Furthermore, we have conducted an experi-
ment in which ®F~ and XeF, were allowed to react in
methylene chloride solution under our radiochemical reaction
conditions but in the absence of substrate acid. After evapora-
tion of the methylene chloride with helium, the xenon difluoride
was recovered quantitatively by vacuum sublimation at room
temperature. The xenon difluoride recovered contained no
radioactivity, and thus further shows that exchange of '®F~ with
XeF, did not occur. Literature precedent also exists to show that
18F~ /XeF, exchange would not occur under our reaction
conditions (10). Thus in the major portion of the reaction the
!8F~ is incorporated into the product by the nucleophilic process
shown in mechanism (a) in Scheme 1. Nucleophilic displace-
ment also explains the higher reactivity of primary acids over
secondary acids. Minor reaction processes may also be in
operation, such as Syi substitution in ester A which has
undergone exchange with radioactive fluoride.

PhCH,CH,COOH + XeF, + '®F~ — PhCH,CH, '®F (40%)
BrCH,CH,CH,COOH + XeF, + '*F~ — BrCH,CH,CH,—'8F (78%)

Several experiments showed that free radicals were not
involved with primary acids. Thus 3-phenylpropanoic acid does

not produce styrene by elimination nor does it react with
benzene to produce bibenzyl. Also, 4-phenylbutanoic acid
showed no internal cyclization similar to that observed when a
primary radical is generated from lead tetraacetate reaction as
described by Davies and Waring (11). In addition, rearrange-
ment is not observed from reaction of 3,3-diphenylpropanoic
acid (entry 6) with xenon difluoride. One would anticipate the
formation of a 1,2-diphenylethane derivative if a primary
radical were formed, because rearrangement is a well-known
process in the 2-phenylethyl radical systems (12). In an in-
teresting comparison with other halodecarboxylation methods,
one observes that in the Hunsdiecker Cristol—Firth reactions of
primary acids (1), a questionable free-radical process (13), rear-
rangement is rarely found. But in the Kochi lead tetraacetate —
chloride chlorodecarboxylation, a known radical reaction (2),
rearrangement and elimination both are common. Thus our
experiments show that free radicals are not observed with
primary acids, but that '®F~ is incorporated in a nucleophilic
process (mechanism (a)).

Evidence for mechanism (b) is obtained for systems which
produce relatively stable free radicals and carbocations, the
tertiary and benzylic systems. Thus when phenylacetic acid and
xenon difluoride react in benzene solution, a mixture of
diphenylmethane and benzyl fluoride is obtained. Control
experiments show that the diphenylmethane did not arise from
reaction of benzyl fluoride with benzene. The formation of di-
phenylmethane shows that a reactive intermediate is generated,
and the absence of bibenzy! from radical coupling indicates that
the intermediate is a carbocation.

PhCH,COOH + XeF, + CgHg — PhCH,Ph + PhCH,F

The reaction of optically active «-trifluoromethyl-a-
methoxyphenylacetic acid (1) gives a-fluoro-a-trifluoromethyl-
a-methoxytoluene (2) in 95% yield with complete loss of
optical activity, showing that a trivalent intermedite is involved
in the mechanism. Furthermore, when the reaction is conducted
in the presence of (n-Bu)s*N 8F~ for 30min at room
temperature, the '®F~ is incorporated into 2 in 65% radiochemi-
cal yield. The '8F~ /XeF, exchange experiments cited above
and the 65% radiochemical yield show that a '®F-exchanged
species is not involved. Thus '8F~ is incorporated as free
fluoride ion in a reaction with a cationic intermediate. These
results support mechanism (b) shown in Scheme 1 for tertiary
and benzylic acids.

C|OOH 1|=
ph—cl:—OCH3 + XeF, — Ph—(IZ—OCH3
CF; CF,

1 (optically active) 2 (racemic)

Finally, when 3-phenylbicyclo[1.1.1.]pentanoic-1-acid, a
substrate which can produce a free radical but not a planar
carbocation (13, 14), reacts with xenon difluoride, only radical
dimerization is observed (entry 17). Thus each component of
mechanism (b) has been observed experimentally.

Ph@COOH — Ph@- — Ph@—@?h

In conclusion, we have shown that fluorodecarboxylation
with xenon difluoride is an effective process for the conversion
of carboxylic acids to alkyl fluorides. The mechanism of the
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reaction involves nucleophilic displacement by fluoride for the
primary and secondary acids, while free radicals and carboca-
tions are involved for tertiary and benzylic systems. The
reaction also holds promise as an important new method for the
preparation of fluorine-18 labeled radiopharmaceuticals.

Experimental

Nuclear magnetic resonance spectra were obtained in deuterio-
chioroform solution on a JEOL FX-90 Q at 89.75 MHz for proton
spectra with internal tetramethylsilane (8 0.0) as a standard and at
84.26 MHz for fluorine spectra with external Freon-11 (fluorotrichloro-
methane, 30.0) as a standard. Mass spectra were obtained at 70 eV ona
Varian MAT-111 direct inlet system or at the University of 1llinois
Mass Spectrometry Center. Xenon difluoride was purchased from
PCR, Inc., Gainesville, Florida and used as obtained. Solvents
CH,Cl,, CHCI;, CDCls, and benzene were dried before use.

General procedure. 1-Fluoro-2-phenylethane (entry 2)

To a solution of 3-phenylpropanoic acid (150 mg, 1 mmol) in 15 mL
of methylene chloride contained in a polyethylene bottle was added
crystalline xenon difluoride (170 mg, 1 mmol).

The solution was stirred magnetically at 22°C for 10 h during which
the colorless solution becomes slightly yellow. The resulting mixture
was washed with 3% sodium bicarbonate (50mL) solution. The
organic solution was dried (MgSO,) and concentated to yield analyti-
cally pure 1-fluoro-2-phenylethane (76% yield).

1-[*8F]-fluoro-2-phenylethane

A solution containing 2 mg 3-phenylpropanoic acid, 2 mmol of
tetra-n-butylammonium fluoride, 2mCi of '|F", and 0.3mL of
methylene chloride was treated with 2 mg of xenon difluoride. After
standing for 30 min the solution was analyzed on a Waters high
pressure liquid chromatograph equipped with a Magnum Parisil M9
16/50 silica gel column. Elution with CH,Cl,—~CH;CN (3:1) at a
flow rate of 2.4 mL/min showed simultaneous ultraviolet detection
(254 nm) and radioactive detection (Nal(TI) detector) for the product at
16 min. Thin-layer chromatography on silica gel with 3:1 CH,Cl,-
CH;CN showed that 40% of the total radioactivity of the crude
product was present as 1-['®F]-fluoro-2-phenylethane. 1-['3F]-fluoro-
3-propane was prepared from 4-bromobutanoic acid in 78% radio-
chemical yield, and o-['®F]-fluoro-a-trifluoromethyl-a-methoxy-
toluene 2 was prepared in 65% radiochemical yield from 1. These reac-
tions were conducted under identical conditions to those described for
the preparation of 1-['3F]-fluoro-2-phenylethane.

Preparation of tetrabutylammonium ['®F]fluoride. general procedure

Fluorine-18° was prepared from ['*0]H,0 by the %0 (p, n)"*F
reaction in a 2-mL metal cyclotron target (15). Approximately 3—5 mCi
of the activity produced was mixed with 5mmol of tetra-n-butyl-
ammonium fluoride (Aldrich) in a platinum crucible and taken to
dryness at 100°C under a stream of nitrogen. The residue was further
dried azeotropically by the addition and evaporation of two 0.1-mL
portions of acetonitrile. The mixture was redissolved in 0.4 mL of

SFluorine-18 has a half-life of 110 min and its radioactivity may be
counted conveniently in a gamma counter at 511 keV.

methylene chloride to give approximately 1.5-3 mCi of radioactivity,
which was added to the substrate contained in a small glass vial.

Bis(3-phenylbicyclof1.1.1]-1-pentanyl)

3-Phenylbicyclo[1.1.1]pentan-1-oic acid (96 mg, 0.5 mmol) in 8 mL
of CDCl; was treated with 90 mg (0.55 mmol) of xenon difluoride.
After 8 h, gas evolution ceased and the yellow solution was analyzed by
nmr. The analysis showed the complete absence of starting material
and the complete absence of fluorinated products. Preparative hple
(Whatman Magnum Silica Gel, 50mm X 10 mm, hexane—CH,Cl,,
9:1) gave pure product, 39 mg (35%).

a-Trifluoromethyl-o-methoxy-a-fluorotoluene

A solution containing 230 mg (1 mmol) of (+)-a-methoxy-+-
trifluoromethyl-phenylacetic acid (aB +69°, ¢ = 1.6, CH;0H) and
170 mg (1 mmol) of xenon difluoride in 15 mL of CDCI; was allowed to
react until gas evolution ceased (4 h). Both nmr and hplc analyses
showed the presence of only a single product, and the solution showed
no optical activity at the sodium D line. Isolation by preparative hplc
(Whatman Magnum Silica Gel, 50mm + 10 mm, hexane—CH,Cl;,
3:1) gave 197 mg (95%) of pure product. The product showed no
optical activity in either methanol or chloroform solvents.
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SuZANNE DEGUIRE, FRANGOIS BRISSE, JACQUES OUELLET, and RODRIGUE SavoIE. Can. J. Chem. 64, 142 (1986).

A stoichiometric complex of formula (COOH),-2H,0O-18-crown-6 has been obtained from oxalic acid and the macrocyclic
polyether 18-crown-6. The crystals of the complex have a monoclinic unit cell and belong to the P2,/c space group. The
components in the adduct are linked through hydrogen bonds in a polymer-like fashion: —crown-H,O-HOOCCOOH—-OH,—
crown—, where the oxalic acid molecules are present in two distinct disordered orientations. The infrared and Raman spectra of

the complex are also reported and interpreted.
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Un complexe de formule (COOH), 2H,0- 18-couronne-6 a été obtenu a partir de 1’acide oxalique et 1’éther macrocyclique
18-couronne-6. Les cristaux du complexe ont une maille monoclinique et appartiennent au groupe d’espace P2, /c. Le cristal est
constitué d’un enchainement —couronne—H,O-HOOCCOH-OH;—couronne—, ol les différentes unités structurales sont reliées
par ponts hydrogeéne. Les molécules d’acide oxalique sont alignées, de facon désordonnée, dans deux orientations différentes.
Les spectres infrarouge et Raman du complexe sont rapportés et interprétés.

Introduction

Many neutral molecules with hydrogen bonding capacity
form complexes with macrocyclic polyethers, such as 18-
crown-6 (henceforth called 18C6), in which a water molecule
serves as a linker between the proton donor and the crown
(1). Carboxylic acids generally follow this trend, forming
complexes with 18C6 of 2:2:1 or 1:1:1 (acid/water/18C6)
stoichiometry, in which the acid is more or less firmly bound to
water, depending on its acid strength, and the water molecules
are themselves weakly hydrogen bonded to oxygen atoms of the
crown (2). A particularly good example of this is found in the
CH,(CN)COOH-H,0-18C6 adduct, whose crystal and molecu-
lar structures have been determined by X-ray diffraction (3).
Also of interest is the corresponding compound of 2:2:1
stoichiometry obtained from dichloropicric acid, in which
proton transfer seems to occur from the acid to water, giving a
charged-component complex involving the hydronium ion (4).

From the mode of complexation of carboxylic acids with the
18C6 crown, it was expected that dicarboxylic acids would
simultaneously interact with two crown molecules in adducts of
this type. This hypothesis has been verified by the synthesis of
the (COOH),'2H,0-18C6 complex, whose crystal structure
and vibrational spectra are reported in this paper.

Experimental

The complex (mp 90-94°C) was prepared by adding anhydrous
oxalic acid (0.68 g) to a solution of 18C6 (2 g) in tetrahydrofuran
(10 mL). Crystallization occurred at room temperature after addition of
asmall amount (0.3 mL) of water. The deuterated complex (~90% d,)
was obtained in a similar way, using a proportionally larger amount of
D»0. The stoichiometry of the complex was determined by elemental
analysis, titration by NaOH, and from the integrated intensities of the
peaks in the 'H nmr spectrum ((CD;COCDs5) 8:5.5 (H,C,0,4 and H,0)
and 3.6 (18C6)).

The infrared spectra, obtained from Nujol and hexachlorobutadiene
mulls, were recorded on a Beckman IR4250 spectrophotometer and on

! Authors to whom correspondence may be addressed.

a Bomem DA3.02 interferometer. The Raman spectra of solid samples
sealed in capillary tubes were excited by the 514.5-nm line from a
Spectra Physics Model 165 argon ion laser, and recorded on a micro-
computer-controlled Spex Model 1400 spectrometer. The spectra
were typically obtained at 400 mW laser power at the sample, 2 cm™!
spectral slit width, with an integration time of 2 s for each frequency
increment of 1 cm™!. The low-temperature measurements in both the
infrared and the Raman spectra were made using conventional liquid
nitrogen cryostats.

For this X-ray study, a well-developed single crystal of the complex,
obtained by slow evaporation of a THF solution, was mounted on a
Nonius-CAD4 diffractometer. The unit-cell dimensions and the orienta-
tion matrix have been obtained by a least-squares refinement of the
angular settings of 25 well-centered reflections in the range 10 < 26 <
38°. The diffracted intensities of 1747 reflections were measured within
the sphere of reflection limited by 26 < 50°and0 < A< 11,0< k <9,
—17 < [ < 17, using the graphite monochromatized molybdenum
radiation. The ®/20 scan technique was used with a scan width
calculated by w = (1.00 + 0.35 tan 0)°. The intensities of three reference
reflections, measured every hour, did not vary by more than 2% over
the duration of the data collection. The centering of the crystal was
verified every 100 measurements, and readjustment was made when
needed. The diffracted intensities were corrected for Lorentz and
polarization effects, but since the absorption coefficient for the Mo
radiation was small, no absorption correction was applied.?

The 1206 reflections (69%) that satisfied the criterion [ = 1.96a(/)
were retained for the structure determination and refinement. o(/) was
derived from the counting statistics. The scattering curves for O and C
were taken from ref. 9 and those for H atoms from ref. 10. The P2,/¢
space group was assigned unambiguously from the systematic absence
0kO, k# 2n and hO/, [ # 2n. Since there are only two formulas per
asymmetric unit, the center of the 18-crown-6 as well as that of the
oxalic acid molecules must coincide with crystallographic centers of
symmetry of the unit cell. The structure was solved using the
multisolution program MULTAN. All the atoms constituting the 18C6

*The programs used here are locally modified versions of NRC-2,
data reduction; NRC-10, bond distances and angles; NRC-22, mean
planes; FORDAP, Fourier and Patterson syntheses (A. Zalkin);
MULTAN, multisolution program; NUCLS, least-squares refinement;
and ORTEP, stereo drawings (ref. 5-8).
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TaBLE 1. Crystal data for the (COOH),-2H,0-18-crown-6 complex

(COOH);2H,0-C ,H,406 FW = 390 F(000) = 210 e
Monoclinic P2i/c zZ=2
a=9.322(4) b= 17.779(3) ¢ = 14.666(3) A
B = 111.41Q2)° V =990.1 A3 d.=1.309gcm™>
b = (MoKa) = 1.08 cm™! A(MoK&) = 0.71069 A T = 22°C

Crystal size 0.30 X 0.36 X 0.40 mm

part were found on the first E-map. The others, including all the H
atoms, were located on subsequent difference Fourier syntheses. The
weighted least-squares refinement, minimizing 3 w(|F,| — |F)%,
was carried out with anisotropic temperature factors for O and C and
isotropic temperature factors for H atoms. As the refinement proceed-
ed, it was discovered that the oxalic acid, situated at (00 3), was present
in two distinct orientations. A 50:50 distribution between the two
orientations led to very different values of the corresponding isotropic
thermal parameters. They were held at their averaged values and only
the occupation factor of each atom was refined. For three of the atoms
the occupation factors reached a value of 0.6, while at the same time
they tended towards 0.4 for the other three atoms. This unequal
convergence coincided for the three pairs of atoms, namely C(11),
C(21); O(11), O21); and O(12),'0(22). Since the C—C distances of
the two molecules of oxalic acid were unequal, the positions of these C
atoms (C(11) and C(21)), were adjusted so that the two C—C distances
remain equal to 1.540 A. The least-squares process was resumed, but
only the coordinates and thermal parameters of the oxygen and
hydrogen atoms of both oxalic acids were refined. After convergence,
R and wR had not changed while S was slightly lowered.? Since both
refinements did converge in the same way whether the C coordinates
were refined or set so that d(C—C) = 1.540 A, the final coordinates
and structure factor tables given here reflect the chemically more
meaningful situation. The refinement was concluded when R =
0.033, wR = 0.039, and S = 1.454. At that time, the mean and
highest values of the displacement-to-sigma ratio were 0.05 and 0.4,
respectively. A final difference Fourier synthesis revealed only small
ﬂuctuatior;s of the electron density, with extreme values of —0.13 and
0.11e A™".

Results and discussion

The unit-cell dimensions and other crystal data of interest
determined from the X-ray diffraction study are given in Table
1. The atomic numbering is given on the diagram in Fig. 1. The
bond distances and angles, calculated from the final atomic
coordinates (Table 2),* are given in Table 3. The various
structural units (18C6, oxalic acid, water) that are part of the
complex are shown by the stereopair of Fig. 2. The structural
units are H-bonded to one another to form a columnar arrange-
ment in which the following sequence, crown ether—water—oxalic
acid—water, repeats itself.

The 18-crown-6 molecule

The center of this molecule coincides with a crystallographic
center of symmetry at (3 3 0). The conformation of the ring is
described by the t ¢ g sequence repeated six times (¢ = trans, g
= gauche). The actual values of the ring torsion angles are
given in Table 4. The C—O bond distances (average value
1.484 A) are normal. However, the CHz—gHz bond distances
are all significantly shorter (average 1.484 A) than the accepted

*R = Z|Fo| = |FI/Z|Fdl; wR = [2 w(Fo| = |F)*/Z wiF % S =
[E w(Fol = [F)?/(m — m]'>.

“The tables of anisotropic temperature factors, least-squares planes,
and structure factors have been deposited and may be purchased from
the Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 0S2.
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Fic. I. Atomic numbering adopted for the (COOH),-2H,0-18C6
complex.

TABLE 2. Fractional atomic coordinates and their esd’s (X 10* for O
and C, X 10° for H atoms), U,q (X 10* for O and C) and Ui, (X 10
for H atoms)

Atom x y z Ueq/ Usso
c() 3438(2) 1201(2) 766(2) 601
0(2) 4881(1) 2047(1) 1005(1) 526
Cc@®) 5654(2) 2283(2) 2031(1) 602
C4) 7161(2) 3136(2) 2235(1) 590
0o(5) 6935(1) 4885(1) 1944(1) 506
C(6) 8354(2) 5803(2) 2213(1) 575
c 8057(2) 7566(2) 1795(1) 566
o(8) 7662(1) 7459(1) 771(1) 517
c©) 7262(2) 9073(2) 298(1) 605
o(11) 1426(2) 6288(2) —171(1) 437
0(12) 1486(2) 4691(3) 1131(1) 522
C(11) 843 5223 309 304
0(21) 1878(3) 5253(4) 751(2) 530
0(22) 519(4) 6585(4) —653(2) 712
cel 649 5595 —-18 408
O(W) 4345(1) 6694(2) 582(1) 576
H(11) 358(2) 7(2) 111(1) 61
H(12) 273(2) 189(2) 102(1) 72
H@31) 490(2) 303(2) 228(1) 73
H@32) 583(2) 121(2) 237(1) 73
H@41) 778(2) 311(2) 294(1) 64
H(42) 776(2) 259(2) 187(1) 71
H(61) 878(2) 584(2) 290(1) 65
H(62) 906(2) 516(2) 197(1) 59
H(71) 719(2) 816(2) 195(1) 65
H(72) 896(2) 826(2) 207(1) 72
H(91) 817(2) 974(2) 46(1) 74
H(92) 655(2) 973(2) 57(1) 72
H(O11) 269(4) 639(4) 30(2) 102
H(021) 196(6) 581(7) 32(4) 110
H(W1) 459(2) 694(2) 7(1) 86
H(W2) 491(3) 599(3) 88(2) 119

distance of 1.535(5) A for a C(sp*)—C(sp®) bond. Such a
shortening of a CH,—CH, bond ina —O—CH,—CH,—0—
moiety has also been reported in noncyclic situations (11, 12)
and does not depend upon the value of the —O—CH,—CH,—O
torsion angle. Concurrently with a short C—C bond, it was
noted that the O—C—C angles tended to be smaller than
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TaBLE 3. Bond distances and angles for the (COOH),-2H,0-18-crown-6 complex

Bond Distances (esd’s), A Bonds Angles (esd’s), deg

18-Crown-6

C(1H)—0(2) ‘ 1.423(2) C(9")—C(1)—O0(2) 109.2(2)
02)—C@3) 1.423(2) C(1)—02)—C(3) 112.3(1)
C(3)—C4) 1.482(3) 0(2)—C(3)—C(4) 110.4(2)
C(4)—O(5) 1.418(2) C(3)—C(4)—0(5) 110.1(2)
O(5)—C(6) 1.426(2) C(4)—0(5)—C(6) 112.1(1)
C(6)—C(7) 1.486(3) O(5)—C(6)—C(7) 109.5(1)
C(7)—O(8) 1.412(2) C(6)—C(7)—C(8) 108.7(1)
0O(8)—C(9) 1.417(2) C(7)—0(8)—C(9) 112.9(1)
C(9)—C(1") 1.484(3) 08)—C(9)—C1") 109.1(2)
Oxalic acid

C(11H)—0(11) 1.325(3) O(11H—CO1H—0(12) 126.5(2)
C(11H)—0(12) 1.207(3) O(11)—C(11)—C(11") 110.9(2)
Can—Ccaih 1.540 O(12)—C(11)—C(11) 122.6(2)
CR1H—021) 1.308(5) 0(21)—C(21)—0(22) 128.2(4)
C21H—0(22) 1.180(5) o2N—CR1H—C21) 107.5(4)
C21)—C(21") 1.540 0(22)—C(21)—C(21") 124.3(4)

F1G. 2. Stereopair showing the various structural units and their linkage through hydrogen bonding. In order to differentiate between the two

molecules of oxalic acid, the bonds of one of them have been blackened.

TaBLE 4. Torsion angles (°) in the 18-crown-6 molecule

Bonds Angle
CH"H—C(1H)—O0(2)—C(3) —117.3(2)
C(1)—O(2)—C(3)—C(4) 178.9(2)
0(2)—C(3)—C(4)—O(5) 71.7(2)
CB3)—C4)—0(5)—C(6) 174.3(1)
C(4)—0(5)—C(6)—C(T) 173.9(1)
0(5)—C(6)—C(7)—0(8) —71.3(2)
C(6)—C(7)—O0(8)—C(%) 176.3(1)
C(7)—O(8)—C(9)—C(1") —168.5(1)
0(8)—C(9)—C(1)—0(2" 67.3(2)

109.5°. In the present case, where the —O—C—C—O
sequence is included in a ring, the average of the six O—C—C
angles is 109.5° while the average C—O—C angle is 112.4°.

The oxalic acid

As mentioned in the experimental section, the molecule of
oxalic acid is present in the crystal form under two distinct
orientations in a 40:60 ratio. However, when the C coordinates
were refined, the C—C distances took the unusually different
values of 1.569(4) and 1.504(6) A. To remedy this anomaly,
both C—C distances were kept at the fixed value of 1.540 A.
This choice took into account the C—C distance of oxalic acid

in the gas phase, 1.548 A (21), and 1.537 A in both its & and B
crystalline forms (22), as well as the value of 1.538 A in the
a-modification of the dihydrate (23).

The bond distances and angles (Table 3) of the two oxalic acid
molecules agree very well. The two molecules are planar but for
the H atoms, which deviate by 0.10(3) and 0.23(6) A from their
respective least-squares planes. These deviations favor the H
bonds formed with the oxygen atom of the water molecule. The
dihedral angle formed between the planes of the two molecules
is close to 180°.

Hydrogen bonding

The water molecule, O(W), is the link between the crown
ether and the oxalic acid. This disposition is identical to that
observed with cyanoacetic acid (3). Since, however, oxalic acid
is a diacid, instead of forming a complex of limited dimensions
as in ref. 3, the structural units are arranged here in a
polymer-like fashion.

O(W) forms two relatively long hydrogen bonds with the
atoms O(2) and O(5) of the 18C6 molecule. At the same time,
O(W) is an acceptor vis-a-vis the oxalic acid. The molecule of
oxalic acid is present in two distinct orientations such that each
hydrogen atom is H-bonded to O(W). These H bonds are
significantly shorter than those between O(W) and the crown
ether. The characteristics of these hydrogen bonds are presented
in Table 5. All these H-bond distances compare well with those
reported for the 18C-cyanoacetic acid-water complex of ref. 3.
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TaBLE 5. Characteristics of the hydrogen bonding in the (COOH),-2H,0-18-crown-6 complex

0.88(2) A
0.78(2)

0.98(3)
0.81(6)

O(W)—H(W1)
O(W)—H(W2)
O(11)—H(011)
0(21)—H(021)

H(W1)---0(2)
H(W2)---0(5)
H(O11)---O(W)
H(O21)---O(W)

1.98(2) A
2.14(2)

1.60(4)
1.86(6)

O(W)---0(2)
O(W):--O(5)
O(11)---O(W)
0@21):-O(W)

2.850(2) A
2.877(2)

2.555(2)
2.650(4)

O(W)—H(W1)--0(2)
O(W)—H(W2)-+-O(5)
O(11)—H(O11)--O(W)
0(21)—H(021)---O(W)

169(2)°
159(2)
166(3)
166(6)

Transmittance

I3 1 1 1 1
3500 3000 2500 2000 1800
Frequency (cm™)

Fig. 3. Room temperature infrared spectrum of the (COOH),:
2H,0-18C6 complex (hexachlorobutadiene mull) in the region 1500—
4000 cm™L.

Vibrational spectra

The O—H stretching vibrations of the weakly bound water
molecules give a strong doublet at 3425/3465cm™! in the
infrared spectrum (Fig. 3). The two components are more easily
seen in the Raman spectrum (3422 /3472 cm™ 1) (Fig. 4) even
though their overall intensity is relatively much lower than in the
infrared. At liquid nitrogen temperature, the doublet is com-
pletely resolved at 3403/3451 cm~!. The observed splitting,
48 cm™!, is very nearly equal to that expected for the v; and v;
vibrations of intermolecularly uncoupled and symmetrically
bound water molecules (13). However, as shown by X-ray
diffraction, the two HOH--crown bonds in the complex are not
exactly similar (O--+0:2.850 and 2.877 A), and this is indicated
in the spectrum of an incompletely deuterated sample by the
appearance of a doublet, at 3431/3455 cm~! (3417 /3457 cm™!
at —180°C), due to the O—H stretching vibration of the HOD
molecules (Fig. 4). The D,0 v, /v, vibrations are shifted by a
factor of 1.35 in the spectra of the deutero compound, where
they give a doublet near 2550 cm™ .

From the centrosymmetric structure of the oxalic acid
molecules in the complex and the two different orientations that
they can take, the O—H stretching modes of these units are
expected to give doublets in both the infrared and Raman
spectra. Furthermore, the two components of these doublets
should have frequencies of ~2100 and 1900 cm™' (14), based
on the acid:--water distances of 2.555 and 2.650 A that
characterize the two nonequivalent types of acid molecules in
the crystal. However, both the infrared and Raman spectra
(Figs. 3 and 4) fail to show any band of appreciable intensity in
the 2100 cm™"! region. Neither can the absorption at ~1850 cm™!
in the infrared spectrum be attributed to a v(OH) vibration, as
this same band is present in the spectra of other similar
complexes where the v(OH) vibration is clearly identified at a
much higher frequency (2). The 1850 cm™! infrared band is
most likely due to the overtone of the out-of-plane y(OH)

—2016 v(0D)

O

P I I

P |
2000

P IED T BT WY
2500 3000
Frequency Shift (cm-t)

3600

FiG. 4. High-frequency region of the Raman spectrum of the
(COOH);'2H,0-18C6 complex at (A) 20°C and (B) —180°C. (C)
Corresponding spectrum of a ~90% deuterated (acid and water)
sample.

vibration of the acid, and to combination modes of the ether,
such as those responsible for the very strong bands in the
800-1100 cm™! region of the vibrational spectra.

The assignment of the acid v(OH) vibrations in the spectra of
the complex can be made in two different ways. Firstly, the two
expected vibrations could be taken as having nearly equal fre-
quencies, and thus explain the infrared doublet at 2500 /2580
cm™! and the scattering in the corresponding region of the
Raman spectrum. This frequency range is characteristic of
O--+O distances of ~2.60 A (14), which is the average of the
water' - -crown distances (2.555 and 2.650 A) determined above
by X-ray diffraction. Alternatively, one of the expected
vibrations could occur at ~2500 cm™!, the second one being
overshadowed by the CH stretching modes in the 2900 cm™!
region. This explanation is preferred, as the Raman spectrum of
the deuterated complex shows two bands, at 2020 and 2195 cm™!,
with isotopic frequency shifts (1.26 and ~1.32 respectively)
equal to those expected from the assumed frequencies of the
corresponding v(OH) vibrations (14). Note that both interpreta-
tions point to O-+-O distances that are not exactly equal to those
determined by X-ray diffraction. The infrared spectrum of the
deuterated complex (not shown) is similar to the Raman, with
two absorption bands at 1985 and 2175 cm™!, that at lower
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FiG. 5. Low-frequency region of the Raman spectrum of the (COOH),-2H,0-18C6 complex at (A) 20°C and (B) ~180°C. (C) Corresponding

spectrum of a ~90% deuterated (acid and water) sample.

frequency being about twice as intense as the other one. If these
two bands are assigned to the v(OD) vibrations of the two types
of acid molecules identified by X-ray diffraction, then their
relative intensities should reflect the different occupational
factors (0.6 and 0.4) associated with the two species.

The Raman spectrum of the crown moiety in the complex
(Fig. 5) is almost identical to that obtained with metal com-
plexes in which the crown adopts its highly symmetric D3, con-
formation (15). This is in complete agreement with the X-ray
results.

The bands attributable to the oxalic acid molecules can be
readily identified in the Raman spectra, as this species has been
thoroughly investigated by vibrational spectroscopy, in the gas
phase (16), in rare gas matrices (17), and in both its o and 8
crystalline modifications (18-20). The room temperature
Raman spectrum of the hydrogenated complex (Fig. 5A) is
consistent with the centrosymmetric structure of these mole-
cules, deduced from the X-ray measurements. This type of local
symmetry results in a frequency non-coincidence of the infrared
and Raman-active bands. For example, the C=0 stretching
modes give a symmetric vibration (A, species in the C,; space

group), which is Raman active only, and an antisymmetric
mode (B, species), which is infrared active only. These two
bands occur at 1738 cm™! in the Raman and 1720 cm™' in the
infrared spectra. The shoulders at ~1755 and 1700 cm™!
alongside the main infrared band are probably due to combina-
tion modes, as they are also present in the infrared spectra of the
uncomplexed acid (17, 19). The CO, rocking and bending
modes at 551 and 457 cm™! are also observed as singlets in the
room temperature spectrum of the nondeuterated complex.

The structural parameters for the two types of acid molecules
in the adduct (Fig. 2 and Table 3) are very similar. There is a
general agreement between these findings and the Raman
results, as many of the bands of the oxalic acid molecules are
split in the low-temperature spectrum, which is consistent with a
slight nonequivalence of the two types of acid molecules.

The C—C bond should give rise, for the mixed C—C/C—O
stretching mode, to a band occurring near 840 cm~'. Although
there are several bands due to the ether in this region of the
Raman spectrum (834, 840(?), and 864 cm™!), the oxalic acid
vibration appears to occur as a singlet, at 850 and 797 cm™' in
the spectra of the normal and deuterated complex respectively,
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the weak band at 823 cm™! in the spectrum of the deutero
compound being attributable to the HOOCCOOD mixed isoto-
pic species.
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SERGE ALEX, RODRIGUE SAVOIE, MARIE-CLAUDE CORBEIL, and ANDRE L. BEAUCHAMP. Can. J. Chem. 64, 148 (1986).

Two different crystalline complexes have been obtained from aqueous mixtures of glycylglycine (GlyGly) and methylmer-
cury(Il), and they were studied by vibrational spectroscopy and X-ray diffraction. In the first compound, a hydrogen atom of the
protonated amino group of GlyGly is substituted by the CH3Hg ™ cation, giving (CH3;Hg)GlyGly: orthorhombic, Pna2,, a =
7.920(6) A, b = 13.473(5) A, ¢ = 8.059(3) A, and Z = 4. Further complexation on the carboxylate group yielded the complex
[(CH;3Hg),GlyGly]CIO,: monoclinic, P2, /c, a = 6.407(4) A, b = 24.43%(6) A, c = 8.461(2) A, B = 93.82(4)°,and Z = 4. The
sites of complexation and the conformations of these solid complexes are well reflected in their vibrational spectra. Raman
spectra indicate that complexation in aqueous solutions is limited to substitution on the —NH; " group of GlyGly.

SERGE ALEX, RODRIGUE SAVOIE, MARIE-CLAUDE CORBEIL et ANDRE L. BEAUCHAMP. Can. J. Chem. 64, 148 (1986).

Deux complexes cristallins différents ont été isolés & partir de solutions aqueuses de glycylglycine (GlyGly) et de
méthylmercure(Il), et ils ont été étudiés par spectroscopie de vibration et par diffraction des rayons X. Le premier composé a été
obtenu par la substitution d’un hydrogéne de la fonction amino protonée de la GlyGly par le cation CH;Hg ™, pour donner 1a
(CH;3;Hg)GlyGly: orthorhombique, Pna2,, a = 7,920(6) A, b=13473(5) A, c=8,059(3) Aet Z = 4. Une complexation plus
poussée, sur la fonction carboxylate, a permis d’obtenir le complexe [(CH3Hg),GlyGly]ClO,: monoclinique, P2;/c, a =
6,407(4) A, b=24,439(6) A, c = 8,461(2) A, B = 93,82(4)° et Z = 4. Les spectres de vibration réfletent bien les sites de com-
plexation de ces espéces, ainsi que leurs conformations propres. Les spectres Raman ont permis d’établir que la

complexation en milieu aqueux était limitée 2 la substitution sur la fonction —NH; " de la glycylglycine.

Introduction

The methylmercury cation CH;Hg*' has been used in our
(1-4) and other laboratories (5) as a convenient probe for the
coordination sites in nucleic acid constituents. This cation can
also bind to proteins (6), and various organomercury com-
pounds are currently used as heavy-atom labeling agents for
structural studies by electron microscopy and X-ray diffraction
D.

Although the thiol groups appear to be the primary targets for
mercury in proteins (6), coordination is likely to take place with
other groups as well. The model complexes with monomeric
amino acids considered so far involved mainly the sulfur-
containing acids (8—13). Selenium analogs have also been
examined (14). Relying mainly on 'Hnmr spectroscopy,
Rabenstein er al. (15, 16) have investigated the equilibrium
reactions between the CH3Hg ™ cation and various amino acids
in aqueous solutions. The only available crystal structure with a
non-sulfur-containing amino acid is the tyrosine complex, in
which one CH3Hg™ group is bonded to the NH, end of the
molecule (17).

As part of our research program aimed at determining (via
model systems) the mode of attachment of the CH3Hg ™ cation to
proteins and peptides, our initial effort is being directed to
sulfur-free model ligands. Raman spectroscopy, applicable to
both solids and aqueous solutions, is used to transfer the detailed
structural information obtained by X-ray diffraction on solids to
the species present in water. This technique also presents the
advantage of providing an “instant” picture of the species in
solution, since its time scale makes it less sensitive to exchange
equilibria leading to signal averaging in 'H nmr.

The present paper deals with glycylglycine (GlyGly), a

! Authors to whom correspondence may be addressed.

dipeptide devoid of a side chain
+H3;N—C(a)H,—CO—NH—C(B)H,—COO0~

It can be regarded as a model for interactions of CH;Hg™ with
the —NH:" and —COO™ ends of a protein chain.

Experimental

Reagents and techniques

Glycylglycine (BDH Chemicals) was used without further purifica-
tion. The sources of CH3Hg* ions were the hydroxide CH;HgOH (1 M
aqueous solution from Alfa Inorganics), the perchlorate CH;HgClO,,
and the nitrate CH3HgNO; (1 M aqueous solutions prepared as
described earlier (2)). The CH3;Hg* ion was analysed potentiometrical-
ly by titration with KCl in ethanol (Ag /AgCl indicator electrode) (18).
The various solutions studied by Raman spectroscopy were prepared at
a concentration of 0.33 M, their pH being adjusted in each case with
either NaOH or HNO; (4 N).

Raman spectroscopy

The Raman spectra, excited by the 514.5-nm line from a Spectra
Physics Model 165 argon ion laser, were recorded on a Spex Model
1400 microcomputer-controlled spectrometer. The samples were
contained in capillary tubes that, in the case of the highly light-sensitive
solid complexes, were mounted on a motor shaft and rotated at high
speed in the laser beam. Even so, the laser power at the sample had to be
kept very low (~25mW) in order to prevent sample decomposition.
Solid glycylglycine and the various solutions, contained in cells
mounted in a copper block maintained at 10°C, were studied at a laser
power of 200 mW at the sample. The spectra were typically recorded at
5cm™! spectral slit width, with a 2-s integration time at each 2 cm™!
frequency increment.

Infrared spectroscopy

The ir spectra were recorded as KBr pellets with a Digilab FTS-15
C/D Fourier-transform spectrophotometer equipped with a Globar
source and wide-band mercury cadmium telluride detector (Infrared
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Associates, New Brunswick, NJ). Typically, 100 interferograms of
4096 points, recorded at an optical velocity of 1.2 cm/s and a maximal
optical retardation of 0.5 cm, were co-added, apodized with a boxcar
function, and Fourier transformed with 4 levels of zero filling, resulting
in a spectral resolution of 2 cm™!. The apparatus was purged with dry
nitrogen during the experiments.

Nuclear magnetic resonance spectroscopy

The 'H nmr spectra were obtained with a Bruker WH-90 spectrom-
eter and they were referenced to TMS for DMSO-dg solutions or to
DSS for D,0O solutions. The solvents were Silanor DMSO-dg (Merck,
Sharp & Dohme Canada, 9.5% isotopic purity) and D,O (Cambridge
Isotope Lab., 99.8% isotopic purity).

Preparations

(CH;Hg)GlyGly

One mmole (132 mg) of glycylglycine was dissolved in 1.0 mL of
1 M aqueous CH;HgOH. On addition of absolute ethanol (10 mL), a
colorless powder was immediately obtained. It was filtered off, washed
with ethanol, and dried in vacuo for 24 h; yield 0.29 g, 82%; 'H nmr
(D,0) 8: 3.97 (2H, s, a-CHj), 3.81 (2H, s, B-CH,), 0.90 (3H, s,
CH;Hg), 2J('"H-'""Hg) = 219Hz. Crystals were grown by vapor
diffusion of ethanol into a concentrated aqueous solution of the
complex. The composition was confirmed by X-ray work (vide infra).

[(CH3Hg),GlyGly]ClO,

One mmole (132 mg) of glycylglycine was dissolved in a mixture of
1.0mL of 1.0 M CH3HgOH and 1.0 mL of CH3;HgCl10,. Ethanol was
then added (~10 mL). After a few days at room temperature and in
open air (hood), colorless rectangular platelets were obtained; yield:
0.21 g, 31%; 'H nmr (D,0) &: 3.90 (2H, s, «-CH,), 3.94 (2H, s,
B-CH,), 0.96 (6H, s, CHsHg), 2J(‘H-'""Hg) = 228 Hz; (in DMSO-
dg) 8: 3.77 (2H, s, CHy), 3.80 (2H, d, CH,), 5.26 (2H, s, br, NHy),
8.74 (1H, t, NH), 0.73 (6H, s, CH3Hg), 2J('H-%Hg) = 220 Hz. The
singlet at high field corresponds to both CH;Hg groups in fast
exchange. A crystal from the homogeneous samples was used for X-ray
work.

The same compound was obtained by mixing (CH;Hg)GlyGly with
an equal number of moles of CH;HgClO, (from a 1.0 M aqueous
solution), and adding ethanol. Precipitation occurred instantly, yield-
ing very thin plates. The sample obtained this way had the same ir and
'H nmr spectra as those prepared by the first method.

Crystal structure of [(CH3Hg):GlyGly]ClO,

C6H13C1Hg2N207 fw = 661.81
Monoclinic, P2,/c, a = 6.407(4), b = 24.439(6), ¢ = 8.461(2) A,
B = 93.82(4)°, V = 13219 A%, Z = 4, D, = 3.324gcm™,
AMMoK&) = 0.71069 A (graphite monochromator), p(MoKa) = 234.2
cm™!, T=293K,

A crystal of dimensions (mm) 0.025 (between 010 and 010) X 0.115
(001-001) x 0.30 (irregular faces) was used for X-ray work. Initial
cell parameters and monoclinic Laue symmetry were observed from
precession and cone axis photographs. The systematic absences (401,
!l # 2n and OkO, k # 2n), noted on the precession films and
subsequently confirmed from the full data set, unambiguously defined
the P2, /¢ space group. The cell parameters obtained from films were
accurately determined by least-squares refinement on the setting angles
of 25 randomly distributed reflections centered on an Enraf—Nonius
CAD-4 diffractometer. The Niggli coefficients clearly indicated that no
symmetry higher than monoclinic was present.

The intensity data were collected with the CAD-4 diffractometer as
reported earlier (19). Three standard reflections monitored during the
experiment indicated that the crystal slowly decomposed in the beam:
their intensities had regularly decreased by 20% at the end of the data
collection. This decay was taken into account at the data reduction
stage. A total of 1763 independent Akl and £kl reflections (20 < 45°)
were collected. After eliminating the systematically absent reflections,
the data set consisted of 1705 unique reflections, of which 957 were
retained as significantly above background (/ > 3¢(/)) for structure
determination. These data were corrected for the Lorentz effect,

polarization, and absorption (Gaussian integration, grid 8 X 8 X 8,
transmission range: 0.064-0.564).

The structure was solved by the heavy-atom method and refined on
|Fo| by standard least-squares procedures. Both Hg atoms were located
from a Patterson synthesis and the remaining non-hydrogen atoms were
located from a difference Fourier (AF) map phased on Hg. Isotropic
refinement by full-matrix least squares converged to R = Z||F,| —
|F.|l/2|Fol = 0.116 and R,, = [Ew(F| — [F)*/Sw|F 2] = 0.134.
The subsequent steps were carried out by block-diagonal least squares.
The non-hydrogen atoms were refined anisotropically. The hydrogens
whose positions were determined by those of the non-hydrogen atoms
were fixed at idealized positions (C—H = 0.95A, N—H = 0.87 A,
Biso = 5.0 A%). The methyl hydrogens were not visible in the AF map.
The hydrogen parameters were not refined, but their coordinates were
recalculated after each least-squares cycle. Anisotropic refinement of
all non-hydrogen atoms converged to R = 0.043, R,, = 0.052, and a
goodness-of-fit ratio of 1.78. The final AF map contained peaks in the
range +(1.2 — 2.2) e/A® near Hg, and the general background was
below +0.9e/A> elsewhere.

Crystal structure of (CH3;Hg)GlyGly

C5H10HgN203 fw = 346.74
Orthorhombic, Pna2,, a = 7.920(6), b = 13.473(5), ¢ = 8.059(3) A,
vV =28599A%Z =4, D, = 2.677gcm>, \Moka) = 0.71069 A,
W(MoKa) = 178.5cm™, T = 293K.

The specimen used had the following distances (mm) between the in-
dicated pairs of faces: 0.040 (011-011) X 0.048 (011-011) X 0.490
(100-100). It was mounted on an Enraf—Nonius CAD-4 diffractometer
and a set of 25 randomly distributed reflections were created by the
search routine of the system. These reflections were centered and the
indexing routine yielded a reduced cell of dimensions @ = 7.920, b =
8.059, ¢ = 13.473 A with three 90° angles. This cell was checked with
long-exposure oscillation photographs taken along the axes. These
three films showed the expected layer line spacings and contained
mirror planes consistent with the orthorhombic mmm Laue symmetry.
The Niggli parameters unambiguously indicated that the lattice had no
higher symmetry. Crystal density and fast scans on the #k0, 0!/, and
0kl reflections pointed to Pn2;a (alternate orientation for Pna2,) as the
most likely space group. Prior to data collection, the b and ¢ axes of the
reduced cell were interchanged in order to define the cell in the standard
Pna?2, orientation.

The intensity data were collected as above. The three standards
monitored during the experiment showed random fluctuation within
+3.4%. A set of 923 independent hkl reflections (20 < 50°) was
collected. After removal of the systematic absences, a total of 819
unique reflections remained, of which 596 were retained (1 > 3o7(J)) for
structure determination. The data were corrected for the Lorentz effect,
polarization, and absorption (Gaussian integration, grid 8 X 8 X 8,
transmission range: 0.33-0.54).

The conditions of systematic absence (Okl, k + 1+ 2n; hOl, h ¥
2n) for space group Pna2, were confirmed by inspection of the full data
set. These conditions were also consistent with the centric Prnam space
group (alternate definition for Pnma), but this group was rejected at the
end of the refinement. The structure was solved by the heavy-atom
method and refined by full-matrix least-squares procedures. The x and
y coordinates of Hg were determined from the Patterson synthesis. The
z coordinate was arbitrarily set to 0.25 to define the origin along ¢. The
AF map phased on Hg contained an artificial inversion center and two
overlapping images as expected. However, all the non-hydrogen atoms
belonging to one of the images could be assembled. Isotropic
refinement converged to R = 0.094 and R,, = 0.101. The hydrogen
atoms were treated as in the previous case. Anisotropic refinement
converged to R = 0.023, R,, = 0.028, and a goodness-of-fit ratio of
1.08. The final AF map showed peaks of +(0.7—1.0)e/A® near Hg and
a general background below +0.54 ¢/ A elsewhere. Refinement of the
enantiomorphic structure led to R = 0.026 and R,, = 0.032. Therefore
the results from the first refinement were retained. The absence of a
mirror plane perpendicular to the ¢ axis ruled out the possibility that the
unit cell belongs to the Pnam space group.
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TABLE 1. Refined coordinates (X 10°, Hg, Cl X 10 and equivalent
temperature factors (X 10%)

Atom X y z Uy
[(CH;3Hg),GlyGly]ClO,
Hg(1) 6756(2) 1728(1) - 4703(2) 60
Hg(8) 7710(2) —1367(1) —1357(2) 53
Cl(1) 1936(12) 1275(3) 6934(9) 47
o4 695(3) 117(1) 180(3) 67
O(8) 763(3) =57(1) —54(3) 80
09 702(3) —-15(1) —293(3) 56
oan 23(4) 146(1) 759(4) 138
0(12) 384(4) 141(1) 759(4) 133
0(13) 186(3) 147(1) 535(2) 62
0(14) 177(5) T1(1) 679(3) 126
N(I) 643(3) 86(1) 496(3) 66
N(5) 757(3) 31(1) 115(3) 42
C) 702(5) 258(1) 463(5) 83
C2) 774(4) 56(1) 388(4) 65
C(3) 737(4) 69(2) 213(4) 54
C(6) 738(4) 38(1) -51(3) 43
C(D 730(4) -17(2) —146(4) 55
C(8) 788(5) =218(1) —209(4) 74
(CH;Hg)GlyGly
Hg(1) 4303(7) 19318(3) 25000 47
0@ —-262(1) 121(1) 344(1) 59
0O8) —649(1) 127(1) 583(1) 40
(0])) =751(1) 38(1) 374(1) 56
N 19(2) 193)1) 510(3) 35
N(5) —339(1) 26(1) 560(2) 43
C) 81(3) 200(2) —12(5) 68
CQ2) —78(2) 111(1) 582(2) 54
C(3) —237(2) 87(1) 483(2) 42
C(6) —480(3) —-7(2) 481(2) 37
C(7) —645(2) 58(1) 483(2) 36

"

The scattering curves were from standard sources (20). The f” and f
contributions of Hg and Cl to anomalous dispersion were included in
structure factor calculations (20). The programs used are listed
elsewhere (21). The refined coordinates and equivalent isotropic
temperature factors are listed in Table 1.2

Discussion

Description of the structures

The crystal of (CH3Hg)GlyGly contains discrete molecules
(Fig. 1) in which one of the ammonium protons of the
zwitterionic glycylglycine molecule has been substituted by a
CHsHg™ group. In view of the very soft character of mercury,
preference for this nitrogen site over the harder carboxylate or
amide oxygens was anticipated. In the [(CH;Hg),GlyGly]*
cation (Fig. 2) present in the perchlorate, one of the CHzHg™
ions is similarly attached to the —NH, end, whereas a second
CH3Hg™ ion is bonded to the carboxylate acting as a mono-
dentate group.

The interatomic distances and bond angles are listed in Table
2. In all cases, the coordination of mercury is linear within
4(1)°. The Hg—N(1) distances found here (2.10(3) and 2.14(3)

2The supplementary material includes lists of refined temperature
factors, the coordinates of the hydrogen atoms, details on least-squares
plane calculations, and tables of observed and calculated structure
factor amplitudes for both compounds. This material may be purchased
from the Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 082.

FiG. 1. ORTEP drawing of the (CH3;Hg)GlyGly molecule. The
ellipsoids correspond to 50% probability. The long Hg---O contact is
shown as a thin line.

0(9)
c(8)

L

o(12)

Fig. 2. ORTEP drawing of the asymmetric unit in [(CH;Hg),-
GlyGly]ClO,4. The ellipsoids correspond to 50% probability. The
dashed line indicates hydrogen bonding. The long Hg:--O contact is
shown as a thin line.

A) are similar to those reported for complexes with simple
amino acids (8, 17). Mercury binds less readioly to harder
oxygen sites, but the Hg—O(8) distance (2.07(2) A) indicates a
normal single bond (22) in the [(CH3Hg),GlyGly]* ion.
Linearly coordinated CH;Hg™ groups usually retain some
electrophilic character in the equatorial region (assuming that
the H;C—Hg-—N(O) direction is axial), where the metal is
accessible. In the solid state this commonly leads to clustering
around mercury of negatively charged groups, forming loose
coordination bonds. In both of our compounds, one such
secondary bond with Hg(1) is intramolecular and involves the
amide oxygen O(4) at 2.82(2) A in [(CH3Hg),GlyGly]* and
271D Ain (CH5Hg)GlyGly (Table 3). Although weaker than
the contact with a free carboxylate oxygen in the tyrosine
complex (Hg:+-O = 2.62(2) A) (17), this interaction is strong
enough to control the conformation at this end of the complexes.

Light-atom positions cannot be determined with high ac-
curacy in the presence of Hg (and Cl) atoms. Considering the
large esd’s, the bond lengths and angles of glycylglycine (23,
24) are not significantly affected by complexation. However,
chain conformation is appreciably changed in the complexes.
Glycylglycine should ideally contain two planar fragments: the
carboxylate group (C(6), C(7), O(8), O(9)) and the amide group
(C(2), C(3), O4), N(5), C(6)). Therefore molecular conforma-
tion depends on the torsion angles about the C(2)-—C(3),
N(5)—C(6), and C(6)—C(7) bonds. In a strictly planar
elongated chain, the angles about C(2)—C(3) and N(5)—C(6)
should be 180°. For C(6)—C(7) the value would be 0° or 180°,
depending on the carboxylate oxygen used to define it; the O(8)
atom (leading to the torsion angle nearer 0°) is used here. In
crystalline glycylglycine, departure from these ideal angles and
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TABLE 2. Interatomic distances and bond angles

151

Distance (A)

Angle (deg)

Bond [(CH;Hg),GlyGly]CIO,  (CH;Hg)GlyGly Bonds [(CH;Hg),GlyGly]CIO;  (CH;Hg)GlyGly
Hg(1)—N(1) 2.14(3) 2.10(3) C(1)—Hg(1)—N(1) 176(1) 176(1)
Hg(1)—C(1) 2.09(3) 2.13(4) C(8)—Hg(8)-O(8) 177(1)

Hg(8)—0(8) 2.07(2) Hg(1)—N(1)—C(2) 111(2) 116(1)
Hg(8)—C(8) 2.09(3) N(1)—C(2)—C(3) 116(3) 113(1)
N(1)—C(2) 1.48(4) 1.46(3) C(2)—C3)—N(5) 118(3) 113(1)
C(2)—C(3) 1.52(5) 1.52(2) C(2)—C(3)—0®) 116(3) 122)1)
C(3)—O4) 1.23(5) 1.23(2) 0(4)—C(3)—N(5) 126(3) 125(1)
C(3)—N(5) 1.26(5) 1.31(2) C(3)—N(5)—C(6) 124(3) 119(2)
N(5)—C(6) 1.41(4) 1.36(3) N(5)—C(6)—C(7) 114(2) 120(2)
C(6)—C(7) 1.56(5) 1.57(3) C(6)—C(7)—O0(9) 118(3) 116(1)
C(7)—O(®8) 1.26(4) 1.23(2) C(6)—C(7)—O(8) 111(3) 117¢1)
C(7)—0(9) 1.25(4) 1.242) 0(8)—C(7)—0(9) 131(3) 127(1)
Cl()—O(11) 1.34(3) C(7)—O(8)—Hg(8) 122(2)
ClI(1)—O(12) 1.35(3) o1 1)—CI(1)—O(12) 119(2)
Cl(1)—O(13) 1.42(2) O(11)—Cl(1)—0(13) 108(2)
CI(1)—O(14) 1.39(3) O(11)—Cl(1)—O0(14) 108(2)

0(12)—CI(1)—0(13) 106(2)

0(12)—CI(1)—O0(14) 110(2)

0(13)—ClI(1)—O(14) 105(2)

TaBLE 3. Distances in hydrogen bonds
and Hg---O contacts

Bond Distance (A)
[(CH3Hg),GlyGly]ClO,
N(5)---O(14)4 3.06(4)
N(1)---0(9)® 3.05(3)
N(1)---0(9)¢ 3.22(3)
N(1)---0(12) 3.16(4)
Hg(1):--0(4) 2.82(2)
Hg(1)---O(12) 3.27(3)
Hg(1)---O(13) 3.28(2)
Hg(1)---0(11)4 3.26(3)
Hg(8)-0(4)° 3.02(2)
(CH3Hg)GlyGly
N(5):+-0(9)¢ 2.77(2)
N(1)---O(8)¢ 2.84(2)
N(1)---O(8) 2.83(2)
Hg(1)---0(4) 2.71(1)
Hg(1):-04)” 3.04(1)
Hg(1)---0(9)¢ 2.83(1)

A —x -y 1l -z
bx,y, 1+ z.
‘1—x, -y, —z.
A“U+x,y,z.
f—l—x, -y, %3+ z
B+ x iy, 2

displacement of 0.15 A of C(6) from the amide plane result in a
dihedral angle of 24.9° between the carboxylate and the amide
planes. In the [(CH3;Hg),GlyGly]* ion, the deviations are
differently distributed and C(6) is not significantly displaced
from the amide plane, so that the dihedral angle is only 8.6°. It is
noteworthy that the O(8)-bonded CH3Hg" group lies in the
carboxylate plane, in spite of the absence of electronic con-
straint to force this orientation. Therefore, the roughly planar
portion in the complex extends from the H;C—Hg(8) group to

the C(2) methylene group. In (CH;Hg)GlyGly, the C(3)—
N(5)—C(6)—C(7) angle differs by ~90° from those of glycyl-
glycine and the 2:1 complex (Table 4). This is reflected by the
bent conformation shown in Fig. 1. The conformation at the
NH; end of the molecules is undoubtedly dictated by the
Hg(1):--O(4) bonding contact mentioned earlier, which stabi-
lizes the cisoid arrangement of N(1) and O(4).

The packing diagram of [(CH;Hg),GlyGly]ClO,4 shows that
the complex cations are organized in pairs in the unit cell
(upper part of Fig. 3). The “dimer” consists of two centro-
symmetrically-related [(CH;Hg),GlyGly]" cations forming a
pair of complementary N(1)—H(11)---O(9) hydrogen bonds of
3.05(3)A. This N---O distance is typical of this type of
hydrogen bonds (25). Two long complementary contacts of
3.02(2) A are also found between Hg(8) and the amide oxygen
O(4), but the binding effect is probably very small, because the
O(8)—Hg(8) and C(3)==0(4) bonds are roughly parallel. In
each molecule, the amide proton forms a N(5)—H(5)---O(14)
hydrogen bond with a Cl0,~ oxygen (N(5)-:-O(14) = 3.06(4)
A). Besides these two moderately strong interactions, cohesion
between the various structural subunits in the cell does not
involve strong individual interactions. Dimers roughly oriented
along the ¢ axis are repeated along this direction, thereby
defining infinite ribons at y ~ 0 and ~1/2. Successive dimers
along ¢ form two weak centrosymmetrically related hydrogen
bonds, in which the remaining amino proton H(12) acts as a
donor to the free oxygen O(9) of the next molecule. The
N(1)---O(9) distance (3.22(3) A) lies at the upper limit of the
range proposed for such hydrogen bonds (25). As mentioned
above, the ClO,~ ion forms a strong hydrogen bond to the
amide N—H proton. However, in contrast with most other
CH;Hg* comnplexes containing this anion (26), the Hg---O
contacts are very long (Table 3). The shortest contact observed
here is 3.26 A for Hg:--O(11), whereas distances just above
3.0 A are common.

In the (CH;Hg)GlyGly neutral complex, the intermolecular
interactions are on the average much stronger. They are shown
in the packing diagram of Fig. 4. Besides the intramolecular
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TaBLE 4. Torsion angles

GlyGly
Bonds (refs. 23, 24) [(CH;Hg),GlyGly]CIO, (CH;Hg)GlyGly
Hg(1)—N(1)—C(2)—C(3) — =57(3) —42(2)
N(1H)—C(2)—C(3)—N(5) 152.7 —146(3) —169(2)
C(3)—N(@®)—C®B;)—C(M) 155.0 —170(3) —84(2)
N(5)—C(6)—C(7)—O(8) 11.3 —6(3) —14(3)
C(6)—C(7)—O(8)—Hg(8) — —179(2)

F16. 3. Stereoview of the molecule packing for [(CH3Hg),GlyGly]ClO,. Dashed lines correspond to hydrogen bonding. The Hg-+-O contacts are
shown as thin bonds. The atoms are represented by spheres of arbitrary size, with Hg and CI being larger than the remaining non-hydrogen atoms.
The atoms can be identified by comparison with Fig. 2. Only the O-1/2 portion of the & axis is shown.

F1G. 4. Packing diagram for (CH3Hg)GlyGly. Dashed lines represent hydrogen bonds. The Hg: O contacts are shown as thin bonds. The atoms
can be identified by comparison with Fig. 1. Only the O-1/2 portion of the b axis is shown.

Hg---O(4) contact of 2.71(1) A with the amide oxygen, any
given Hg atom forms a strong intermolecular secondary bond
with a carboxylate oxygen O(9) at 2.83(1) A, and a weaker one
with an amide oxygen at 3.04(1) A. In addition, the —NH,
groups establish moderately strong hydrogen bonds with O(8)
oxygens belonging to two different molecules related by the a
glide plane (N---O = 2.84 A). These infinite chains extending
along a are held to adjacent chains by strong interactions
of 2.772) A taking place at each monomer between the
amide N(5)—H bond and carboxylate oxygen O(9).

Vibrational spectra

The Raman spectra of glycylglycine and of its two complexes
with CH;Hg(II) are shown in Figs. 5 and 6. The infrared spectra
(Fig. 9, supplementary material) have also been obtained in the
course of the present study. As they bring little information on
these systems compared to the Raman data, they will not be
discussed in detail.

The vibrational spectra of glycylglycine are well documented
(27-31) and the interpretation of the spectra presented here is
based on these earlier results.

CH_;Hg

The most characteristic spectral changes associated with the
formation of the complexes are found in the 500 and 1200 cm ™!
regions, where new strong bands due to methylmercury appear.
A characteristic broad absorption is also observed in the infrared
spectrum at ~810cm ™. The presence of methylmercury(Il) in
both the [(CH3;Hg),GlyGly]ClO4 and (CH3Hg)GlyGly com-
pounds can be clearly established from the very strong Raman
bands at ~560cm™!, attributable to the Hg—CHj stretching
vibration (v(Hg—CH3)) (refs. 32-34). The strong peak at
466cm™’ in the spectrum of the N-substituted CH;HgGlyGly
complex can also be unambiguously assigned to the Hg—N
stretching vibration (W(N-—HgCH3)), by comparison with other
similar compounds, such as NH,-substituted 9-methyladenine
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FiG. 5. Raman spectra of solid (A) glycylglycine (GlyGly), (B) (CH;Hg)GlyGly, and (C) [(CH;Hg),GlyGly]ClO, in the region 300—1750 cml.

(482 cm™!) (4) and adenine (470 cm ™ ") (3), (methioninato)mer-
cury(Il) complex (481 and 518cm™") (35), and the mercury
—glycine complex (36).

In the [(CH3Hg)-GlyGly] ™" ion, the vibrations of the CH;Hg
group fixed on the NH,-terminal section of the molecule have
frequencies which are almost identical to those of (CH;Hg)-
GlyGly: the symmetric CH; bending mode (3(CHs)) and
v(Hg—CHs,) vibrations occur at ~1200 and ~560cm™! re-
spectively in both cases, whereas the v(Hg—N) mode is shifted
to ~450cm™! in the 2:1 compound, where it overlaps the v,
band of the perchlorate ion. This leaves the 536cm ™!, 572cm ™},
and 1220cm™! bands in the spectrum of the latter for the
corresponding vibrations of the CH;Hg unit linked to the
carboxylate group. The assignment of the 536 cm ™! band to the
Hg—O stretching mode is questionable, as this vibration has

been given much lower frequencies in the compounds CHs-
HgNO3 (292 cm™1) (32), and CH3HgSO;CH; (246 cm™!) and
CH3HgSO4~ (273 cm™ ") (37). On the other hand, Green (33)
has concluded from his extensive vibrational study of alkyl and
aryl compounds of mercury(Il) that absorptions due to Hg—O
vibrations occur in the region 500-650cm™'. The antisym-
metric v,,(Hg—O) stretching mode of the (CH3Hg);0™ oxon-
ium ion has also been given a relatively high frequency of
549 cm™! (38). The v(Hg—O) vibration of the methylmercury
unit linked to the carboxylate group in [(CH;Hg),GlyGly]ClO,
should have a frequency somewhat lower than the corresponding
v(Hg—N) vibration of the N-substituted unit (466cm™" in
(CH;Hg)GlyGly), from the relative masses involved. However,
the assignment of the 536cm™! peak to this vibration is
consistent with the shorter Hg—O distance (2.09 A vs. r(Hg—
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F16. 6. High-frequency region of the Raman spectra of solid (A)
glycylglycine (GlyGly), (B) (CH;Hg)GlyGly, and (C) [(CH3Hg),-
GlyGly]ClOy,.

N): 2.14A) indicated from the X-ray study, although these
values are highly uncertain. The local geometry could also be
responsible for this increase of the v(Hg—O) frequency: £
Hg—O0—C: 121° vs. £ Hg—N—C: 114° and r(C—OHg):
1.31 A vs. r(C—NHg): 1.51 A.

—NH3*

The substitution of a proton of the NH;* group by a CH;Hg*
ion in both complexes causes a disappearance of a number of
bands attributable to vibrations of the protonated amino end of
glycylglycine. These include the bands due to the symmetric
and antisymmetric bending modes of this group near 1500 and
1630 cm ™! respectively, and those near 1100 and 1160 cm™!,
due to rocking modes. The absence of these bands in the spectra
of the complexes is particularly meaningful, as they are not
expected to be sensitive to other effects, such as conformational
and environmental changes. The stretching modes of the NH;*
group are of little help in characterizing amino substitution, as
they give weak and broad bands in the 3200-3250cm ™" (v,
(27) and 2600-2800 cm ™! (v¢) (39) regions of both the infrared
and Raman spectra. Similarly, the vibrations of the NH, group
resulting from the substitution of a proton by CH;Hg ™ are weak,
and they cannot be unambiguously identified in the spectra.

coo~

The spectral changes associated with the neutralization of a
carboxyl group and the formation of a Hg—O bond, such as in
the [(CH3Hg),GlyGly]ClO,4 complex, are not very characteris-
tic when only the vibrational bands of the COO™ group are
considered. The v, vibration at 1557c¢m™! in the Raman
spectrum of GlyGly (1554 /1576 cm™ ! in the infrared) is shifted
to 1580 cm™! upon formation of the Hg—O bond, while the
band at 1412c¢cm™', due to the corresponding symmetric
stretching mode, loses most of its intensity. We have observed
the same phenomenon with the CH3;COOHgCH; complex,
where the band due to the v, (COO™) mode of the CH;COO™

ion shifted from 1564 to 1578cm™!, with a large intensity
increase, and the band due to the vo(COO ™) mode at 1418 cm ™!
showed a large decrease in intensity upon complex formation.?
It has already been noted by Nakamoto et al. (41) that the shifts
in frequency of the v(CO) stretching vibrations of the COO™
group of carboxylic and amino acids are mostly confined to the
asymmetric mode in such cases.

Conformation

The spectra of (CH;Hg)GlyGly differ markedly from those of
GlyGly, much more so than does that of the 2:1 complex. For
example, the very strong infrared and Raman peak due to the
amide N—H stretching vibration (amide A) at 3286 cm™ ! in the
spectra of GlyGly, and which is shifted to higher frequency
(3332 cm ™) with reduction in intensity in the Raman spectrum
of the 2:1 complex, practically disappears in the spectra of
(CH;Hg)GlyGly. In fact, this band is shifted to 3240cm ™' in
the latter, with drastically reduced intensity. This behaviour is
not directly related to the presence of CH3Hg(II) in the complex
and it must be interpreted in terms of the change in the backbone
conformation of the dipeptide (see Table 4). Similar effects
have been observed in the spectra of polypeptides (23, 42), a
strong peak near 3290cm™! being characteristic of B-sheet
structure, whereas a weak one near 3245 cm ™' is indicative of a
non-ordered secondary structure. In the present case, both
GlyGly and the 2:1 complex exist as extended molecular units,
with crystal structures related to the B-sheet arrangement found
in some polypeptides and proteins. On the other hand, the
monosubstituted complex has a different conformation. The
N(1)—C(2)—C(3)—N(5) and C(3)—N(5)—C(6)—C(7) tor-
sion angles in this compound (—169° and —84° respectively) are
better related to the ¢ (= —145.3°) and ¢ (= —76.9°) angles
measured in 3; helical polyglycine II (44).

A change of conformation of (CH;Hg)GlyGly with respect to
GlyGly is also indicated in other conformation-sensitive regions
of the spectra (43). In the unsubstituted dipeptide, the amide II1
and amide I Raman bands are found at 1254 and 1665cm™!
(average of the two factor-group components at 1644 and
1682 cm ™! (27)), whereas these vibrations occur at 1283 /1291
and 1650 cm ™! in (CH3Hg)GlyGly. The values for the complex
are very similar to the frequencies of crystalline polyglycine II
(1283 and 1654 cm ™ ?!), which exists as a 3, helix (44). On the
other hand, the frequencies of both GlyGly and the 2:1 complex
are closer to those of polyglycine I (1255 and 1674 cm™! (45))
which has an antiparalle]l rippled-sheet structure. Other con-
formation-related differences are evident when the Raman
spectrum of (CH;Hg)GlyGly is compared to that of GlyGly: (i)
The very strong peak at 968cm™! in the Raman spectrum of
GlyGly, assigned to the v(Cg—C) stretching mode, is hardly
detectable in the spectrum of (CH3Hg)GlyGly. This region of
the Raman spectrum is known to be conformation sensitive
(46). (ii) The relative intensity of the C,—N and Cg—N
stretching modes at 1048 and 1138cm™! in the spectrum of
GlyGly is strongly modified in that of (CH;Hg)GlyGly, the
peak at 1138 cm ™! being also shifted to 1118 cm™!. (iii) The
CH, bending mode at 1448cm™' in GlyGly is shifted to
1434 cm™! in the N-substituted complex. This change parallels
that observed in the spectrum of polyglycine II (3, helix), where
this mode is shifted to a lower frequency by 12 cm ™!, from 1432
to 1420cm™', with respect to polyglycine I (rippled-sheet
structure) (30, 46). (iv) The Cg—H stretching more at 2872
cm ! and the C,—H vibration at 3014 cm™ ! in the spectrum of

35. Alex and R. Savoie, unpublished results.
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F1G. 7. Raman spectra of aqueous solutions of (A) glycylglycine (0.33 M) at pH = 7, and (B-D) equimolar mixtures (0.25 M) of glycylglycine

and CH3Hg(II) at (B) pH = 3, (C) pH = 7, and (D) pH = 9.

GlyGly merge into the central 2900—-3000 cm ™! region of the
spectrum of (CH3;Hg)GlyGly. It is noteworthy that these
spectral changes, which are associated with a change in the
conformation of the ligand, are more important than those
expected on the basis of a mere substitution of a proton by a
CH;Hg™ group.

Agqueous solutions

The Raman spectra of aqueous GlyGly in the presence of
CH;Hg(Il) at various pH are shown in Fig. 7. The spectrum of
the free species at pH 7 is also given for comparison. It shows
that the dipeptide in aqueous solution has a structure that differs
from that in the solid. In fact, the spectrum of aqueous GlyGly is
quite similar to that of solid CH;HgGlyGly, for which a bent
rather than an extended structure is indicated from the spectra.
The Raman spectrum of aquecus GlyGly varies little with the
pH, the main changes being associated with the protonation of
the carboxylic group (pK, = 3.1) at low pH, which results in a
decrease of the v,,(COO ™) band at 1578 cm ™! and a correspond-

ing increase in the band due to the C==0 stretching mode of the
COOH group at ~1730cm™". Changes are also noted in the
900 cm™! region at low pH, presumably for the same reason.
The disappearance of the 506 cm™! band of CH;HgOH from
the spectrum of an equimolar aquecus mixture of GlyGly and
CH;Hg(II) at pH 7 shows that quantitative complexation of the
methylmercury occurs. Furthermore, the 462 cm ™' band in the
spectrum indicates that this occurs through substitution of a
proton of the NH;™ group by a methylmercury ion. The
presence of this sole type of complex is suggested by the
sharpness of the peaks at 564 and 1206cm™!. At pH 9, the
complex is partly dissociated, as evidenced by the band at
506 cm ™! and the shoulders present on the high-frequency side
of the 562 and 1206 cm™! bands. These secondary features,
which are not present in the spectrum at pH 7, are attributable to
CH;HgOH (32). Note that the intensity of the 506 cm ™! band is
misleading with regard to the actual amount of uncomplexed
methylmercury in the solution, as this peak is basically much
more intense than that at 462 cm™'. (Full dissociation would
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564 cm™ (v(Hg—C)) bands, as a function of pH, in a 1:1 GlyGly/
CH;Hg(Il) aqueous mixture.

cause the 506cm™' band to be twice as intense as that at
562cm™!, the latter being shifted to 572cm™".)

The spectrum at pH 3 differs little from that at pH 7, except
for the splitting of the 462 cm ™! band into an unresolved doublet
at448/459 cm ™. The presence of the ~453 cm ™! component is
quite significant, as it corresponds to the v(Hg—O) vibration of
the oxonium CH3;HgOH," ion (32), which also contributes to
the 564 and 1206 cm™* peaks.

Although it is not possible to determine accurately from the
spectra the extent of complexation of GlyGly and CH;Hg™ in
aqueous solutions at various pH, spectral changes in the bands
associated with free and complexed CH3;Hg(lI) clearly indicate
that complexation is maximum near pH 7 (Fig. 8). The variation
in intensity of the v(N—HgCH3) band at 462 cm™ ! is particular-
ly revealing in this respect, as it is not perturbed by other bands.
The widths of the 8(CH;) and v(Hg—CHj;) bands are also
indicative of the extent of the complexation, as these peaks
become sharper when the concentration of the complexed
species increases. This occurs because neighboring bands due to
free methylmercury vanish upon complexation.

Methylmercury has been shown by 'H nmr to react with the
COO™ group of selected carboxylic and amino-carboxylic acids
at low pH (15, 16, 40). In the present study, we have had no
indication from the Raman spectra that this type of complexa-
tion occurs to any appreciable extent in aqueous solutions of
GlyGly and CH;Hg(II) at any pH between 1 and 6, even for a
[CH;Hg(11)]/[GlyGly] molar ratio of 2.

Subtraction of the spectrum of the solvent from those of the
solutions permits the direct observation of the amide I band of
the ligand in the 1650cm™! region (Fig. 7). This band
surprisingly occurs at 1690 cm ™! in the spectrum of an aqueous
solution of GlyGly at neutral pH, a value which is much higher
than in solid GlyGly (1648/1682cm™ ') and in crystalline
(CH;3Hg)GlyGly (1650 cm ™). This could mean that the confor-
mation of GG changes upon dissolution in water. However, this
hypothesis is not corroborated by the rest of the spectrum,
particularly from the frequency of the amide III band, which

remains unchanged at ~1280 cm ™. More likely, the observed
change in the amide I region is caused by a disruption of the
hydrogen bonding network around the protonated amino group.

Substitution of a proton of the NH;* group by a CH;Hg ™ ion
also shifts the amide I band from 1690 to 1660 cm ™!, the same
effect being observed when the pH of an aqueous solution of
free GlyGly is raised to high values (29), possibly as a result of
the deprotonation of the NH;™ group. This emphasizes the fact
that the spectral modifications associated with protonation,
hydrogen bond formation, and conformational changes can be
just as important as those resulting from the formation of a
complex. However, the changes in the regions of the Raman
spectra where vibrations involving the highly polarizable
mercury atom occur are very characteristic, and they do reflect
quite accurately the state, as well as the nature, of the sites
involved in the complexation of peptides.
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TED SCHAEFER, GLENN H. PENNER, RUDY SEBASTIAN, and CRAIG S. TAKEUCHL. Can. J. Chem. 64, 158 (1986).

The 'H nmr spectra of the benzene-1,2- and -1,3-dicarbaldehydes in carbon tetrachloride, benzene-ds, and acetone-dg
solutions at 300 K are analyzed. The stereospecific long-range couplings over five formal bonds between the sidechain and ring
protons show that the [,2 isomer exists as an 87:13 mixture of the cis—trans and trans—trans conformers in carbon tetrachloride.
These populations are insensitive to solvent. Molecular orbital calculations utilizing extensive geometry optimization procedures
imply that the cis—cis form, with proximate C=0 bonds, is indeed of negligible significance as assumed in obtaining the
populations of the other forms. Further calculations define a pathway of relatively low energy for interconversion of the two
abundant forms, in agreement with dynamic nmr studies. For the 1,3 isomer the long-range couplings provide a check of the
conformer populations deduced from dipole moment and '*C nmir studies. For example, if the cis—trans form is 70% abundant,
as deduced from the dipole moment in benzene solution, then the long-range couplings imply that the population of the cis—cis
conformer is insignificant.

TED SCHAEFER, GLENN H. PENNER, RUDY SEBASTIAN et CRAIG S. TAKEUCHI. Can. J. Chem. 64, 158 (1986).

On analyse les spectres rmn du 'H des benzéne dicarbaldehydes-1,2 et -1,3 qui ont été mesurés 4 300K et dans des solutions
dans le tétrachlorure de carbone, le benzéne-dg et I’acétone-ds. Le couplage stéréospécifique a longue distance a travers cing
liaisons normales entre les protons du cycle et ceux de la chaine latérale indique que dans le tétrachlorure de carbone I'isomeére 1,2
existe sous la forme d’un mélange a 87:13 des conformeéres cis—trans et trans—trans. Le solvant n’a aucune influence sur cette
répartition. Les calculs d’orbitales moléculaires, faisant appel a des procédés extensifs d’optimisation géométrique, suggerent
que la forme cis—cis ayant des liaisons s’approchant de C=0 n’a pratiquement aucune importance dans la détermination des
populations des autres formes. Des calculs plus poussés définissent un chemin réactionnel de faible énergie pour
I’interconversion des deux formes abondantes et ceci est en accord avec les études de la rmn dynamique. Dans le cas de
I’isomere-1,3, les couplages a longue distance constituent une vérification des populations des conformeres qui ont été déduites a
partir des études du moment dipolaire et de larmn du '*C. Par exemple, si la forme cis—trans est 3 70%, tel que déduit a partir du
moment dipolaire en solution dans le benzéne, alors le couplage a longue distance implique que la population de la forme cis—cis

n’est pas significative.

Introduction

The conformational preferences of the benzenedicarbalde-
hydes in solution have been investigated by a variety of
techniques. The 1,2 isomer is often discussed in terms of three
planar forms, for which the ¢z conformer has a statistical weight
of two. Because the barrier to internal rotation in benzaldehyde
is at least 19.5kJ/mol in the gas phase (1-3) and about
30kJ/mol in solution (4, 5), at ambient temperatures this
approach seems reasonable, except perhaps for the cc form in
which steric or electrostatic repulsions between the carbonyl
bonds compete with the conjugation energy favoring planarity.

Indeed, based on extensive STO 3G MO computations that,
however, did not utilize geometry optimization procedures, it
was argued that the 1,2 isomer has three nonplanar stable
conformers (6). The calculated populations gave a net dipole
moment in good agreement with that measured in dioxane
solution at 298 K (6). Alternatively, if only the planar ¢ and ¢z
forms existed in dioxane, then the ¢t form was 60% abundant at
this temperature (6). The same assumption, applied to the dipole
moment in benzene solution, led to 64% as the abundance of the
ct conformer (7). In the latter study, the dipole moment did not
change significantly between 287 and 327 K.

The *C nmr spectrum of the 1,2 isomer in a 0.5 M Freon
solution gave no indication of restricted rotation at the lowest
attainable temperatures (8). Force field calculations suggested
that the barrier to internal rotation in this isomer is rather lower
than for the other two isomers, for which speetra arising from

"Undergraduate research participant, 1984-1985.
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the individual conformers could be observed (8). It also
appeared that 'H,*C couplings could not be used as indicators
of conformer populations (8).

Turning to the 1,3 isomer, dipole moments in benzene
solution imply the presence of all three conformers (7), the
double weighted ¢t form being 70% abundant near room
temperature. In dioxane solution, the observed dipole moment
was considered to be in reasonable agreement with a 0.18:0.56:
0.26 ratio of cc/ct/1t forms, as was the Kerr constant (6). At
132K in 0.5 M Freon solution, the '*C nmr peak intensities
yielded a ratio of 0.15:0.58:0.27 (8).
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Now, it is known that J(H, CHO) = 5/, in benzaldehyde
and its derivatives, is stereospecific (9—12).

In1,3J(H-3, CHO) = 3J,is 0.76 Hz and °J(H-5, CHO) = °J.
is 0.00 Hz to within experimental error. That is, if the aldehyde
group is held in one orientation, say by an intramolecular
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hydrogen bond, no 3J. is observable under conditions of very
high resolution (13). The magnitude of °J, changes slightly in
the presence of an electronegative ortho substituent. This
perturbation can be incorporated into conformational deduc-
tions.

For the 1,2 isomer, two >J values are in principle available
from spectral analysis and can be used for conformational
assessments. For the 1,3 isomer, only one 3Jis present, yet its
value is useful as a check of possible conformer distributions.
For example, the # conformer has a large >J while the cc
conformer should display no °J at all. The 1,4 isomer has
degenerate chemical shifts for the ring protons and is not
amenable to this approach. In any event, the *C nmr and dipole
moment studies agree that it exists in equal proportions of the ¢t
and cc conformers (6-8, 14).

Accordingly, the 'H nmr spectra were analyzed for CCly,
CeDg, and (CD3),C==0 solutions of the 1,2 and 1,3 isomers.
Furthermore, extensive geometry optimizations at the STO 3G
level of molecular orbital theory were performed, particularly
for the 1,2 isomer in which considerable bond angle deforma-
tions are likely to exist. This paper reports on the conforma-
tional deductions reached in this manner.

Experimental

The benzene-1,2- and -1,3-dicarbaldehydes (Aldrich) were prepared
as 4.0 mol% solutions in CCl,, C¢Dg, and (CD;),C=0, which also
contained a few drops of tetramethylsilane. The CCly solutions had 10
mol% of C¢D), as an internal lock material. These solutions were
transferred to 5-mm od nmr sample tubes, were degassed by a number
of freeze—pump-thaw cycles, and the tubes were then flame sealed.

The 'H nmr spectra were accumulated on a Bruker AM 300
spectrometer at a probe temperature of 300 K. A wide sweepwidth
survey spectrum was obtained in order to reference the spectrum with
respect to TMS, and to locate the aromatic and sidechain regions. Each
region was examined in detail, with sweepwidth and data size adjusted
to give acquisition times of approximately 40 s. Four to sixteen scans
were acquired. Zero filling to twice the original data size was done
before transforming the FIDs using an exponential broadening of —0.1
and a gaussian multiplication of 0.6. Line widths at half height were
approximately 0.05 Hz after this resolution enhancement (see Fig. 1).

The STO 3G MO (15) computations utilized the program Monster-
gauss (16). INDO MO (17) and INDO MO FPT (18, 19) calculations
were also performed on an Amdahl 470/V8 system.

Results and discussion

Spectral analyses

These were done with the computer program NUMARIT
(20), as modified in this laboratory. The 'H nmr spectra of the
1,2 isomer arise from AA’BB’'XX’ spin systems. Even though
most calculated transitions were assigned and the root mean
square deviations were =0.01Hz, some significant correla-
tions existed among the spectral parameters. These are given in
Table 1.

Table 2 contains the "H nmr spectral parameters for the 1,3
isomer in three solvents. The spectra correspond to ABCC'XX'
spin systems, but in C¢Dg solution the iterations diverged for
such an approach. This occurred because of the particular
magnitudes of the coupling constants and chemical shift

= 1Hz

FiG. 1. The observed and calculated 'H nmr spectra, at 300 MHz
and 300 K, of the aldehyde protons in benzene-1,3-dicarbaldehyde as a
4.0 mol% solution in C¢Dg. The spectrum was accumulated as
described in the text. The line width at half height is about 0.05 Hz.
The computed spectrum assumed a lorentzian line shape and the plotter
had some difficulty in reproducing the closely spaced peaks.

differences. Therefore the spectrum was analyzed as if it arose
from an ABC,X; spin system. For the other two solutions, the
spectra were analyzed in both ways. It turned out that the
parameter of interest, >J(H,CHO), had the same value in both
analyses for a given solution. *J46, the coupling between H-4
and H-6, could not be established.

STO 3G MO computations

Previous computations of conformational energies (6, 7) did
not use geometry optimization procedures, which should be
particularly important for the 1,2 isomer. Because previous
computations implied stable nonplanar conformers for the 1,2
isomer and because their abundant presence would complicate
the conformational analysis, the present calculations used
extensive geometry optimizations in an attempt at establishing
the presence of nonplanar minima in the energy.

Calculations on benzaldehyde, in which the benzene moiety
was held as a regular hexagon but all other bond angles and
lengths were allowed to vary, gave eq. [1] as the potential func-
tion for rotation about the exocyclic C—C bond. Here § = 0
corresponds to the planar conformer and the fit uses seven
angular values (15° intervals). At the 95% confidence level, the
barrier is calculated as predominantly twofold with a small
fourfold component. Full geometry optimization, allowing all
angles and lengths to vary, yields an energy difference of
24.1kJ /mol between the planar and perpendicular conformers.
Microwave and far infrared spectra give an assumed twofold
barrier of 19.5-20.5 kJ /mol (1, 3), so that the present calcula-
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TasLE 1. 'H nmr spectral parameters at 300 MHz and 300 K for
benzene-1,2-dicarbaldehyde in CCly, C¢Dg, and (CD3),C=0 solutions

Value

Parameter cCl, CeDg (CD4),CO
v(CHO)* 3141.666(1)° 3054.902(2)° 3166.113(1)¢
vy = Vg 2376.863(1) 2217.036(1) 2410.802(1)
Vs = Vs 2316.908(1) 2089.088(1) 2365.742(1)
3134 = 3Jse 7.653(1)° 7.659(2) 7.662(1)
J s 7.493(2) 7.500(2) 7.517(2)
s = Yus 1.295(2) 1.286(2) 1.279(2)
4J(H, CHO) —0.228(1) —0.236(2) —-0.231(1)
SJs6 0.504(1) 0.507(2) 0.513(2)
5J(H-4, CHO) 0.43%(1) 0.439(2) 0.445(1)
5J(H-3, CHO) 0.339(1) 0.329(2) 0.324(2)
SJ(CHO, CHO) —0.000(1) —0.000(2) —0.000(2)
J(H, CHO) —0.036(2)" —0.040(3)7 —0.051(3)7
Calculated transitions 180 182 180
Assigned transitions 165 165 164
Peaks observed 82 90 78
Largest difference 0.022 0.024 0.025
RMS deviation 0.007 0.010 0.009
5J(H-3, CHO)/>J3¢ 0.438 0.53 0.46
5J(H-3, CHO)/J(H, CHO) 0.53 0.68 0.68
a5/ Jas —0.63 —0.63 —-0.63

“Chemical shifts in Hz at 300.135 MHz to high frequency of internal TMS.
4.0 mol% in CCl, containing 10 mol% of C¢D; and 0.5 mol% TMS.
“4.0 mol% in C¢Ds with 0.5 mol% TMS.

44 .0 mol% in (CD;),C=0 with 0.5 mol% TMS.
¢Numbers in parentheses are standard deviations in the last significant figure.
/No splittings actually observed.

2Correlations between the indicated parameters.

TaBLE 2. 'H nmr spectral parameters at 300 MHz for benzene-1,3-dicarbaldehyde in CCl,, C¢Ds, and
(CD4),C=0 solutions

Value
Parameter CCl, CeDg (CDy)CO

V(CHO)* 3024.262(1)° 2856.934(1)° 3054.942(1)*
Va 2494.159(1)¢ 2333.326(1) 2534.962(1)
Vs = Vg 2429.884(1) 2261.911(1) 2472.021(1)
s 2307.315(1) 2063.489(1) 2354.529(1)
345 = 3Jse 7.613(1)/ 7.613(1)8 7.625(1)" 7.636(1)7 7.636(1)8
Jos = s 1.662(1) 1.662(1) 1.674(1) 1.681(1) 1.681(1)

46 2.052(402)' — — 0.987(217y —
5J(H-2, CHO) —0.101(1) —0.100(1) —0.103(1) —0.106(1) —0.106(1)
4J(H-4, CHO) —0.151(1) —0.064(1) —0.071() -0.135(1) —0.068(1)
5725 0.605(1) 0.605(1) 0.602(1) 0.614(1) 0.616(2)
5J(H-5, CHO) 0.483(1) 0.482(1) 0.496(1) 0.438(1) 0.438(1)
¢J(H-4, CHO) 0.023(17) — — 0.001(14) —
5J(CHO, CHO) 0.032(98)’ — — 0.013(59) —
Calculated transitions 128 128 128 128 128
Assigned transitions 113 111 119 105 106
Peaks observed 69 69 74 69 69
Largest difference 0.010 0.017 0.015 0.017 0.026
RMS deviation 0.003 0.004 0.005 0.005 0.006

“Chemical shifts in Hz at 300.135 MHz to high frequency of internal TMS.

4.0 mol% in CCl, containing 10 mol% CgD), and 0.5 mol% TMS.

4.0 mol% in C¢Dg¢ containing 0.5 mol% TMS.

94.0 mol% in (CD;3),C=0 containing 0.5 mol% TMS.

“Numbers in parentheses are the standard deviations in last significant figure, but see footnote *.

fAnalyzed as an ABCC’'XX’ spin system. See text.

8Analyzed as an ABC,X, spin system. See text.

“parameters from an ABC,X, analysis; iterations diverged for an ABCC'XX' analysis.

‘Due to the magnitudes of the couplings and the chemical shift differences, these parameters are not known; that is,
the spectrum is insensitive to their values. 5J(H-4, CHO) and *J 4 are almost completely correlated, at 0.97.
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TABLE 3. Relative energies of the conformers® of benzene-1,2-dicarbaldehyde
calculated by geometry optimized STO 3G MO methods

8, (deg)® 0, (deg) Energy (kJ/mol) 6, (deg) 6,(deg) Energy (kJ/mol)
0 0 0.00° 0 309 3.27
0 180 4.45¢ 0 60 11.95
180 0 20.32°¢ 0 90 13.59
0 90 16.81 0 120 13.05
90 %0 39.55 0 150 6.73
90 270 37.65 0 180 4.45

“The energies are given for structures in which the carbon framework of the benzene moiety is
held as a regular hexagon but all other bond angles and lengths are optimized. The energy of the

0,0 conformer is —450.345 054 au.

%9, = 0, = 0 defines the cis—trans or ct conformer, see structure in text.
“When all bond angles and lengths are optimized, the 0,0 conformer has an energy of
—450.345 590 au and the 0,180 (#f) form is less stable by 4.50kJ /mol while the 180,0 (cc) form

is 18.81kJ/mol less stable.

#The angles in this column identify one low-energy pathway of interconversion between the ct
and ¢ conformers, the cc conformer having an insignificant population at 300 K.

tions somewhat overestimate the barrier. In the liquid or in
solution, however, the internal barrier is nearer 30 kJ /mol.

[11 V(®) = (24.26 + 0.05) sin®  — (0.53 = 0.06) sin® 26

Perhaps, therefore, STO 3G MO computations on the 1,2 and
1,3 isomers will yield useful information on the stability of
nonplanar conformers, in the sense that, although the calcula-
tions overestimate the energy necessary to break the w electron
conjugation by a few kJ/mol in the gas phase, the presence of
solvent will tend to compensate for the overestimation.

In fact, for the 1,3 isomer it is highly unlikely that nonplanar
conformers are abundant at 300 K in solution, since the free
energy of activation for interconversion of the planar con-
formers is 31.0 = 0.5 kJ /mol at 163 K, the entropy of activation
being small (8). Optimization of the geometry, with the
constraint of a regular hexagon for the carbon network of the
benzene entity, gave the # form as 0.35 kJ /mol higher in energy
than the ct form. The latter had an energy of —450.349907 au.

Some STO 3G MO results for the 1,2 isomer appear in Table
2. As expected, the ¢t form is most stable, followed by the #
form at 4.45 kJ /mol. The cc form is computed as 20.32kJ /mol
less stable than the ¢z form. This is up to 600 kJ /mol lower than
that computed (6, 7) without bond angle and bond length
relaxation. Nevertheless, the population of the cc form is
expected to contribute negligibly to the conformational equili-
brium at ambient temperatures, at least in the absence of
substantial solvent perturbations of the conformer stabilities.

To test the possibility of relatively low rotational barriers in
the 1,2 isomer, as indicated by the force field calculations and
by the '*C nmr data, one low-energy pathway between the ct
and ¢ conformers is given in Table 3. The barrier to interconver-
sion is only 13.6 kJ/mol. If 5kJ/mol is added to this value to
account for the overestimate expected on the basis of the com-
putations for benzaldehyde above, but partially compensated by
the solvent effect on the barrier of benzaldehyde, then the failure
to observe '*C nmr spectra of the cc and # forms at the lowest
temperatures attained (8) is rationalized. To trace out acomplete
rotational surface computationally would be very expensive.

To test, in a relatively inexpensive manner, whether the
planar 1,2 conformers can lower their energy by out-of-plane
rotations (6), complete optimizations were done in which the
rotational angles 8, and 6, were also allowed to change and in
which the benzene framework was allowed to distort from a
hexagon. The conformers remained planar during these calcula-

H H

Fi1G. 2. The geometry of the planar cis—cis conformer of benzene-
1,2-dicarbaldehyde as computed by STO 3G MO methods. Note the
large deviations from a standard geometry, accounting for the fact that
the relative energy of this structure is more than an order of magnitude
lower than the computed energies in the literature (6, 7).

tions, the energy of the ¢t form decreased to —450.345590 au,
and the # and cc forms lay 4.50 and 18.81 kJ /mol above ct in
energy. Figure 2 displays the calculated geometry of the cc
form, showing large angle distortions.

5J(H, CHO) = 5] and the conformational populations

(i) The 1,2 isomer

According to the immediately preceding relative energies,
the fractional populations in the gas phase are 0.92, 0.08, and
0.00 for the ct, 1t, and cc forms, respectively, at 300K.

In terms of the stereospecific properties of >/ discussed in the
introduction, namely that >J, is large and 5J. vanishes, one has
eqs. [2]-[4]. However, these equations are not linearly inde-
pendent. If it is assumed that p,... is zero, as seems likely form the
computations above, then p,, and p,, follow from eqs. [2]-[4].
Note that °J, = 5J,6 + >J24is 0.778(2), 0.768(4), and 0.768(3)
Hz in CCl,, CgDs, and (CD3),C=0 solutions, respectively.
These numbers are very near the 0.76 Hz reported for benzalde-
hyde (21), implying a negligible intrinsic perturbation of >J by
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the second substituent. The ratios of p./p, follow as 0.87:
0.13, 0.86: 0.14, and 0.84:0.16 in CCly, C¢Dg, and (CDj3),-
C==0, respectively.

[2] 5-]24 = pcrs-]t/z + Ptts']r + 0p,c
[3] 5J26 = Pcrs-]t/z + 0p, + Sjrpcc
4] 1=ps+ pu+ pec

These ratios are much larger than 0.64:0.36 in benzene and
0.60:0.40 in dioxane, as deduced from dipole moment measure-
ments under the assumption that p,.. vanishes. Furthermore, on
the basis of dipole moments computed by INDO MO methods,
1.44, 4.23, and 5.23 D for #t, cr, and cc, respectively, the
simplest reaction field model (22) predicts an increase in this
ratio on passing from CCl, to (CDj3),C==0 solutions. It may be
noted, however, that for the pyridinecarbaldehydes (23) the
conformer stabilities in solution depend significantly on the
quadrupolar terms in this model (22). The measured moments
are 4.42 D in benzene (7) and 4.27 D in dioxane (6). We see no
reason to doubt the population ratios obtained from *J. Perhaps
the additivity of group dipole moments assumed for the 1,2
isomer is somewhat less reliable than for the 1,3 isomer.

If some cc conformer is present, then the ratios above will
change, of course. Suppose that p,. is as large as 0.05. Then
Pai/ P becomes 0.76:0.19 in C¢Dg solution, for example; the
ratio decreases from 6.1 to 4.0. Naturally, this approach will not
bring the °J results into agreement with the dipole results
because the latter were interpreted on the basis of a vanishing
Pec.

Curiously, the gas phase populations based on STO 3G MO
energies are in closer agreement with those deduced from >J in
solution than the latter are with the populations deduced from
dipole moments in solution. It is interesting that the populations
appear to be insensitive to solvent polarity.

Substantial populations of nonplanar conformers would
entail (24) a significant magnitude for %J(H,CHO). In benzalde-
hyde itself, 57 is reported as 0.03Hz (21) and, as a o—
coupling depending on sin? 8, becomes —0.21 Hz in 2,6-
dinitrobenzaldehyde (24). In the latter substantial out-of-plane
conformations occur. In (CD;),C=0 solution, °J for the 1,2
isomer is given as —0.051(3) Hz by the iterative analysis. If this
were a reliable number and the low-energy pathway computed
above were correct also in solution, therefore implying signift-
cant out-of-plane torsional amplitudes, then one would con-
clude that both the ¢z and # conformers represent only parts,
albeit the major parts, of the conformational distribution.
However, the —0.05Hz was not observed as a splitting and in
solution the potentials hindering torsions of aldehyde groups are
usually larger than given by STO 3G MO methods, so that
countable nonplanar forms cannot be substantiated in this
manner.

Large populations of the cc conformer might well be reflected
by an observable *J(CHO,CHO) because the INDO MO FPT
computations yield 0. 18 Hz for this conformer and only 0.06 Hz
for the ¢t form, while the ¢ form is calculated to have a coupling
of —0.05Hz. The data in Table | imply a vanishing coupling in
the three solutions.

It appears that the long-range coupling constants in the 1,2
isomer yield conformational information additional to that
obtained from dipole moments and '*C nmr spectra. For the 1,3
isomer these couplings are less informative.

(ii) The 1,3 isomer
The computed energies for optimized geometries yield gas

phase fractional populations at 300 K of 0.57,0.25, and 0.18 for
the planar ct, ##, and cc conformers, respectively. In Freon
solution, estimated to have a dielectric constant of about 10 at
the temperature of measurement (8), the '*C nmr spectra yield
0.56, 0.26, and 0.18 for these populations.

There is only one *J(H, CHO) value for the 1,3 isomer and
eqgs. [4] and [5] hold. Taking >J, as zero as before and °J, as
0.771 Hz (the mean of the values for the 1,2 isomer and very
near the 0.76 Hz for benzaldehyde) yields eq. [6]. That the
populations of ¢z and 1 are somewhat solvent dependent can be
seem from the data in Table 2, where °J is 0.482(1), 0.496(1),
and 0.438(1)Hz in CCl,, CgDsg, and (CD3),C=0 solutions,
respectively.

[5] 3 = pcts\]r/2 + Pner + PccSJc
(6] 5J = 0.38¢ pe + 0.771 py

Fromthe dipole moment in benzene solution it was concluded
only that p., = 0.70. If this number is correct, then p, follows
as 0.29 from eq. [6], leaving p,. effectively zero at 300K. In
dioxane solution the dipole moment is apparently in reasonable
agreement with the STO 3G MO energies above and with those
computed in ref. 6. Such a distribution yields 0.413 Hz for >/,
not in agreement with any of the numbers in Table 3 but closest
to the value of 0.438 Hz in (CD;),C==0 solution. The cc
conformer of high dipole moment may be favored in this polar
solvent, yet contributes nothing to >J. Its increased population
in this solvent may well be the cause of the smaller >J observed.

Some limits on the populations of the various conformers can
be established on the basis of >J. Thus, from eq. [6], one has 5]
as 0.386 Hz for p., = 1, 0.771 Hz for p,, = 1, and 0.00 Hz for
pee = 1. Reproduction of 0.482 Hz, as measured in CCl,
solution at 300K, is successful for p./p;/p. values of
0.75:0.25:0.00, 0.70:0.275:0.025, 0.60:0.33:0.07, 0.50:0.39:
0.11, 0.40:0.42:0.18, and so forth. In other words, p., cannot
be more than 0.75 and then only if p.. vanishes. Similarly, for
the (CD3),C==0 solution, p., can be as large as 0.86 if p..
vanishes. However, this situation is unlikely and it is probable,
as stated above, that p. increases in this solution.

Acknowledgements

We are grateful to the Natural Sciences and Engineering
Research Council of Canada for financial assistance and to a
referee for helpful scientific and grammatical criticism. Grants
towards the purchase of the AM300 spectrometer from NSERC
and the Manitoba Health Research Council are gratefully
acknowledged.

1. K. Kakar, E. E. RINEHART, C. R. QUADE, and T. KoJiMa. J.
Chem. Phys. 52, 3803 (1970).

2. F. A. L. ANeT and M. Guiac1r. Chem. Commun. 588 (1979).

3. F. A. MILLER, W. G. FATELEY, and R. E. WiTowski1. Spectro-
chim. Acta Part A, 23, 891 (1967).

4. F. A. L. ANET and M. AumaDp. J. Am. Chem. Soc. 86, 119
(1964).

5. T. DRAKENBERG, J. SOMMER, and R. JosT. J. Chem. Soc. Perkin
Trans. 2, 363 (1980).

6. D.MirarcHI, L. PHILLIPS, H. LUMBROSO, and G. L. D. RITCHIE.
Aust. J. Chem. 37, 465 (1984).

7. H. Lumsroso, C. LieGeois, G. C. PappaLARDO, and V.
LiBRANDO. J. Mol. Struct. 62, 195 (1980).

8. J.-M. BErRNASsaU, T. DRAKENBERG, and T. Liljefors. Acta
Chem. Scand. Part B, 31, 836 (1977).

9. G.J.KaraBaTsosand F. M. VANE. J. Am. Chem. Soc. 85, 3886
(1963).



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 190.90.36.8 on 09/06/12
, v For personal use only , -

10.

11.

12.

13.

14.

15.

16.

17.

SCHAEFER ET AL. 163

R. WASYLISHEN and T. ScHAEFER. Can. J. Chem. 49, 3216
(1971).

D. G. KowaLEwsKI and S. CASTELLANG. Mol. Phys. 16, 567
(1969).

T. SCHAEFER, G. H. PENNER, K. J. DAvIE, and R. SEBASTIAN.
Can. J. Chem. 63, 777 (1985).

T. SCHAEFER, R. SEBASTIAN, R. LAATIKAINEN, and S. R.
SALMAN. Can. J. Chem. 62, 326 (1984).

L. Lunazzi, A. Ticca, D. MacclaNTELLI, and G. SPUNTA. J.
Chem. Soc. Perkin Trans. 2, 1121 (1976).

W. J. HEHRE, R. DITCHFIELD, R. F. STEWART, and J. A. POPLE.
J. Chem. Phys. 52, 2769 (1970).

M. R. PeTERSEN and R. A. PoiriEr. MONSTERGAUSS.
Department of Chemistry, University of Toronto, Toronto,
Ontario, 1981.

J. A. PorLE, D. L. BEVERIDGE, and P. A. DoBosH. J. Chem.
Phys. 47, 2026 (1967).

18.

19.
20.

21.

22.

23.

24.

J. A. PopLE, J. W. MCIVER, and N. S. OsTLUND. J. Chem. Phys.
49, 2965 (1968).

P. DoBosH and N. S OstLUND. QCPE, 11, 281 (1975).
A.R.QuirT andJ. S. MARTIN. J. Magn. Reson. 5,318 (1971);J.
S. Martin, A. R. Quirt, and K. E. Worvill. The nmr program
library. Daresbury Laboratory, Darebury, U.K.

R. J. KOsTELNIK, M. P. WiLLIAMSON, D. E. WIsNOsKY, and S.
M. CASTELLANO. Can. J. Chem. 47, 3313 (1969).

R. J. ABRAHAM and E. BRETSCHNEIDER. /n Internal rotation in
molecules. Edited by W. J. Orville-Thomas. J. Wiley and Sons,
New York. 1974. Chapt. 13.

W. DaNcHURA, T. SCHAEFER, J. B. RowBOTHAM, and D. J.
Woob. Can. J. Chem. 52, 3986 (1974).

C. L. BELL, S. S. DANYLUK, and T. ScHAEFER. Can. J. Chem.
47, 3529 (1969).



164
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I. M. SHAW and A. TayLOR. Can. J. Chem. 64, 164 (1986).

4-Chlorobenzoylazide reacts with amino acid and peptide esters to give the 4-chlorobenzoyl derivatives in 60-90% yield, at
foom temperature, without measurable racemization. The reaction also proceeds smoothly with hindered amines such as methy!
2-methylalaninate and with secondary amines, e.g. methyl L-prolyl-L-valinate. Ten examples of the reaction are reported with
peptides, synthesized for the purpose, that might be accessible from hydrolysates of the numerous fungal metabolites now
known, which contain a high proportion of 2-methylalanine. The derivatives of di-, tri-, tetra-, and pentapeptides were highly
crystalline, with sharp melting points, and could be detected and integrated in the effluent from chromatography columns at about
the 10-ng level. This simple method of derivatization might be usefully applied to the resolution of discrepancies in the physical
properties of ostensibly the same 2-methylalanyl peptide prepared in different laboratories.

I. M. Suaw et A. TAYLOR. Can. J. Chem. 64, 164 (1986).

L’azoture du chloro-4 benzoyle réagit avec les esters d’acides aminés et de peptides, a la température ambiante, pour conduire
aux dérivés chloro-4 benzoylés avec des rendements de 60 a 90% et sans racémisation mesurable. La réaction se produit aussi
facilement avec des amines encombrées, comme le méthyl-2 alaninate de méthyle, et avec des amines secondaires, comme le
L-prolyl-L-valinate de méthyle. On rapporte dix exemples de la réaction avec des peptides, synthétisés a cette fin, qui peuvent se
retrouver dans les hydrolysats de plusieurs métabolites de champignons qui sont maintenant connus pour contenir une grande
proportion de méthyl-2 alanine. Les dérivés des di-, tri-, tétra- et pentapeptides sont trés cristallins, ils ont des points de fusion
bien définis et ils peuvent étre détectés et intégrés en chromatographie a des niveaux de 10 ng. Cette simple méthode de préparer
un dérivé peut étre appliquée utilement 2 la résolution des différences dans les propriétés physiques de peptides de la méthyl-2
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alanine qui semblent les mémes, mais qui ont été préparés dans des laboratoires différents.

In 1952 C. T. Calam and A. D. Ainley, working in the
laboratories of the Dyestuffs Division of Imperial Chemical
Industries, isolated a trypanocidal group of metabolites from a
culture of a Paecilomyces sp.* The toxicity of the material led to
its being abandoned as a therapeutic agent and further investiga-
tion of its chemistry was undertaken by Kenner and his
colleagues. Kenner’s work (2—4) on M 13959 (= trypanocidin®)
showed that its hydrolysis provided a number of unknown
amino acids but that, among known compounds, there was a
high proportion of 2-methylalanine. Since this work was
published a large number of other fungal metabolites, which on
acid hydrolysis provide 2-methylalanine in high yield, have
been discovered. A list of these materials is givenin Table 1 and
it will be seen that a wide range of fungal genera are represented
therein. In addition to the metabolites given in Table 1, stilbellin
(8), elvapeptin (9), lilacinin (10), and CC1014 (1) may also
belong to this group. The proportion of 2-methylalanine isolated
from these materials is given in Table 2 and if (as is likely) the
amino acid moieties are linked as peptides, then either the
2-methylalanine residues form an abnormal continuous segment
or they are to be found in more or less alternate fashion. The
resistance of these compounds to peptidases suggests that the

INRCC No. 24958,

2Author to whom correspondence may be addressed.

3Revision received August 26, 1985.

“We are indebted to Dr. W. B. Turner for a sample of M 13959 and for
the communication from our colleagues in the Laboratories of Imperial
Chemical Industries of the decision to call this material “trypanocidin.”
In view of the fact (see Table 1) that two completely different groups of
mould metabolites are now called “leucinostatin” it might be useful to
reserve this term for the material described by Arai and his colleagues
(48) and to call leucinostatin = M13959 = P168 = A20688 = 1907,
metabolites of Paecilomyces lilacinus, trypanocidins. This would
avoid confusion and would honour traditional prerogatives.

[Traduit par le journal]

latter supposition is true and this has found considerable support
from fast atom bombardment (FAB) mass spectroscopy of some
of the mixed natural products.

It has been shown that the zervamicins (Table 2 and ref. 11),
the suzukacillins (6), and the alamethicins (12) are very
complex mixtures and that the proportions of the individual
components of the mixture depend on the conditions of growth
of the producing fungus. These facts and the worldwide interest
in the physiological properties of these materials have led to
extraordinary synthetic efforts to obtain a single entity by
synthesis (13—17). The results of these efforts in the alamethicin
field have been symmarized by Schmidt and Jung (16), who
show that the measurements of the physical properties of the
synthetic products by the different groups fall outside normally
accepted ranges of error. The structures of many of the
intermediates in the syntheses have been established by detailed
assignment of 'H and '*C nmr spectra (see e.g., ref. 18), by
elemental analysis, and, in some cases, by X-ray crystallo-
graphic studies. However, the structures of several other
intermediates are open to doubt. Seven examples are given in
Table 3; these compounds have been synthesized by two or
more groups of workers and there are few examples of
duplicated experimental results lying within the normally
accepted range of error (included in Table 3 are two examples
where the results from different workers are in agreement). An
explanation for the discrepancies in Table 3 may be the known
abnormal behaviour of 2-methylalanyl peptides under various
reaction conditions, including those commonly used in peptide
synthesis (19-21). Whatever the explanation, it is clear that
better methods of characterizing these peptides, either obtained
by degradation of natural products or by synthesis, are required.
We have attempted during the past decade to devise improve-
ments in the characterization of these materials; some progress
has been made and is reported in this and a following paper.
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TaBLE 1. Fungal peptide metabolites containing 2-methylalanine residues
Specific optical rotation
Melting
Trivial name of point {alp T Conc. Ultraviolet spectrum
metabolite Producing fungus °0) ©) (°C) Solvent (g/100mL) pK, Amax (M) References?
Alamethicin Trichoderma 275-279 =5 25 Alcohol 0.86 6.04 257 12,* 25, 40,* 41
= U22324 viride
Antiamebin Emericellopsis 219-220 +10 25 MeOH 1.02 42
synnematicola
E. poonensis
Cephalosporium 194-196 +17.8 25 MeOH 2.1 43
pimprina
Efrapeptin Tolypocladium +6.8 25 MeOH 1.0 b
= A23871 inflatum
Emerimicin II Emericellopsis 261 +5 25 MeOH 1.0 273, 281, 289 45
11 microspora 257 +12 253, 257, 264, 267
v 240 +13.5 252, 257, 264, 267
Gliodeliquescin A Gliocladium 260 62
deliquescens
Hypelcin 1 Hypocrea peltata -17 21  MeOH 1.0 46
1I —16 21  MeOH 1.0
Leucinostatin Penicillium 131-136 +644 22 MeOH 0.5 47
lilacinum
Leucinostatin A Paecilomyces 98-101 —11 20 MeOH 0.1 202, 220 (sh) 48, 49
= M13959 = P168 lilacinus
= A20688 = 1507
Leucinostatin B 132-140 -31 20 MeOH 0.091 204, 213
= 1907-11
Paecilomyces 50
marquandii
Paracelsin(s) Trichoderma reesei 253-255 —19.5 21 MeOH 2.0 7
Samarosporin Samarospora sp. 255-256 +16.5 20 MeOH 1.0 260 51
Suzukacillin A Trichoderma 259-261 —85.7 20 MeOH 0.07 5.5 258, 264, 268 5,6
viride
Trichopolyn A =1 Trichoderma 52
= Tricholides polysporun
Trichopolyn B = I 114-116
Trichorzianine Trichoderma 49 197 56*
hartzianum
Trichotoxin A Trichoderma 187 4.8 191 53, 54
B viride
A40 158-160 5.4
Zervamicins I Emericellopsis 220 +16 25 MeOH 1.0 5.5 217,273,282,289 55
salmosynnemata 315
I 257 +4.5 25 MeOH 1.0

“An asterisk (*) indicates that X-ray crystallographic data can be obtained from the reference.
“The physical properties of efrapeptin(s) were kindly sent to us by Dr. R. L. Hamill, Lilly Research Laboratories, before publication.

In our hands peptides containing 2-methylalanine residues
are easily and quantitatively esterified by treatment of the
peptide, in solution in tetrahydrofuran (THF) containing 1%
water, with ethereal diazomethane. We therefore sought an
N-terminal group that, to serve our purpose, would have most of
the following characteristics. It should enhance the ease of
crystallization of the peptide and should confer absorption in the
ultraviolet. Additionally, it should introduce an element not
normally found in peptides, e.g. Cl, Br, or P, and which for
mass spectroscopic reasons, discussed in a following paper,
should exist as two or more stable isotopes whose natural

abundance is known with high precision. Finally, the derivative
should be formed under very mild conditions with minimum
racemization of the terminal amino acid residue, but when
formed should be sufficiently stable to withstand vigorous reac-
tion conditions such as those encountered in the permethylation
reaction (22).

It has been found that N-4-chlorobenzoyl derivatives satisfy
many of the criteria given in the previous paragraph. Advoca-
tion of the use of this N-terminal group is not new (23), but we
have found that such derivatives can be made at room
temperature in THF by reaction of the peptide methyl esters with
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TaBLE 2. Proportions of common «-amino acids present in fungal peptide metabolites containing 2-methylalanine

3-OH 3-Me
Metabolite Aib Iva Gly Ala Val Leu Ileu Phe Pro Pro Pro Glu Gln Reference
Alamethicin [ 8 1 2 2 1 2 1 2 57, 58,59
11 9 1 1 2 1 1 2
Antiamebin 6 2 1 1 1 1 2 1 42,43
Efrapeptin 7 1 2 2 60
Emerimicin IIA 5 1 2 1 2 2 45
I1B 4 1 1 2 1 2 2
III 5 1 1 1 1 1 1 2 1
v 6 1 1 1 | 1 2 1
Hypelicin A 10 1 1 1 2 3 46
Leucinostatin(s) 3 2 1 2,3,4,48
Paracelsin A 9 1 3 2 1 3
B 9 1 3 1 1 1 3
C 10 1 2 2 1 3
D 10 1 2 1 1 1 3 7
Samarosporin 6 1 1 1 1 2 1 51
Suzukacillin 10 1 2 3 2 2 1 2 5,6
Trichopolyn 4 2 1 61
Trichorzianine 8 2 1 | l 1 3 56
Trichotoxin A 9 1 1 1 2 1 1 1 53, 54
B 9 3 2 1 1 1
Zervamicin [A 4 1 1 1 1 1 2 2 11
1B 4 1 1 1 1 1 2 2
1B’ 5 2 1 1 2 2
IC 4 1 2 1 1 2 2
II-1 5 1 1 1 1 2 2
I1-2 5 1 2 1 2 2
I1-3 5 1 1 1 1 2 2
i1-4 4 1 1 1 1 1 2 2
1I-5 4 1 1 2 1 2 2

Abbreviations used: Aib = 2-methylalanine; Iva = 2-amino-2-methylbutyric acid; Gly = glycine; Ala = alanine; Val = valine; Leu = leucine; [leu = 2-amino-
3-methylvaleric acid; Phe = phenylalanine; Pro = proline; 3-OHpro = 3-hydroxyproline; 3-Mepro = 3-methylprolinc; Glu = glutamic acid; Gln = glutamine.

Unless stated otherwise all asymmetric centers are assumed to be L.

4-chlorobenzoylazide. As reported in the literature (24), this
compound is a relatively stable crystalline solid and an
improved preparation is given in the experimental section. It
melts without decomposition at 42°C and shows no sign of
decomposition at 80°C. We have kept 10-g samples at —15°C (it
is volatile) for 2—3 years without measurable change in the
melting point. The reaction of this reagent with a number of
peptides is surnmarized in Table 4. The choice of peptides was
dictated by their potential formation during degradation of the
metabolites listed in Table 1. Thus proline is the N-terminus of
most of these examples, because of the several methods
available of preferential hydrolysis at proline peptide bonds
(25-27). Details of the syntheses of the parent peptides are
given in the experimental section; they usually followed the
methods previously reported (28) and are summarized in Fig. 1.
Whilst it is obvious that the compounds in Table 4 could be
prepared by shorter and more simple routes than shown in Fig.
1, the object of the work was to use common preparative
reactions in peptide chemistry to secure crystalline products and
then to determine if analysis of the N-4-chlorobenzoyl deriva-
tives would reveal the presence of unexpected impurities.
Figure 2 shows a chromatogram of the compounds in Table 4
on a commercially available reversed phase partition chroma-
tography column; all components can be distinguished. The
yields obtained in the chlorobenzoylation reaction are given in
Table 4, and were calculated for analytically pure material
without corrections for losses due to recrystallization, etc.
Crude yields, i.e. material after removal of excess 4-

chlorobenzoylazide and acidic and basic impurities, lay in the
range of 65-90%. Mass spectroscopic evidence was obtained
for the presence of hydrazine derivatives of the type
CICcH,CO-NH'NR, (where R; is the peptide chain) among the
basic impurities, thus accounting, in part, for the low yields. A
further possibility, that the low yields were due to reacemiza-
tion of the N-terminal residue, was investigated by studying
the reaction of the azide with the diastereoisomeric pair,
methyl N-4-chlorobenzoyl-L(and D)-alanyl-2-methylalanyl-1-
alaninates. The optical rotations of the intermediates made
during the syntheses of these diastereoisomers are given in
Table 5. Their separation by partition chromatography was
difficult, but a partial separation (Fig. 3) was achieved and the
conditions given in Fig. 3 were critical in the sense that very
small changes led to apparently identical partition coefficients.
About 40ng of the D-alanine derivative was detected and
integrated in the presence of about 0.4 wg of the L-alanine
isomer. Similarly, about 70 ng of the latter was detected and
integrated in the presence of 0.4 ng of the D-alanine isomer.
Quantities in the range 10—15 ng were detected, but the peaks
were not integrated, or the integration error was very great, due
to incomplete separation. A linear least-mean-squares fit of all
the data (weight of compound in ng vs. integrated area) gave a
line of index of fit (= r?) of 0.989 with a standard error of
estimation of =27 ng. Hence one can reliably estimate about
7% of one diastereoisomer in a mixture. When the analysis
was carried out on the crude reaction products of 4-
chlorobenzoylazide and methyl (L(or D)-alanyl-2-methylalanyl-
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TABLE 3.

167

Comparison of melting points and specific optical rotations of 2-methylalanine peptides prepared in

different laboratories

Melting
point [aelp Concentration

Compound O ® (in methy! alcohol) Reference
BOC-L-Pro.AibOH 163-165 —64 1.0 15
161 —60.2 1.0 16
BOC-L-Ala.Aib-L-AlaOMe 158 -2.5 0.2 13
171 -32 0.1 29

Cbz-L-Ala.Aib-L-AlaOMe 161-162 -35 2.0 This work
148 —48.8 04 44
BOC-L-Glu-L-Gln-L-Phol 145 -36.2 1.0 15
| 145-148 -26.7 1.0 14
OBzl 165 -52.5 0.2 13
135-137 -36.6 1.0 16
BOC-L-GIn.AibOH 183-184 —17 1.0 15
176 —-27.5 0.2 13
184 —14.6 1.0 16
BOC-L-GIn.AibOBzl 101 +22.5 0.2 13
121-122 -17.6 1.0 15
BOC-L-Val.AibOMe 115-118 =275 0.2 13
151 —28 1.1 28
140 Not given — 16
BOC-L-Pro.Aib-L-Ala.Aib-L-Ala-L- 150 —28.2 1.0 16
Gln.Aib-1-Val.-Aib.Gly = A 156-158 —-17.5 1.0 15
A-L-Leu.Aib-L-Pro-L-Val.- 145 -22.2 1.0 16
(Aib),-L-Glu-L-GIn-L-Phol 155.8 —11.6 1.0 15

OBzl

2Abbreviations as in Table 2 with the following additions: BOC = tert-butyloxycarbonyl; Cbz = phenylmethoxycarbonyl;

Phol = L-phenylalaninol; Bzl = benzyl.

TABLE 4. Physical properties of some N-4-chlorobenzoy! peptides containing 2-methylalanine residues
Melting Ry*
Yield point [a]® Amax (mL)
Peptide? Mol. Wt.? (%) (°C) @) (nm) € (T = 24°C)
R-AibOMe 255 63 134 — 236 13 200 1.1
R-L-Pro-L-ValOMe 366 43 124 —-126 225 13 500 17.2
R-L-Ala.Aib-L-AlaOMe 397 78 194 -9.5 236 17 800 11.8
R-L-Ala.Aib-L-AlaOMe 397 78 160 —24 236 17 800 11.8
R-L-Pro-L-Val.AjbOMe 451 79 168 -137 222 13 900 19.5
R-L-Pro-L-Val. AibOMe 451 35 171 -2 224 11211 22.4
R-L-Pro-L-Val.Aib.AibOMe 536 30 153 —87 218 13 300 26.4
R-L-Pro.Aib-L-Ala.Aib-L-AlaOMe 579 64 194 —40 225 13 100 20.0
R-L-Pro-L-Val.Aib. Aib-L-GluOMe 679 47 162 -99 224 14 400 34.2
OMe

R-L-Pro-L-Val.Aib.Aib-L-GluO-+-Bu 721 60 (93)178 —86 223 13 400 49.1

OMe

“R = 4-chlorobenzoyl, other abbreviations as in Table 2. Ciphers written below glutamic acid residues are y-esters.

®Molecular weights calculated for the *>Cl isotope.
‘R, = retention volume, i.e. time of elution X flow rate.

L-alaninate, only one isomer was detected (either L or D
according to the starting material) and hence the extent of
racemization was less than 7% in either case.

In agreement with other workers (29), we were unable to
obtain satisfactory elemental analyses for crystalline methyl
L-alanyl-2-methylalanyl-L-alaninate, possibly because of its
deliquescent nature and (or) the presence of dioxopiperazines
(19) formed during hydrogenolysis of its carbobenzyloxy
derivative. However, methyl N-4-chlorobenzoyl-L-alanyl-2-

methylalanyl-L-alaninate could be fully characterized (see
experimental section and Fig. 2). In addition, the basic
tripeptide methyl ester could be converted into the pentapeptide
derivative (1), which also provided elemental analyses within
acceptable error, though only one of the two proline conformers
was detected in its '*C nmr spectrum (30). An X-ray crystallo-
graphic structure determination (31) of this pentapeptide (1)
established its structure and conformation and in particular the
N-terminal acylproline residue.
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Glu0 -1-Bu P — GluOH
|

|
08zl \ o8zl

Cbz.Pro.VuI.(Aib)ZAGIUO -t-Bu

/ 3 081 \

Cbz.Pro.val. (Aib)Z.G‘IuOH

l 0Bzl

Cbz.Pro.VuI.(Aib)z.(GIu)ZO -t-Bu
1
6 l 0Bzt

Boc. Pru.VuI.(Aib)z.GIuO ~t-Bu

|
BlOH

Pro. val. (Aib)z.(Glulzo-f-Bu Boc.Pru.VuI.lAib)z.Gluo -t-Bu
| |

4 % 5 NH.CH.CH, OH
CH, Ph

al ) CO.Pro.Val. (Aib.(614),0 - 1-By
OMe

Pro.VuL(Aib)zAGIuO-t-Bu
1

SR

—_— 5 GluOMe
|

0Bzt

Cbz.Pro.Vul.(Aib)z.GIUOMe
|
n l 08zl
Pro. Val. (Aib) ,.GluOMe
|
12l OH
C)@CO,Pro.VuI,(Aiblszlluo-T-Bu Pro.Vol.(Aib), . GluOMe

10 \OMe / 13 OMe

ar?_co.provol.(aib), GluOMe
OMe

Pru,VuI.(Aib)Z.GIuo-t-Bu
}
9 l OMe

Fi16. 1. Synthetic steps reported in the preparation of penta- and hexapeptides of 2-methylalanine. Abbreviations are the same as those defined

in Tables 2, 4, and 5.
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F1G. 2. Reversed phase partition chromatogram of the 4-
chlorobenzoyl peptides found in Table 4. The column was a Dupont Cg
“Zorbax” 6 pm of dimensions 0.46 X 25 cm, of dead volume ca. 3 mL,
and the solvent was 46% ammonium acetate buffer (0.01 M, pH 4.2) in
methyl alcohol. The column was run at 22°C and the flow rate was
1.5 mL min~'.

These encouraging results led us to investigate the elabora-
tion of the tetrapeptide (2, R’ = H), the preparation of which on
the 100-g scale has been reported (28), into the various
structures postulated for the C-terminal moieties thought to
be present in many of the natural products listed in Table 1.
The reactions investigated are summarized in Fig. 1. Condensa-
tion of the tetrapeptide (2, R’ = H) with glutamyl diesters
(o, y-dimethyl; a-methyl-y-benzyl; a-tert-butyl-y-benzyl) gave
reproducible yields on the 10-g scale in the range 50-60%, and
conversion of these products to the N-4-chlorobenzoyl dimethyl
ester derivative gave crystalline material in all cases. However,
partition chromatography of the 3 products showed them to be
mixtures of 4 components eluted at 29, 49, 61, and 72 mL. The
2 components of higher Ry were not detected after one
recrystallization; the proportions of the 2 components of lower
Ry depended on the nature of the glutamyl diester used in the
condensation reaction and were (in the order given above)
100:100, 100:44, 100:10. It was possible in the 2 latter cases to
purify the major component to the point where it represented

TaBLE 5. Specific optical rotations of intermediates in the syntheses of
methyl 4-chlorobenzoyl-L (and p)-alanyl-2-methylalanyl-L-alaninates

Specific
optical [al¥
rotation (c 1,MeOH)
Compound”® L D
Cbz.AlaOH —6.9° +7.0°
Cbz.Ala. AibOH -31° +25°
Chz.Ala. Aib-L-AlaOMe —35° -21°

“Abbreviations as in Table 3.

>99% of the mixture. The material from the 2 preparations
shown in Fig. 1 had closely similar melting points, mass
spectra, optical rotations, and 'H and '*C nmr spectra.
However, the X-ray diffraction patterns of the crystals from
different preparations were not always identical and the crystals
were, physically, insufficiently stable for data collection. Like
the 4-chlorobenzoylpentapeptide (1), only one acylproline
conformer was detected in the *>C nmr spectrum.

As shown in Fig. 1, the pentapeptide derivative (3) was
converted into the crystalline fert-butyl ester (4). Correct
elemental analytical data were obtained for this compound and
many of the chemical shifts and C—H couplings in its '*C nmr
spectrum could be assigned (see experimental section). It was
treated with diazomethane and the gummy product with
4-chlorobenzoylazide, but we were unable to induce the
4-chlorobenzoyl derivative to crystallize. It was obtained as a

Cl
0=y

| L | L
CONH(‘:CONH(I:HCONH('ZCONHCHCOZMe
]
Me CH3 Me CH
1

RCON
@ L Me Me

| |

CONHCHCONHCCONHCCOOR'
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FiG. 3. Separation of methyl 4-chlorobenzoyl-L(and D)-alanyl-2-
methylalanyl-L-alaninates. The column was the same as that used for
the separations in Fig. 2, the solvent 62% ammonium acetate buffer
(pH 4.2) in methyl alcohol, the flow rate 2mL min~', and the
separation was run at 22 = 0.2°C. The peptides (0.2 g of each) were
applied to the column in 0.1 pL of methyl alcohol. The standard
deviations of the retention volumes were 1.5 mL, n = 11, inthe case of
the L isomer and 1.4 mL, n = 11 for the D.

|001 1
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Fi1G. 4. Fast atom bombardment mass spectrum of ? di-y-methyl
a-tert-butyl  N-4'-chlorobenzoyl-L-prolyl-L-valyl-2-methylalanyl-2-
methylalanyl-L-glutamyl-L-glutamate.

colorless amorphous solid that, however, gave a FAB mass
spectrum (Fig. 4) in complete accord .with its supposed
structure. The crystalline L-phenylalaninolhexapeptide (5) was
also obtained, and much of its '>C nmr spectrum assigned (see
experimental section), but we were unable to convert it into a
crystalline N-4-chlorobenzoyl derivative.

Experimental

Melting points are corrected, and infrared spectra were measured on
a Perkin-Elmer 283 spectrometer. Ultraviolet spectra and optical
rotations were determined on solutions of peptides in methyl alcohol on
a Cary 14 spectrometer and a Rudolph polarimeter, respectively. The
greatest error in optical rotation measurements was +2%. The 'H nmr
spectra were obtained on a Varian 220-MHz instrument at the Canadian
NMR Center at Toronto University Medical School; 13C nmr data were
collected on a Varian XL-100 instrument except those marked *, which
were recorded on a Nicolet 360 NB spectrometer of the Atlantic Region
Magnetic Resonance Center, Halifax, Nova Scotia. All nmr data are
presented in the format used by Shaw and Taylor (28); all chemical
shifts are reported in ppm downfield from the signal of Me,Si. The
equipment used for high pressure liquid chromatography has been

described in detail (32); analytical chromatography was performed on
Dupont Cg “Zorbax” 6-p.m columns of dimensions 0.46 X 25 cm; two
Waters pBondapak C,g columns (0.78 X 30cm) in series were used
for preparative chromatography. The solvent used in all cases was
methyl alcohol mixed with ammonium acetate buffer (0.01 M, pH4.2,
water of resistance > 10 Mohms), the composition of the mixture being
controlled by a solvent programming device (Waters Model No. 660).
Mass spectra were measured on Kratos MS-50 and Dupont 21-110B
instruments. Full experimental details of mass spectroscopic measure-
ments are given in a following paper.

4-Chlorobenzoylazide

4-Chlorobenzoyl hydrazide (33) (10 g) was dissolved in acetic acid
(150 mL) and the solution treated with hydrochloric acid (2N, 250 mL).
Light petroleum (bp 30-60°C, 400 mL) was added and the stirred
mixture cooled to <5°C, when a solution (40 mL) of sodium nitrite
(4.4 g) in water was added below the surface of the liquid. After 30 min
at 5°C, the colorless precipitate had dissolved, the petroleum layer was
separated, the aqueous raffinate extracted with light petroleum, and the
dried (Na,SO,) combined extracts evaporated at 10°C /30 Torr (1 Torr
= 133.3 Pa) to 100 mL. The mixture was kept at —15°C for 18 h, when
the colorless crystals, mp 42°C, 8.3 g, 80%, were collected on a filter
precooled to —15°C. This material was stored at —15°C in a
screw-capped bottle kept inside a wide-mouth screw-capped jar that
contained calcium chloride.

Methyl N-4-chlorobenzoyl-2-methylalaninate

Methyl 2-methylalaninate (0.5 g) (28) was dissolved in tetrahydro-
furan (THF, 10 mL) and the solution treated with 4-chlorobenzoylazide
(1g). After 3 days at room temperature, the reaction solution was
evaporated and the residue digested 3 times with light petroleum, the
digest being decanted from the sticky residue each time. The final
crystalline residue was collected (0.75 g, mp 115-125°C, 69%) and
recrystallized from n-butyl acetate as plates, mp 134°C (subliming
>115°C), 0.69 g, 63%. Anal. caled. for C;,H;4CINO;: C56.4, H5.5,
Cl13.9, N 5.5%; found: C 56.3, H5.5, C1 14.1, N 4.6%.

N-Phenylmethoxycarbonyl-L-prolyl-2-methylalanine

N-Phenylmethoxycarbonyl-L-proline (34) (64.6 g), methyl 2-methyl-
alaninate (30.5 g), and 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino-
line (EEDQ, 64g) were dissolved in toluene (1.75L) and the
solution stirred at 55°C for 72 h. The toluene was evaporated, the
residue dissolved in ethyl acetate (0.9 L), and the solution washed with
dilute sodium bicarbonate (2%, 500 mL), dilute hydrochloric acid (2 N,
500 mL), and water. The dry (Na,SO,4) solution was filtered and
evaporated, the residue (100 g) dissolved in methyl alcohol (1 L), and
the solution treated with sodium hydroxide (N, 416 mL) at 0°C. The
reaction mixture was kept at room temperature and aliquots (5 mL)
titrated with standard acid to determine when the reaction was
complete. The solution was then evaporated to half volume, diluted
with water (250 mL), extracted with ethyl acetate, and the raffinate
acidified. The precipitated oil was taken up in ethyl acetate (500 mL),
and the solution dried (Na,S0O,), filtered, and evaporated. The residual
oil usually crystallized spontaneously but crystallization can be
induced by seeding.  N-Phenylmethoxycarbonyl-L-prolyl-2-
methylalanine (52 g, 60%) separated from tetrahydropyran as prisms,
mp 137°C, [a]l —65° (¢ 2, MeOH), 8¢ (C*H;0%H): 177.4; 174.0,
173.9; 156.5, 156.3; 137.8; 129.3; 128.9; 128.7; 68.0; 61.2; 61.0;
56.9; 48.3, 48.1; 32.1, 30.9; 25.6; 24.8; 25.1, 24.4. Anal. calcd. for
C17H22N205Z C 611, H 66, N 84, (0] 239%, found: C 612, H 67,
N8.4,024.1%.

Methyl 4-chlorobenzoyl-L-alanyl-2-methylalanyl-L-alaninate
N-Phenylmethoxycarbonyl-L-alanyl-2-methylalanine (77 g) (35)
was suspended in toluene (S00mL), and freshly distilled methyl
L-alaninate (26 g) and EEDQ (83 g) were added. The reaction mixture
became a viscous paste and required a stirrer with adequate torque to
keep it in suspension. The reaction mixture was heated to 45°C and was
stirred for 42 h, after which the crystalline precipitate (83 g, 84%, mp
158-162°C) was collected. Methyl N-phenylmethoxycarbonyl-L-
alanyl-2-methylalanyl-1-alaninate separated from tetrahydrofuran —
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isopropyl ether (1:1) as needles, mp 164—165°C; [al&d —35° (¢ 2,
MeOH). Anal. calced. for C;gH,7N3O4: C 58.0, H 6.9, N 10.7, O
24.4%; found: C 58.05, H 6.65, N 10.75, O 24.5%. The crude ester
(77 g) was suspended in methyl alcohol (0.6 L), palladium on carbon
(5%, 5g) added, and the mixture agitated with hydrogen at 18°C
and 70 atm (1 atm = 101.3 kPa). After 48 h, the reaction mixture was
filtered through a bed of Celite, the filtrate evaporated at 40°C /12 Torr,
and the residual oily solid stirred with ethy! acetate (0.5L). The
crystalline prec1p1tate (44 g, 83%, mp 140-147°C, 8¢: 176 2; 174.8;
171.2; 57.7; 52.8 (JCH 147 Hz); 50.9 ("Jcy 145 Hz, 2Jcy, 4 Ha);
49.7 ( JCH 139 Hz, JCH 5 HZ) 25.7 ( JCH 129 Hz, JCH 4. SHZ)
24.8( JCH 127 Hz, JC ~3Hz);17.8( JCH 130 Hz, JCH~ 1 Hz);
17.2 (¢ JCH 130 Hz, JCH 5Hz)) was collected This ester was
dehquescent and we were unable to obtain a satisfactory elemental
analysis; it (0.5 g) was suspended in THF (15mL) and the stirred
suspension treated with 4-chlorobenzoylazide (0.37g), when the
precipitate gradually dissolved during 24 h. The reaction mixture was
filtered through a bed of Celite 535 and the filtrate evaporated. The
residue was digested with light petroleum, and the insoluble residue
recrystallized from n-buty! acetate as needles, mp 190°C. Anal. calcd.
for C1gHp4CIN;05: C54.3, H6.1, C18.9, N 10.6%; found: C 54.3, H
6.1,C19.1,N 10.4%.

Methyl N-4-chlorobenzoyi-D-alanyl-2-methylalanyl-1-alaninate

Phenylmethoxycarbonyl-p-alanine  (36) (5.6g), methyl 2-
methylalaninate (2.9 g), EEDQ (6.2 g), and toluene (100 mL) were
stirred together at room temperature for 5 days. The reaction solution
was evaporated, the residue dissolved in ethyl acetate (250 mL), and
the solution washed successively with hydrochloric acid (N, X2), water,
sodium bicarbonate solution (2%, X2), and finally water. The dry
(Na,S0,) ethyl acetate solution was evaporated and the residual gum
(7.3 g) dissolved in methy! alcohol (80 mL) and sodium hydroxide
solution (10%, 20 mL). After 2h at room temperature the solution
was concentrated to 20 mL, acidified, and the precipitate collected
(6.45g, mp 168-170°C). N-Phenylmethoxycarbonyl-p-alanyl-2-
methylalanine separated from ethyl acetate as prisms, mp 171-172°C,
(Anal. calcd. for CysH,gN,05: C 58.4, H 6.5, N 9.1%; found: C 58.4,
H6.5,N9.1%.) This acid (3.08 g) was suspended in toluene (70 mL),
methyl L-alaninate (1.05g) added, and then EEDQ (2.5g). The
mixture was stirred at 44°C for 72 h, when the solution was evaporated,
the residue taken up in ethy! acetate (250 mL), and the acidic and basic
by-products removed as usual. The dry (Na,SQ,), filtered ethyl acetate
solution was evaporated and the crystalline residue (mp 127°C, 3.32 g)
collected. This protected tripeptide (3 g) in methyl alcohol (50 mL) was
shaken with hydrogen (3.5 kg cm™2) and palladium on carbon (5%,
0.2 g) for 18 h. The reaction mixture was filtered through a bed of Celite
535, the filtrate evaporated, the residue (1.8 g, mp 226-228°C) in THF
(50 mL) treated with 4-chlorobenzoylazide (1.5 g), and the mixture
stirred at room temperature for 48 h. The reaction mixture was filtered,
the filtrate evaporated, and the residual gum taken up in ethyl acetate
(25 mL). The solution was washed with dilute hydrochloric acid (N, 2
X 10 mL), water, sodium bicarbonate solution (2%, 2 X 10 mL), then
dried, filtered, and evaporated. The resulting gum spontaneously
crystallized after standing on the bench for 6 months (crystals are
available for those in need). Methyl N-4-chlorobenzoyl-p-alanyl-2-
methylalanyl-L-alaninate separated from n-butyl acetate as rectangular
plates, mp 160°C, 2.1g (Anal. found: C 54.5, H 6.1, Cl 8.45,
N 10.7%).

Methyl N-(4-chlorobenzoyl)-L-prolyl-2-methylalanyl-L-alanyl-2-
methylalanyl-L-alaninate
N-Phenylmethoxycarbonyl-L-prolyl-2-methylalanine (15.7 g), methyl
L-alanyl-2-methylalanyl-L-alaninate (12.95 g), and EEDQ (13 g) in
tetrahydrofuran (THF, 0.5 L) were stirred together at 20°C for 72 h,
when all the insoluble tripeptide had dissolved. The solution was
evaporated and the residue dissolved in a mixture of ethyl acetate
(0.7 L) and hydrochloric acid (N, 250 mL). The ethyl acetate phase was
washed successively with hydrochloric acid (N, 250 mL), sodium
bicarbonate solution (2%, 250 mL), and water (100 mL). The ethyl
acetate solution was dried (Na,SO,), filtered, evaporated, and the

crystalline residue (10.5g, 39%, mp 178-179°C) taken up in hot
n-butyl acetate (100 mL). The N-phenylmethoxycarbonylpentapeptide
(2, R = C4H40, R’ = Me) separated from n-buty! acetate as prisms,
mp 180°C (blue in transmitted light just prior to melting); [a]&® —53°
(¢ 1,MeOH). Anal. calcd. for C;gH4NsOg: C58.4, H7.2,N12.2,0
22.2%; found: C58.3, H7.3, N 12.2, 0 22.3%. This ester (7.7 g) was
dissolved in methyl alcohol (100 mL), palladium on carbon (5%, 0.5 g)
added, and the mixture shaken with hydrogen at 3.5 kg cm~?for24 h, at
which time the mixture was filtered through a pad of Celite and the
filtrate evaporated. The residue was taken up in the minimum volume
of hot THF, cooled, kept at 4°C for 18 h, and the crystalline precipitate
(5.3 g, mp 157°C, 90%}) collected. The base (pK, 7.6) separated from
tetrahydropyran as prisms, mp 157—-159°C; [afs —81° (¢ 0.59,
CHCl3). Anal. caled. for CyoH3sNsOs: C 54.4, H 7.9, N 15.9%;
found: C54.3,H 8.0, N 15.7%. This base (4.4 g) was stirred with THF
(50mL) and the mixture treated at 20°C with a solution of 4-
chlorobenzoylazide (1.9 g) in THF (34 mL). The mixture was stirred
for24 h, when a clear solution was obtained, and after a further 24 h the
solution was evaporated and the residue digested with petroleum ether
(3 X 50 mL). The residue was taken up in ethyl acetate (250 mL) and
the solution washed successively with hydrochloric acid 2N, 3 X
100 mL), water (100 mL), sodium bicarbonate solution (2%, 100 mL),
and water (100 mL). The ethyl acetate solution was dried (Na,SOs,),
filtered, and evaporated and, to prepare a crystal for X-ray crystallogra-
phy, the crystalline residue (3.7 g, 64%, mp 193—194°C) was taken up
in hot n-butyl acetate (S0 mL). The flask containing the hot (100°C)
solution was placed in a water bath (capacity 12 L) at 55°C for 4 h,
when the bath heater was switched off and it and the butyl acetate
solution allowed to cool overnight. Methyl N-(4’-chlorobenzoyl)-L-
prolyl-2-methylalanyl-L-alanyl-2-methylalanyl-L-alaninate (31) (1)
separated from n-butyl acetate, mp 194°C; [a]y —40° (¢ 1, CHCly);
3¢ (C2H;0°H): 177.0; 176.9; 174.7 (2C, resolved in Cg*Hg—
C?H;0%H, 1:1), 174.25; 170.7; 137.75; 135.7; 130.1 (2C); 129.7
C); 62.8 (Jcu 146 Hz); 57.9; 57 6 (2C); 52.6 (-’CH 148 Hz); 51.8;
51.6 (JCH 144 HZ JCH 5 HZ) 49.7 (JCH 142 Hz, JCH ~5 HZ) 30.5
(Jcu, 135 Hz; 27.2;26.55; 26.35;24.5;24.2; 17.4 (Jey, 129 He, 2Jen
5 Hz) 16.55 (Jcu, 128Hz, 2Jeu 5 Hz) Anal. caled. for
C;7H33CINsO4: C 55.9, H 6.6, Cl 6.1, N 12.1, O 19.3%; found: C
56.1, H6.6, Cl1 6.0, N 12.0, O 19.4%.

Methyl 4-chlorobenzoyl-L-prolyl-L-valinate

L-Prolyl-L-valine (Sigma, 0.2 g) was suspended in THF (25 mL) and
the stirred suspension treated with a solution (10 mL) of diazomethane
(50 mg) in diethyl ether. After 18 h at room temperature a clear pale
yellow solution was obtained. The solution was concentrated to 20 mL
to remove ether and excess diazomethane and the concentrate was
treated with 4-chlorobenzoylazide (0.18 g) in THF (10mL). The
solution was kept at room temperature for 24 h and was then filtered and
evaporated. The residue was digested with light petroleum (bp
30-60°C, 3 x 20 mL) and the insoluble crystalline product recrystal-
lized from cyclohexane as rosettes of very fine needles, mp 124-
127°C. Anal. caled. for CgH3CIN,O,: C 58.9, H 6.3, C19.7, N
7.6%; found: C 58.6, H 6.4, C1 9.8, N 7.6%.

Methyl N-4-chlorobenzoyl-L-prolyl-L(and D)-valyl-2-
methylalaninates

These two compounds were prepared in exactly the same way and on
the same scale as described for methyl N-4-chlorobenzoy!-L-prolyl-L-
valinate, starting with L-prolyl-L(and D)-valyl-2-methylalanines (28).
Methyl N-4-chlorobenzoyl-L-prolyl-L-valyl-2-methylalaninate sepa-
rated from THF — isopropyl ether (1:1.5) as needles, mp 168°C. Anal.
caled. for C,,H30CIN;Os: C 58.5, H 6.7, C1 7.8, N 9.3%; found: C
58.4,H 6.7, C1 7.8 N 9.3%. Its D-valine isomer separated from ethy!
acetate as prisms, mp 171-172°C. Anal. found: C 58.5,H6.5,Cl17.9,
N 9.6%.

y-Benzyl a-tert-butyl N-phenylmethoxycarbonyl-L-prolyl-L-valyl-2-
methylalanyl-2-methylalanyl-L-glutamate
y-Benzyl L-glutamic -acid (37) (30 g) suspended in dioxan (dried
over Linde 4A molecular sieve, 60 mL) was cooled to —40°C, treated
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with concentrated sulphuric acid (9 mL), and then with isobutylene
(40 mL). The mixture was shaken in a glass pressure vessel at 20°C for
4 days, after which the pressure was released, ethyl acetate (200 mL)
added, and the solution washed with sodium bicarbonate solution (5%,
3 x 100 mL). The bicarbonate washings were extracted with ethyl
acetate (100 mL) and the combined organic phases washed with water,
dried, and evaporated. The residue was taken up in ether and the
theoretical quantity of hydrogen chloride in ether added at —10°C. The
hydrochloride (23 g, mp 107-109°C; [a]? +15° (¢ 2, MeOH)) was
collected after storage at —15°C for 48 h. This hydrochloride (6.6 g) was
suspended in toluene (200 mL), and the mixture treated with triethyl-
amine (2.02 g) and shaken at 20°C for 15 min. N-Phenylmethoxycar-
bonyl-L-prolyl-L-valyl-2-methylalanyl-2-methylalanine (28) (2, R =
C;H,0, R’ = H, 10.4 g) was added and, when it had dissolved, EEDQ
(5.06 g). The mixture was stirred at 50°C for 72 h, when it was eva-
porated to ca. 50 mL, ethyl acetate (0.5 L) added, and the solution
washed with citric acid 2», 3 X 100mL), brine (2%, 100 mL),
sodium bicarbonate solution (2%, 2 X 150 mL), and finally water. The
solution was dried (Na;SO,), filtered, and evaporated. The residue was
taken up in THF (50 mL) and isopropyl ether (50 mL) added when the
product (9.1 g, 57%, mp 160°C) separated. The N-phenylmethoxycar-
bonylpentapeptide diester (3) separated from ethyl acetate as needles,
mp 165-166°C; [aff3 —58° (¢ 2, MeOH); 8y (C*HCLy): 7.37 (SH),
7.34(H,e),7.34(5H),7.07(H,e, J = 6 Hz), 6.83 (H, e), 6.75 (H, e),
5.31,5.13(2H, q, / = 13.3Hz2), 5.11 (2H), 4.41 (2H, m), 3.80 (H, t,
J=6Hz),3.54 (2H,t, J = 7Hz), 2.57 (2H, m), 2.14 (SH, m), 1.93
(2H, m), 1.54 (3H), 1.48 (3H), 1.45 (15H), 0.88 (3H, d, / = 7 Hz),
0.83 (3H, d, J = 7Hz); 8¢ (C*H;0°H): 177.2; 175.5 (bs); 175.2,
174.9, 174.4; 173.4; 172.4; 156.8, 156.2; 137.9 (bs); 137.5; 129.4;
129.0; 128.7; 82.4; 68.1; 67.0; 61.3; 60.3; 60.6; 57.7; 54.0; 48.4;
32.8;31.5;31.8;31.0; 28.3;27.7;, 27.4;26.7; 23.8; 19.6; 19.5;19.2.
Anal. caled. for C4oHsgNsOo: C63.5, H7.5, N 8.8, 020.2%; found:
C63.5,H7.5,N8.8, 020.3%.

a-tert-Butyl L-prolyl-L-valyl-2-methylalanyl-2-methylalanyl-L-
glutamyl-L-glutamate

The fully protected pentapeptide (3, 3 g) in deuteriochloroform
(15mL) was treated with a solution (30 mL) of trifluoroacetic acid
(I15mL) in deuteriochloroform. The course of the reaction was
determined by taking the 'H nmr spectra of aliquots. After ca. 1.5h
there was no further decrease in intensity of the signal at 8y 1.45, The
reaction mixture was evaporated, the residue treated with diisopropyl
ether, the amorphous solid collected, and the acid (2.7 g, [a]% —58°
(¢ 1.5, MeOH), 8y (CHCl3): 7.73 (H), 7.51 (H), 7.32 (5H), 7.30
(5H), 7.30 (H, e), 7.00 (H), 5.14 (2H), 5.08 (2H), 4.27 (2H, m), 3.81
(H, m), 3.55 (2H, m), 2.56 (2H, m), 2.00 (7H, bm), 1.46 (6H), 1.42
(6H), 0.82 (3H, d, *Juu 6.5Hz), 0.79 (3H, d, *Juy 6.5 Hz). Anal.
caled. for C33H5NsO,5'H,0: C60.4,H7.1,N 9.3 0 23.3%; found: C
60.4, H 7.1, N 9.3; O 23.1%, precipitated from dioxan solution
(5 mL) with diisopropy! ether (50 mL). This acid (7 g), EEDQ (2.6 g),
a-tert-butyl-y-benzyl L-glutamate (from 3 g of hydrochloride, see
above), and toluene (500 mL) were stirred together at room tempera-
ture for 72 h. The reaction mixture was evaporated, the residue taken up
in ethyl acetate (500 mL), and acidic and basic by-products removed as
described. The residue (= A, 35 mg) obtained after evaporation of the
dry (Na,SO,) extract was purified by high pressure liquid chromatogra-
phy, using methyl alcohol — ammonium acetate buffer (pH 4.2) 4:1.
The main band eluting at ca. 48 mL was collected, the solution
evaporated, and the residue taken up in ters-butyl alcohol. Lyophiliza-
tion of the solution gave the N-phenylmethoxycarbonylhexapeptide (6)
as a colorless solid, mp 50-55°C; [af2 —~43° (¢ 0.6, MeOH), &y
(C*HCly): 7.63 (H, e, d, *Jyy 8 Hz), 7.59 (H, ¢, d, *Jyy 8 HZ), 7.36
(5H), 7.34 (5H), 7.31 (5H), 7.05 (H, e), 6.95 (H, e), 6.46 (H, d, *Juy
6Hz),5.24,5.10 (2H, *Jyuy 14.3 Hz), 5.09 (2H), 5.06 (2H), 4.40 (2H,
m),4.24 (H, m), 3.79(H, t, *Juu 7.5 Hz), 3.61 (2H, m), 2.50 (4H, m),
2.14 (9H), 1.55 (3H), 1.45 (12H), 1.38 (3H), 1.36 (3H), 0.75 (3H, d,
3wy 7Hz), 0.69 (3H, d, *Jyy 7Hz). Anal. caled. for
Cs4H7,NgO3:0.5H,0: C 63.4, H7.2,N 8.2, 0 21.1%; found: C 63.2,
H 6.95, N 8.1, O 21.2%. This triester (9, 10g) in methyl alcohol
(30 mL) was shaken with palladium on carbon (5%, 5 g) and hydrogen

(3.5kg cm™?) at room temperature for 18 h. The reaction mixture was
filtered through a bed of Celite (1 cm) and the filtrate evaporated. The
residue (5.5 g) was taken up in hot methyl alcohol (15 mL) and the
solution kept at 4°C for 48 h. The precipitated crystalline solid (3.85 g,
mp 153-155°C) was collected. a-tert-Butyl L-prolyl-L-valyl-2-
methylalanyl-2 -methylalanyl-L- glutamyl-L- glutamate (4) separated
from methyl alcohol as triclinic blades, mp 154~155°C; [a]3 —40.5°
(c 0.8, MeOH); 8% (C*H;0°H): 179.4; 178.0; 177.1; 176.4; 174.5;
173.6; 172.2; 170.6; 82.7 (C, +-Bu); 60.94 ('Jcy 150.3 Hz); 60.0
("Jen 141 Hz); 58.1 (a-C alb) 58.0 (a-C aib); 55.0 ('Jey 143 Hz);
54.25 ("Jcy 142 Hz); 47.5 (cp, 146 Hz); 34.2 ({Jcp, 131 Hz); 32.7
(*Jcn, ~ 125Hz); 32. 4 (Men 125. 7 Hz, B-val); 31.3 (UCH 136 Hz);
29. 2('7CH7) 28. 2( Jen, ~ 133 Hz); 28.3 (3C, 'Jcy, 127. 9Hz) 26.5
(?CH3); 25.1 (3C, 'Jey, 128 Hz); 19. 9 Jen, 125 Hz) 18.5 ({Jcy, ~
123 Hz). Anal. calcd. for C32Hs54NgOy: C 5s. 0,H7.8,N12.0,0
25.2%; found: C 54.7, H 7.8, N 12.0, O 25.3%.

a-tert-Butyl L-prolyl-L-valyl-2-methylalanyl-2-methylalanyl-L-
glutamate

The protected pentapeptide (3, 9 g) in methyl alcohol (120 mL) was
shaken with palladium on carbon (5%, 0.6 g) and hydrogen (3.5 kg
cm~2) for 40 h at 20°C. The reaction mixture was filtered through a bed
of Celite, the filtrate evaporated, and the crystalline residue (mp
115-117°C, 6.3 g) recrystallized from prop-2-ol-isopropyl ether (1:1)
gave the a-terr-butyl L-prolyl-L-valyl-2- methylalanyl -2-methylalanyl-
L-glutamate (7) as rosettes, mp 117-119°C; [a}® —41° (¢ 0.87,
MeOH); 8¢ (C?H;0%H): 180.2; 177.2; 175.5; 173.3; 172.9; 172.0;
82.2; 69.9;60.6;57.9; 57.7,54.9;,47.6,34.2; 31.7; 28.4; 27.5;26.6;
25.8;24.0;23.1; 19.7; 19.1. Anal. calcd. for C;;H47NsOg: C 56.9, H
8.3, N 12.3; 0 22.5%; found: C 57.0, H 8.6, N 11.9, O 23.0%.

a-tert- Butyl tert-butyloxycarbonyl-L-prolyl-L-valyl-2-methylalanyl-2-
methylalanyl-1L- glutamyl(y)-L-phenylalaninol

The rert-butyl ester described in the previous paragraph (7, 6 g) and
magnesium oxide (0.9 g) were stirred with a solution (150 mL) of
dioxan (75mL) in water for 1 h at room temperature, when tert-
butyloxycarbonylazide (3 g) was added and the mixture stirred at 35°C
for 72 h. The reaction mixture was diluted with sodium bicarbonate
solution (5%, cooled to 0°C, filtered, and extracted (pH 7.0) with ethyl
acetate. The cold (0°C) raffinate was acidified to pH 3.0 with citric acid
solution (2%), sodium chloride added to saturation, and the solution
extracted (3 X 50 mL) with ethyl acetate. The extract was washed with
water, dried (Na,SOy), filtered, and evaporated. The residue recrystal-
lized from ethyl acetate — methyl alcohol (100:1) gave the N-tert-
butyloxycarbonyl derivative (8) as prisms, mp 200-202°C; [a]®
—57° (¢ 1.15, MeOH). Anal. calcd. for C3,HssNsO: C 57.4, H 8.3,
N 10.5%; found: C 57.2, H 8.3, N 10.4%. This product (8,
2.4g), L-phenylalaninol (Aldrich, 0.54g), and 2-isobutoxy-1-
isobutyloxycarbonyl-1,2-dihydroquinoline (38) (1.2 g) were dissolved
in ethyl alcohol (dried over Linde molecular sieve 3A and redistilled,
100 mL) and the reaction mixture was stirred at 35°C for 4 days. The
resulting solution was evaporated, the residue (3.3 g) taken up in ethyl
acetate (100 mL), and the solution washed successively with water
(50 mL), sodium bicarbonate solution (2 X 50 mL), and water. The dry
solution was evaporated, the residue dissolved in hot ethyl acetate
(5 mL), and light petroleum added to turbidity. The mixture was kept at
4°C for 36h, when the crystalline mass that had separated was
collected. The hexapeptide (5) separated from ethyl acetate — light
petroleurn (bp 30-60°C, 1:1) as prisms, mp 110-112°C; [a®
—83.6% 8¢ (C*H,0%H): 177.2, 177.1; 176.1, 175.9; 175.6; 175.3;
174.9;173.9,173.8; 172.4, 172.3; l39.9(quat. C); 130.5 (2C, ’JCH ~
157 Hz); 1294 (2C, YJeu 158.8Hz, Wy ~ 5Hz); 127.2 (ey
157.7 Hz, *Jcy ~ 8 Hz); 82.6 (quat. Bu ester); 81.25, 81.2 (quat. Bu
urethane); 64. O( Jcn, 144.7 Hz, CH,0H); 60.8, 60.6 (' ~ 145 Hz,
a-pro); 60.85 (Jcy 142.6, aval); 57.9 (aib o-C); 57.85 (aib a-C);
54.55 ({Jepn 140 Hz); 53.8 ("Jey 139.5 Hz); 48.4, 48.0 (! Jen, 142 Hz,
a-pro); 38.1 ({Jep, 129 Hz, PhCH,); 33.7, 33.0 (' Jeu, 133 Hz, pro);
32.2,30.8 (7 pro) 31.85 (Jcy 130 Hz, B- val (39)); 28.8(} Jen, 127 Hz,
Bu(3)); 28.4 (! Jcn, 128 Hz, Bu(3)) 27.8( Jep, 128 Hz) 26. 8(’CH3)
25.6 (7 CHy); 24. 8('7 CH,), 23.9(' Jeg, 128 Hz) 23.7( Jen, 128 Hz);
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19.2, 19.3 (‘JCH3 128 Hz, val). Anal. calcd. for C41HggNgO, o H,O:
C 60.0, H 8.4, N 10.2, O 21.4%; found: C 60.3, H 8.4, N 10.2,
021.2%.

Dimethyl N-(4-chlorobenzoyl)-L-prolyl-1-valyl-2-methylalanyl-2-
methylalanyl-1-glutamate

(a) The a-terr-butyl ester (7, 1.7 g) was suspended in THF (100 mL)
and the stirred mixture treated with diazomethane (70 mg) in ether
(20 mL). After 0.5 h at 20°C the excess diazomethane was blown off
with a stream of nitrogen, the solution evaporated, and the residue
taken up in hot tetrahydropyran (15 mL). The solution was kept at 4°C
for 18 h, when the crystals that separated were collected (1.7 g). The
a-tert-butyl-y-methyl ester (9) separated from tetrahydropyran as
blades, mp 178—179°C; {a 3 —51° (¢ 1.38, CHCly). Anal. calcd. for
CysHaoNsOg: C 57.6, H 8.5, N 12.0%; found: C 57.4, H 8.4, N
12.0%. This diester (3 g) was dissolved in THF (150 mL) and the
solution treated with p-chlorobenzoylazide (1.1g) in THF (10 mL).
The solution was stirred at 20°C for 72 h, then was evaporated and the
residue digested with petroleum ether (bp 30-60°C, 3 X 50 mL). The
crystalline residue was collected and the N-(4-chlorobenzoyl) deriva-
tive (10) separated from n-butyl acetate as prisms, mp 90-95°C,
recrystallizing at 125~130°C and finally melting sharply at 178-179°C;
[a]§ —86° (¢ 0.66, CHCls). Anal. caled. for C3sHs,CINsOy: C 58.2,
H7.2,Cl14.9,N9.7%; found: C 57.8, H 7.3, C14.9, N 9.9%. This
tert-butyl ester (10, 1 g) was dissolved in methy! alcohol (100 mL) and
hydrogen chloride passed into the solution for 15 min. The temperature
of the reaction mixture increased to 55°C, when it was cooled to 20°C
and kept at this latter temperature for 72h. The solution was
evaporated, the residue taken up in ethy! acetate (100 mL), and the
solution washed with sodium bicarbonate solution (2%, 3 x 50 mL),
with ice-cold sodium carbonate solution (1%, 50 mL), and finally with
water (2 X 50mL). The dry (Na,SO,) ethyl acetate solution was
filtered, evaporated, and the residue (0.72 g, 76%, mp 162°C; [al¥
—90°, containing 3.5% of a byproduct of lower Ry) was recrystallized
by dissolving in n-butyl acetate (8 mL) and adding diethy! ether
(12mL). The precipitate was collected after storage at 4°C for 96 h.
After 6 recrystallizations in this manner, dimethyl N-(4'-chloro-
benzoyl)-L-prolyl-L-valyl-2-methyalanyl-2-methylalanyl-1L- glutamate
was obtained, containing 0.15% of the impurity, mp 168-169°C;
[aJf —~99° (¢ 0.57, CHCly); crystal data: P2,2,2,; orthorhombic;
a=16.60, b=25.16, c = 10.23 A; 5y (C*HCl;): 7.48 2H, J = 8.6
Hz), 7.42 2H, J = 8.6 Hz), 7.39 (H, e, J = 6.2 Hz), 6.80 (H, e, aib
NH), 6.55 (H, ¢, aibNH), 4.78 (H, Juup = 7.8 Hz, Jy = 6.2 He,
val a-CH), 4.5 (H, m, glu a-CH), 3.76 (H, t, J = 6.1 Hz, pro a-CH),
3.70 (3H), 3.64 (3H), ~3.5 (H, m, val B-CH), ~2.5 (2H, m, pro
8-CHy), 2.32 (H, m, pro B-CH,), ~2.2 (2H, m, glu y-CHy), 2.1-
2.3 (3H, m, pro), 1.91 (2H, glu B-CH,), 2.04 (H, m, glu CH,), 1.55
(3H, aib), 1.49 (3H, aib), 1.47 (3H, aib), 1.46 (3H, aib), 0.98 (3H, J =
6.3 Hz, val), 0.98 (3H, J = 6.3Hz, val); 8% (C*H,O%H): 177.6;
175.7; 175.1; 174.5; 173.9; 173.8; 170.8; 137.5 (quat. arom.); 136.0
(quat, arom., 2Jen ~ THz); 130.0 (2C, 'Jep 164 Hz, ZJCH ~ 7Hz);
129.7 (2C, 'Jey 167.5 Hz); 61.6 (1Jcy 148 Hz) 60.8 (*Jcy 141 Hz);
57.9 (a1b a-C); 53.5 (!Jcy 138 Hz); 52.65 (! Jeu, 147 Hz ester Me);
52.0 (! Jen, 147Hz ester Me); 51.9 (aib o-C); 31 9 (!Jey 138 Hz,
B -val (39)); 31.3 (Mg, ~ 130 Hz), 31.1 (? CHo) 27.7 (? CHj); 27.2
(! Jew, ~ 130Hz); 26. 9 (! Jen, 132 Hz); 26.6 (' Jew, 134 Hz); 23.7
(‘Jcu, 128 Hz); 23.6 ("Jcy, 128 Hz) 19.6 ("Jcp, 127 Hz); 19.3 (! JCH
127 Hz) Anal. caled. for C32H46CIN509 C 56. 5,H6.8,Cl5.2,
10.3, 0 21.2%; found: C 56.4, H 6.9, C1 5.2, N 10.1, O 21.1%.

(b) y-Benzyl-L-glutamic acid (10.5g) was suspended in THF
(150 mL) and water (1.5 mL) was added. The mixture was stirred with
a solution (100 mL) of diazomethane (2 g) in ether for 3 days at room
temperature, after which the solution was evaporated, the residue taken
up in ether (100 mL), the ether solution washed with sodium bicarbon-
ate solution (2%, 100 mL), dried (Na,SO,), filtered, and the filtrate
treated with hydrogen chloride. The precipitated hydrochloride (mp
133-134°C, 79%, 6 g), suspended in toluene (400 mL), was treated
with triethylamine (2.04 g) and, after shaking the mixture for 5 min,
with the N-phenylmethoxycarbonyl tetrapeptide (2, R = C;H,0, R’ =

H, 10 g) (28) and EEDQ (5.2 g). The reaction mixture was treated as
described for the analogous fert-butyl ester (6) and gave the pentapep-
tzde (11) as prisms from n-butyl acetate, mp 144-146°C, 6 g, 41%;
(el —67° (¢ 4, MeOH). Anal. calcd. for C3gHs3N5049:0.25H,0: C
61.9,H7.1,N9.3,021.7%; found: C61.9,H7.2,N9.5;021.2%.
This ester (5 g) in methyl alcohol (120 mL) was shaken with hydrogen
(4.2 kg cm™~2) and palladium on carbon (5%, 1 g). The reaction mixture
was worked up as described for the ester (10) and gave the pentapeptide
methyl ester (12) as prisms from methyl alcohol (70 mg mL™}), mp
132-134°C. Anal. caled. for C4H4NsOg+1.5H,0: C 52.0,H7.9, N
12.6, O 27.4%; found: C 51.9, H 8.0, N 12.5; O 27.0%. This
iminoester (12, 1.5 g) was suspended in THF (75 mL) and a solution of
diazomethane (0.12 g) in ether added. The peptide dissolved just as the
color of the diazomethane disappeared. The dimethyl ester (13)
separated from THF — isopropyl ether (1:3) as plates of characteristic
trapezoid shape, mp 201—202°C, 1.5g; 8¢ 177.5; 177.2; 175.3;
174 7, 173.7; 173.7; 61.4 (o 142 Hz), 60.1 ("Jen 143 Hz); 57.7
& Jen, 4.5 Hz); 57.7 (aib a-C); 53.3 (JCH ~ 145Hz); 52.5 (! Jcu,
147Hz), 51.8 (Jcﬂ 147Hz); 479 (! Jcu, 144Hz); 31.8 (JCH
134 Hz); 31.1 (JCH 131 Hz, val B3-CH (39)) 27.1; 26.4 (JCH2
~ 140 Hz); 27. 8( Jew, 129 Hz, JCH 4 Hz);26.8 (' JCH 129 Hz, *Jcg,
4Hz) 23.5(2C, JCH 129 Hz, JCH34HZ) 19.5( Jeh, 130 Hz); 19. 0
¢ Jen, 130 Hz). Anal. caled. for CosHy3NsOg: C 55.5, H7. 9,N12.9,
023. 7% found: C 55.4, H8.0, N 12.6; O 23.4%. This dimethyl ester
(0.11 g) was suspended in THF (5 mL) and the mixture treated with
4-chlorobenzoylazide (40 mg). The reaction mixture was stirred at
room temperature for 96 h, was evaporated, the residue titurated with
light petroleum (3 X 20 mL), and the residue (0.12 g) then taken up in
butyl acetate (3 mL) and diethyl ether (3 mL) added. The solution was
kept for 18 h at 4°C, when the crystalline precipitate (0.1g, mp
165-167°C; [aJf —91° (¢ 1, CHCl3)) was collected. The 'H
broadband-decoupled '>C nmr spectrum of this material was identical
to that of the material prepared by method (a); recrystallization as
described in method (a) gave material with identical mp and specific
optical rotation.
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The reaction of phenol with the binuclear rhodium hydride [{(i-Pr);PCH,CH,P(i-Pr),}Rh],(p.-H), generates [{(i-Pr);PCH,-
CH,P(i-Pr);}Rh]5(u-H)(u-OCgHs), 2, which was characterized by both solution spectroscopic techniques and a single crystal
X-ray diffraction study. The structure was solved using Patterson and Fourier methods and refined to R = 0.019 (R,, = 0.027) for
6062 reflections; crystals of the compound are triclinic, space group P1, with a = 9.018(2), b = 12.988(2), ¢ = 17.558(3) A,
a=99.42(1), B =92.62(2), v = 91.85(2)°, and Z = 2. Further reaction with excess phenol leads to the mononuclear complex
(1?-CsHsO)Rh{(i-Pr),PCH,CH,P(i-Pr),}-2C¢HsOH, which contains two phenol units hydrogen bonded to the oxygen of the
n’-cyclohexyldienylone ligand. The presence of the bridging phenoxide ligand in 2 results in reduced reactivity as compared to
the starting binuclear hydride dimer.

MIcHAEL D. FRYZUK, MAY-LING JANG, TERRY JONES ¢t FREDERICK W. B. EINSTEIN. Can. J. Chem. 64, 174 (1986).

La réaction du phénol avec I’hydrure binucléaire du rhodium [{(i-Pr),PCH,CH,P(i-Pr),}Rh]>(j.-H), génére le composé 2,
[{(i-Pr)sPCH,CH,P(i-Pr) 5} Rh]5(p-H)(w-OCsHs), qui a été caractérisé & la fois par des techniques spectroscopiques et par une
étude de diffraction des rayons-X sur un monocristal. On a résolu la structure par les méthodes de Patterson et de Fouriereton1’a
affinée jusqu’a une valeur de R = 0,019 (R,, = 0,027) pour 6062 réflexions; les cristaux sont tricliniques, groupe d’espace P1,
avec a =9,018(2), b=12,988(2), ¢ =17,558(3) A, a =99,42(1), B =92,62(2), y=91,85(2)° et Z=2. Une réaction
subséquente avec un excés de phénol conduit 4 la formation d’un complexe mononucléaire, (1°-CgHsO)Rh{(i-Pr),PCH,CH,P(i-
Pr);}-2C¢HsOH, qui contient deux unités de phénol qui sont liées par des ponts hydrogéne a l'oxygéne du ligand
m-cyclohexyldiénylone. La présence du ligand phénolate comme pont dans le composé 2 réduit sa réactivité par comparaison

avec celle de ’hydrure dimere binucléaire de départ.

Introduction

In attempts to design polynuclear metal complexes that are
resistant to fragmentation, a variety of bridging ligands have
been employed to secure two or more transition metals together.
Some typical but not exhaustive examples of bridging ligands
are phosphides (PR, PR,") (see ref. 1 for leading references),
arsenides (AsR?~, AsR,") (see ref. 2 for leading references),
sulfides (S*~, SR™) (see ref. 3 for leading references), and
oxides (0>, OR"™) (see ref. 4 for leading references). Synthetic
strategies in the construction of homonuclear and heteronuclear
clusters with bridging ligands have been impressive; numerous
methodologies now exist for the convergent synthesis of
remarkably complex metal clusters (5). However, little mention
has been given to the feasibility of these purported fragmenta-
tion-resistant clusters to act as catalysts (or even catalyst
precursors) for a particular transformation. Indeed, many of
these impressive syntheses lead to rather inert metal clusters,
albeit with the bridging ligands appropriately in place (see ref. 6
for some exceptions).

For some time we have been investigating the synthesis and
reactivity of coordinatively unsaturated rhodium-hydride clus-
ters with chelating bidentate phosphine donors as the ancillary
ligands (7-10). The binuclear members of this family of clusters
1 are especially active in the hydrogenation and isomerization of
terminal olefins, apparently without fragmentation of the
binuclear unit (8, 11, 12). Our strategy for the preparation of
catalytically-active metal clusters that contain bridging ligands

'Fellow of the Alfred P. Sloan Foundation (1984—1986).
*Recipient of an NSERC Summer Undergraduate Award (1983 and
1984).

[Traduit par le journal]

R R R R
\P/ o \P/
7N S ™
(H,C), Rh Rh (CH»),
NN 4
~P H P
27N N
R R R R
la, n=2, R=IiPr
16, n=3, R=iPr
lc, n=2, R=iO0Pr

involves modification of existing catalytically-active systems
such as 1 to generate potentially fragmentation-resistant clusters
of the type 2. This approach is not only complementary to the
strategies mentioned previously, but it also allows one to
examine the effects, beneficial or otherwise, of the presence of a
bridging ligand.
R R R R
\\P, X \\P/
NN
(H,C), Rh Rh (CH,),
o Ny N\
P H P
N A
R R R R
2,n=2,R=iPr, X =0CsH;s
In this paper we report some of our initial findings on the

synthesis, structure and reactions of a complex of the type 2,
where the bridging ligand is a phenoxide (X = OCgHs).

Experimental section

General procedures and precautions were identical to those pre-
viously described (8, 13). The syntheses of [(dippe)Rh].(p-H), and
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(T]3-C3H5)Rh(dippe) (dippe = 1,2-bis(diisopropylphosphino)ethane)
are described in ref. 9.

[(dippe)Rh] (p.-H )(.-O—Ph)

To a solution of [(dippe)Rh],(n-H), (0.162¢g, 0.22 mmol) in
hexanes (4 mL) was added sublimed phenol (0.052 g, 0.55 mmol) in
~0.2 mL of toluene; the solution immediately turned from deep green
to bright orange. The solution was allowed to sit undisturbed at room
temperature for 12 h then at —30°C for 4 h to generate orange prisms.
The solution was decanted away from the crystals, and the crystals
washed with 3—4 mL of cold (—30°C) hexanes, and dried under
vacuum. Yield: 0.151 g (83%), mp 182—-184°C. 'H nmr (C¢Dg, ppm):
Horipor 7.38 (dd, 3J s = 8.3 Hz, *Jpara = 0.9H2); Hpera, 7.13 (dd,
*Jpara = 1.3H2); Hpuras 6.73 (tt); PCHMe,, 2.06, 1.76 (octets,
2Jp = 3Jy. = 7.1 Hz); PCH(CH,),, 1.46, 1.17, 1.05, 0.94 (dd,
3Jp = 15.3Hz); PCH,CH,P, ~1.1 (complex multiplet obscured by
PCH(CH5); resonances); RhHRh, —8.6 (ttt, 2Jpyas = 61.5Hz,
2pes = 24.4 Hz, g, = 13.1). 'P{'H} nmr (CgDg, ppm relative to
P(OMe); at + 141.0): AA'MM'XX’ = P4, 112.7 (m); Pg, 86.0 (m).
IR (toluene, cm™"): 1240 (C—O, s). Anal. caled. for C3,H700P,Rh,:
C 49.52; H 8.56; found: C 49.78; H 8.48.

[(dippe)Rh(w’-CsHs0)]-2PhOH

Method 1: To a solution of [(dippe)Rh],(p-H), (0.162 g, 0.22 mmol)
in toluene (S mL) was added excess sublimed PhOH (~0.10g, ~5
equiv.) in toluene (~0.5mL) dropwise, then the resulting orange
solution allowed to sit at room temperature for 18 h. The volatiles were
removed under vacuum to give a red—orange solid. 'H nmr analysis
indicated a mixture of [(dippe)Rh],(p-H)(u-OPh) and [(dippe)Rh(m’-
CeHs0)]-2PhOH. Careful fractional crystallization from minimum
toluene by the addition of hexanes yielded [(dippe)Rh(1>-CgHsO)]-
2PhOH as the more soluble component in approximately 50% yield.

Method 2: To a solution of (1>-CsHs)Rh(dippe) (0.161 g, 0.40
mmol) in toluene (5 mL) was added sublimed PhOH (0.112g, 1.19
mmol) in toluene (~0.5 mL) and the mixture allowed to stir for 24 h.
The resulting deep orange solution was reduced in volume to ~0.5 mL
and hexanes (1 mL) added. Cooling to —30°C gave orange crystals.
Yield: 0.210 g (two fractions: 82%); mp 89-91°C. '"H nmr (C¢Ds,
ppm): PhOH...Q, ~9-12 (br s); H,,,;, (PhOH), 7.28 (dd, 3/, 0e =
8.0Hz, *Jpora = 0.9 Hz); Hypers (PhOH), 7.18 (dd, *Jpars = 7.8 Hz);
Hpura (PhOH)’ 6.80 (tt); Horiho (TIS_C6HSO), 6.25 (dd, 3Jnlela =13 HZ;
SJpara =10 HZ), Hmem (T]S'C()HSO)y 5.65 (dd: 3Jpam =6.0 HZ)1 Hpara
(1°-CgHs0), 4.70 (br t); PCHMe,, 1.58 (br octet, 2Jp = 3J,, =
7.0 Hz); PCH(CH),, 0.88 (dd, *Jp = 15.5 Hz); PCH,CH,P, 0.84
(m); PCH(CHs),, 0.65 (dd, *Jp» = 13.5 Hz). *'P{'H} nmr (C¢Ds, ppm
relative to P(OMe); at + 141.0); 105.5 (d, 'Jr, = 208 Hz). Anal.
calcd. for C3,H4905P,Rh: C 59.44, H 7.64, found: C 59.66, H 7.57.
IR (toluene, cm™'): 2800 (OH, br); 1540 (C==0, s); 1271, 1246
(C—0, s).

Attempted preparation of (dippe)Rh(1’-CsH0)

To a solution of (m>-C;Hs)Rh(dippe) (0.032g, 0.079 mmol) in
toluene (2 mL) was added PhOH (0.79 mL of 0.1 M solution intoluene,
1 equiv.) and the mixture stirred at room temperature for 24 h. The
volatiles were then removed and the mixture analyzed by 'H nmr
spectroscopy. Integration indicate that a ~2:1 mixture (n>-C;Hs)Rh-
(dippe) and [(dippe)Rh(n*-C¢Hs0)]-2PhOH was present.

Reactions of [(dippe)Rh]>(.-H)(n-OPh)

Typically 10-20 mg of the complex was dissolved in C¢Dg (0.4 mL)
and placed in a 5 mm nmr tube sealed to a ground glass joint and fitted
with a Teflon needle valve adapter. The nmr tube assembly was
attached to the vacuum line and the solution degassed. Addition of the
gaseous reactants (see below) was performed at —196°C and the tube
sealed with a torch.

With H,: by 'H nmr, only the phenoxy-hydride dimer was detected
even after long reaction times and heating to 75°C for 1 h.

With CHy=CH,: by 'H nmr, only the phenoxy-hydride dimer was
detected even after long reaction times.

With CO: As soon as the solution reached room temperature, an
orange to yellow colour change was observed; by 'H nmir, the solution
contained PhOH and [(dippe)Rh(CO)],(u-CO), (12).

TaBLE 1. Crystallographic data®

Formula C34H700P4Rh2
fw 824.64
Crystal system Triclinic
Space group Pl
a, A 9.018(2)
b, A 12.988(2)
c, 17.558(3)
a, deg 99.42(1)
B, deg 92.62(2)
v, deg 91.85(2)
v, A 2024.97
4 2
Deatca, g cm ™3 1.353
Crystal dimensions, mm 0.14x0.19 X 0.40
B (Mo-K,), cm™ 9.81
Transmission coefficients 0.807-0.895
Scan type »-20
w scan speed, deg min™! 0.80-4.00

Scan range (deg in w)
Background fraction

0.55+0.35tan 0
0.25

Data collected h, £k, =1
204, deg 50
Take-off angle, deg 3

Crystal decay Negligible
Unique reflections 7110
Observed reflections 6062
Number of variables 581

R 0.019

R, 0.027

175

“Temperature 21 * 1°C; Mo-K,, radiation, graphite mono-
chromator, A = 0.70930 A («;), 0.71359 A (a,); function mini-
mized was Zo(IFol — IF )%, R = S)1Fyl — IFIVZIFl, R, =
Cw(iFol — IFNSwlFol)Y2, w = 1/(c*(F) + 0.0006F?).

Hydrogenation of 1-hexene
An identical procedure to that previously described (8) was utilized
except that the catalyst precursor was [(dippe)Rh](p-H)(r-OPh).

Deuterium labelling studies

[(dippe)Rh]>(w-D); + PhOH. To a solution of [(dippe)Rh],(u-D);
(0.039 g, 0.053 mmol) in CsDs was added PhOH (0.009 g, 0.096
mmol) to generate an orange solution. Integration of the residual
hydride resonance versus the proton resonances of the phenoxy ligand
indicated an approx. 1:1 mixture of [(dippe)Rh];(p-D)(-OPh) and
[(dippe)Rh];(p-H)(u-OPh). The addition of excess PhOH does not
change this ratio.

[(dippe)Rh](n-H) +ds-PhOD. To a solution of [(dippe)Rh],-
(n-H), (0.080 g, 0.107 mmol) in C¢Dg (1 mL) was added C¢DsOD
(Aldrich; 0.012 g, 0.120 mmol); the resultant orange solution was
analyzed by 'H nmr. Integration of the hydride resonance indicated an
approximately S0% (+5%) loss of the hydride intensity which
corresponds to a ~1:1 mixture of [(dippe)Rh]>(p-H)(-OCgDs) and
[(dippe)Rh],(u-OCgDs) as found above.

Crystallographic analysis: Crystal data are given in Table I.
Precession and Weissenberg photographs (CuKa, A = 1.5418 A) were
used to determine approximate cell dimensions and to assign the space
group as P1 or P (subsequent structure solution proved PT to be the
correct space group). Accurate cell dimensions were determined by
least squares refinement of 25 accurately centred reflections (2p =
15-20°) chosen from a variety of points in reciprocal space and
measured with Mo-Ka radiation (A = 0.71069 A). Data were collected
using an Enraf-Nonius CAD4-F diffractometer. Scan information is
given in Table 1; background measurements were made by extending
the scan range by 25% at each side of the scan. Measurement of 2
standard reflections every hour allowed monitoring of crystal decay and
stability of the detection chain. Lorentz, polarization and absorption
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TaBLe 2. Final positional and thermal (A% parameters for

Atom X Y z Bt
Rh(1) 0.19841(2)  0.31797(1)  0.19615(1)  2.169(8)
Rh(2) 0.20345(2)  0.19277(1)  0.31050(1)  2.355(8)
P(1) 0.21673(6) 0.32555(4)  0.07146(3) 2.54(2)
P(2) 0.13595(6) 0.47980(4)  0.20934(3)  2.45(2)
P(3) 0.22697(7)  0.03439(4)  0.34068(3)  2.96(3)
P(4) 0.16992(6)  0.24565(5)  0.43176(3)  2.75(2)
o) 0.2546(2) 0.1603(1) 0.19286(8)  3.02(7)
ca1) 0.3915(3) 0.2870(2) 0.0247(1)  3.7(1)

C1n 0.5243(3) 0.3487(3) 0.0691(2) 5.2(2)
C(112) 0.3926(4) 0.2935(3) —0.0611(2) 5.8(2)
C(12) 0.0728(3) 0.2487(2) 0.0050(1) 3.3(D)
C(121)  —0.0829(3) 0.2790(2) 0.0269(2) 4.2(1)
C(122) 0.0899(4) 0.1329(2) 0.0044(2) 4.7(2)
C(13) 0.1986(3) 0.4612(2) 0.0532(1) 3.4(1)
C21) —0.0415(3) 0.5179(2) 0.2541(2) 3.4(1)
CQ21l) —0.1677(3) 0.4400(3) 0.2222(2) 5.3(2)
C212) —0.832(4) 0.6306(3) 0.2510(2) 5.6(2)
C(22) 0.2696(3) 0.5806(2) 0.2635(1) 3.3(1)
C(221) 0.2796(4) 0.5754(3) 0.3489(2) 5.2(2)
C(222) 0.4208(4) 0.5721(3) 0.2304(2) 5.7(2)
C(23) 0.1096(3) 0.5248(2) 0.1148(1) 3.6(1)
C@31) 0.0990(3) —0.0726(2) 0.2893(2) 4.6(2)
C@311 0.1354(5) —0.0991(3) 0.2056(2) 6.3(2)
C(312) —0.0628(4) —0.0437(3) 0.2976(3) 6.6(3)
C(32) 0.4121(3) —0.0237(2) 0.3310(2) 3.7(1D
C(321) 0.4218(4) —0.1355(2) 0.3468(2) 5.7(2)
C(322) 0.5294(3) 0.0466(2) 0.3816(2) 4.4(2)
C(33) 0.1878(3) 0.0349(2) 0.4434(2) 4.0(1)
C@n 0.2938(3) 0.3572(2) 0.4794(1) 3.4(1)
C@1) 0.4519(3) 0.3493(3) 0.4547(2) 4.6(1)
C(412) 0.2908(4) 0.3806(3) 0.5678(2) 4.7(2)
C42) —0.0154(3) 0.2875(2) 0.4648(2) 4.1(1)
C421) —0.1300(4) 0.1986(4) 0.4486(4) 8.6(4,
C@422) —0.0684(4) 0.3763(3) 0.4267(2) 5.8(2)
C(43) 0.2159(3) 0.1437(2) 0.4909(1) 3.8(1)
C(s 0.3954(3) 0.1317(2) 0.1771(1) 3.4(1)
C(52) 0.5196(3) 0.1834(2) 0.2159(2) 4.3(1)
C(53) 0.6635(4) 0.1516(3) 0.1995(2) 5.9(2)
C(54) 0.6813(5) 0.0672(3) 0.1425(2) 6.8(2)
C(55) 0.5585(5) 0.0159(3) 0.1034(2) 6.5(2)
C(56) 0.4155(4) 0.0465(2) 0.1194(2) 4.9(2)
H(1) 0.175(3) 0.319(2) 0.294(2) 5.0(0)

“Biso = 8II[(U)\* + Uyz? + Us3?)/3]"2

corrections have been made (see Table 1 for range of transmission
coefficients).

The structure was solved by conventional Patterson and Fourier
methods. All atoms were located by successive difference-maps. The
final cycles of full-matrix least-squares refinement were performed by
varying the coordinates of all atoms, with anisotropic temperature
factors for all non-hydrogen atoms and fixed isotropic temperature
factors for hydrogen atoms (the U values used for hydrogen atoms were
determined during earlier refinement when hydrogen coordinates were
fixed). A weighting scheme was derived on the basis of trends in wA? as
a function of | Fyl and sin p/A (Table 1). An extinction correction (14)
was also applied. The final difference map was essentlally clean apart
from a couple of weak peaks [0.24-0.30(5) e/A*] in the vicinity of Rh
atoms. The maximum parameter shift during the last cycle of
refinement was 0.1o for a hydrogen atom and 0.03¢ for a non-
hydrogen atom. Atomic scattering factors including anomalous disper-
sion were taken from Tables for X-ray crystallography (15). Final
positional and thermal parameters for non-hydrogen atoms were given
in Table 2. Anisotropic thermal parameters, final positional, and

thermal parameters for hydrogen atoms and structure factor listings are
available as supplementary material (Tables 81-83).% The computer
programs used here are those belonging to “The VAX 750/780 crystal
structure system” (16).

Results and discussion

The reaction of deep green solutions of [(dippe)Rh]2(pu-H),
1a (dippe = 1,2-bis)diisopropylphosphino)ethane) with phenol
(CeHsOH) leads to an immediate colour change to orange and
the formation of 2 in excellent yields. Monitoring the reaction
shown in reaction [1] by *'P{'"H} nmr spectroscopy indicates
that one equivalent of phenol is enough to completely convert
1a to 2 in quantitative yield; in practice, between one and two

- AL

AN /\ / -H
Rh + C¢gHsOH ——2
[1] \i/ \/ \ 6Hs

<L

Q@
[P>Rh<H>Rh<Pj
<L <

equivalents are used. Addition of excess phenol does not affect
the 3! P{"H} nmr spectrum initially, however, a new species does
begin to grow in with time (vide infra). The 'H nmr spectrum of
2 is characterized by a symmetrical multiplet (triplet of triplet of
triplets due to coupling with two °>Rh, two trans *'P and two
cis *'P nuclei) for the bridging hydride at —8.9 ppm and an
AA'BB’C pattern for the protons on the bridging phenoxide; the
dippe ligand resonances are appropriate for the symmetry of the
complex. The *!P{'H} nmr spectrum consists of two sets of
symmetrical resonances due to the AA’'MM’'XX " spin system.
The ir spectrum shows a strong C—O absorption at 1240 cm™~".

The single crystal X-ray structure of 2 shown in Fig. 1
confirms the above basic structure (reaction [1]). The four
phosphorus, two rhodium, the bridging hydrogen, and the
bridging oxygen atoms are essentially coplanar. Selected bond
distances and angles are contained in Table 3. The molecule is
quite symmetrical with both Rh(l)—H(l) and Rh(2)—H(1)
bond distances equal to 1.74(3) A similarly, the respective
Rh(1>-O and Rh(2—O bond dlstances of 2.117(1) and
2.114(2) A are almost identical. The Rh—P bonds frans to the
bridging hydride are approximately 0.05 A longer than the
Rh—P bonds trans to the bridging phenoxide group (compare
Rh(1)—P)1) and Rh(2)—P(3) at 2.2209(7) A to Rh(1)—P(2) at
2.1720(7) A and Rh(2)—P(4) at 2.1657(7) A). Although the
Rh—P bond distances correlate with the stronger frans in-
fluence (17) of a hydride versus an oxygen donor, non-bonding

3Anisotropic thermal parameters, final positional and thermal

parameters for hydrogen atoms and calculated structure amplitudes are
available at a nominal charge from the Depository of Unpublished
Data, CISTI, National Research Council of Canada, Ottawa, Ont.,
Canada K1A 0S2.
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c(321)

ci1z)  C(122) C(56)

C(221)

Fig. 1. ORTEP view and numbering and labelling scheme for
[(dippe)Rh]o(p-H)(pn-OCg¢Hs). Thermal ellipsoids are drawn at the
50% probability level.

repulsions between the phenyl and the isopropyl groups may
also be operative. The geometry around the oxygen atom is
pyramidal with the following bond angles: Rh(1)—0O—Rh(2),
88.22(5)°; Rh(1Y—0—C(51), 119.6(2)°; Rh(2)—0—C(51),
117.2(2)°. The bite angles of the dippe ligands of 86.57(2)° and
86.77(3)° are only slightly larger than the previously observed
angles of 85.89(4)° and 86.44(4)° in [(dippc)Rh]z(p;-H)(u-nz-
CH=CH,) (19). The Rh—Rhdistance of 2.7825(4) A is similar
to the observed distance of 2.8655(5) A found in [(dippe)Rh],-
(b-H)(p-m*-CH=CH,).

The source of the bridging-hydride in the p-phenoxide
derivative 2 was investigated by analysis of the reaction of the
dideuteride 1a’ with unlabelled phenol (reaction [2]) and the
complementary reaction of the dihydride 1a with deuterated

phenol reaction [3] (Rh* = Rh(dippe)).

/ON

2] Rh D\RE + CHOH — RR Rh + RE/O\RE
{ sHs
D \D/ \H/
g%Ds ( %Ds
SN O, 0N
31 RE, Rh + CDsOD— Rh  Rh + R Rk
o \y \p”

In both reactions, 'H nmr spectral analysis of the products
showed that the phenoxy-deuteride and the phenoxy-hydride
were formed in approximately equal amounts, regardless of the
experimental conditions. These experiments establish that
protonation by phenol, or more accurately oxidative adition of
HX (X = OCgHs) proceeds through an intermediate which
scrambles the hydrides and deuterides before the reductive
elimination step.

The phenoxy-hydride 2 is much less reactive than the starting

binuclear dihydride 1a. For example, the addition of either H,
(4 atm) or ethylene (1 atm) to 2 does not result in any observable
change in the 'H nmr spectrum. However, the addition of
carbon monoxide to 2 results in an immediate colour change
from orange to yellow; 'H nmr spectral analysis indicates the
presence of free phenol (equiv.) and the formation of [(dippe)-
Rh(CO)]2(n-CO), (12). Insertion of CO into the bridging-
phenoxide was not observed (Scheme 1).
/P

/_“z_ NR. Rl = R:P;
¢ ;

0 c. §°
/N s CO «/ N\ »
Rh Rh ——> Rh——Rh + C¢HsOH
\H/ | C/
CO ”
(@]
C,H,
N.R.
ScHEME 1

Under typical hydrogenation conditions, the phenoxy-
hydride 2 does act as a catalyst precursor for the reduction (and
isomerization) of 1-hexene; however, the rate is an order of
magnitude slower than the starting dihydride 1a (see Experi-
mental section (12)).

As mentioned above, when the formation of the phenoxy-
hydride 2 from the binuclear dihydride 1a is monitored by
3Ip{'H} nmr spectroscopy, another product grows in with time
in the presence of excess phenol, as evidenced by the appear-
ance of a sharp doublet (1Jg, = 208 Hz). This new material is
formulated as the mononuclear complex (dippe)Rh(m’-
CsHs0)-2C¢HsOH, 3.

__HOCgHs
0.
(
Ri
4 “pR,
Rzll)/
3, R=iPr

Characteristic of the cyclohexadienylone ligand is the upfield
shift of the protons of the coordinated m>-CHsO group in the 'H
nmr spectrum, and the presence of a strong band in the ir at
1545cm™! for the carbonyl stretch. The presence of the
additional phenol units hydrogen-bonded to the carbonyl is
apparent both from the broad singlet downfield (~9-11 ppm) in
the 'H nmr spectrum and the broad OH stretch in the ir; the
analytical figures also support this formulation.

This type of structural unit contained in 3 is not unique. A
number of ruthenium(Il) derivatives of the general formula
(Ph3P),HRu(’-C¢HsO)-Sx (where S = PhOH or MeOH), as
well as the rhodium analogues of formula (Ph3P)2Rh(n5-
CsHs0)-(PhOH), (n = 2 or 3) have been isolated
(18). The single crystal X-ray structure of (PhsP),HRu(n’-
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TABLE 3. Selected bond parameters for C;3,H70OP4Rh,

Distance Distance
Bond A Bond (A)
Rh(1)—Rh(2) 2.7825(4)
Rh(1)—P(1) 2.2209(7) Rh(2)—P(3) 2.2209(7)
Rh(1)—P(2) 2.1720(7) Rh(2)—P(4) 2.1657(7)
Rh(1)—H(1) 1.74(3) Rh(2)—H(1) 1.74(3)
Rh(1)—O 2.117(1) Rh(2)—O 2.114(2)
P(H—COD 1.856(2) P(3)—C(@31) 1.862(3)
P(1)—C(12) 1.855(2) P(3)—C(32) 1.858(3)
P(1)—C(13) 1.853(2) P(3)—C(33) 1.852(3)
PQ2)—C(21) 1.861(3) P(4)—C@41) 1.860(3)
P(2)—C(22) 1.859(2) P(4)—C(42) 1.863(3)
P(2)—C(23) 1.856(2) P(4)—C@43) 1.857(2)
C(13)—C(23%) 1.524(4) C(33)—C(43) 1.525(4)
Angle Angle
Bonds (deg) Bonds (deg)
P(1)—Rh(1)—P(2) 86.57(2) P(3)—Rh(2)—P(4) 86.77(3)
P(1)—Rh(1)—O 98.12(4) P(3)—Rh(2)—O 99.14(4)
P(1)—Rh(1)—H(l) 176(1) P(3)—Rh(2)—H(1) 175(1)
P(2)—Rh(1)—O 175.26(4) P(4)—Rh(2)—O 172.06(5)
P(2)—Rh(1)—H(2) 90(1) P(4)—Rh(2)—H(1) 89(1)
O—Rh(1)—H() 85(1) O—Rh(2)—H(1) 86(1)
Rh(1)—O—Rh(2) 82.22(5) Rh(1)—H(1)—Rh(2) 106(2)
Rh(1)—0O—0(51) 119.6(2) Rh(2)—0O—C(51) 117.2(2)
Rh(1)—P(1)—C(11) 119.07(9) Rh(2)—P(3)—C@31) 117.69(9)
Rh(1)—P(1)—C(12) 115.08(8) Rh(2)—P(3)—C(32) 117.46(9)
Rh(1)—P(1)—C(13) 110.80(8) Rh(2)—P(3)—C(32) 110.50(9)
C(11)—P(1)—C(12) 102.7(1) C(31H—P(3)—C(32) 102.8(1)
C(11)—P(1)—C(13) 102.5(1) C(31)—P(3)—C(33) 102.6(1)
C(12)—P(1)—C(13) 104.3(1) C(32)—P(3)—C(33) 103.9()
Rh{1)—P(2)—C(21) 119.48(8) Rh(2)—P(4)—C(41) 115.48(8)
Rh(1)—P(2)—C(22) 117.59(8) Rh(2)—P(4)—C(42) 120.91(9)
Rh(1)—P(2)—C(23) 112.04(8) Rh(2)—P@)—C(43) 111.46(9)
C21H—P(2)—C(22) 101.8(1) C41)—P(4)—C@42) 101.9(1)
C21H)—P(2)—C(23) 101.0(1) C(41)—P(4)—C(#43) 101.6(1)
C(22)—P(2)—C(23) 102.5(1) C(42)—P4)—C@43) 103.2(1)
P(1)—C(13)—C(23) 111.1(2) P(3)—C(33)—C(43) 111.1(2)
P(2)—C(23)—C(13) 111.3(2) P(4)—C@43)—C(33) 110.6(2)

CgHs0)-2PhOH is reported® to show the pentahapto mode of
ligation of the cyclohexadienylone ligand and the presence of
the two hydrogen-bonded phenol units. A more recent (19)
crystal structure of (Ph;P),Rh(n3-ArO) (where ArO = 2,6-di-
tert-butyl-4-methylphenoxy) also shows the interaction of just
five carbons of the aromatic fragment with the rhodium centre.
The synthesis of 3 can also be achieved by the addition of
excess phenol to the (dippe)rhodium allyl derivative 4 as shown
in reaction [4].
Interestingly, attempts to generate 3 without the hydrogen-
bonded phenol units by the direct addition of exactly one
equivalent of phenol to the allyl complex 4 only resulted in the
isolation of the starting allyl 4 and 3 in a 2:1 ratio, respectively:
it would appear that in the presence of phenol the hydrogen-
bonded adduct 3 is the preferred product. No further attempt

4]. C. McConway and A. C. Skapski. Cited in ref. 18.

—C3Hg

+ 3C(,H50H



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
‘ For personal use only. : ‘

FRYZUK ET AL. 179

was made to generate the analogous cyclohexadienylone com-
plex free of hydrogen-bonded phenol.

Conclusions

The results of this study show that the incorporation of a
bridging ligand such as phenoxide to replace the bridging
hydride diminishes the reactivity of the binuclear rhodium
fragment; this is evidenced by both a complete lack of reactivity
in stoichiometric reactions with dihydrogen and ethylene, as
well as an order of magnitude reduced reactivity in the catalytic
mode in the hydrogenation of 1-hexene, when compared to the
very reactive [(dippe)Rh],(n-H),, 1a. Given that the typical
bridging ligands are four- or six-electron donors (two electrons
to each metal), coordinative saturation in polynuclear systems
incorporating these bridging ligands is more easily achieved,
ultimately generating less reactive or inert metal clusters.
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Reaction of the acyl chlorides 14-21 with lithium (phenylthio)(cis-2-vinylcyclopropyl)cuprate (2) provided the ketones
22-29. Compounds 22-25, upon treatment with i-Pr,NLi—-Me;SiCl, were converted cleanly into the enol silyl ethers 30—33,
which gave the 1,4-cycloheptadienes 34—37 upon thermolysis (100—-110°C). Acid hydrolysis of the latter materials produced the
corresponding 4-cyclohepten-1-ones 38—41. However, subjection of the cis-2-vinylcyclopropyl ketones 26-29 to i-ProNLi—z-
BuMe,SiCl afforded, in each case, a mixture of isomeric enol ethers (26 — 42 + 44 (1:1); 27— 43 + 45 (1:9); 28 — 56 + 58
(1:1); 29 — 57 + 59 (4:1)). Thermolysis (150—175°C) of these mixtures, followed by acid hydrolysis of the resultant products,
gave the 4-cyclohepten-1-ones 54, 55, 64, and 65, admixed with the corresponding 3-methylenecyclopentenes 52, 53, 62, and
63. On the other hand, treatment of the frans-2-vinylcyclopropyl ketones 70-74 with i-ProNLi~z-BuMe,SiCl provided
exclusively or predominantly the enol ethers 75-79. Thermolysis (230°C) of the latter materials and subsequent acid hydrolysis
of the resultant products 80, 50, 51, 60, and 61 afforded the 4-cyclopenten-1-ones 38, 54, 55, 64, and 65.

EDwWARD PIERS, MAX S. BURMEISTER, et HaNs-ULRICH REissiG. Can. J. Chem. 64, 180 (1986).

La réaction des chlorures d’acyle 14-21 avec le (phénylthio)(vinyl-2 cyclopropyle-cis) cuprate de lithium (2) conduit aux
cétones 22—29. Les composés 2225, traités par le i-Pr,NLi—Me;SiCl, se transforment proprement en éthers énoliques silylés
30-33 qui, par thermolyse (100—110°C), donnent les cycloheptadiénes-1,4 34—-37. L’hydrolyse acide des composés 34-37
conduit aux cyclo-4 hepténe-4 ones-1 38-d41. Cependant, si on traite les vinyl-2 cyclopropylcétones-cis 26—29 avec le
i-Pr,NLi--BuMe,SiCl on obtient, dans chaque cas, un mélange d’éthers énoliques isoméres (26 — 42 + 44 (1:1); 27— 43 + 45
(1:9); 98— 56 + 58 (1:1); 29— 57 (4:1)). La thermolyse (150—175°C) de ces mélanges, suivie d’une hydrolyse acide, donne les
cyclohepténe-4 ones-1 54, 55, 64 et 65 mélangés avec les méthylenes-3 cyclopenténes correspondants 52, 53, 62 et 63. Par
ailleurs, si on traite les vinyl-2 cyclopropylcétones-trans 70—74 avec le i-Pr,NLi—z-BuMe,SiCl, on obtient exclusivement ou
d’une fagon majoritaire les éthers énoliques 75-79. La thermolyse (230°C) de ces derniers, suivie d’une hydrolyse acide des

produits résultants 80, 50, 51, 60 et 61, conduit aux cyclopenténe-4 ones-1 38, 54, 55, 64 et 65.

Introduction

Recent reports (1, 2) from this laboratory described, inter
alia, the development and utilization of a new seven-membered
ring annulation method which can be summarized in general
terms by eq. [1]. Thus, reaction of cyclic B-iodo «,(3-
unsaturated ketones 1 (3) with a mixture of the lithium

Li
0 / O
J R PhSCu )
[1] LHI‘ | + ~ — LSL‘
W H
1

H

2 cis
3 trans

0 o
NN
S BB

6 5

(phenylthio)(2-vinylcyclopropyl)cuprates 2 and 3, followed by
thermal (Cope) rearrangement of the resultant mixture of
B-(2-vinylcyclopropyl)enones 4, provides the annulation prod-
ucts 5, or, if R = H, 6.

From a structural point of view, [-iodo enones 1 are
vinylogous acyl iodides and, therefore, it is not surprising that
these substances react smoothly and efficiently with cuprate

[Traduit par le journal]

11 10

reagents such as 2 and 3. However, on the basis of this line of
reasoning, it appeared appropriate to investigate whether or not
this type of chemistry could be extended to include a new
synthesis of 4-cyclohepten-1-ones 11 via a route outlined in eq.
[2]. Explicitly, reaction of a suitable acyl derivative 7 with the
cuprate reagents 2 and (or) 3 should provide the ketones 8.
Conversion of the latter materials into appropriate enol deriva-
tives 9 and subsequent thermal rearrangement of the latter
materials would, if successfully executed, lead to the cyclo-
heptadienes 10. Hydrolysis of the enol ether function of 10
would provide the substituted 4-cyclohepten-1-ones 11. We
report herein the results of our studies in this area.’

'For a preliminary report regarding some of the work outlined here-
in, see ref. 4. It should be noted that Wender and Filosa (5) have
reported the preparation of 2,2,5-trimethyl-4-cyclohepten-1-one (kara-
hanaenone) via a route similar to that outlined in eq. [2], although they
did not prepare the requisite 2-vinylcyclopropyl ketone by reaction of
an acyl derivative with an appropriate cuprate (cf. 7 + 2, 3— 8).
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Results and discussion

(a) Preparation of the alkyl and cycloalkyl cis-2-vinylcyclo-
propylketones 22-29 (see Chart 1)

The thermal Cope rearrangement of compounds containing a
trans-divinylcyclopropane system can normally be carried out
efficiently by heating these substances at elevated temperatures
(usually >160°C). However, it is well known (refs. 6, 7; see
also citations given in ref. 1) that the corresponding rearrange-
ment of cis-divinylcyclopropane substrates ordinarily occurs
under much milder conditions, often at or slightly above
ambient temperatures. Because of this fact, and because we
wished to be able to characterize synthetic intermediates
without resorting to tedious separations of isomeric substances,
our initial work was carried out on isomerically pure alkyl and
cycloalkyl cis-2-vinylcyclopropyl ketones.

0
U T €y
H VY H R—C—Cl H V H
12 R=Br | 14-21 2-29 |
13 R—Li

14, 22 R==n-C5H”

15, 23 R=CH;Ph

16, 24 R:C>C4H7

17, 25 R=C-C5Hg

18, 26 R—c-CcH,,

19, 27 R=3,3-dimethylcyclohexyl
20, 28 R—CH,CMe;

21, 29 R=C-C7H|3

CHART 1

2 R==Cu(SPh)Li

The cis ketones 22-29 that were used in this work were
prepared conveniently by reaction of the cuprate reagent 2 with
the corresponding acyl chlorides 14-21.% Thus, treatment of
cis-1-bromo-2-vinylcyclopropane (12)° with 1.1-1.4 equiva-
lents of tert-butyllithium in dry ether or tetrahydrofuran at
—78°C, followed by reaction of the resultant cyclopropyllith-
ium reagent 13 with phenylthiocopper (10) at —20°C, afforded a
brown solution of the cuprate 2. When the latter species was
allowed to react (—78°C to room temperature) with each of the
acyl chlorides 14-21, the required ketones 22-29, respectively,
were formed smoothly and, in 7 out of the 8 cases, efficiently.
Only the yield (41%) of the benzyl ketone 15 was below 80%. In
each case, the ketone could be obtained in high purity (>95%)
by simple distillation of the crude product.

(b) Conversion of the ketones 22-29 into enol silyl ethers and
thermal rearrangement of the latter substances (see Chart

2)
Treatment of the ketone 22 with 1.2 equiv. of lithium
diisopropylamide (tetrahydrofuran, —78°C), followed by trap-
ping of the resultant enolate anion with Me;SiCl, provided the

20Other functional derivatives of carboxylic acids (e.g. RCOSPh,
RCOSePh) can be employed in these reactions. However, in some of
the cases in which comparisons were made, superior yields were
obtained with acyl chlorides.

3Reduction of 1,1-dibromo-2-vinylcyclopropane (8) with tri-n-butyl-
stannane (9) or with zinc metal in ether — acetic acid (1) provides
mixtures of cis- and trans-1-bromo-2-vinylcyclopropane (ratios ~7:3
and 4-5:1, respectively). The monobromides can be separated by a
combination of fractional distillation and column chromatography (180
g of silica gel/g of mixture, elution with pentane). See also ref. 5.

crude enol ether 30* in essentially quantitative yield. In similar
fashion, the ketones 23-25 could be transformed smoothly into
the ethers 31-33, respectively. Enol trimethylsilyl ethers are
not noted for their stability and, in addition, it was found that
substances 30 and 31 rearranged slowly at or slightly above
ambient temperatures. Therefore, compounds 30-33 were not
purified but were subjected directly to thermolysis (neat,
100—110°C, 30 min). The resultant products 34—37, respective-
ly, were produced in excellent yields (>85%), could be purified
by simple distillation, and were individually characterized.
Acid hydrolysis of each of the Cope rearrangement products
provided (>84%) the substituted 4-cyclohepten-1-ones 38—41.
Thus, at least with the substrates 22—25, the initially proposed
conversion (see 8 — 11, eq. [2]) can be effected conveniently
and efficiently.

Consecutive treatment of the cyclohexyl ketone 26 with
i-ProNLi and ~-BuMe,SiCl under conditions similar to those
outlined above did not produce cleanly the expected enol ether
42, Instead, a mixture (~1:1) of 42 and the positional isomer
44° was obtained. Thus, in contrast to the cyclobutyl (24) and
cyclopentyl (25) ketones, kinetic deprotonation of 26 with
lithium diisopropylamide resulted in competitive removal of
protons H, and Hp. This unusual result may be due at least
partially to the fact that the (axial) proton H, in 26 is sterically
more hindered than the corresponding protons in 24 and 25.
Indeed, it appears that steric factors are of some importance in
these reactions since deprotonation of 26 with lithium 2,2,6,6-
tetramethylpiperidide (a more hindered base than i-Pr,NLi)
gave, after addition of +-BuMe,SiCl, the enol ethers 42 and 44
in a ratio of ~3:7, respectively. Furthermore, when the 3,3-di-
methylcyclohexyl ketone 27 (H, hindered further by an axial
methyl group) was subjected to the i-Pr,NLi—#-BuMe,SiCl
sequence, the products 43 and 45 were produced in a ratio of
~1:9, respectively.

It appears, however, that steric influences are not exclusively
operative in these deprotonations, since subjection of cyclo-
hexyl cyclopropyl ketone (46) to kinetic deprotonation
(i-PrpNLi) and silylation gave exclusively (81% isolated yield)
the enol ether 47. Thus, the kinetic acidity of Hg in 26 is
significantly greater than that of the corresponding proton Hc in
46, even though the steric environments of these protons are
similar. It is known (12) that the kinetic acidity of proton Hp in
cis-1-acetyl-2-phenylcyclopropane (48) is 100 times that of Hg
in the corresponding trans isomer 49, a phenomenon which has
been attributed to an electronic effect involving conjugation
between the phenyl and acetyl groups in the cis isomer 48.
Perhaps the vinyl group in 26 exerts an electronic effect similar
to that of the phenyl group in 48, resulting in a relative increase
in acidity of Hp (in 26) compared to that of H¢ in 46.

Thermolysis (150°C, 1 h) of the mixture of 42 and 44 (~1:1)
provided, in 81% yield, a mixture of substances consisting
mainly of 50 (the product of Cope rearrangement of 42) and 52
(the product of a “2-vinylmethylenecyclopropane rearrange-

4This material was quite unstable and, therefore, its homogeneity
and stereochemistry could not be established. However, it seems likely
(ref. 11 and papers cited therein) that this enol ether consisted largely
of the Z isomer, as shown in the structural formula.

5The presence of 44 in the isolated product mixture was indicated by
an ir absorption at 1765 cm™!, attributable to the stretching vibration
of the exocyclic double bond in 44, and by the subsequent acquisition
of the rearrangement product 52.



Can. J. Chem..Downloaded from www.nrcresearchpress.com by 190.90.36.8 on 09/06/12
' e For personal use only :

182 CAN. 1. CHEM. VOL. 64, 1986

H

0
. OSiMe; R R
=~ R.e* H-

OSiMe3

30-33 34-37 | 38 R=nBu 40
22, 30, 3¢ R—n-Bu,R'=H 39 R=Ph
23, 31, 35 R=Ph,R'=H
24, 32, 36 R. Rl=(CH2)3
25, 33,37 R, R'=(CH));
41
OSiMe,Bu’
R 0OSiMe,Bu’ « —
R H
n'. R
H H R
44 R=H
45 R=Me
Me 0 Ph Me 0 H
:fv/H :fv/"m
46 48 49
0OSiMe,Bu’ 0SiMe,Bu’
R Q .....
R R R
50 R=H 52 R=H
51 R—Me 53 R=Me

| 28, 29

0SiMe,Bu’
H ~ -~
R" r H

58, 59 |

28, 56, 58 R=r-Bu,R'=H
29, 57,59 R, R'=(CHy)

R OSiMegBUI OSiMCzBUI MC3C (o)
R/.". R_."
60 R—=rBu,R'=H 62 R=CH,CMe; 64
61 R,R'=(CH,)¢ 63 R—c-C;H,,
CHART 2

ment”® of 44), in a ratio of about 1:1. When the thermolysis

products were treated with 1 N hydrochloric acid in tetrahydro-
furan, the enol ether 50 was hydrolyzed to the spiro ketone 54,
while 52 remained unchanged. Separation of 54 and 52 was
achieved by chromatography and these materials were indivi-
dually characterized. In similar fashion, thermolysis of the 1:9
mixture of 43 and 45, followed by acid treatment of the resultant

SFor examples and a discussion of this type of thermal rearrangement,
see ref. 13 and papers cited therein.

products 51 and 53, gave a 1:9 mixture of compounds 55 and 53,
from which the latter substance could be isolated in pure form.

Use of the cis ketones 28 and 29 as substrates produced
results similar to those obtained with 26 and 27. Thus 28, upon
treatment with i-Pr,NLi-s-BuMe,SiCl, gave the positionally
isomeric enol ethers 56 and 58 (ratio ~1:1), while 29 afforded a
4:1 mixture of 57 and 59, respectively. Thermolysis of these
mixtures and treatment of the resultant products (60, 62; 61, 63)
with aqueous acid produced, in each case, a mixture of the
corresponding 4-cyclohepten-1-one (64, 65) and the methyl-
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enecyclopentene (62, 63). The latter mixtures were separated
and the substances were individually identified.

The results summarized above make it clear that some alkyl
and cycloalkyl cis-2-vinylcyclopropyl ketones (e.g. 22-25)
serve as excellent substrates for the synthesis of functionalized
4-cyclohepten-1-ones (e.g. 38—41) via the reaction sequence
originally proposed (eq. [2]). However, other structurally
similar ketones (e.g. 26-29) did not give clean-cut results.
Obviously, the difficulties associated with these substrates
(general structure 66) can be traced to the fact that when Hg is
quite hindered, kinetically controlled deprotonation results in
competitive removal of Hg and Hg. A possible solution to this
problem would be to employ pure trans ketones (general
structure 67) in the place of the cis isomers 66. In substrates 67,
the cyclopropyl proton Hy is sterically more hindered than Hg in
66 and, in addition, the (possible) acidity-enhancing electronic
effect of the vinyl group (vide supra) on Hg in 66 would,
presumably, be absent in 67. Therefore, one might expect
kinetic deprotonation of 67 to result in clean removal of Hy even
in those cases in which this proton is quite hindered. Silylation
of the enolate anion thus formed would give the enol ethers 68.

If the (high temperature) Cope rearrangement of the latter sub-
stances were to be clean and efficient, the problem of ultimately
producing 4-cyclohepten-1-ones admixed with varying amounts
of “unwanted” methylenecyclopentenes (e.g. 52, 53, 62, 63)
will have been eliminated. The results of our experiments with
trans-2-vinylcyclopropyl ketones are described below.

(c) Preparation of the alkyl and cycloalkyl trans-2-vinylcyclo-
propyl ketones 70-74 (see Chart 3)

The trans ketones 70, 71, and 74 were prepared efficiently by

reaction of the corresponding acyl chlorides 14, 18, and 21 with

the isomerically homogeneous cuprate reagent 3. The latter

R_Py
S D €
H V= r—C—a H V=

69 R=Br |14, 18-21 70-74 |
3 R=Cu(SPh)Li

14, 70 R=n'C5H||

18, 71 R—_—C-C6H|1

19, 72 R==3,3-dimethylcyclohexy]
20, 73 R=—CH,CMe;

21, 74 R———C-C7H13

species was obtained from trans-1-bromo-2-vinylclopropane
(69).3 Alternatively, in order to avoid the rather tedious
separation of the isomeric 1-bromo-2-vinylcyclopropanes 12
and 69, the trans ketones could be derived by base-catalyzed
equilibration of mixtures of cis and trans ketones. For example,
reaction of the chlorides 19 and 20 with mixtures of the cuprate
reagents 2 and 3, followed by treatment of the resultant product
mixtures (27, 72; 28, 73) with potassium rert-butoxide in
tert-butyl alcohol — tetrahydrofuran provided the frans ketones
72 and 73, respectively. These materials were contaminated
with small amounts (~6-7%) of the corresponding cis isomers
but, from a preparative point of view, this lack of purity did not
cause significant difficulties.

(d) Conversion of the ketones 70-74 into enol silyl ethers and
thermal rearrangement of the latter substances (see Chart
4)

Treatment of the ketone 70 with i-Pr,NLi—z-BuMe,SiCl
produced, in high yield, the expected enol ether 75. More
importantly, similar reactions involving the substrates 71-74
gave, in each case, exclusively or predominantly the enol ether
(76=79) resulting from initial removal of the proton H;. Only in
the case of the 3,3-dimethylcyclohexyl ketone 72, in which
removal of H;j is hindered by an axial methyl group, was any of
the isomeric enol ether (45) formed (~12%).” Thus, use of the
trans ketones as substrates did indeed eliminate largely or
completely the problem of competitive deprotonation and the
eventual production of mixtures of products.

R 0SiMe,Bu’
0OSiMe,Bu’ R

RI -".

| 70-74 75-79

80, 50, 51, 60, 61 |

70, 75, 80 R=n-Bu,R'=H

71, 76, 50 R, R'=(CH,)s

72,77, 51 R, R'=CH,CMe,(CH>);
73, 78, 60 R=¢-Bu, R'=H

74,79, 61 R, R'=(CH,)s

OSiMe,Bu*
-« —
H
Me Me
45

38 54 R—H 64 65
55 R=Me

CHART 4

As expected, Cope rearrangement of the trans divinylcyclo-
propanes 75—79 required temperatures (~230°C) considerably
higher than those employed for the thermolysis of the cis com-
pounds 30-33, 42, 43, 56, and 57. However, in each case, it
was gratifying to find that the corresponding cycloheptadiene

"Probably about one-half of this amount of 45 was formed from the
cis ketone 27, which was a contaminant (~7%) in the sample of 72
employed.
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(80, 50, 51, 60, 61) was formed cleanly and efficiently. Acid
hydrolysis of the enol ether function of each of these thermolysis
products gave the 4-cyclohepten-1-ones 38, 54, 55, 64, and 65,
respectively.

Conclusion

The overall conversion of the acid chlorides 14-21 into the
structurally diverse 4-cyclohepten-1-ones 38—41, 54, 55, 64,
and 65, respectively, reveals that the initially proposed scheme
(eq. [2]) represents a viable method in organic synthesis. The
study outlined above showed, however, that the method is more
generally successful using alkyl and cycloalkyl frans-2-vinyl-
cyclopropyl ketones (e.g. 70~74) as intermediates rather than
the corresponding cis ketones.

Experimental

General information

Melting points and distillation temperatures are uncorrected. Ul-
traviolet (uv) spectra were obtained on methanol solutions using a
Cary 15 spectrophotometer. Infrared (ir) spectra were recorded on a
Perkin—Elmer model 710B spectrophotometer. Proton nuclear mag-
netic resonance (‘H nmr) spectra were measured on deuterochloroform
solutions using a Bruker WP-80 spectrometer or Varian Associates
HA-100 or XL-100 spectrometers. Signal positions are given in 3
units, with tetramethylsilane as the internal standard. For compounds
containing one or more tert-butyldimethylsilyl groups, the chemical
shifts were measured relative to that of the chloroform proton (8 7.25).
High resolution mass spectra were measured with a Kratos MS-50 mass
spectrometer. Gas—liquid chromatography (glc) was carried out with a
Hewlett—Packard HP-5832 A gas chromatograph. Microanalyses were
performed in the Microanalytical Laboratory at the University of
British Columbia.

General procedure A. Preparation of the alkyl and cycloalkyl cis-
(22-29) and trans-2-vinylcyclopropyl ketones (70, 71, 74)

To a cold (—78°C), stirred solution of cis- (12) or trans-1-bromo-
2-vinyleyclopropane (69) in dry ether or dry tetrahydrofuran (3—4 mL/
mmol of 12 or 69), under an atmosphere of argon, was added, dropwise
(syringe), a solution (~ 1.6 M) of rerr-butyllithium (1.1-1.4 equiv.) in
pentane, and the resulting solution was stirred at —78°C for 2 h. Solid
phenylthiocopper (1 equiv.) was added, the resulting slurry was diluted
with dry tetrahydrofuran (~5 mL/mmol of 12 or 69), was allowed to
warm to —20°C, was stirred at this temperature for 30 min, and was
then recooled to —78°C. To the resulting clear, brown solution was
added the appropriate acyl chloride (0.66 equiv.) and the reaction
mixture was stirred at —78°C for 10 min, at —20°C for 1 h, and at room
temperature for 1 h. The solution was treated with saturated aqueous
ammonium chloride and ether (~0.25 mL and 10 mL/mmol of 12 or
69, respectively). The mixture (a precipitate formed) was stirred for
20 min, was treated with anhydrous magnesium sulfate, and was then
filtered through a column of Florisil (3 cm) layered over anhydrous
magnesium sulfate (3 cm). The column was washed thoroughly with
ether. Removal of the solvent from the combined filtrate gave an oil,
which, upon distillation under reduced pressure, afforded the cis- or
trans-2-vinylcyclopropy! ketone.

The following compounds were prepared by means of this procedure.

n-Pentyl cis-2-vinyleyclopropyl ketone (22)

From 73mg (0.54 mmol) of hexanoyl chloride (14) there was
obtained 78.5 mg (87%) of 22; distillation temperaature 90—-100°C/
12 Torr (1 Torr = 133.3 Pa); ir(film): 3090, 3020, 1700, 1620cm™';
'H nmr &: 0.75-2.4 (diffuse m, 13H), 2.50 (t, 2H, J = 7 Hz), 4.9-5.3
(8-line m, 2H), 5.48-5.9 (8-line m, 1H). Anal. calcd. for C;,H,;30: C
79.46, H 10.91; found: C 79.60, H 11.00.

Benzyl cis-2-vinylcyclopropyl ketone (23)

From 169 mg (1.09 mmol) of phenylethanoyl chloride (15) there was
obtained 84 mg (41%) of 23; distillation temperature 70-80°C/0.1
Torr; ir(film): 1695, 1640, 1605, 1500 cm™!; "H nmr 8: 0.98—1.48 (m,

2H), 1.70-2.36 (m, 2H), 3.68 (s, 2H), 4.82-5.18 (6-line m, 2H),
5.4-5.8 (8-line m, 1H), 7.02-7.46 (m, 5H), Anal. calcd. for
C3H,,0: C 83.83, H 7.58; found: C 83.66, H 7.77.

Cyclobutyl cis-2-vinylcyclopropyl ketone (24)

From 155 mg (1.31 mmol) of the acy! chloride 16 there was obtained
182 mg (93%) of 24; distillation temperature 100—110°C/12 Torr;
ir(film): 3100, 1690, 1635 cm™!; "H nmr : 0.8-1.5 (m, 2H), 1.55-2.4
(m, 8H), 3.12-3.5 (m, 1H), 4.82-5.26 (8-line m, 2H), 5.44-5.86
(8-line m, 1H). Anal. calcd. for CigH,40: C 80.01, H 9.40; found: C
79.70, H 9.33,

Cyclopentyl cis-2-vinylcyclopropyl ketone (25)

From 60 mg (0.45 mmol) of the acyl chloride 17 there was obtained
62.4 mg (85%) of 25; distillation temperature 110-120°C/12 Torr;
ir(film): 3100, 1695, 1635cm™"; 'H nmr &: 1.02-2.42 (mn, 12H),
2.78-3.12 (m, 1H), 4.82-5.24 (8-line m, 2H), 5.40-5.82 (8-line m,
1H). Exact Mass calcd. for Cy H,c0: 164.1201; found: 164.1204.

Cyclohexyl cis-2-vinylcyclopropyl! ketone (26)

From 233 mg (1.59 mmol) of the acyl chloride 18 there was obtained
231 mg (82%) of 26; distillation temperature 120—140°C/12 Torr;
ir(film): 3090, 3020, 1690, 1640cm™"; H nmr &: 0.84-2.64 (m,
15H), 4.84-5.26 (8-line m, 2H), 5.42-5.84 (8-line m, 1H). Anal.
caled., for C,H,30: C 80.85, H 10.18; found: C 80.76, H 10.19.

3,3-Dimethylcyclohexyl cis-2-vinylcyclopropyl ketone (27)

From 895 mg (5.51 mmol) of the acyl chloride 19 there was obtained
922 mg (87%) of 27; distillation temperature 90-95°C/0.25 Torr;
ir(film): 3060, 2990, 1690, 1630cm™'; 'H nmr &: 0.94 (s, 6H),
1.0-2.82 (m, 13H), 4.9-5.3 (m, 8 lines, 2H), 5.45-5.87 (m, 1H).
Exact Mass calcd. for C4H»,0: 206.1670; found: 206.1669.

Neopentyl cis-2-vinylcyclopropyl ketone (28)

From 179 mg (1.33 mmol) of 3,3-dimethylbutanoyl chloride (20)
there was obtained 218 mg (88%) of 28; distillation temperature
80-90°C /12 Torr; ir(film): 3075, 1695, 1640 cm™"; 'H nmr &: 0.95—-1.5
(m, 2H), 1.03 (s, 9H), 1.82-2.4 (m, 2H), 2.44 (s, 2H), 4.92-5.32
(8-line m, 2H), 5.56-5.96 (8-line m, 1H). Exact Mass calcd. for
C1H30: 166.1357; found: 166.1359.

Cycloheptyl cis-2-vinylcyclopropyl ketone (29)

From 75 mg (0.47 mmol) of the acyl chloride 21 there was obtained
73 mg (81%) of 29; distillation temperature 70—-80°C/0.1 Torr; ir(film):
3075, 3005, 1695, 1635cm~!; 'H nmr &: 0.82-2.4 (m, 16H),
2.42-2.76 (broad unresolved m, 1H), 4.84-5.24 (8-line m, 2H),
5.44-5.86 (8-line m, 1H). Exact Mass calcd. for C;3H,00: 192.1515;
found. 192.1518.

n-Pentyl trans-2-vinylcyclopropyl ketone (70)

From 99mg (0.74 mmol) of hexanoyl chloride (14) there was
obtained 105 mg (86%) of 70; distillation temperature 100-110°C/12
Torr; ir(film): 3080, 3000, 1695, 1640cm™'; 'H nmr &: 0.8-2.1
(diffuse m, 13H), 2.55 (t, 2H, J = 7Hz), 4.9-5.66 (m, 3H). Exact
Mass caled. for C,1H30: 166.1357; found: 166.1355.

Cyclohexyl trans-2-vinylcyclopropyl ketone (71)

From 76 mg (0.52 mmol) of the acyl chloride 18 there was obtained
84mg (91%) of 71, distillation temperature 110-120°C/12 Torr;
ir(film): 3080, 3000, 1695, 1640 cm™'; 'H nmr &: 0.8—21. (diffuse m,
14H), 2.3-2.65 (m, 1H), 4.84-5.64 (m, 3H). Anal. calcd. for
C;,H,30: C 80.85, H 10.18; found: C 80.99, H 10.24.

Cycloheptyl trans-2-vinylcyclopropyl ketone (74)

From 278 mg (1.74 mmol) of the acyl chloride 21 there was obtained
236 mg (71%) of 74; distillation temperature 65-75°C/0.1 Torr;
ir(film): 3080, 3000, 1690, 1640 cm™"; "H nmr 3: 0.84—1.08 (m, 1H),
1.32-2.10 (m, 15H), 2,.50-2.84 (m, 1H), 4.90-5.68 (m, 3H). Exact
Mass caled. for C3H300: 192.1515; found: 192.1520.

Preparation of 3,3-dimethylcyclohexyl (72) and neopentyl trans-
2-vinylcyclopropyl ketone (73)

Reaction of the acyl chloride 19 (200mg, 1.15 mmol) with 1.5
equiv. of a 1:1 mixture of the cuprate reagents 2 and 3, via a procedure
very similar to that described above, gave 174 mg (73%) of a mixture of
the ketones 27 and 72 (~1:1). Similarly, treatment of 3,3-dimethyl-
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butanoyl chloride (20) (430 mg, 3.19 mmol) with 1.5 equiv. of a
mixture of 2 and 3 (~4.2:1, respectively) afforded 469 mg (90%) of a
mixture of the ketones 28 and 73 (~3:1, respectively).

A solution of the 1:1 mixture of 27 and 72 (87 mg, 0.42 mmol) and
potassium tert-butoxide (71 mg, 0.63 mmol) in 3 mL of dry tetrahy-
drofuran and 3mL of dry tert-butyl alcohol was stirred at room
temperature, under an atmosphere of argon, for 3 h. The reaction
mixture was acidified by addition of dilute hydrochloric acid and the
resultant mixture was extracted thoroughly with hexanes. The com-
bined extract was washed with dilute aqueous sodium bicarbonate and
brine, dried (MgSO,), and concentrated. Distillation (90—100°C/0.25
Torr) of the residual oil gave 80 mg (92%) of a colorless oil that
consisted of a mixture of the ketones 27 and 72 in a ratio of ~7:93,
respectively. This material exhibited ir(film): 3060, 2990, 1690,
1630 cm™}; ‘*H nmr &: 0.94 (s, 6H), 1.0-2.14 (complex m, 12H),
2.48-2.86 (m, 1H), 4.90-5.70 (m, 3H). Exact Mass calcd. for
C14H520: 206.1670; found: 206.1667.

A solution of the 3:1 mixture of 28 and 73 (380 mg, 2.32 mmol) and
potassium tert-butoxide (104 mg, 0.93 mmol) in 3 mL of dry tetrahy-
drofuran and 0.5 mL of dry tert-butyl alcohol was stirred at room
temperature, under an atmosphere of argon, for 23 h. Work-up as
described above and distillation (80—90°C/12 Torr) of the crude
product gave 197 mg (52%) of a colorless oil that consisted of a 6:94
mixture of the ketones 28 and 73, respectively. This material exhibited
ir(film): 3080, 1690, 1640 cm™'; "H nmr &: 0.9-1.55 (m, 2H), 1.05 (s,
9H), 1.86-2.12 (m, 2H), 2.48 (s, 2H), 4.90-5.68 (m, 3H). Exact
Mass caled. for C;H,30: 166.1357; found: 166.1356.

General procedure B. Conversion of the cis-2-vinylcyclopropyl ke-
tones 2225 into the cycloheptadienes 34-37

To a cold (—78°C), stirred solution of lithium diisopropylamide
(1.3—1.5 mmol/mmol of ketone) in dry tetrahydrofuran (3 mL/mmol of
base), under an atmosphere of argon, was added slowly a solution of
the ketone (22-25) in dry tetrahydrofuran (2 mL/mmol of ketone), and
the resultant solution was stirred at —78°C for 1 h.

A quenching solution was prepared as follows. To a solution of
trimethylsilyl chloride (~0.3 mL) in dry tetrahydrofuran (~1 mL) was
added dry triethylamine (~0.2 mL). The mixture was stirred (argon
atmosphere) for a few minutes and then was centrifuged. The solution
above the solid material was used to trap the enolate anions.

Freshly prepared quenching solution (~1.2 mL/mmol of ketone)
was added to the cold (—78°C) enolate anion solution and the mixture
was stirred at —78°C for 15 min and then at room temperature for ~1 h.
The mixture was partitioned between saturated aqueous sodium
bicarbonate and pentane (~10mL and 20 mL/mmol of ketone,
respectively) and the agueous phase was washed twice with pentane.
The combined extract was washed with brine, dried (Na,SO,), and
concentrated. The enol silyl ethers 30—33 thus obtained as yellow oils
in essentially quantitative yields exhibited no ir carbonyl absorption
and, since they were quite unstable, these substances were not purified
further.

Thermolysis (neat, argon atmosphere, 100-110°C, 30 min) of the
yellow oils, followed by bulb-to-bulb distillation of the resultant
materials, provided the cycloheptadienes 34—37 as colorless oils.

7-n-Butyl-1-trimethyisiloxy-1,4-cycloheptadiene (34)

From 94 mg (0.57 mmol) of the ketone 22 there was obtained 119 mg
(88%) of 34; distillation temperature 120—130°C/12 Torr; ir(film):
1660, 1260, 840cm™"; 'H nmr &: 0.13 (s, 9H), 0.74-2.94 (diffuse
multiplets, 14H), 4.81 (t, 1H, J = 5.5Hz), 5.5-5.9 (m, 2H). Exact
Mass caled. for Cy4Hc0Si: 238.1753; found: 238.1747.

7-Phenyl-1-trimethylsiloxy-1,4-cycloheptadiene (35)

From 92 mg (0.49 mmol) of the ketone 23 there was obtained 107 mg
(85%) of 35; distillation temperature 85-95°C/0.1 Torr; ir(film): 1655,
1600, 1495, 1250, 840 cm™'; 'H nmr &: ~0 (s, 9H), 2.2-3.0 (m, 4H),
3.1-3.7 (m, 1H), 5.0(t, 1H, J = 5.5 Hz), 5.3-6.2 (m, 2H), 7.1-7.5
(m, 5H). Exact Mass calcd. for C;¢H5,0Si: 258.1440; found:
258.1448.

5-(Trimethylsiloxy)spiro[3.6]deca-5,8-diene (36)

From 120 mg (0.8 mmol) of the ketone 24 there was obtained 155 mg

(87%) of 36; distillation temperature 95—105°C/12 Torr; ir(film): 1660,
1645, 1250, 840 cm™'; 'H nmr &: 0.19 (s, 9H), 1.54-2.74 (m, 10H),
4.82 (t, 1H, J = 6 Hz), 5.7-5.9 (m, 2H). Exact Mass calcd. for
C,3H,,08i: 222.1434; found: 222.1442.

6-(Trimethylsiloxy)spiro[4.6]undeca-6,9-diene (37)

From 68 mg (0.42 mmol) of the ketone 25 there was obtained 94 mg
(96%) of 37, distillation temperature 110—120°C/12 Torr; ir(film):
1650, 1250, 840 cm™'; 'H nmr 8: 0.17 (s, 6H), 1.1-2.1 (m, 8H), 2.22
(d, 2H, J = 6 Hz), 2.70 (t, 2H, J = 6 Hz), 4.84 (t, IH, J = 6 Hz),
5.6—6.25 (m, 2H). Exact Mass calcd. for C,,H,,0Si: 236.1597;
found: 236.1590.

General procedure C. Conversion of the trans-2-vinylcyclopropyl
ketones 70-74 into the cycloheptadienes 80, 50, 51, 60, 61

To a cold (—78°C), stirred solution of lithium diisopropylamide
(1.4—1.5 mmol/mmol of ketone) in dry tetrahydrofuran (4 mL/mmol of
base), under an atmosphere of argon, was added slowly a solution of
the ketone (70-74) in dry tetrahydrofuran (1 mL/mmol of ketone), and
the resultant solution was stirred at —78°C for 45 min. A solution of
freshly sublimed rert-butyldimethylsilyl chloride (1.6 mmol/mmol of
ketone) in dry tetrahydrofuran (1 mL/mmol of chloride) was added,
followed by dry hexamethylphosphoramide (0.5 ml/mmol of ketone).
After the solution had been stirred at —78°C for 15 min and at room
temperature for 2-3 h, it was partitioned between saturated aqueous
sodium bicarbonate and pentane (~ 10 mL and 20 mL/mmol of ketone,
respectively). The aqueous phase was washed twice with pentane. The
combined extract was washed four times with saturated aqueous
sodium bicarbonate, twice with brine, and dried MgS0O,). Removal of
the solvent, followed by bulb-to-bulb distillation of the remaining oil,
gave the corresponding enol silyl ether (75-79)8 as a colorless oil that
exhibited no ir carbonyl stretching absorption.

Thermolysis of 75-79 was accomplished by heating (neat, argon
atmosphere) these substances at 230°C (air-bath temperature) for
30-60 min. Direct distillation of the resultant materials provided the
cycloheptadienes 80, 50, 51, 60, and 61, respectively, as clear
colorless oils.

7-n-Butyl-1 -tert-butyldimethylsiloxy-1,4-cycloheptadiene (80)

From 197 mg (1.19 mmol) of the ketone 70 there was obtained
282 mg (85%) of 80; distillation temperature 140-150°C/12 Torr;
ir(film): 1660, 1260, 840 cm™!; 'H nmr 8: 0.09, (s, 6H), 0.88 (s, 9H),
0.70-2.95 (series of m, 14H), 4.80 (t, 1H, / = 5.5Hz), 5.5~5.9 (m,
2H). Exact Mass calcd. for C,7H3;08i: 280.2222; found: 280.2228.

7-(tert-Butyldimethylsiloxy)spiro(5 .6]dodeca-7, 10-diene (50 )

From 176 mg (0.99 mmol) of the ketone 71 there was obtained
210 mg (74%) of 50; distillation temperature 100—-110°C/0.1 Torr;
ir(film): 1640, 1250, 840 cm™"; 'H nmr 8: 0.12 (s, 6H) 0.94 (s, 9H),
1.15-1.95 (m, 10H), 2.30 (d, 2H, J = 6.5Hz), 2.64 (t, 2H, J =
6.0Hz), 4.76 (t, 1H, J = 6.0 Hz), 5.6-6.1 (m, 2H). Anal. calcd. for
C,gH;3,08i: C 73.90, H 11.03; found: C 74.21, H 11.30. Exacr Mass
calcd.: 292.2222; found: 292.2226.

2.2-Dimethyl-7-(tert-butyldimethylsiloxy)spiro[5.6]dodeca-7,10-
diene (51)

From 84 mg (0.41 mmol) of the ketone 72 (this material contained
~7% of the cis ketone 27) there was obtained 78 mg (60%) of 51,
which contained ~12% of the methylenecyclopentene 53; distillation
temperature 110—120°C/0.35 Torr; ir(film): 1630, 1255, 850cm™!; 'H
nmr &: 0.17, 0.19 (s, s), 0.75—1.00 (series of s), 1.01-2.75 (series of
m), 4.72 (t, 1H), 5.60-5.86 (m, 2H).

7-tert-Butyl-1-tert-butyldimethylsiloxy-1,4-cycloheptadiene (60)

From 188 mg (1.15 mmol) of the ketone 73 (this material contained
~6% of the cis ketone 28) there was obtained 267 mg (83%) of 60;
distillation temperature 140-150°C/12 Torr; ir(film): 1670, 1250,
840 cm™!; 'H nmr 8: 0.10, 0.12 (s, s, 3H each), 0.89, 0.99 (s, s, 9H
each), 2.16-2.54 (m, 3H), 2.6-2.9(m, 2H), 4.89(t, 1H, J = 5.5 Hz),
5.36-5.82 (m, 2H). Exact Mass calcd. for C,;H;,08Si; 280.2222;
found: 280.2226.

¥The enol silyl ether 77 was accompanied by a small amount
(~12%) of the isomeric enol ether 45.
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1-(tert-Butyldimethylsiloxy)spiro[6 .6]trideca-1,4-diene (61)

From 186 mg (0.97 mmol) of the ketone 74 there was obtained
272 mg (91%) of 61; distillation temperature 100--110°C/0.1 Torr;
ir(film): 1665, 1260, 840 cm™"; 'H nmr &: 0.10 (s, 6H), 0.90 (s, 9H),
1.22-2.08 (m, 12H), 2.29 (d, 2H, J = 6.5Hz), 2.59 (t, 2H, J =
5.5Hz),4.62(t, 1H, J = 5.5 Hz), 5.6-6.1 (m, 2H). Exact Mass caled.
for C;oH340Si: 306.2379; found: 306.2372.

General procedure D. Hydrolysis of the enol silyl ethers 34 (80),
35-37, 50, 51, 60, 61 to the 4-cyclohepten-1-ones 3841, 54,
55,64, 65

To a solution of the enol silyl ether in methanol or tetrahydrofuran

(~10ml/mmol of substrate) was added 1 N hydrochloric acid

(~3 mL/mmol of substrate) and the resultant mixture was stirred, under

an atmosphere of argon, at room temperature for 1-3 h. The reaction

mixture was made basic by careful addition of cold saturated aqueous
sodium bicarbonate and then was extracted thoroughly with pentane.

The combined extract was washed with brine and dried (MgSOy,).

Removal of the solvent, followed by bulb-to-bulb distillation of the

residual material, provided the corresponding 4-cyclohepten-1-one as a

colorless oil.

2-n-Butyl4-cyclohepten-1-one (38)

From 97 mg (0.41 mmol) of the trimethylsilyl enol ether 34 there was
obtained 58 mg (85%) of the ketone 38. Alternatively, acid hydrolysis
of the tert-butyldimethylsilyl enol ether 80 (87 mg, 0.31 mmol) gave
41 mg (80%) of 38; distillation temperature 100-110°C/12 Torr;
ir(film): 1705, 1660 cm™"; 'H nmr 8: 0.89 (br t, 3H, J = 6Hz),
1.08-2.0 (m, 6H), 2.0-3.0 (m, 7H), 5.6-5.86 (m, 2H). Exact Mass
caled. for CH50: 166.1358; found: 166.1366.

2-Phenyl-4-cyclohepten-1-one (39)

From 85 mg (0.33 mmol) of compound 35 there was obtained 51 mg
(84%) of the ketone 39; distillation temperature 95—-105°C/0.1 Torr;
ir(film): 1695, 1660, 1605, 1500cm™"; 'H nmr &: 2.2-3.1 (m, 6H,
4.00(dofd, 1H, J =4.5, 10.5Hz), 5.72-5.88 (m, 2H), 7.08-7.44
(m, 5H). Anal. caled. for C3H,40: C 83.83, H7.58; found: C 84.00,
H7.58.

Spiro(3.6]dec-8-en-5-one (40)

From 55 mg (0.25 mmol) of the enol ether 36 there was obtained
34 mg (91%) of the ketone 40; distillation temperature 100-110°C/12
Torr; ir(film): 1700, 1660 cm™"; 'H amr &; 0.82—2.84 (series of m,
12H), 5.7-5.94 (m, 2H). Anal. caled. for C¢H,40: C 80.01, H 9.40;
found: C 79.75, H 9.30.

Spiro[4.6]undec-9-en-6-one (41 )

From 36 mg (0. 15 mmol) of the trimethylsilyl enol ether 37 there was
obtained 21 mg (85%) of the ketone 41; distillation temperature
100-110°C/12 Torr; ir(film): 1695 cm™"; '"H nmr &: 1.3—2.84 (series of
m, 14H), 5.48-5.84 (m, 2H). Anal. calcd. for C;;H;60: C 80.44, H
9.82; found: C 80.10, H 9.83.

Spiro[5.6]dodec-10-en-7-one (54 )

From 92 mg (0.31 mmol) of the enol silyl ether 50 there was obtained
46 mg (84%) of the ketone 54; distillation temperature 70-80°C/ 0.1
Torr; ir(film): 1700, 1650cm™'; 'H nmr 3: 1.16-1.74 (series of m,
14H), 5.64-5.80 (m, 2H). Anal. calcd. for C,H,50: C 80.85, H 10.18;
found: C 81.10, H 10.30.

2,2-Dimethylspirof5 .6]dodec-10-en-7-one (55)

From 70 mg (0.22 mmol) of the enol silyl ether 51 (this material
contained ~12% of §3) there was obtained 33 mg (73%) of an oil
(distillation temperature 95-105°C/0.25 Torr) that consisted of the
ketone 55 and the methylenecyclopentene 53 (ratio ~87:13). A sample
of 55, obtained from this mixture by column chromatography on silica
gel (elution with 1:7 ether — petroleum ether), exhibited ir(film): 1690,
1640 cm™!; 'H nmr 8: 0.76 (s, 3H), 0.91 (s, 3H), 0.9-2.45 (series of
m, 13H), 2.78-2.88 (m, 1H), 5.72-5.84 (m, 1H), 5.86-5.97 (m, | H).
Exact Mass caled. for C4H,,0: 206.1670; found: 206.1683.

2-tert-Butyl-<4-cyclohepten-1-one (64)

From 206 mg (0.74 mmol) of the rers-butyldimethylsilyl enol ether
60 there was obtained 108 mg (88%) of the ketone 64; distillation
temperature 110-120°C/12 Torr; ir(film): 1705, 1660 cm™'; 'H nmr &:

0.94 (s, 9H), 2.1-3.14 (m, 7H), 5.4-5.86 (m, 2H). Exact Mass caled.
for C;1H;30: 166.1358; found: 166.1362.

Spiro{6.6]tridec-4-en-1-one (65)

From 75 mg (0.24 mmol) of compound 61 there was obtained 34 mg
(73%) of the ketone 65; distillation temperature 80—90°C/0.1 Torr;
ir(film): 1700, 1650cm™'; 'H nmr &: 1.1-2.9 (series of m, 18H),
5.44-5.84 (m, 2H). Exact Mass calcd. for C3H,¢0: 192.1514; found:
192.1505.

Subjection of the cis-2-vinylcyclopropyl ketones 26-29 to the sequence
(a) LIN(i-Pr);—t-BuMe,SiCl, (b) thermolysis, and (c) I N hydro-
chloric acid in tetrahydrofuran. Characterization of the dienes
52,53, 62, 63

Deprotonation of each of the ketones 2629 with lithium diisopro-
pylamide, followed by reaction of the resultant mixtures of enolate
anions with ters-butyldimethylsilyl chloride, was accomplished as
described in general procedure C. From 26 there was obtained a
mixture consisting mainly of the enol silyl ethers 42 and 44 (ratio
~1:1); 27 produced primarily compounds 43 and 45 (ratio ~1:9); 28
gave 56 and 58 (ratio ~1:1); 29 afforded 57 and 59 (ratio ~4:1). The
yields were >85%. In each case, the product mixture exhibited an ir
absorption at ~1765 cm™!, attributable to the stretching vibration of the
exocyclic double bond in compounds 44, 45, 58, and 59.

Thermolysis (42, 44: neat, 150°C, 1 h; 43, 45: neat, 160°C, 45 min;
56, 58: neat, 175°C, 1h; 57, 59: neat, 150°C, 1 h) of each of these
mixtures, followed by bulb-to-bulb distillation of the resultant oils,
provided (>80%) the corresponding rearrangement products 50, 52;
51, 53; 60, 62; 61, 63. In cach case, the product ratio was close to that
of the starting materials. Treatment of the mixtures of rearrangement
products with 1 N hydrochloric acid in tetrahydrofuran as described in
general prodedure D gave, in each case, a mixture of the corresponding
4-cyclohepten-1-one (54, 55, 64, 65) and the unchanged methyl-
enecyclopentene (52, 53, 62, 63).

Compounds 54 (which showed spectra identical with those sum-
marized previously) and 52 were separated by preparative tlc. The latter
substance (distillation temperature 100-110°C/0.1 Torr) exhibited
ir(film): 1635, 1250, 840 cm™!: uv(MeOH): 231 nm (log € 4.12); 'H
nmr &: —0.05 (s, 6H), 0.84 (s, 9H), 0.9-2.15 (m, 11H), 2.36 (d of t,
1H,J=18,2Hz),2.65(doft, 1H,J = 18,2Hz),4.90(brs, |H),5.04
(s, 1H), 5.85-6.03 (m, 1H), 6.06-6.20 (m, 1H). Exact Mass calcd.
for C1gH3,08i: 292.2222; found: 292.2226.

Column chromatography (silica gel) of the 9:1 mixture of 53 and 55
gave a sample of the diene 53 (distillation temperature 95-105°C/0.1
Torr) which exhibited ir(film): 1630, 1250, 840cm™!; uv (MeOH):
232 nm (log € 4.07); 'H nmr 8: —0.07 (s, 6H), 0.80 (s, 3H), 0.82 (s,
9H), 0.88 (s, 3H), 1.05-2.75 (m, 11H), 4.88 (brs, 1H), 5.02 (s, 1H),
5.84-5.98 (m, 1H), 6.02—-6.20 (m, 1H). Exact Mass calcd. for
CyoH160Si: 320.2535; found: 320.2514.

Compounds 64 (spectral data identical with those given above) and
62 were separated by column chromatography on Florisil. The diene 62
(distillation temperature 120—130°C/12 Torr) exhibited ir(film): 1640,
1260, 840 cm™!; uv (MeOH): 237 nm (log € 4.05); '"H nmr 8: —0.07,
—0.05 (s, s, 3H each), 0.83, 1.01 (s, s, 9H each), 1.31 (d, 1H, J =
15Hz), 1.75(d, 1H, J = 15 Hz), 2.54 (d of t, 1H, J = 19, 2Hz), 2.90
(doft, J =19, 2Hz), 4.93 (br s, 1H), 4.99 (s, {H), 5.84-6.02 (m,
1H), 6.06—6.22 (m, 1H). Exact Mass calcd. for C7H3,0Si: 280.2222;
found: 278.2225.

Compounds 65 (spectra identical with those given above) and 63
were separated by column chromatography on Florisil. The diene 63
(distillation temperature 100—110°C/0. | Torr) exhibited ir(film): 1640,
1250, 830 cm™'; uv (MeOH): 233 nm (log € 3.95); "H nmr &: —0.06 (s,
6H), 0.84 (s, 9H), 1.12-2.14 (m, 13H), 2.33 (d of t, 1H, J = 18,
2Hz), 2.59 (d of t, 1H, J = 18, 2 Hz), 4.90 (br s, 1H), 5.03 (s, 1H),
5.88-6.06 (m, 1H), 6.08-6.26 (m, 1H). Exact Mass calcd. for
C19H34081: 306.2378; found: 306.2382.
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The zero-field ODMR of triplet state of chlorophyll & in n-octane has been carried out. The ODMR parameters measured at
various fluorescence wavelengths suggest that Chl b is probably present in more than two ligated species in which water serves

as the ligand.

S. HotcHANDANI, R. H. CLARKE et R. M. LEBLANC. Can. J. Chem. 64, 188 (1986).

Les études de ODMR au champ z€ro d’€tat triplet de Chl & dans le n-octane ont été faites. Les parametres ODMR mesurés 2
différentes longueurs d’ondes de fluorescence suggérent que la Chl b existe sous la forme de plus de deux types de complexes

ol ’eau agit comme ligand.

Introduction

Recently, we reported the ligand effects on chlorophyll a
(Chl a) in n-octane by zero-field optical detection of magnetic
resonance (ODMR) of its triplet state (1). From the ODMR
parameters, namely the zero-field splitting (ZFS) parameters
and rate constants for the decay of first triplet to ground state
measured at various fluorescence detection wavelengths (excited
with 457.9 nm and 514.5 nm argon-ion laser lines), we showed
that Chl a exists in two distinct monomeric species. These
species were assigned to the mono- and biligated chlorophyll
monomer in which water served as the ligand coordinated to the
magnesium metal center. The molecule chlorophyll & (Chl b)
also plays an important role in photosynthesis and possesses an
aldehyde group instead of a methy! group in Chl a (2). The
ligand effects on Chl & are thus worth examining.

The Chl b - ligand (water) interaction has been studied by
Ballschmiter and Katz (3) and by Cotton et al. (4) by ir and
electronic spectroscopic methods. Recently, Chapados and
Leblanc (5) using ir technique have discussed the effect of water
on Chl a and Chl b mono- and multilayer arrays. The presence
of various ligated species was, however, not discussed in
the above studies. Since the ZFS parameters of the triplet state
are quite sensitive to the local interactions, the ODMR
technique provides a suitable means for probing particularly the
subtle ligand substitution differences in triplet state. Prelimi-
nary results on the zero-field ODMR of Chl 4 in n-octane have
been reported by Clarke and Hofeldt (6); the ODMR experi-
ments were carried out at only one wavelength (fluorescence
maximum) and excited only with 457.9 nm argon-ion laser line.
We present in this article the zero-field ODMR study of Chl b in
n-octane at 2K carried out at various fluorescence detection
wavelengths and excited with 457.9nm and 514.5nm laser
lines to examine the ligand effect on Chl b triplet state.

Materials and methods

Chlorophyll b was obtained from Sigma Chemical Co. and was used
without further purification. The solvent n-octane (Gold Label, Aldrich
Chemical Co.) was distilled once and did not show any emission in the

!Author to whom all correspondence should be addressed.

region of Chl & fluorescence. The concentration of solutions used in
these experiments were kept in the range of ~107% M.

The zero-field ODMR experiments at 2K were performed as
described by Clarke and Hofeldt (6). The overall intersystem crossing
rate constants (kyr) for decay from the lowest triplet state to ground
state were measured at 77 K by method of Avarmaa (7). The excitation
of samples was achieved by irradiation with 457.9 or 514.5 nm lines of
an argon-ion laser (Spectra Physics Model 164).

Results

(a) Fluorescence

When light from an argon-ion laser is used to excite a frozen
solution of Chl b (not rigorously dried) in n-octane, fluor-
escence maximum is found to be dependent upon wavelength of
excitation. For example, as shown in Fig. 1, the 514.5 nm
excitation line produces fluorescence maximum at 659 nm
whereas the 457.9 nm laser line produces maximum at 649 nm
with a shoulder at 659nm. The fluorescence maximum at
649nm (A =457.9 nm) is in agreement with the results of
Clarke and Hofeldt (6) and is characteristic of Chl # monomers.
All fluorescence spectra also show a band at ~710Gnm, the
origin of which is not yet well established but could be due to the
water-linked Chl b dimer.

(b) ODMR frequencies

Figures 2 and 3 show the zero-field fluorescence detected
ODMR spectra of Chl b in n-octane at 2 K recorded at various
fluorescence detection wavelengths when excited with 457.9
and 514.5 nm laser lines.

It is seen from Fig. 2 (A =457.9nm) that at detection
wavelengths 640 and 649 nm, two quite intense and well-
resolved transitions, namely |D| —I|El and Dl + |El, both
corresponding to microwave-induced decrease in fluorescence
intensity, are clearly visible at 870 = 10 and 1080 + 10 MHz.
These frequencies are consistent with the earlier results of
Clarke and Hofeldt (6). As one moves to longer detection
wavelengths, these ODMR transitions become less intense but
appear at the same frequencies.

For excitation with 514.5nm (Fig. 3), similar to Aexe =
457.9 nm, two transitions, leading to microwave-induced de-
crease in fluorescence intensity, at 870 and 1080 MHz are
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F1G. 1. The fluorescence spectra of Chl b in n-octane at 77 K.
(—) Nexe = 457.9nm, (---) Agxe = 514.5 nm.
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F1G. 2. Fluorescence detected zero-field GDMR spectra of Chl b in
n-octane at 2K. The sample is excited with a 457.9 nm line from

argon-ion laser and spectra recorded at (a) 640 nm, (b) 649 nm, (c)
659 nm, and (d) 682 nm.
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observed for 640 and 649 nm detection wavelengths although
not as intense and not as well resolved. As one goes to longer
wavelengths, one starts to notice the distortion of these (870 and
1080 MHz) transitions and growing in of the other transitions.
At the detection wavelength of 659 nm the spectrum is already
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F1G. 3. Fluorescence detected zero-field ODMR spectra of Chl b in
n-octane at 2 K; Aoxc = 514.5 nm laser line. The detection wavelengths
are (a) 640 nm, (b) 649 nm, (c) 659 nm, (d) 672 nm, and (¢) 682 nm.

1300

complex. The transition at 870 MHz has completely disap-
peared and that at 1080 MHz has been replaced by transition at
1011 MHz. Furthermore, one can see feeble transitions (marked
by arrows) at ~920 and 1120 MHz, both leading to microwave-
induced increase in fluorescence intensity. At 672nm a very
interesting feature appears. There are now only two well-resolved
and intense transitions at 923 and 1125 MHz leading to micro-
wave-induced increase in fluorescence intensity. At 682 nm, the
same transitions as observed at 672 nm are predominant.

It thus seems that excitation wavelength 457.9 nm predomi-
nantly excites the species with ODMR transitions at ~870 and
1080 MHz (leading to decrease in fluorescence intensity), while
514.5nm is able to excite the species with ODMR transitions
920 and 1126 MHz (leading to an increase in fluorescence
intensity) and also the species with ODMR transitions at ~870
and 1080 MHz (leading to decrease in fluorescence intensity).
The complex shape of ODMR spectrum at 659 nm is probably
due to simultaneous excitation of both species and thereby
mixing the ODMR transitions. However, at wavelength
672 nm, far removed from 649 nm (fluorescence maximum due
to one species) one can see only two well-resolved transitions at
920 and 1125MHz due to another species. It should be
mentioned that we have limited our ODMR discussion to Chl &
monomers only (i.e. fluorescence wavelengths from 640 to
690 nm).

(c) Intersystem crossing rate constants (Kgr)
The overall decay constants k4t have been measured at
various detection wavelengths (A.x. = 457.9 nm and 514.5 nm)
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TaBLE 1. Triplet ODMR data of Chl b in n-octance

)‘cxc )‘ﬂuorcsct:ncc xdclcclion Transition frequen(:ies

(nm) (nm) (nm) (MHz) kart (571

457.9 649 640 866 (d)*, 1084 (d) 340
649 857 (d), 1072 (d) 410
659 750(d), 885 (d), 1085 (d) 428
682 878 (d), 1088 (d) 380

514.5 659 640 870 (d), 1087 (d) 160
645 858 (d), 1062 (d) 175
659 924 (1)*, 1011 (d), 1125 (i) 370
672 923 (i), 1125 (i) 400
682 739 (i), 919 (), 1109 (i) 420

*(d) and (i) = microwave — induced decrease or increase in fluorescence intensity, respectively.

Tkar = overalt triplet decay constant.

and are presented in Table 1. A value of 380 = 40 for kgt is
obtained when Chl b is excited with 457.9 nm. However, when
excited with 514.5 nm laser line the rate constants seem to fall
into two groups: (/) slower (170 + 10s™!) rates for lower
wavelengths 640-645nm, and (2) faster (approximately
double, 360 + 40s~!) rates for higher wavelengths 659, 672,
etc.

Discussion

From fluorescence spectra it seems fairly reasonable to assign
the two maxima at 649 and 659 nm to two distinct species, one
being preferentially excited with 457.9 nm and the other by
514.5 nm laser line.

The two sets of ODMR frequencies, i.e., 870 and 1070 MHz,
and 920 and 1125 MHz seem to support this assignment, and
similar to the case of Chl a in n-octane, the higher frequencies
can be assigned to monoligated and the lower frequencies to
biligated species of Chl b (1). The analysis of rate constants,
however, is not straightforward. These rate constants are known
to be quite sensitive to local chlorophyll environment, particu-
larly with respect to ligands attached to the central magnesium
atom. Unless rigourously dried, water is always available for
complexing with chlorophylls (via magnesium atom). Further-
more, there is also an aldehyde group available for binding with
water in Chl b.

Comparing the results with Chl a in n-octane, where the
assignment of rate constants to two species was a clear cut case,
Chl b poses a problem. In Chl a, the rates for biligated species
measured at its fluorescence maximum (excited with 457.9 nm)
were found to be approximately double the rates for mono-
ligated species detected at its fluorescence maximum (Agx. =
514.5 nm). In Chl b too, we do see the slow (160 = 10s~!) and
fast (340571, approximately double) rates, but the rates detected
at 649nm (fluorescence maximum of one species, Aexe =
457.9 nm) and those at 659 nm (fluorescence maximum of other
species, Aexe = 514.5 nm) are almost the same ~360 * 40 s7L
This makes the assignment of fluorescence maxima as due to
mono- and biligated species rather difficult. However, one can
invoke the presence of the following species: (/) species excited
preferentially with 457.9 nm laser line with fluorescence maxi-
mum at 649nm, with ODMR frequencies at ~870 and
1080 MHz, and decay constants kgr equal to 380 = 40s™'; (2)
species preferentially excited with 514.5nm and has fluor-
escence maximum at 659 nm, ODMR frequencies at 920 and
1125 MHz, and rates k41 equal to 360 = 40s™!; and (3) species
which emits fluorescence in short wavelength region

635-640 nm, (excited with 514.5 nm laser line) and has rates
kqr equal to 160 = 10s™". Its ODMR transitions are probably
very feeble, so much so that they are completely masked by 870
and 1080 MHz transitions belonging to the first species. The rate
constants of first species (380 = 40s~") will, however, be
dominated by the slower rates (160 = 10s™') of the third
species.

It is at present difficult to pin point which one of the above
three species is mono- or biligated (at the central magnesium
atom), or ligated at aldehyde group, or ligated at ring V-keto
group or ligated at all groups. However, following the argu-
ments of Clarke and Frank (8) regarding the sensitivity of rate
constants with respect to the ligand attachment; the first and the
third species could be assigned, as in case of Chl a, to biligated
and monoligated Chl b monomer, respectively, in which water
is coordinated to magnesium metal center.

The assignment of the second species with fluorescence
maximum at 659 nm, ODMR frequencies at 920 and 1125 MHz,
and rate constants equal to 360 = 40s~!, is even harder. The
higher ODMR frequencies suggest a monoligated (at Mg)
species while higher rate constants suggest a biligated species.
At present, we are unable to say much about its origin except to
speculate that (in this species) the central magnesium atom is
probably mono- or biligated with aldehyde or ring V-keto group
orligated with both the water on one side and the aldehyde or the
ring V-keto group on the other side.

It should be pointed out that in all the species mentioned
above, ring V-keto and aldehyde groups are probably always
hydrogen bonded with water (if not ligated to magnesium
atom). However, it is the ligation at the magnesium atom that
produces the pronounced changes in the triplet state ODMR
parameters (9) and other properties of chlorophylls (5, 10).

It thus seems that, substitution of an aldehyde group in Chl »
for a methy! group in Chl a brings in quite dramatic changes:
(i) contrary to Chl a, 457.9 nm laser line yields fluorescence
of Chl b at shorter wavelength (i.e. 649nm) relative to
excitation with 514.5 nm (Ag = 659 nm); (i) the detection and
assignment of various species is much easier in Chl a than in Chl
b; (iii) the rate constants k4p for Chl b are approximately half
those for Chl a. This can be explained due to more nonplanar
structure of Chl a relative to Chl b (with—CHO group) leading
to efficient spin—orbit coupling (6); (iv) the respective ODMR
frequencies are higher in Chl b compared to those for Chl a,
which is again due to the increased conjugation of m-electron
network in Chl b due to —CHO group than in Chl @ which has a
methyl group.
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In conclusion, the ODMR experiments suggest that Chl & in
n-octane is probably present in more than two species though a

definitive assignment of mono- or biligated species or species 3
ligated at aldehyde group is not easy. The ligand is most 4

probably water, however, the present results do not point out to
the exact nature of the ligand, i.e., whether it is water or the 5

aldehyde group.
6.
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Ion/molecule reactions in allene. III. Reactions of the parent ion with neutral alkanes
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Ion/molecule reactions between the ion C3H,*" ion, from allene and neutral alkanes were investigated by mass spectrometry.
There are four H'/CH5'/H™/H,~ transfer reactions and relative rate constants were calculated. The overall rates increased in the
order CH,4 < C;Hg < C3Hg < i-C4H ;o < n-C4H,o. There is also a stabilization process by alkanes of C¢Hg*" ion species, but its

importance is lower than the above transfer processes.

KENZO NAGASE et JAN A. HERMAN. Can. J. Chem. 64, 192 (1986).

Faisant appel a la spectrométrie de masse, on a étudié les réactions ion/molécule entre 1’ion radical C3H4**, obtenu a partir de
I’alléne, et des alcanes neutres. Il se produit quatre réactions de transfert H'/CH,"/H™/H,™ et on en a calculé les constantes rela-
tives de vitesse. Les vitesses globales augmentent suivant I’ordre suivant: CHy < C;Hg < C3Hg < i-C4H o < n-C4Hjp. 1l existe
aussi un processus de stabilisation par les alcanes des espéces ioniques C¢Hg**; toutefois, son importance est plus faible que celle

provenant des processus de transferts mentionnés plus haut.

Introduction

In allene—alkane systems (alkanes: CH,, C,Hg, CsHg,
n-C4H,0, and iso-C4H () photoionized at 10.0-10.6eV (kryp-
ton resonance lines) only allene parent ions are formed. It was
verified experimentally that the A = 116.5 nm resonance line of
krypton (10.6eV) does not ionize to a measurable extent the
n-butane and the methylpropane molecules, the ionization
potentials (IP) of these compounds being near this threshold
(10.55 and 10.57 eV, respectively). At 10eV the parent ion,
C3;H,** (IP9.6¢eV), has some internal energy (<0.5 eV) but not
enough to lead to fragmentation. It reacts with neutral allene in
some characteristic ion/molecule reactions, which have been
extensively studied (1-9). However, there is no report on the
reactions of allene ions with neutral alkanes.

In the C53Hy + RH; systems where R is C,H,, one should
expect the H7/H,7/H’ transfers to be important ion/molecule
processes (10, 11). The H™ transfer occurs efficiently in those
cases where production of RH; represents a reasonable exother-
mic reaction channel for the ground state reactants. Transfer of
H,~ is always favoured thermodynamically in any C,H,, ™" +
RH, combination, which accounts for the observation that
k(H)/k(H,")< 1.0 even when hydride transfer is highly
exothermic. It was also reported that thermoneutral or slightly
endothermic H™/H,™ transfer processes with low cross-sections
occur in the CsHg + n-C4D) system and in this case it was
assumed that a long-lived collision complex is formed favouring
these reactions (12).

One can expect that since allene is a highly unsaturated
hydrocarbon, its parent ions might form a long-lived collision
complex with alkanes and undergo hydride and hydrogen atom
transfer reactions, beside stabilization processes of excited ion
species formed during ionization of allene. The present experi-
ments describe the ion/molecule processes found in allene +
alkane systems and an attempt is made to rationalize the results
obtained.

Experimental

The experimental procedure and the high-pressure photoionization
mass spectrometer have already been described (13). The measure-
ments were made under field-free conditions inside the collision

'isiting Professor 1982. Present address: College of General

Education, Tohoku University, Sendai 980, Japan.

(Traduit par le journal]

chamber with an electric field of low intensity (~5 V cm™') applied in
the ionic optics. The distance between the plane of formation of the
parent ions by photon impact and the exit slit was 2.2mm. The
experiments were done at room temperature, 25 + 2°C, as indicated by
a thermocouple connected to the collision chamber.

The allene from Matheson of 99.5% purity was used without further
purification. Methane, ethane, propane, n-butane, and methylpropane,
also from Matheson were of instrumental grade purity. Mixtures of
known concentrations (usually around 10% of CsH,) were prepared in
a conventional high vacuum manifold.

Results

The mass spectrum of the allene—methane mixture was,
essentially, similar to that of the allene — rare gas system (9). On
the other hand, the spectrum of the allene—ethane system was
somewhat different, and those of propane, butane, and methy!-
propane systems were much different from that of allene — rare
gas mixture. The pressure range employed in the present
experiments is relatively high, favouring cluster formation of
neutral allene. In all these C3H,4 + RH, systems only neutral
allene molecules form the solvation shell of the ion species.
Therefore, the real abundance of each daughter-ion starting a
family of solvated species can be represented by the total
intensities of each family (e.g. 2I[CsHo" (C3Ha4),] with n =0,
1, 2, ...). The pressure dependence of the fractional intensities
of the families of solvated ions species is shown in Figs. 1-5. In
general there appear to be eight solvated ion families: (C¢H7 ")y,
(CeHg* ), (CeHo™)r, (CeHyt ™), (C/H7 M), (CHu M)
(CsH 2™ ")¢, and (C7H;3™)¢, where the { subscript indicates the
corresponding family of solvated ion species by neutral allene
molecules. Their fractional intensities are pressure dependent
and varied also with the nature of the alkane molecule.

In the case of allene—methane mixtures, four families of ion
species were present: (CgH;)e, (CeHg® ), (CeHo™)s, and
(CsH;™):. There was no evidence for ion/molecule reactions
between the parent ion and methane.

On the other hand, the allene—ethane system showed an
additional family of ions, (C;H;;");. When perdeuterated
ethane was used instead of C,Hg, the intensity of the (C;H,, *)¢
family decreased and a mass peak corresponding to C;HgD3™
appeared, suggesting a neutral methyl group transfer. Further-
more, the fractional intensity of the C¢Ho™ family increased,
while in the case of allene + rare gas systems the abundance of
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F1G. 1. Pressure dependence of the fractional intensities for the major
ion families in the allene—methane mixture.
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FiG. 2. Pressure dependence of the fractional intensities for the major
ion families with allene—ethane mixture.

(CgHo*)r was almost independent of the presence of the
non-reacting gas (9).

In the case of allene + propane mixtures, a new family of
ions appeared, (Cg¢H;,™)r, and the fractional intensities of the
(CeHy1 )5, (CeHo™)g, and (C;H,;*); were strongly enhanced
compared to allene + ethane system, indicating the occurrence
of reactions between CsH,™ and CsHg. A H' transfer process
explains the formation of the C¢H,,* species.

The butane + allene system gave two further additional
families of ions species: C;H,,** and C;H,3". The ion species,

Atlene (10%) - Propane (90%)
04
0.3~
> TCeHN (C3Hg)
|: 6711374 'nl
w
z
[¥9)
—
=z
- 02
P
% *
5 SCHCH,),
.
S 2CeHg (C3H )y
« ECHY (CaMg)y,
SCeHg (CaHa ),
[oRN
EC,HY(CaH, ),
0]

Plotal (Torr)

FiG. 3. Pressure dependence of the fractional intensities for the major
ion families in the allene—propane mixture.
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FiG. 4. Pressure dependence of the fractional intensities for the major
ion families in the allene—n-butane mixture.

C;H,5*, is formed in a H™ transfer process, while the C;H,**
results from a H, ™ transfer.

The families of ions formed in methylpropane + allene
mixtures were the same as in the n-butane + allene mixtures,
but important differences in fractional intensities were observed
between the two isomers (Figs. 4, 5).
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F1G. 5. Pressure dependence of the fractional intensities for the major
ion families in the allene—i-butane mixture.

Discussion

In Part IT we have proposed the following reaction scheme for
allene-chemically “inert” gas systems in the relatively high
pressure range (0.2 < P(C3H,) < 1 Torr) (9)

(1] GCsHs" + CHy— (C3Hy ™" CH)* ——— Gy " + H

[2] Atx 4+ C3H4—>C6H9+ + C3H3.

[3] A+* + C3H4—_)C7H7+ + C’_)HS.
ky(or k")

[4] A+* +M (or C3H4) — Cng +M (or C3H4)

where A * stands for the excited ion complex (C3H, ¥ *-C3Hy)*,

. M stands for a “chemically inert” third body molecule and k, and

k' are the collision stabilization or deactivation rate constants of
the excited dimer-ion by M or neutral allene, respectively.
TheH'/CH;'/H™/H,™ transferprocesses mightin principletake
place either in reactive encounters between allene parent ions,
Cs;H,**, and the alkane neutrals, or between the complex dimer-
ion, (C3Hy),** and the alkane molecules. It is found experimen-
tally that the formation of C6H9+ s C7H1 | * s (C,,Hz,H. 1 'C3H4)+ ,
and (C,H,,-C3H,)"" species resulting from the above trans-
fer processes, obeys a second order rate Kinetics. This is
easily explained assuming long-lived intermediate species,
(C,.H,,42°C3Hy )™ * and (C3H,),™**, which on collision with
neutrals can either dissociate in a backward reaction into

reactants, or form the species under consideration.? In our
experimental conditions the much higher concentration of
alkane neutrals over the allene molecules suggests that the
following reactions are favoured over the reaction involving
the allene dimer-ion, (C3H,), 1 *:

[5]1 (C3Hs*''CuHpu42)* + C3Hy — CeHo™ + CuHj 04y

[6] + CHy— CHy " + Gl
(7] + C3H; — (C,Hp, 4 1'C3HY) ' + C3HS
[8] + C3Hy — (C,H,,'C3Hy) ™" + C3H,

where the (CsH4"*-C,H,, 14)* stands for the excited ion com-
plex between the parent ion and the neutral alkane undergoing
a H' transfer (reaction [5]), CH3" transfer (reaction [6]), H™
transfer (reaction {7]), and H,™ transfer (reaction [8]).
Reactions [1]-[8] yield the following kinetic expressions:

91 dICeH; 1= k[AT*]

[10] d[CeHs™ "] = ks'[AT*][C3H4] + k[AT#] [C,Hy, 2]

(11] d[CeHo™ 1= kx{AT*][C3Ha] + ks[C3H4™"-CHp 1] [CsHa
[12] d[C7H;, "] = ke[C3H4"""C,Hj, 421 [C3Hy)

(13]  d[(C,Hpp+1"C3Ha)" "] = ky[C3H,y ™ *-CHyp42] [C3Hy]

[14]  d[(C,H2,"C3Ha) "] = kg[C3Ha™*-C,Hy,p42] [C3Ho]

For the convenience of the kinetic analysis, relative rates can be
introduced. They are defined by the ratio of the rate of forma-
tion of the ion under consideration to the rate of formation of
CeH,* species:

[15] d[CeHgTVd[CeH71] = RI(R + 1){ky/k, + ks/R'k\} P,
[16] d[CsH,, " VdICsH, ™1 = {ke/ki(R + D}P,

(171 d{CHaps 1" CsHY)* VAICelly ™1 = Ltk (R + D)P,
[18] d[C,Ha, CsHy)* VdICsH; "] = {ke/ki(R + D}P,
[19] d[CeHg* Vd[CeH- '] = RI(R + D{ki/k, + kJ/R 'k} P,

where R stands for the experimental mixing ratio [C3H,)/
[C.Hjn+2) and Py = P(C3Hy) + P(C,Hy,4,). In all experiments
R=0.11.

We will assume that the ratio R’ = [C3Hy™ - C3H,/[CsH, T
C,H,,.,] of the concentrations of the ion complexes is
proportional to the concentrations of reactants from which
they are formed and therefore is equal or very close to
the experimental mixing ratio, R. This is justified, because the
life-time of collisional complexes formed from similar species
is not very sensitive to their nature.

The left-hand side terms of the eqs. [15]-[19] correspond to
the experimental ratio of fractional intensities of corresponding
families of ion species.

The plots of expressions [15]—[18] are presented in Figs.
6—10, and the ratios of rate constants obtained from the
corresponding slopes are given in Table 1. Some additional
information about each plot are given below.

(?) The plots for expression [15] gave almost straight lines for
all alkanes, Figs. 6, 7. From the slopes the values ks/k can be
obtained, since the ratio k,/k, is already known to be constant
and its mean value is 0.25 Torr™! (9). The value ks/k, for ethane
is very small, but H* transfer is certainly occurring, since a clear
difference is observed in the slopes of (CsH4+ C,Hg) and

2Unpublished results from this laboratory.
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Fi1G. 6. Plot of expression [15] for the H" transfer process in the
C3H4—CH, and C3H,—CD, mixtures.

n- C4H10
1.5 i~ CaHy

CaHg

Piotqr (Torr)

FiG. 7. Plot of expression [15] for the H" transfer process in the
allene—alkane mixtures.

(C3H,4 + C;Dg) systems and the difference could be accounted
for by the formation of C¢HgD™.

(ii) The plots for expression [16] gave also straight lines for
all alkanes, although the slope for n-butane changed and became
small above 1 Torr, as shown in Fig. 8. The values k¢/k;
obtained from the corresponding slopes which represent the
relative CHj3' rate transfer are tabulated in the fourth column in
Table 1.

(iii) In Fig. 9 are shown the plots for expression [17] for

n-Cahyg

- nCgH,) 7 I{CgHT - nCqH,)

+
"

1(C,H

0 1 2 3
Plo?(]l {Torr)

FiG. 8. Plot of expression [16] for the CH;" transfer process in the
allene—alkane mixtures.
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F1G. 9. Plot of expression [17] for the H™ transfer process in the
allene—alkane mixtures.

propane and butane isomers. In the case of ethane the fractional
intensity was too weak to be plotted.

(iv) In Fig. 10 the plots for expression [18] are shown. The
corresponding ratios kg/k; are given in the sixth column in
Table 1.
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TaBLE 1. Relative rate constants for the ion/molecule reactions between the parent ion C3Hy * and the alkanes

(k5+ k6+ k7+ kg)/kl,TOH'_l ks/kl,TOIT_l k(,/k],TOIT_] k7/k1,TOIT_I kg/kl,TOIT_1 ks/k1, TOIT—I
Alkane (overall reaction) (H’ transfer) (CH3 transfer) (H™ transfer) (H,™ transfer) (stabilization of C¢Hz ")
CH, ~0 ~0 ~0 ~0 0.048 =0.02
C,Hs 0.13 . 0.07 0.06 ~0 ~0 0.11 *=0.03
CsHg 1.06 0.38 0.42 0.07 0.19 n.m.?
n-C4Hjo 7.4 ~0.7 4.6 1.4 0.70 n.m.
i-C4Hyo 6.3 ~0.7 0.23 4.8 0.54 n.m.
“n.m. = not measured.
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FrG. 10. Plot of expression [18] for the H,™ transfer process in the 0 1 2 . 3

allene—alkane mixtures.

(v) The energy transfer in stabilization processes from the
parent ions to the alkanes acting as a bath gas was examined by
plotting expression {19]. As shown in Fig. 11 methane and
ethane gave straight lines and from the corresponding slopes the
values of the ratio k/k, were calculated. They are 0.048 £ 0.02
for methane and 0.11 = 0.03 Torr~! for ethane, when kl/k, is
assumed to be 0.11 Torr™! (9). For the C5~C, alkanes the
fluctuations were too big to allow calculation of k/k, from the
slopes and therefore their values are not given in Table 1.

Thus the kinetic treatment based on expressions [15] to [19]
support the reaction scheme described by reactions [1] to [8].
The total relative reactivity for the four channels of ion/mole-
cule reactions involving parent ions of allene, CsHs™*, and
neutral alkanes is given by the sum of the relative rate constants
for each channel and is presented in the first column of Table 1.
It can be seen that the total relative reactivity increases with the
size of the neutral alkane.

Although the reactivities might depend on the IP’s other
molecular factors will influence the specific reaction channels.
In Table 2 are presented the heats of reactions of CHj"/
H*/H™/H,™ transfer processes for some systems involved in this
study. The enthalpies of formation were taken from refs. 15
and 16.

Pto?cl {Torr)

FiG. 11. Plot of expression [19] for the stabilization process of
CgHs ™" in methane and ethane mixtures with allene.

In each case, with the exception of methane, the CHj’
transfer is exothermic and, indeed, occurs in the CsH4 + RH,
systems. It is also more favorable for propane and butane
compared to H* transfer (Table 2). One possible reason is that
the C—C bond is weaker than the C—H bond by 35 kJ mol~! in
RH,. On the other hand, in allene + methylpropane system the
H* transfer is more important compared to CHj3 tansfer. This
anomaly appears not to relate to thermochemistry (Table 2) and
so presumably is kinetic in origin.

The differences in H/H,~ transfer for the two butanes can be
also accounted for on kinetic grounds. Although the H™ transfer
is more favorable by ~8 and ~25kJmol~! in butane and
methylpropane, respectively, relative to H,™ transfer, one also
has to take into account the relative probability that the reaction
complex does or does not fall apart after the transfer of the H-
entity. It was shown that the H,™ transfer reaction proceeds
through a two-steps stereospecific mechanism, refs. 14, 17-19.
The reactive encounter between species initially involves the
transfer of a singly H™ ion in the reaction complex in an
exothermic process. This complex may then fall apart, resulting
in a single particle transfer process, or a second H atom may be
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TaBLE 2. Enthalpies of some H /CH3/H /H,™ transfer reactions for the
C3H4 + RH2 systems

Transfer AHP
process Reaction (kJ mol™h)

{C3H4 (C3Hg, CsH;)C3Hs* +2

H C3H4 (n C4H1(), Sec- C4H9 )C3H5+. -2

3H4 (l-C4H|0, tert—C4Hg')C3H5+ -7

C3H4 (CH4, H)C,H,* 32

C3H4 (C2H6, CH3 )C4H7 _30

CH:‘; C3H4 (C3H3, C2H5 )C4H7 _59

C3H{ " (n-C4H o, n-C5H;")CH,* —47

C3Hi(i-C4H g, i-C3H,)CH, =50

H- {C3H4 (n-C4H )0, C3Hs")sec-CyHy™ —60

C3H4 (1-C4H10, C3H5.)f€rt-C4H9+ —123

H, {C3H4 (n-C4H o, C3He) _1'C4Hs+' -52

2 C3HI.(1-C4H10, C3H6) 1-C4Hg+. -98

“Heats of formation are taken from refs. 15 and 16.

“Due to the approximate value of the heat of formation of the allene ion (15),
the estimated values of the heats of reactions are assumed to have an uncertainty
of +12kJ.

transferred on an adjacent carbon atom while the reactants
remain in the “loose” complex. Because the H,™ transfer
process is always in competition with H™ transfer reaction, both
the total rate of reaction and the relative rates of the competing
H™ and H,™ reactions must be considered. It was already
observed that the importance of H,~ transfer relative to H-
transfer decreases with increasing branching (18). In methyl-
propane, the presence of a weakly bonded tertiary hydrogen
atom in the reactant molecule apparently favors the occurrence
of the H™ transfer reaction over the H,™ transfer process as
shown by the value of the ratio k(1)/k(2) = 8.9, compared to
k(1)/k(2) = 2 for n-butane (Table 1). Here k(1) and k(2) stand
for one- and two-particle transfer.
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SHAPOUR AFRASHTEHFAR and GENILLE C. B. CAvVE. Can. J. Chem. 64, 198 (1986).

Activity coefficients were determined at 293.15 K for the more dilute component in 24 binary solutions of nonelectrolytes,
by gas-chromatographic analysis of the equilibrium vapor phase. One component of the binary mixture was either nitromethane,
nitroethane, 1-nitropropane, 2-nitropropane, ethanenitrile, propanenitrile, ethyl ethanoate, or butyl ethanoate; and the other
component was either heptane, 1-heptene, or 1,6-heptadiene.

From the limiting activity coefficients of these components, some factors that affected their magnitude were identified. The
values were also used to test the modifications of Prausnitz, Blanks, and Weimer, of Helpinstill and Van Winkle, and of Keller,
Karger, and Snyder to the Scatchard-Hildebrand equation modified to accommodate polar components. In addition, the degree
of constancy of the ratio of the dipole — induced dipole interaction parameter for a series of solutes in one solvent to that in another
was considered.

SHAPOUR AFRASHTEHFAR et GENILLE C. B. CAVE. Can. J. Chem. 64, 198 (1986).

Les coefficients d’activité ont été déterminés a 293.15 K pour la composante la plus diluée de 24 solutions binaires de
non-électrolytes, par chromatographie en phase gazeuse de la phase vapeur a I’équilibre. L.’une des composantes du mélange
provenait de chacun des composés suivants: le nitromethane, le nitroéthane, le nitro-1 propane, le nitro-2 propane,
I’éthanenitrile, le propanenitrile, I’éthanoate d’éthyle et I'éthanoate de butyle, tandis que 1’autre composante provenait de chacun
des composés suivants: I’heptane, I'hepténe-1 et I’heptadiéne-1,6.

L’utilisation des coefficients limites de !’activité de ces composantes ont permis !'identification de quelques facteurs qui
affectent leur intensité. Ces valeurs ont également été utilisées pour vérifier la validité des modifications de Prausnitz, Blanks et
Weimer, de Helpinstill et Van Winkle, et, de Keller, Karger et Snyder, a I’équation de Scatchard—Hildebrand, modifiée de fagon
a devenir applicable aux composantes polaires. De plus, le degré de constance du rapport du paramétre de I’interaction dipdle —
dip6le induit pour une série de solutés dans un solvant, sur ce méme parametre évalué dans le cas d’un autre solvant, a été

examiné.
Introduction

A previous study (1, 2a) described a static equilibration
apparatus having a novel gas-chromatographic headspace sam-
pler, which was used to evaluate the limiting activity co-
efficients of eight polar compounds in heptane and in benzene.
In the present work, this study has been extended to include the
same polar compounds in 1-heptene and 1,6-heptadiene as
solvents, as well as heptane, 1-heptene, and 1,6-heptadiene as
solutes in each of the eight polar compounds as solvents.

From the resulting limiting activity coefficients, some factors
that affected their magnitude were identified, namely: (i) the
chain length and the polarity of the solute, and (if) the effect of
one or more double bonds in the solvent, on the limiting activity
coefficients of the polar compounds. The data may also be used
for testing extended solubility-parameter models. In the present
paper three such extended-solution treatments (3—8) are con-
sidered. In addition, the degree of constancy of the ratio of the
dipole — induced dipole interaction parameters of a solute in two
given solvents, first reported by Milanova and Cave (1), was
tested.

Experimental

Static equilibration apparatus

The equilibration apparatus was the same one previously designed
and used by Milanova (1, 2a). However, for the present work it was
improved by enclosing the metal headspace sampler in an air
thermostat, which led to better precision, and by adding a sidearm near
the base of the cell to facilitate adding and removing the solutions. The
improved version of the entire equilibration apparatus has been
described in detail elsewhere (9).

The metal headspace sampler was housed in a double-walled air bath
which fitted snugly over the sampler and its copper loops. Water at

295.15K from a water thermostat was pumped continuously through
the double-walled jacket of the air bath. A 2 K differential was thereby
ensured between the sampling loops and the equilibration cell, in order
to prevent any possibility of some condensation of equilibrated vapor in
the loops.

When ethanenitrile was the solvent in the binary systems, somewhat
high and non-reproducible results were obtained for the concentration
of the hydrocarbon solute in the copper sampling loops. In this
connection, Putnam et /. (10) have reported that liquid and solid
ethanenitrile reacted with copper. Therefore, an all-glass headspace
sampler was constructed and used for systems having ethanenitrile as
solvent. It provided exactly the same function as the metal sampler of
Milanova, and has been described in detail elsewhere (9a). It is
illustrated in Fig. 1. This unit was custom-made including fabrication
of the stopcock barrel and stopcock plug, from borosilicate thick-
walled tubing to permit tapering. Briefly, a large six-way stopcock had
atapered hollow plug, inside which three hollow tubes had been blown
(Fig. 1). These three tubes formed the actual sampling containers for
the samples of equilibrium vapor. Six short hollow glass tubes were
blown onto the stopcock barrel. Four of them ended in 10/19 outer
joints, of which two (A and B, Fig. 1) were connected to the carrier-gas
line, one (C) was connected to the vacuum, and one (D) was plugged. A
fifth tube (E) ended in a 19/26 inner joint. Sixty-degree rotation of the
stopcock brought each of the three sampling tubes in the plug in turn
into juxtaposition with the barrel end of tube E; and the 19/26 joint
could be connected directly to the equilibration cell so that the sampling
tube in the stopcock became part of the cell space. The sixth tube (S;)
was to permit evacuation of the cell when necessary. The three
sampling tubes were calibrated by filling them with water from a
preweighed syringe which was then reweighed. Their volumes and
standard deviations were found to be 2.9671 = 0.00095 cm?,3.2811 =
0.0121 cm?, and 3.9285 + 0.0108 cm? for 12 replicates.

Materials
The purification procedures are described in detail elsewhere (98).
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TaBLE 1. Purity and physical properties at 293.15 K of the purified reagents

Final purity

Refractive index(np) Density® x 107

Reagents Source % Exptl.’ Lit. (11) Exptl.¢ Lit. (11)
Nitromethane Aldrich . 99.972 1.3804 1.3812 1.1370 1.1382
Nitroethane Aldrich 99.950 1.3924 1.3919 1.0510 1.0506
1-Nitropropane Aldrich 99.985 1.4011 1.4016 1.0035 1.0014
2-Nitropropane Eastman 99.945 1.3947 1.3944 0.9876 0.9884
Ethanenitrile B.D.H. 99.998 1.3440 1.3441] 0.7840 0.7822
Propanenitrile Aldrich 99.925 1.3648 1.3658 0.7842 0.7818
Ethyl ethanoate B.D.H. 99.927 1.3725 1.3724 0.9004 0.9006
Butyl ethanoate B.D.H. 99.990 1.3936 1.39414 0.8815 0.8825¢
Heptane Aldrich 99.995 1.3862 1.3876 0.6834 0.6838
1-Heptene Aldrich 99.971 1.3987 1.3998 0.6976 0.6970
1,6-Heptadiene I.C.N. 99.850 1.4136 1.4142¢ 0.7135 0.7142°¢

“Unit kg m™?,
“Typical standard deviation for triplicate experimental readings was 0.0008.
“Typical standard deviation for triplicate experimental measurements was 0.00115.
“Taken from CRC Handbook of Chemistry and Physics (12).

“Taken from Egloff (13).

FiG. 1. Six-way all-glass headspace sampler attached to equilibra-
tion cell.

The final purities are in Table 1, together with the sources of the
reagents, and the refractive indices and densities of the purified
products. Final purities were determined by gas chromatographic
analysis for impurities.

Except for a few variations noted below, the fractional distillations
were carried out under reduced pressure after flushing the still with
nitrogen, at an output rate of ca. 20 cm’ h™' and a reflux ratio of ca.
50:1. The middle cuts were retained, stored in the dark over molecular
sieves 3A, and used no later than a week after their purification.

The nitrocompounds were dried over P,Os, then fractionally
distilled. The nitriles were fractionally distilled over molecular sieves

3A, at an output rate of 10cm>h™'. The esters were fractionally
distilled without initial drying.

Heptane was purified by four fractional crystallizations followed by
fractional distillation under nitrogen at atmospheric pressure.

I-Heptene was distilled from sodium in a spinning-band still and a
nitrogen atmosphere, at a rate of 10 cm® h™! and a reflux ratio of 65:1.

1,6-Heptadiene was purified by preparative gas chromatography in a
Varian Aerograph 705 in manual mode, on a column packed with 10%
Carbowax 20M on 80/100 Chromosorb W at 255 K. The lots were
processed 1 mL at a time.

Benzene was purified by six fractional crystallizations. Tetrachloro-
methane was fractionally distilled at atmospheric pressure. Cyclo-
hexane was fractionally distilled over sodium at atmospheric pressure.

Procedure

The procedure used for equilibration and gas chromatographic
analysis of the binary solutions and their vapors was essentially the one
developed and used earlier by Milanova (2b), and reported in outline
form in ref. 1. However, for the present work some precautionary
refinements were added. The complete modified procedure is given
elsewhere (9¢). The refinements were (i) the equilibration apparatus
was flushed with nitrogen before use; (ii) the solute and solvent were
introduced into the equilibration cell via the sidearm that had been
added to it, by two syringes weighed before and after dispensing the
pure solute and solvent, respectively; (iii) the apparatus was degassed
twice instead of once; (iv) not only was the equilibration cell immersed
in a water thermostat set at 293.15K as previously (2b), but also the
metal headspace sampler was enclosed in the above-described air
thermostat set at 295.15 K; (v) although liquid—vapor equilibrium was
reached in 30 min; 2 h were allowed before the first sampling; (vi) after
two to four vapor samples had been taken and analyzed, four samples of
the liquid phase remaining in the cell were removed by syringe via the
sidearm and analyzed by gas chromatography.

It was necessary to know the solubility parameter of 1,6-heptadiene,
previously unreported. The value of AH";95 15 Was measured for us by
Majer. He used our above-described product, with molecular sieves 3A
added to prevent contamination by atmospheric humidity, and an
adiabatic vaporization calorimeter described by Majer et al. (14). The
mean of three runs was AH"595 s = 35.00kJ mol™!. Then from their
empirical relationship AH® = K [(1 — T)e~T]%*"*, where T, is the
reduced temperature, 0.275 is a parameter from AH" data on alkenes,
K is obtained from the value of AH"595 15, and using as the critical
temperature 532.6 K, Majer calculated AH"93.15 = 35.20kJ mol™},
with an estimated uncertainty of 0.3%. We then calculated the
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TaBLE 2. Experimetnal values of activity coefficients of components at infinite dilution, for binary liquid mixtures at 293.15 K¢

Component 1

Heptane 1-Heptene 1,6-Heptadiene

Component 2 7 v ¥ V5 V7 e
Nitromethane 78.31 *£0.13 49.28 =0.13 30.22 =0.16 23.87 =0.07 17.39 +0.06 13.53 +0.08
Nitroethane 19.85 *=0.06 25.27 =0.48° 10.61 =+ 0.06 11.86 +=0.03 5.443 = 0.068 7.677 = 0.034
1-Nitropropane 8.259 = 0.026 16.31 =0.21° 5.192+0.04 8.606 + 0.023 3.107 £ 0.018 5.426 = 0.039
2-Nitropropane 7.610 = 0.043 12.71 =0.22° 4.446 * 0.026 6.874 = 0.019 2.961 £ 0.076 4.784 £ 0.102
Ethanenitrile 51.71 =0.20 40.17 =0.12 19.55 =0.04 20.92 *0.05 10.77 +=0.08 13.29 +0.05
Propanenitrile 15.12 £0.09 23.93 =0.38° 7.736 = 0.041 12.04 +£0.03 4.342 £ 0.022 6.523 + 0.040
Ethyl ethanoate 4.303 = 0.023 3.679 + 0.031° 3.500 = 0.019 2.458 £ 0.016 1.888 = 0.013 1.837 = 0.033
Butyl ethanoate 2.408 = 0.009 2,812+ 0.028° 1.807 = 0.011 2.005 = 0.006 1.351 + 0.007 1.317 = 0.008

“Note: Subscript 1 refers to the C; component, and subscript 2 to the polar component listed in column 1. Thus, the notation y§ means that, for example, the values
in column 2 are for heptane at infinite dilution in each of the polar liquids in column 1; y3 means that, for example, the values in column 3 are for each of the polar

compounds at infinite dilution in heptane.

*Values calculated from data by Milanova (2¢), but using Tsonopoulos method (15) for calculating values of mixed virial coefficients.

TaBLE 3. Dispersion 93, polar 3, dipole—dipole °5, and induced dipole "5 contributions to the

total solubility parameter & of some compounds at 293.15 K, in MPa"? units®
ina o8

Compound ) 9% Py This work Lit. This work Lit.
Nitromethane 25.9 16.2 20.3 7.0 6.1 13.6 17.0
Nitroethane 23.53 16.3 17.0 5.5 4.5 10.2 12.3
1-Nitropropane 21.54 16.4 13.9 3.8 8.4
2-Nitropropane 20.86 16.2 13.1 3.3 8.0
Ethanenitrile 24.30 14.5 19.5 6.3 5.7 14.1 16.8
Propanenitrile 21.93 15.0 16.0 4.5 3.7 10.9 13.5
Ethyl ethanoate 18.39 15.3 10.2 2.3 2.0 5.8 8.2
Buty! ethanoate 17.77 16.0 7.73 1.4 4.1
Heptane 15.32 15.3 Nil
1-Heptene 15.42 15.2 2.65 0.09 £ 0.07 1.41 £0.11
1,6-Heptadiene 15.57 15.1 3.84 0.25=0.13 2.44 £ 0.20

“Literature values of °8 and 3 are from ref. 7, converted to MPa'’? units. 3 values were calculated from
molal enthalpies of vaporization, reported in (1), except for 1-heptene which was from (11), and
1,6-heptadiene which was calculated from A3H", 45,5, specially measured for the present study. Values of 93,
P§, ©3, and "3 have been rounded to three and two figures, as shown.

solubility parameter of 1,6-heptadiene to be 15.57 MPa'? units at
293.15K, using a molar volume of 135.6 cm> mol™! (13).

Results

The method used to calculate limiting activity coefficients
(y7) from measured vapor concentrations of the solute is
described in detail elsewhere (9d), and follows that used in an
earlier study (1, 2). Briefly, an uncorrected activity coefficient
(v;") was calculated for a solute in a given solvent at 293.15K at
each of its several concentrations, by assuming an ideal vapor
and using the usual formula v/ = C;/C%x;. Here C; is the
molar concentration of solute in the equilibrium vapor over a
solution of mole fraction x;, and C? is the molar concentration
of vapor over the pure liquid solute. The pure liquid at 293.15K
is taken as the standard state. The values obtained for ;" were
then corrected for the non-ideality of the vapor by using second
virial coefficients, to give the corrected values of -y;. The values
used for the pure (B;;) and mixed (Bj) virial coefficients were
estimated by using the empirical method of Tsonopoulos (15).

For each binary system the vapor concentration of solute had

been measured for 5 or 6 solutions over a range of mole fractions
x; of solute. The value of v for the solute was then found by a
linear least-squares fit of the (x;, ;) data, i.e. v, = vi + bx,.
Application of the statistical F-test showed that at the 95%
confidence level, terms higher than x; were not significant in the
concentration range used (x; < 0.01).

The values for the limiting activity coefficients and their
standard deviations are in Table 2, where subscript | refers to
the C7 component of the binary solution, and subscript 2 refers
to the polar component listed in column 1.

The solubility parameter & of each polar liquid was con-
sidered to consist as usual of a dispersion 3 and a polar 3
contribution, where 8 = 932 + P§2. These values for the eight
polar compounds and the three hydrocarbons are in Table 3. For
1-heptene, 8 was calculated from the molal heat of vaporization
(11), and for 1,6-heptadiene from Majer’s value of the molal
heat of vaporization. The values of Y5 for 1-heptene and 1,6-
heptadiene were calculated by the procedure already reported
(1) for the eight polar compounds, namely, from a plot of Ro>*
n'* /v ys. 8 for the appropriate homologous series, where Ry
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TABLE 4. The values of the interaction parameter s, and {,, for the systems

hydrocarbon + polar compound, in MPa

Y2 ypits?

Component 1

Heptane 1-Heptene 1,6-Heptadiene
Component 2 Uz U2 Uay U1z U2y Uiz
Nitromethane 163 108 174 129 182 147
Nitroethane 116 84.9 125 103 134 114
1-Nitropropane 78.9 58.0 86.9 71.5 95.1 81.9
2-Nitropropane 68.5 50.8 77.1 63.8 84.3 72.8
Ethanenitrile 152 96.4 164 116 172 131
Propanenitrile 102 69.1 112 85.7 120 100
Ethyl ethanoate 38.8 34.6 44.6 44.2 53.6 51.7
Butyl ethanoate 22.9 20.7 29.6 28.3 35.9 36.1

“The values of §,; are for component 1 at infinite dilution, and those of s, are for component 2

at infinite dilution.

TaBLE 5. Ratios of {s for a solute at infinite dilution in one solvent to
its value in another solvent, for several polar—polar and polar—-nonpolar
binary mixtures at 293.15K

System (solute in solvent)*

U12(A) /Y 1(B)T s.d.

A: The 8 polar components in 1-C;

B: The 8 polar components in n-C; 1.23 0.040
A: The 8 polar components in 1,6-C; 1.47 0.15
B: The 8 polar components in n-C; ’ ’

A: The 8 polar components in benzene 1.34 0.061

B: The 8 polar components in n-C;

System (solute in solvent)*

Y21 (A) /21 (B)T s.d.

A: 1-C5 in the 8 polar components

B: n-C; in the 8 polar components L1 0.061
A: 1,6-C; in the 8 polar components 1.27 0.17
B: n-C; in the 8 polar components ’ ’

A: CCly in the 8 polar components 1164 0.097

B: n-C; in the 8 polar components

*1-Heptene and 1,6-heptadiene are treated as polar in [1].

T12(A) and i, 5(B) refer to 5, and i, (A) and U, (B) refer to Y, from
Table 4, for systems A and B respectively, named in column 1 of Table 5. The
ratios in column 2 are in each case the means of eight systems; and s.d. is the
standard deviation.

$From ref. 1.

is the molar refractivity at zero frequency, n is the number of
valence electrons in the constituent atoms, and V is the molar
volume of the compound.

Discussion

Each value v5 in Table 2 was used to compute a parameter
sy, from

(11 RTInv3 = Vo[(8;, — 962)% + P3,2 + P§,% — 2us,]
+ RT[1 ~ (V,/Vy) + In (V,/V)))

which is a combination of relationships proposed and used by
Prausnitz and co-workers (3, 4). Similarly, each value of 7
was used to compute a corresponding parameter ys,; by using [1]
with subscripts 1 and 2 replaced by 2 and 1, respectively. The
second subscript in ;; will henceforth denote the component
which is at infinite dilution. The results are in Table 4. The

Jmol™! x 104

v ?8s  umal™ x10?

FiG. 2. Correlation between L, in {2] and VP8, for hydrocarbons at
infinite dilution in polar solvents. ¥, Heptane; M, 1-heptene; @,
1,6-heptadiene; /, nitromethane; 2, nitroethane; 3, 1-nitropropane; 4,
2-nitropropane; 5, ethanenitrile; 6, propanenitrile; 7, ethyl ethanoate;
8, butyl ethanoate.

values used for 93 and P8 were from Table 3, and those of molar
volume V from ref. 11.

Milanova and Cave (1) evaluated s, when each of the eight
polar compounds in column 1 of Table 2 was the solute at
infinite dilution in heptane and in benzene. The ratio of Y,
when benzene was sovlent, to its value when heptane was
solvent was nearly constant for the eight polar solutes, namely
1.34 = 0.061. The values of ¥, and {5, in Table 4 were used to
test more extensively the degree of constancy of this ratio. The
results are shown in Table 5.

The values in Tables 2 and 3 were also used to test the
empirical correlation s,; = kP, of Weimer and Prausnitz (3),
for binary mixtures of hydrocarbons (subscript 1) at infinite
dilution in polar solvents (subscript 2). They evaluated k from
plots of V,P3,2 vs. L,, where

(2] L =RTIn~y — Vi(3, — d82)2
= RT[1 — (V{/V3) + In (V,/V))]

To be comparable, we also used this method. Figure 2 shows
our linear plots forced through the origin for heptane, 1-heptene,
and 1,6-heptadiene each infinitely dilute in our eight polar
solvents. The resulting least-square values of k are given in
Table 6. Thus, these systems obeyed the Weimer—Prausnitz
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TABLE 6. Correlation constants in $; = kP8, and $y; = k,(?8, — P8,)? for hydro-
carbons at infinite dilution in polar solvents

Class of hydrocarbon k k) '
Saturated (C-) 0.390 = 0.003 0.390 = 0.003 0.399 + 0.004
Saturated (Cs—Cig) 0.396° 0.399°

Mono-olefinic (1-C-) 0.410 = 0.003 0.388 = 0.004 0.387 = 0.005
Mono-olefinic (1-Cs) 0.415° 0.388°

Di-olefinic (1,6-C5) 0.426 = 0.003 0.428 = 0.004 0.383 = 0.003

NoOTE: The values of 93 used for the calculation of k were from homomorph plots, to permit
comparison with the k values of (3); kj refers to k, when 93 values were found from homomorph
plots, and &} when 93 values were found from refractivity data.

“Taken from ref. 3.
*Taken from ref. 4.

correaltion, even though only heptane was nonpolar. Moreover,
as the number of double bonds was increased, so was k.
However, this Weimer—Prausnitz correlation failed for those
systems that consisted of the eight polar compounds at infinite
dilution, in each of the three hydrocarbons. That is, linear plot
through the origin, of L, vs. V,P8,2, were not reasonable ones
(9¢). Milanova and Cave (2) and Blanks and Prausnitz (4)
reported the same failure.

Helpinstill and Van Winkle (5) carried out similar studies for
saturated and unsaturated hydrocarbons at infinite dilution in
polar solvents, but they took the small polarity of the olefins into
account. Thus they wrote

3] RTInvT = Vi[(%8; — 982)% + (Pd, — P8)? — 2i*)

+ RT[1 — (V,/Vy) + In (V,/V3)]
and they plotted L* vs. V;(P3, — P3,)?, where
[4] Li* = RTIn~T — V,(%3; — %»)°

= RT[1 — (V{/V2) + In (V/V3)]

and obtained a straight line through the origin, with i, * =
ki (P8, — P§,)>. From the data in Tables 2 and 3 for our
hydrocarbons at infinite dilution in the eight polar solvents,
values were found for &k, and are given in Table 6. When the
Helpinstill ~ Van Winkle correlation was tried by using the
eight polar compounds at infinite dilution in each of the three
hydrocarbons it failed. It is to be noted that in [3], dipole —
induced dipole interactions are included in two terms, namely
(P8, — P3,)? and also Y5, *.

Keller et al. (6) proposed a solubility-parameter model for
polar—polar and for polar—nonpolar binary systems, in which
the solubility parameter & of a non-hydrogen-bonding polar
substance was derived to be

[5] 62 — d62 + P82 — d82 4 082 + 2in8d6

where °3 is the contribution due to dipole—dipole interactions,
and 21"89% is that due to dipole — induced dipole interactions.
Here, for a compound possessing a single polar substituent of
dipole moment p, 3 = Cpu?/V by definition, where C is a
constant. Karger et al. (7, 8) applied the equations of Keller e?
al. (6) to evaluate °3 and ™ for many compounds.

In terms of relationships described by Keller et al. (6), the
parameter s, of [1] for a binary mixture would be given by

[6] Wiz = 5,99, + 178,95, + 8,5,

for a polar—polar mixture. For a polar component 2 at infinite
dilution in a nonpolar solvent 1, [6] becomes

[7} i"52 = l1’12/81

For each of the eight polar compounds in column 1 of Table 4,
at infinite dilution in the solvent heptane, "5, was calculated by
using in [7] the data in column 3 of Table 4, and &, = 15.32. The
resulting values of "8, along with those of °8, found from [5]
are in Table 3. Values reported by Karger er al. (7) for some of
these polar compounds are also in Table 3.

For heptane at infinite dilution in each of the eight polar
compounds as solvents, inspection of columns 2 and 3 of Table
4 shows that a different set of ™3, values would be obtained.
This suggests a limitation to the right-hand side of [6]; but the
use of only the Flory—Huggins term for the entropy in [1] may
also be a contributing factor. Hildebrand ez al. (16) have already
suggested that {s;; would not expected to be the same as ;.

It was noted above, and illustrated in Table 5, that for a given
pair of hydrocarbon solvents, the ratio of {5, for a polar
compound in one of these solvents, to its value {s;>’ in the other
was reasonably constant for all eight polar compounds tested.
Equation [6] may be used to describe this ratio. Thus, for
polar—nonpolar mixtures
8 - o

Y1z 9581
where component 2 is the polar compound, and 1 the solvent.

Thus, {s,2/1> becomes simply the ratio of the solubility
parameters of the two solvents, which in the case of benzene and
heptane reported by Milanova and Cave (2), is 1.23. Their
experimental value was 1.34 = 0.063.

For a polar—polar mixture, rearrangement of [6] gives

; 82 Uiy — 93,78,
n + (o] —_ .
[9] 6l d'82 81 082

Therefore plots of the right hand side vs. °8, /98, for the polar
solutes in 1-heptene and 1,6-heptadiene as solvents should be
linear. By using [9], 3, and °8; for these solvents were
calculated by least-squares fits of the relevant data in Table 3
and columns 5 and 7 of Table 4. The results with the standard
deviations are in columns 5 and 7 of Table 3.

Finally, inspection of Table 4 shows that the values of {5, and
{21 decrease when ({) the chain length in a homologous series of
a component increases, in the case of each of the three C;
hydrocarbon components in turn; (ii) the number of the double
bonds in the C; component is decreased. The values of y7 and
> in Table 3 obey trend (i) above. In that connection, Gerster
et al. (17) found that vT for pentane and 1-pentene decreased in
several polar solvents as the chain length of those solvents
increased. A

These trends and values, and some others of '3 in Table 3 are
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useful as empirical guides when partial molal free energies
alone are being considered. However, the values given for {s
have depended on the use of the Flory—Huggins entropy term in
[1], and the use of that term alone for entropies of polar systems
is suspect. Experimental values for the partial molal enthalpy
would provide a better basis; and in conjunction with those of
the partial molal free energy would provide values directly for
the partial molal entropy. Such evaluations will be the subject of
a subsequent report.
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Two products, 2,7-dioxa-1,4,4,5-tetramethylbicyclo[3.2.1]octane-3,6-dione (S5), and 2-acetony!-2,3,3-trimethylsuccinic
anhydride (4) were identified from the base-catalysed reaction of camphoronic acid, 2 (R’, R” = CH3), with acetic anhydride.
The former (5) is believed to be identical with the product described by Fittig and assigned an isomeric formulation.

GEORGE M. STRUNZ et PIERRE GIGUERE. Can. J. Chem. 64, 204 (1986).

On a identifié deux produits de la réaction de I'acide camphoronique avec ’anhydride acétique sous catalyse basique: le
bicyclo[3.2.1] octane dioxa-2,7 dicéto-3,6 tetraméthyl-1,4,4,5 (5) et I’anhydride succinique acétonyl-2- triméthyl-2,3,3 (4). On
croit que le premier composé (5) est le produit décrit par Fittig, qui lui a assigné une formulation isomerigue.

In studying the mechanism by which bislactones of structure
1 are produced on reaction of the sodium salt of tricarballylic
acid, 2 (R’, R” = H), with carboxylic acid anhydrides, Fittig (1)
extended his investigations to the more highly substituted
homologue, camphoronic acid, 2 (R’, R” = CHj). The sodium
salt of camphoronic acid, when heated with acetic anhydride,
afforded some 3% of a crystalline product that Fittig considered
to be the bislactone 3. From this he concluded that formation of
the bislactones 1 involves a mechanistic sequence other than the
expected initial acylation at C-3 of tricarballylic acid with
decarboxylation of the resulting B-ketoacid.

Our recent investigation of products derived from acylative
decarboxylation of 3-methyltricarballylic acid, 2(R" = H,R" =
CHs), led us to speculate that Fittig’s product may in fact have
been4 or 5, which can arise by a mechanism involving acylation
at C-4 of a suitable derivative of camphoronic acid (2).

In this communication we report that acylative decarboxy-

(0]
0 R COH
R R
O R'——CO,H
o CO,H
1 2
O
Me Me Me O
MC O
Me Me O
(0] Me
Me O
O
3 4
? M
Me Me_ ) °
Me 0
Me Me Me
o) CO,Me
O
5 6

lation of camphoronic acid' through the agency of acetic
anhydride in the presence of 4-dimethylaminopyridine affords
the products 4 and 5 in yields of 24% and 37% respectively
(crude crystalline products). These compounds were intercon-
vertible through the ketodiacid, and their structures were readily
assigned by comparison of their spectra with those of the
analogous bisdemethyl products (2). The bislactone 5 is
believed, by virtue of its melting point, to be identical with the
product described by Fittig and assigned the isomeric structure 3
(1.

While the substituted succinic anhydride product predomi-
nated over the bislactone in the 3-methyltricarballylic acid
experiment (2), the reverse is found here, presumably as a
consequence of unfavorable steric interactions of the eclipsed
groups in 4 (cf. Ref. 6).

Experimental

See ref. 2 for general description of instrumentation, etc.

Reaction of camphoronic acid with acetic anhydride

To freshly distilled acetic anhydride (10 mL) containing 4-dimethyl-
aminopyridine (100 mg, 0.82 mmol) was added camphoronic acid
(1.0 g, 4.58 mmol). The solution was heated under reflux for 32 h.
During this period very slow evolution of carbon dioxide, indicative of
the desired reaction, could be detected by the precipitation of carbonate
from a solution of barium hydroxide. This had not completely ceased
when the reaction was terminated by distillation of the volatile material
under reduced pressure (water pump; bath temperature, ambient to
95°C). The dark brown residue was dissolved in ethyl acetate and
treated with activated charcoal. After removal of the charcoal by
filtration, the volume of the filtrate was reduced in vacuo, and the
resulting solution deposited crystals of 5 (105 mg), mp 147-149°C, on
standing in the refrigerator.

The mother liquor, after successive flash chromatography (CHCl;—
EtOAc, 99:1) and preparative layer chromatography (CHCl;-EtOAc,
97:3), afforded additional crude crystalline 5§ (234 mg; total yield
37%) as well as crude crystalline 4 (220 mg; 24%).

'The camphoronic acid used in this experiment was obtained by
stepwise oxidation of (+) camphoric acid. The sequence, which
involved oxidative decarboxylation (3) of the monomethyl ester of
campbhoric acid (4), and ozonolysis of the resulting methyl 3-dehydro-
camphonanate, 6, gave in our hands a more satisfactory yield (overall
36%) of camphoronic acid than the classical nitric acid oxidation of
campbhor (5).
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Recrystallization of 5 from toluene gave fine colorless needles
(289 mg), mp 146—149°C (lit. (1) mp 147.5-148°C); [a]¥ +118° (¢
0.525, CHCl,); ir (KBr): 3000, 2955, 2890, 1803, 1747, 1467, 1454,
1397, 1379, 1373, 1344, 1298, 1264, 1247, 1195, 1173, 1135, 1108,
1073, 1033, 1013, 981, 939, 908, and 880cm™'; nmr (CDCls,
60 MHz) 3: 1.28 (3H, s), 1.34 (3H,5), 1.39 (3H, s), 1.77 (3H, 5), 2.33
(2H, q, |JaB| ~ 12.5 Hz; Avap ~ 20.5 Hz); mass spectrum (inter alia)
m/z: 199 MH)*t, 198 (MT), 141 M — C;Hs0)T, 126 (M — CO and
COyY?T, 111 (CgH,0,) 7T, 83 (CgHy ), 43 (CH; CO)™ (base peak).
Anal. caled. for C,oH 40,4 C 60.59, H7.12; found: C 60.80, H7.14.

Recrystallization of 4 (toluene—CCly) gave colorless needles
(89 mg), mp 91-96°C; [a]d +8.3° (¢ 0.53, CHCly); ir (KBr): 2990,
2955, 2915, 2890, 1845, 1772, 1708, 1485, 1470, 1455, 1406, 1385,
1372, 1364, 1283, 1255, 1196, 1166, 1122, 985, 958, and 935 cm™";
nmr (CDCl3, 200 MHz) 8: 1.22 (3H, s), 1.36 (3H, s), 1.40 (3H, s),
2.19 (3H, s), 2.94 (2H, q, |Japl 18.7Hz; Avsp 27.6 Hz); mass
spectrum (inter alia) m/z: 198 (M%), 141 M — C;Hs0)*, 126 (M —
CO and COy)t, 111 (CgH,0,)™T, 83 (CeH, ;)™ (M — CO and CO, —
CH4CO)*, 43 (CH;CO)* (base peak).

An analytical sample, recrystallized from toluene—CCl,, melted at
95-97°C. Anal. calcd. for C,oH, 4,04 C 60.59, H 7.12; found: C
60.60, H7.13.
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The differential heats of dilution of tert-butanol into water— ters-butanol mixtures were measured at 26.90°C. The results in the
range where the mole fraction of tert-butanol, x, isless than 0.05 indicate that the hydrophobic interaction is repulsive and of long
range; the interaction appears to extend its tail as far as six molecular distances or longer. Above the threshold concentration
x = 0.06, the differential heats of dilution were close to zero and approximately independent of concentration and temperature.

YosHiKATA KoGA. Can. J. Chem. 64, 206 (1986).

On a mesuré a 26,90°C, les chaleurs différentielles de dilution du tert-butanol dans des mélanges ters-butanol—eau. Les
résultats pour le rert-butanol dans la zone de fraction molaire x < 0,05 indiquent que I’interaction hydrophobe est répulsive et de
grande portée; I’ interaction semble prolonger son influence jusqu’a au moins six molécules de distance. Au-dessus de la concen-
tration limite de x = 0,06, les chaleurs différentielles de dilution se rapprochent de z€ro et sont approximativement indépendantes

de la concentration et de la température.

The anomalous physical properties of terz-butanol (TBA) —
H,O mixtures at low concentrations of TBA have attracted
much attention, and there are numerous thermodynamic data
available in the literature (1-14). Of these, the quantities
proportional to the second derivatives of the free energy with
respect to appropriate variables appear to show more pro-
nounced features. Examples include the concentration fluctua-
tions (5-7), the compressibility (8, 9, 11), the expansibility (10,
12), the heat capacity (10, 12), and the partial molar volume
(10, 13). While the integral heats of mixing have been
determined and compiled (14), it is surprising that there appears
to be no actual measurement of the differential heats of dilution
in the literature.

In view of the fact that the differential heats of dilution could
provide direct information about the energetics of the solute—
solute interaction, or the hydrophobic interaction (2), such
measurements were made in the present work at 26.90°C. The
results suggest clearly that the solute—solute interaction is
repulsive and of long range. It seems that this repulsive
interaction is already operative at the mole ratio of TBA to H,O
of 1:1000. This is consistent with the concept of cooperative
hydrogen bonding in H,O (15); namely, the structure reinforce-
ment of H,O due to TBA molecules, or the hydrophobic
hydration (1-4), extends a long distance via cooperative
hydrogen bonding. Recent computer experiments (16, 17),
while providing a deeper insight into the structure of the
TBA-H,O mixture, may be improved if the number of
molecules is increased and the cooperativeness of the hydrogen
bonds in H,O is somehow included.

tert-Butanol was purified by refluxing for 24 h with CaH,,
followed by distillation. The normal boiling point was 82.42 +
0.02°C. Freshly distilled water was used. The differential heats
of dilution were measured by means of a LKB Bromma 8700
precision calorimetry system. A glass capsule containing about
0.7g (=0.01mol) of TBA was broken in about 90g of
TBA-H,0 mixture. A small temperature change was followed
by means of a thermister. The calibration of the system and the
calculation of the differential heats of dilution, A#, is standard

[Traduit par le journal]

(18). A small, almost negligible, correction was applied to the
measured value of Ah to obtain the value at the unified
temperature, 26.90 = 0.02°C, the temperature of the bath,
using AC,(= dAh/3T). The latter was obtained by performing
the calibration runs before and after the capsule of TBA was
broken (18). The error limit in Ah was estimated to be
#0.05kJ mol~". The uncertainty in AC,, is inevitably large due
to the fact that the method is not designed for measuring AC,,. It
was estimated to be about +=100J mol~' K~!, except for the
range 0.07 < x<0.13, where it became enormous since the
value of AC, was calculated in effect as a quotient of zero over
zZero.

The results are plotted against the mole fraction of TBA, x, in
Fig. 1 for Ah and in Fig. 2 for AC,,. InFig. 2, the points in the
range 0.07 <x<C0.13 are omitted. The values at infinite
dilution of TBA are those of Arnett, Kover, and Carter (19) and
are shown by an arrow in each graph. Their value of Ah was
corrected to that at 26.90°C. While they observed that Ah was
constant for the range of x less than 2 X 10~*, at the lowest mole
fraction of the present measurement, x == 1 X 1073, the slope of
the curve Ah vs. x already appears to be non-zero and positive.
This means that at about this or a lower concentration, a solute
molecule starts to feel the presence of the others in a repulsive
manner. In other words, the structure reinforcement of H,O due
to TBA tails as far as >V(3/4w X 1 X 1073) =6 molecular
distance or longer. This repulsive interaction increases as the
separation between solutes becomes shorter, as shown in Fig. 1
by the fact that the positive slope increases along with x for
small x. When x reaches about 0.06, Ah becomes close to zero
and approximately independent of x thereafter. This implies that
in this region an additional TBA molecule feels as if it is within
the bulk of pure TBA. The postulate that a clathrate of the type
TBA (H;0),, with n =20, forms at room temperature (6, 7) is
not inconsistent. Thus, up to this threshold value of concentra-
tion, an additional TBA molecule has to force itself into an
already somewhat reinforced network of H,O and finds the least
reinforced area, i.e. far enough from the existing TBA
molecules to settle in. Then, it reorganizes the surrounding H,O
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Fic. 2. The differential heat capacity changes, AC,, against
mole fraction, x, at 26.90°C.

molecules. As a result, the next TBA has more difficulty with a
less exothermic differential heat of dilution. Beyond the
threshold concentration, there is no more room for hydrophobic
hydration, and the mixture consists of clathrates and TBA.

As shownin Fig. 2, AC,, is positive for x less than 0.06 and is
small and negative, if not zero, for higher concentrations. It
follows that the threshold occurs at a smaller value of x at higher
temperature, which is consistent with the interpretation of the
light scattering data (7).
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Sterically hindered porphyrins having a fully hydrophobic cavity have been prepared. The cavity is capped with a
2,3,5,6-tetramethylbenzene moiety containing at the 1,4-positions methylene —(CH,),— chains (n = 4, 5, 7) bonded at trans
pyrrole rings of a porphyrin that is alkylated with methy] or ethyl groups at the other B-pyrrolic positions. The iron(III) chloride
derivative of the 4,4-durene-capped base has been obtained as single crystals, and subjected to X-ray structural analysis. The
typical high spin, square pyramidal geometry of five-coordinate hemin chlorides is maintained; the porphyrin core is strongly
distorted and there is no interaction between the phenyl group of the strap and the iron.

SHANTHA DAVID, DAvVID DOLPHIN, BRIAN R. JAMES, JOHN B. PAINEIII, TiLAK P. WIJESEKERA, FREDERICK W. B. EINSTEIN
et TERRY JONES. Can. J. Chem. 64, 208 (1986).

On a préparé des porphyrines stériquement empéchées et possédant une cavité hydrophobe compléte. La cavité est cappée par
un tétraméthyl-2,3,5,6 benzéne portant, dans les positions I et 4, des chaines méthylénes (—(CH,),— o1 n = 4, 5, 7) liés aux
cycles pyrroliques trans d’une porphyrine qui est alkylée par des groupements méthyle ou éthyle dans les autres positions 8 du
pyrrole. On a obtenu un cristal unique du dérivé du chlorure de fer(IIl) de la base cappée par le duréne-4,4 et on |’a soumis & une
analyse par diffraction des rayons-X. La géométrie de pyramide carrée et & spin élevée qui est typique des chlorures d’hémines
pentacoordonnées est maintenue; le noyau de la porphyrine est fortement déformé et il n’y a acune interaction entre le groupement

phényle et le fer.

There have been numerous attempts to prepare simple iron(Il)
porphyrin complexes which will reversibly bind oxygen in a
manner analogous to hemoglobin and myoglobin (1-3). A
major problem with the “readily available” protein-free model
systems is that, in the presence of oxygen, an irreversible
oxidation to p-oxo-iron(IIl) dimers occurs; this autooxidation
proceeds via the formation of a monomeric iron-dioxygen
adduct, which subsequently reacts with a second iron(Il)
porphyrin unit (4). The synthesis of porphyrins with protective
structures covering one face of the macrocycle has proved to be
an effective way of inhibiting this “dimerization.” Several such
porphyrins have been synthesized, the best-known systems
being the “picket-fence” (5) and “pocket” (6) porphyrins of
Collman et al., the “‘capped” (7) porphyrins of Baldwin and
co-workers, and the “cyclophane hemes” (8) of Traylor et al. In
addition, model systems with steric hindrances on both faces of
the porphyrin (the “basket-handle” porphyrins (9) of Momen-
teau et al.), as well as those with protective structures on one
and appended imidazole ligand on the other side, have been
prepared (10, 11).

Two fundamentally different approaches have been adopted
for the synthesis of hindered porphyrins. The first is an
extension of single-step coupling of benzaldehyde and pyrrole
to produce meso-tetraphenylporphyrin (12). Aromatic alde-
hydes with potential amino groups as ortho-substituents are
condensed with pyrrole and the protective structures are linked
to the amino groups via amide linkages using appropriate acyl
chlorides (5, 6). In a modification of this method, the protective
structures are linked to the aromatic aldehydes at their ortho
positions via ester or ether functions, prior to the coupling with
pyrrole (7, 9, 10). The most widely used approach to the syn-
thesis of hindered porphyrins has been to condense, via ester or

[Traduit par le journal]

amide linkages, a diagonally -substituted preformed porphyrin
with a terminally bifunctional molecule carrying appropriate
functional groups (8, 11, 13-153).

Porphyrins produced by such methods are limited, however,
in the size of the cavity produced. In addition, truly hydrophobic
cavities cannot be produced since the protective structures are
linked to the porphyrin by polar amide, ester, or ether linkages.
An early attempt at the preparation of such a hydrophobic
system using rigid dipyrromethene precursors resulted in very
low yields during the cyclization step (16).

The synthetic route originally developed in this department to
construct permanently deformed porphyrins (17, 18) appeared
to be ideally suited for the synthesis of a sterically hindered
porphyrin having a fully hydrophaobic cavity.

Commercially available 1,4-bis(chloromethyl)-2,3,5,6-tetra-
methylbenzene (1) was converted into the diacid chlorides (2)
using standard malonate chemistry. The incorporation of the
durene strap into the porphyrin' was initially carried out with the
bis-pentanoic and heptanoic acid derivatives (2, n = 5and 7), as
outlined in the scheme. 2-Ethoxycarbonyl-3,5-dimethylpyrrole
(3), prepared by the reductive condensation (19) of diethyl-
oximinomalonate with 2,4-pentanedione, was condensed with 2
to give the diketo bispyrrole (4), using a method previously
employed for the preparation of covalently linked porphyrins
(20). Diborane reduction, in THF, of 4 gave the bispyrrole ethyl
ester (5, R = CO,Et), which was transbenzylated (21) in
refluxing benzyl alcohol and catalytic sodium benzyloxide. The
benzyl ester (5, R = CO,CH,Ph) was converted to the
dicyanovinyl protected derivative (6, R = CH;) using standard

'All new compounds were characterized by satisfactory elemental
analysis, and mass and nmr spectroscopy.
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Fic. 1. A SNOOPI (32) diagram of the hemin 10 (50% probability
contours for all atoms; hydrogen atoms have been omitted for clarity;
the dashed bonds are used to distinguish between the “strap” and the
porphyrin skeleton).

techniques (21-23). The intermediates in this sequence were
unstable and neither isolated nor characterized. However, the
dicyanovinyl group both protects the aldehyde function and
provides a compound suitable for chromatographic purification.

The conversion of 6 (R = CHs) to the chloromethyl
derivative 6 (R = CH,Cl) was carried out under conditions
favourable for an electrophilic, rather than a radical, reaction to
prevent competitive chlorination of the benzene substituents
(24-28); chiorination in the dark using two equivalents of
sulfuryl chloride in methylene dichloride at room temperature
gave 6 (R = CH,Cl), which was isolated and immediately
condensed with the pyrrole 7 (17) to give 8 (R! = CO,Et;

= CH==C(CN), in consistently greater than 90% yield,
attesting to the high regioselectivity of the preceding chlorina-
tion step.

Deprotection of the formyl group and saponification of the
esters was achieved using KOH in refluxing aqueous n-propanol.
The reaction was followed by the disappearance and appearance
of bands at 407 and 320 nm, respectively. Removal of the
n-propanol followed by acidification gave the 5-carboxy-5'-
formyldipyrromethane dimer 8 (R! = CO,H; R? = CHO).
Decarboxylation in refluxing DMF (followed by the disappear-
ance of a 280-nm band) gave 8 (R' = H; R? = CHO), which was
not isolated. Instead, most of the DMF was removed in vacuo,
the residue dissolved in dichloromethane, and the remaining
DMF removed by extraction with water. The dried dichloro-
methane containing the S5-unsubstituted-5'-formyldipyrro-
methane was added to a solution of p-toluenesulfonic acid in
methanol/dichloromethane over a period of 5-6 days using a
syringe pump.

The capped porphyrins 9 (n = 4 or 5 or 7) were the only
porphyrins present in the reaction mixture and were readily iso-
lated and purified by chromatography. The overall yields of the
decarboxylation and cyclization steps were 11-16% (9, n = 4),
22-31% (9, n =5), and 9-13% (9, n = 7) and ~100 mg of
porphyrin was readily available from one such reaction sequence.

The free base 9 (n = 4), in THF, was treated with an excess of
FeCl,, in methanol. The mixture was refluxed, under N,, for

1 h. The solvent was removed and the residue washed with
water and then chromatographed on alumina (activity V).
Elution with CH,Cl, gave the green p.-oxo dimer. Treatment of
the eluate with 0.2 M HCI gave the hemin chloride 10, which
was recrystallized from CH,Cl, /hexane (85% yield). Crystals
of the hemin 10 were prepared by the addition of methanol to a
dichloromethane solution (~0.1 M) to a ratio of 3:7 (v/v).
Standing at room temperature for ~5 days yielded single cry-
stals for X-ray structural analysis.?

The molecular structure of the hemin 10 shown in Fig. 1 (32)
indicates a very distorted porphyrin core, which results directly
from the carbon “strap.” Nevertheless, the square pyramidal
coordination environment found about the Fe atom is typical of

2A crystal suitable for data collection was mounted in a thin-walled
glass tube and centred on an Enraf-Nonius CAD4-F diffractometer.
Accurate cell dimensions were determined by least-squares refine-
ment of the setting angles of 25 accurately centred reflections (with
15° < 26 < 20°) chosen from a variety of points in reciprocal space.
The crystal system was found to be triclinic and consequently the space
group was P1 or P1 (subsequent structure solution uniquely defined the
space group as Pl). A total of 5795 independent reflections were
measured, of which 3271 were classed observed (F/o(F) > 50(F))
and used in structure refinement. Lorentz and polarization corrections
have been made. The Fe atom was located from the Patterson map,
while all other non-hydrogen atoms were found from subsequent
difference-Fourier maps. At this stage, the presence of a crystallization
molecule of dichloromethane was detected in the unit cell, disordered
in at least two different arrangements. The exact mode of this disorder
is complicated and, although a number of chemically reasonable
models were investigated, no satisfactory description of this volume
could be made. We were able to minimize the electron density in this
volume by fixing the “porphyrin” parameters and performing full-
matrix least-squares refinement of the occupancies, coordinates, and
temperature factors of two fractional dichloromethane molecules that
overlapped at a common C site. Subsequent difference maps revealed
clearly the positions of the hydrogen atoms of the porphyrin molecule
(solvent hydrogens were not located). Refinement was continued by
separation of the structure into three batches: batch | contained Fe(1),
ClI(1), and the porphinato skeleton (248 variables); batch 2 consisted
of the “strap” and peripheral methy! and ethyl groups (369 variables);
and batch 3 was made up of the disordered solvent molecule (3!
variables). A number of full-matrix least-squares cycles were per-
formed on each batch alternately until the refinement .had converged.
During these cycles, hydrogen atoms were constrained with respect to
their parent carbon atoms (C—H = 0.95(2) A; H—C—H = 11002);
C—C—H = 110(2)°) and an overall isotropic temperature factor was
refined for (i) methyl hydrogens, (ii) methylene hydrogens, and (i)
“C” hydrogens. The final cycle of refinement, with all hydrogen and
solvent parameters fixed and the coordinates and anisotropic thermal
parameters of the non-hydrogen atoms allowed to vary, produced
essentially no shifts (Z(shift/e.s.d.)? = 2.52) and gave final agreement
factors of R = 0.038 and R,, = 0.048 for 470 variables. The final
difference map contained a number of residual peaks (0.18-0.40 A~3)
in the solvent region and two peaks (0.28 and 0.31e¢ A~3) close to
Fe(1). Weights were derived on the basis of trends in wA? as a function
of sin 8/\ and Fy (Table 1).® Atomic scattering factors including
anomalous dispersion were taken from Tables for X-ray Crystallogra-
phy (29). Final positional and Ui, temperature factors are given in
Table 2. Anisotropic, thermal parameters, hydrogen parameters, bond
parameters, mean-planes data, and structure factor listings have also
been deposited (Tables 3-7).> Data reduction and initial structure
solution were performed using “The NRC VAX crystal structure
system” (30), whereas the latter stages of structure solution and
refinement were carried out using “CRYSTALS, Oxford University”
(31). All calculations were performed using an “in-house” VAX750
computer.
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other high spin Fe(IIl) porphyrins that do not contain a strap
(33) (Table 8).% The Fe(1)—CI(1) distance of 2.232(1) A is
close to the value of 2.218(6) A found for [Fe(proto)(Cl)] (34)
and the distance from Fe(1) to the centre of the phenyl ring of
5.613 A indicates no interaction between the phenyl group of
the “strap” and Fe(1).

The distortion of the porphinato skeleton found here is not as
marked as found in the related deformed free-base porphyrin
with short-strap bridging reported earlier (18, 35). The angle
between the best planes of pyrrole rings 1 and 3 is 43.0° com-
pared with 68.5° in the earlier example, while the corresponding
angle between rings 2 and 4 is 17.2° compared to 13.5° in the
more deformed case (18, 35). Atom pyramidalization (Xpy:)
and bond twist (T.i) parameters (36) for the porphinato
skeleton (Table 9) suggest that strain induced by the strap is
distributed throughout the entire molecule rather than being
localized within the two “strapped” pyrrole rings. Mean-plane
data determined for each pyrrole ring further support distribu-
tion of strain throughout the molecule, viz. the “strapped” C
atoms C(2) and C(12) within rings 1 and 3, respectively, lie well
out (0.06-0.10 A) of the plane defined by the other atoms in
their rings. Also, C, atoms in pyrrole rings 2 and 4 lie out of
plane with respect to the other ring members, in a direction
towards the “strap.”

Bond distances and angles around the porphinato skeleton are
remarkably similar to those found in other “undistorted”
nonstrapped XFe(IlI) porphyrins (Table 10) (37, 38). The bond
parameters for the “strap” and alkyl substituents do not appear
unusual. Transannular parameters indicate that the central
porphyrin cavity has contracted as a result of binding to Fe(1),
e.g. N(1)—N(3) and N(2)—N(4) are 3.965(5) and 4.016(5) A,
respectively, cf. 4.003(4) and 4.241(4) Ain a severely distorted
porphyrin (35).
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The aminolysis of aryl diphenylphosphinates, p-nitrophenyl diphenylphosphinothionate, -phosphinothioate, and -phosphino-
dithioate by n-butylamine, by the secondary amines piperidine, pyrrolidine, morpholine, and dipropylamine, as well as by a
series of diamines, has been studied in acetonitrile. The general reactivity order is diamines > butylamine > sec-amines.
Butylaminolysis follows a two-term rate law, one first order in amine and the other second order in amine. The second order in
amine term predominates. sec-Amines and diamines follow a rate law which is first order in amine only. Leaving group effects,
solvent effects, and activation parameters support a pathway which involves rate-determining collapse of a zwitterionic
pentacoordinate intermediate. In the case of butylamine this collapse is general base catalyzed and for the diamines the reaction is
intramolecularly general base catalyzed.

ROBERT D. Cook, WAFA A. DAOUK, ASAAD N. Hall, AHMAD KABBANI, ANWAR KURKU, MUNA SAMAHA, FUAD SHAYBAN
et OHANNES V. TANIELIAN. Can. J. Chem. 64, 213 (1986).

Opérant dans |’acétonitrile, on a étudié 1’aminolyse des diphénylphosphinates d’aryles et des diphényl-phosphinothionate,
-phosphinothioate et -phosphinodithioate de p-nitro-phényle par la n-butylamine, par les amines secondaires comme la
pipéridine, la pyrrolidine, la morpholine et la dipropylamine ainsi que par une série de diamines. L’ordre de réactivité générale
est le suivant: diamines, butylamine, amines secondaires. La butylaminolyse obéit 4 une équation de vitesse impliquant deux
termes, un du premier ordre en amine et un autre du deuxie¢me ordre en amine. Le terme du deuxiéme ordre en amine prédomine.
Les réactions avec les amines secondaires et avec les diamines obéissent 4 une équation du premier ordre en amine seulement. Les
effets de groupements nucléofuges et de solvants ainsi que les parametres d’activation sont en accord avec un mécanisme
réactionnel impliquant une étape déterminante au cours de laquelle il y a décomposition d’un intermédiaire zwitterionique
pentacoordonné. Dans le cas de la butylamine, cette décomposition est soumise & une catalyse générale des bases et, pour les
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diamines, la réaction est soumise a une catalyse générale des bases qui est intramoléculaire.

Introduction

Aminolysis reactions of carboxylic esters in aprotic solvents
have been the subject of several reports starting with the work of
Menger in 1966 (1). Menger found that the butylaminolysis of
p-nitrophenyl acetate (p-NPA) in chlorobenzene is second
order in amine and that tertiary amines only mildly catalyze the
reaction. A mechanism involving concerted bifunctional cataly-
sis was proposed, with a transition state similar to 1.

|
R—C---OR
/ A\
7 AN
R—N H
/N i
H H----N—R
\
H
1

Shawali and Biechler (2) reported that the butylaminolysis of
both phenyl dichloroacetate and difluoroacetate in p-dioxane
follows a mixed rate law (eq. [1]) and that tertiary amines do

[1] Rate = ky[ester][amine] + ks[ester][amine]?

"Taken in part from the M.S. Theses of W.A.D., A.H., Ah.K.,
AK., FS., and O.T., American University of Beirut, Beirut,
Lebanon.

2Author to whom correspondence may be addressed. Address for the
academic years 1984-1986 at the University of Toronto.

[Traduit par le journal]

catalyze the reaction. On the other hand, for secondary amine
aminolysis, only the term which is first order in amine appears.
For butylaminolysis the authors suggest that the reaction
proceeds via a neutral tetrahedral intermediate, with the second
amine molecule catalyzing the breakdown of this intermediate
by proton removal. The bifunctional cyclic mechanism was
proposed by Satchell and Secemski (3) as the pathway of the
aminolysis of p-NPA in diethyl ether. These authors also report
that [2.2.2]diazobicyclooctane catalyzes the reaction; a path-
way involving nucleophilic catalysis was proposed (4). Later
papers by the groups of Menger (5) and Watson (6) clearly show
the presence of catalysis by tertiary amines in several systems
and concluded that a two-step general base mechanism is
preferable over the concerted pathway. Menger and Smith (5a)
also reported linear free energy relationship data that strongly
support the collapse of the intermediate as the rate-determining
step, with the second amine molecule catalyzing the reaction by
removing a proton from the zwitterionic form of the intermedi-
ate (2).

There have been several other reports on the aminolysis of
carboxylic esters in aprotic media showing catalysis by proton

?4
CH 3—C——O—C6H4N02'P

+NH,R
2
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acceptors (7), ionophones (8), as well as intramolecular effects
by groups in the acid part (9) and the phenol part (10) of the
ester. Aminolysis reactions by imidazole (11) and by amino-
pyridines (12) as well as catalysis of the imidazole reaction by
lithium perchlorate (13) have also been studied.

In this paper we report our results on the aminolysis of three
phosphinate esters (3—5) as well as on p-nitrophenyl diphenyl-
phosphinothionate (6), -phosphinothioate (7), and -phosphino-
dithioate (8). Compounds 4-8 were studied with butylamine

(CeHs),P(OYOCsH4X X = p-NO,
X = p-CN
X = m-NOZ

(C6Hs),P(S)OCsH4NO,-p
(CeHs),P(0)SCsH4NO,-p
(CeH5)2P(S)SCsHsNO,-p

only but ester 3 was studied with butylamine, a series of
secondary amines, and diamines. There is one previous report
on the aminolysis of a phosphinate ester and a comparison will
be made with this work (14).

AN W

Results

Rate data

The observed rate constants as well as the calculated
second-order rate constants (k, = kgs/[amine]) for the butyl-
aminolysis of 3-8 are given in Table 1. A plot of the &, for the
butylaminolysis of 3 versus amine concentration is given in Fig.
1. The slope, ks, is 5.31 X 1072 M~ 2s™! (r = 0.987) and the
intercept, &, is8.02 X 10~* M~ ' s~ ! or approximately 1.4% of
the k3. Therefore within the range of amine concentrations used
in our experiments the butylaminolysis of 3 follows the rate law
of eq. [1] with the third-order term predominating. The other
esters in Table 1 give similar results and their &, and k5 values
are reported in Table 2.

The ks and k5 values for the aminolysis of 3 with sec-amines
and diamines are given in Tables 3 and 4, respectively. Figure 2
gives the plot of k,, versus amine concentration for the
piperidinolysis of 3. Table 5 gives the data collected on the
aminolysis reactions in chlorobenzene and Table 6 reports the
results of the experiments carried out in the presence of tertiary
amines.

Activation parameters

The activation parameters for the butylaminolysis of 3 and 8
as well as for the piperidinolysis, and the aminolysis with
1,3-diaminopropane of 3 are given in Table 7.

Limitations on the rate data

The reproducibility of the rate data for a given amine
concentration was good. The major source of fluctuation was
due to the difficulty of reproducing identical amine concentra-
tions. The best results were obtained when the amine was
delivered using a Gilmont microsyringe (for all primary amines
and diamines). For the secondary amines, stock solutions were
prepared and delivered by pipet. In the latter case the third figure
in the observed rate constants is unlikely to be significant.

The values of k, and k3 for most systems are determined
graphically. The errors in this determination, especially when
less than 5 data points are used, are going to be large (+10%).
This will be particularly true for k,, which is determined from the
intercept. These errors in the rate constants will carry over to the
calculations of the activation parameters. A reasonable error
limit for the second-order reaction would be £3kcal /mol for
the E,(AH?) and =10—15eu for the AS™.

TaBLE 1. Rate constants® for the butylaminolysis of 3—8 in acetonitrile

Compound {Amine] kops X 103 (s71) by x 103 (M1 s7h
3 0.08¢ 0.39 4.86
0.10° 0.63 6.31
0.12¢ 0.85 7.05
0.14¢ 1.20 8.60
0.16¢ 1.44 9.02
0.16° 1.65 10.31
0.16% 1.16 7.25
0.16¢ 0.80 5.00
0.307 4.78 15.9
0.40¢ 8.45 21.1
0.504 13.1 26.2
4 0.30¢ 0.399 1.34
0.40¢ 0.711 1.78
0.50¢ 1.11 2.22
5 0.307 0.230 0.767
0.40¢ 0.404 1.01
0.50¢ 0.635 1.27
6 0.16¢ 0.0321 0.201
0.20¢ 0.0485 0.243
0.24¢ 0.0646 0.269
0.284 0.0939 0.335
0.324 0.131 0.409
0.36 0.154 0.428
7 0.10° 21.9 219
0.126 26.9 224
0.14° 34.4 246
0.16° 45.0 281
0.18° 51.6 287
8 0.36° 3.58 9.94
0.50° 6.06 12.1
0.60° 7.94 13.2
0.70° 10.2 14.6
0.85% 14.1 16.6
0.36¢ 4.62 12.8
0.50¢ 7.08 14,2
0.607 9.32 15.5
0.704 11.8 16.9
0.85¢ 15.5 18.2
Average of 2—3 runs; [ester] = 1.3 x 107 M.
bT = 25°C.
°T = 30°C.
4T = 40°C,
T = 50°C.

TaBLE 2. Graphically determined” k, and k; values for the butyl-
aminolysis of esters 3-8 in acetonitrile

Compound® T(°C) kX 103(M'sY) kg x 103 (M2sh)

3 30 0.802 53.1 0.986

40 0.467 51.5 0.998
4 40 0.0133 4.45 0.999
5 40 0.0097 2.52 0.996
6 40 — 1.24 0.987
7 25 116 965 0.965
8 25 5.20 13.4 0.999

40 8.67 11.4 0.996

“Determined from a plot of ky,,/[amine] vs. [amine]; slope = k; and the
intercept = k;.

b[Ester] = 1.3 X 107° M.

r = correlation coefficient of the least-squares plot.
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ko = 8.02 x 10™
ks = 531 x 1072

100

O | | | L
0 004 008 012 016
[AMINE], M

F1G. . Plot of kups/[amine] vs. [amine] for the butylaminolysis of
3 in acetonitrile; T = 30°C.

TABLE 3. Rate constants® for the secondary amine aminolysis of 3 in
acetonitrile at 50°C

Amine {Amine] kg X 10° (s ky X 105 (M 's7)
Piperidine 1.00 343 34.3
0.75 24.5 32.7
0.50 17.2 34.4
0.25 9.10 36.4
1.00° 27.7 27.7
1.00¢ 48.0 48.0
ky=3.32x 10744
Morpholine 1.00 2.69 2.69
1.40 3.55 2.54
1.75 5.11 2.91
2.00 5.54 2.77
2.50 6.19 2.47
ky=12.46 X 10754
Pyrrolidine 1.00 215 215
0.75 166 220
0.50 115 220
0.25 46.3 185
ky=2.23 x 10734
Dipropylamine 1.00 4.76 4.76
1.25 6.68 5.34
1.50 7.64 5.09
1.80 8.25 4.71
2.00 9.71 4.85
ky=4.46 x 10754
Methylbutylamine  0.16° 5.90 37.0
“Average of 2-3 runs; [ester] = 1.3 X 1075 M.
5T = 40°C.
°T = 60°C.

4k, determined from the slope of the plot of kg vs. [amine].
¢T = 30°C.

TaBLE 4. Rate constants® for the diaminolysis of 3 in acetonitrile

at 30°C
[Amine] keps X 10° ko X 10°
Amine (M) s s
1,2-Diaminoethane 0.08 1.69 21.2
1,3-Diaminopropane 0.04 2,13 53.1
0.06 3.43 57.2
0.08 4.40 56.2
0.08° 2.88 36.0
0.08° 1.92 24.0
1,4-Diaminobutane 0.08 5.21 65.1
1,5-Diaminopentane 0.04 1.31 32.8
0.06 2.10 34.9
0.08 2.45 30.6
1,6-Diaminohexane 0.08 0.96 12.0
N-methyl-1,2-diaminoethane 0.08 1.78 22.2
N,N’-dimethyl-1,2-diaminoethane (.08 0.109 1.36
0.16 0.228 1.43
N,N-dimethyl-1,2-diaminoethane 0.08 0.781 9.76
N-methyl-1,3-diaminopropane 0.08 3.53 44.1
N,N-dimethyl-1,3-diaminopropane  0.08 2.59 32.4
“Average of 2-3 runs; [ester] = 1.3 X 1075 M.
’T = 40°C.
‘T = 50°C.

TaBLE 5. Rate constants? for the butylaminolysis of 3 in
chlorobenzene at 30°C

{Amine] (M) kops X 10° (s71) ky X 10° (M's7Y
1.00 3.33 3.33
2.00 12.8 6.40
3.00 26.3 8.77
ky=7.27 X 10°%¢ g 57!
ky =272 X 10752 M 257!
“Average of 2-3 runs; [ester] = 1.3 X 105,

®Determined from a plot of k., /[amine] vs. [amine].

TABLE 6. Rate constants® for the aminolysis of 3 in the presence of
tertiary amines

Amine M tertAmine M kg X 10°(s7h)

Butylamine? 0.08 — — 38.9
0.08 Imidazole 0.08 66.7
0.08 Pyridine 0.08 62.4
0.08 Triethylamine 0.08 77.7

1,3-Diaminopropane? 0.08 — — 450
0.08 Imidazole 0.08 256
0.08 Pyridine 0.08 409
0.08 Triethylamine 0.08 414

Piperidine® 0.50 — — 17.2
0.50 Pyridine 0.50 20.0
0.50 Triethylamine 0.50 21.0

“Average in 2-3 runs; [ester] = 1.3 X 1075 M.
5T = 30°C in acetonitrile.
°T = 50°C in acetonitrile.
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FiGg. 2. Plot of k. vs. [amine] for the piperidinolysis of 3 in
acetonitrile; T = 50°C.

TABLE 7. Activation parameters for the aminolysis of phosphinates in
acetonitrile

E, AGH AH*

AS*

Ester Amine kcal /mol eu
3 Butylamine” -0.5 20.0 —-1.2 —68
8 Butylamine® -3.2 200 -38 -80
8 Butylamine® 3.3 20.6 2.7 —60
3 Piperidine? 575 24.1 514 =39
3 1,3-Diaminopropane® —8.1 19.5 —-8.4 -92

“T = 30°C in acetonitrile; k3 component.
5T = 25°C in acetonitrile; k5 component.
°T = 25°C in acetonitrile; k, component.
T = 50°C in acetonitrile.
‘T = 30°C in acetonitrile.

Discussion

Butylaminolysis

The butylaminolysis of all the esters studied follows the
two-term rate law represented in eq. [1] with the exception of
ester 6, which has only a k3 component. With all the esters k3 is
larger than k, (Table 2), and the ks3/k, ratio is larger; that is,
catalysis is more important for the esters with the more basic
leaving groups (3, 4, 5, and 6 versus 7 and 8). The aminolysis of
3 is catalyzed by the tertiary amines imidazole, pyridine, and
triethylamine (Table 6) and therefore a cyclic concerted
mechanism is ruled out. There are two reasonable pathways: (i)
a general base-catalyzed direct displacement and (if) a rate-
determining general base-catalyzed breakdown of a pentacoor-
dinate zwitterionic intermediate (eq. (2]).

In the rate-determining step of both of these pathways,
negative charge is generated on the leaving group in the
transition state. Although only three compounds with para
substituents have been studied (3-5), their rates of aminolysis
(k3) correlate with the o~ values of the substituents and not with
the o values. The calculated p value using o~ is 2.55 (r =
0.983). The significance of such a correlation with only three
points is limited; however, what is clear is that the p-CN ester
(4) is more reactive than the m-NO, ester (5), in line with the ¢~
values and not with the o values of the substituents. In support
of rate-determining loss of the leaving group are the reactivity
ratios for the phenol versus thiophenol leaving groups. The
ratios of the k; values for 7/3 and 8/6 are 18.2 and 9.4,
respectively. For the uncatalyzed reaction (k,), where the
basicity of the leaving group might be expected to be more
important, the ratio for esters 7/3 is 143. The large drop in rate
when the butylaminolysis of 3 is studied in chlorobenzene also
supports a pathway with a highly charged transition state (Table
5). These data have led to the suggestion of a transition state
with negative charge on the leaving group and, for the
case of the pathway involving intermediate formation, rate-
determining collapse of the intermediate will only be possible if
the intermediate is the dipolar ion represented in structure 9 (5).

The question of whether or not there is an intermediate along
the reaction path in displacement at phosphorus in acyclic
phosphorus esters is the difficult one to answer. Kirby and
Warren (15) and Emsley and Hall (16) have summarized the
evidence and argue for a direct displacement in these acyclic
systems. On the other hand, there is ample evidence for
intermediates in the reactions of cyclic phosphorus esters (17)
and in two acyclic systems involving the acid-catalyzed
hydrolysis of a phosphinothionate (18a) and a phosphonate
(18b). In our report on the alkaline hydrolysis of a series of alkyl
dialkylphosphinates and their sulfur analogs we were unable to
eliminate either possibility, i.e., direct displacement versus
intermediate formation (19). However, in the hydrolysis of aryl
esters, with one exception (20), the rates correlate with
Hammett’s o values, and not with the o~ values, supporting a
mechanism where no charge is generated on the leaving group in
the rate-determining step and therefore, by implication, sup-
porting rate-determining formation of an intermediate (21). The
ratio of reactivity under conditions of alkaline hydrolysis for
aryl diphenylphosphinothioates and aryl diphenylphosphinates
is only 4, which is considerably less than is observed in the
aminolysis reactions and is in line with the above statements.

The atom doubly bonded to phosphorus influences the
reactivity of the esters significantly. For example, the ratios of
k3’s for 3/6 and 7/8 are 22.8 and 72, respectively. The greater
reactivity of the P=0 esters is generally rationalized in terms of
the differences in polarizability and solvation of the two groups
(22). In acetonitrile the latter may not be very important. A
summary of P=0/P=S reactivity ratios is presented in
ref. 19 for several different systems and it is suggested that the
values of these ratios cannot lead to significant mechanistic
conclusions.

(‘)— R,P(O)NHR"
K, k
2] R,P(O)OR’ + R'NH, =—= R,P—O—R’ W}ﬁ
~1
NH,R" R'OH

9
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The butylaminolysis reactions give highly negative entropies
of activation (Table 7). The values obtained are quite small for
both the k; and k; components (23) (the entropies of activation
for the second-order reaction have larger errors incorporated
into the calculation because of the fact that the values of &, are
intercepts). Negative activation energies have been obtained for
the third-order components, which, although unusual, have
been observed in other systems and are suggested as being
support for intermediate formation along the reaction pathway
in contrast to a direct displacement (24). The transition from
tetrahedral phosphorus to a charged pentacoordinate intermedi-
ate, coupled with the incorporation of a second amine molecule
in the transition state, should lead to very negative entropies of
activation. As well as being a termolecular reaction, there
should also be considerable restriction of rotation in the
transition state as well as some electrorestriction of solvent.

Therefore, for the mechanism, a process similar to eq. [2] is
likely. The transition from intermediate (10) to transition state
(11) can be pictured as in eq. [3], where a zwitterion is going

S_QCGH‘;NOz-p

CoHls, QCeHNO2P CeHs, |
. ” - —_— “E ===0%—
[3] JT_O H,NC,H, JP ©
CsHs +NH,C4Hq C6H55+NHC4H9
10 H---NH,C,H,

5+
11

towards two separated ions; that is, there is greater charge
separation in the transition state, which is reached late on the
reaction coordinate, than there is in the intermediate. Under the
reaction conditions it is the p-nitrophenoxide anion that is being
observed at 423 nm (25). The slower reaction in the less polar
chlorobenzene would be expected for this process.

The bimolecular reaction pathway can be thought of as the
slow dissociation of the zwitterionic intermediate, with subse-
quent loss of a proton to a second amine molecule, or as slow
simultaneous intramolecular proton transfer to O~ and loss of
phenoxide followed by proton loss to a second amine molecule.

Bel’skii et al. (14) have reported their results on the
aminolysis of the very reactive phosphinate p-nitrophenyl
bis(chloromethyl)phosphinate by a series of primary and sec-
ondary amines in benzene. They have also suggested, in line
with Menger’s original suggestion for carboxylates, that a
zwitterionic intermediate exists along the reaction pathway.

Secondary amine aminolysis

The aminolysis reactions of 3 with the secondary amines
piperidine, morpholine, pyrrolidine, and di-n-propylamine all
follow a rate law where only the k, term appears. This result is
supported by the lack of significant catalysis with tertiary
amines (Table 6). The observed rate of aminolysis by these
amines is slower than that observed for butylamine and this rate
order is the opposite of that observed for carboxylate esters (5).
The overall slower rate is due to the absence of a general
base-catalyzed pathway for the sec-amine aminolysis. Both for
most carboxylic ester systems (5) and for the phosphinate
studied by Bel’skii’s group (14), a mixed rate law was obtained
for the reactions with secondary amines. The reactivity order
observed in the aminolysis reactions of p-nitrophenyl bis-
(chloromethyl)phosphinate is piperidine > butylamine >
diethylamine (14).

There is a good correlation between the rates of aminolysis of

TaBLE 8. Relative rates for the diaminolysis of
3 in acetonitrile at 30°C; [H,N(CH,),NH,] =

0.08 M
n Relative rate pK,* ApKab
2 1.75 18.46 5.45
3 4.66 18.70 4.72
4 5.42 20.12 4.78
5 2.58 19.14 2.17
6 1.00 — —

“pK, in acetonitrile; ref. 26.
*ApK, = pK,? — pK,'; ref. 26.

3 and the pK, of the amines as measured in acetonitrile (26) with
the exception of morpholine, which is considerably more
reactive than its basicity would predict. The entropy of
activation of the piperidinolysis of 3 is —59 eu, which is very
small for a bimolecular reaction and suggests a restricted
transition state. )

The reason for the lack of a third-order term is most likely
steric in origin, inasmuch as the larger secondary amines
prevent a second amine molecule from being involved in the
rate-determining step. The observation of general base catalysis
with Bel’skii’s ester reflects the smaller size of the CICH,
substituent.

Once again this bimolecular pathway can be rationalized as
either rate-determining dissociation of the zwitterionic inter-
mediate, followed by loss of a proton, or as a rate-determining
intramolecular proton transfer to the O™, coinciding with loss of
the leaving group.

Diaminolysis

The diaminolysis reactions of 3 follow a rate law which is first
order in amine only; their reaction rates, however, are greater
than those observed for either butylamine (7 times faster per
amino group) or for the secondary amines. Anderson, Su, and
Watson (6) observed a similar rate enhancement for 1,3-
diaminopropane over butylamine in the aminolysis of p-NPA in
chlorobenzene. A mechanism identical to the other systems but
with intramolecular general base catalysis would appear to best
fit these results. Of the unsubstituted diamines, the 1,4-
diaminobutane is the most reactive (Table 8), in accord with its
having the highest basicity of the diamines studied (26). Table 8
also gives the ApK, (pK,> — pK,') values for the diamines,
which show a break at the point at which intramolecular
hydrogen bonding, and subsequently catalysis, becomes less
important. The diamine that gives the maximum rate would go
through a transition state (13) involving proton transfer in a
seven-membered ring, one atom of which is the sterically small
hydrogen.

The entropy of activation calculated for the 1,3-diamino-
propane reaction is —92 eu. This is an extremely small value for

b—O—C6H4N02-p
CeHs, |

P-_—:OB‘

CsHsd i
s N---H-—NH,>*

“

H C\Hz (|:H2
CHz_CHz
13
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TABLE 9. Relative rates for the aminolysis of
3 by N-substituted diamines in acetonitrile at

30°C
Diamine Relative rate
H,NCH,CH,;NH, 1.087
CH;NHCH,CH,NH, 2.28
(CH;3),NCH,CH,NH, 1.00
H,N(CH,);NH, 0.87¢
CH;NH(CH,)3;NH, 1.36
(CH3),N(CH,);NH, 1.00
CH;NHCH,CH,NHCH, 1.847
CH3;NHCH,CH,CH,CH; 1.00

“Rate /2 to account for two reactive sites.

a bimolecular reaction and reflects a large degree of freezing of
rotation of the molecules in the transition state. This same
system has also been studied in chlorobenzene, where the
reaction followed a mixed rate law (eq. [1]) and the overall rate
is considerably decreased (k, = 6.12 X 10"*M~2s7'). Sucha
solvent effect supports a highly charged transition state.

A most interesting observation is the inhibition of reaction
observed when tertiary amines are present. Table 6 shows that
the rate of aminolysis with 1,3-diaminopropane is retarded in
the presence of imidazole, pyridine, and triethylamine. A
possible explanation for this result would involve the inhibition
of catalysis because of intermolecular hydrogen bonding be-
tween the “free” end of the diamine and the tertiary amine.
There is no spectral evidence, in this case or in any other in this
study, of imidazole acting as a nucleophile.

Table 9 summarizes the data for the N-substituted diamines.
In the case of the monosubstituted diamines it is assumed that
the reaction proceeds via nucleophilic attack of the primary
amine and catalysis by the secondary amine, a conclusion
reached because of the differences in reactivity between the two
amine systems. The order of catalytic ability parallels the
basicity of the amine end that is acting as a catalyst (1° < 2° >
3°) (26). Although a third-order term is not observed in the
reactions with secondary amines, it appears that there is some
intramolecular catalysis of a secondary amine reaction by
another secondary amine in the case of N,N'-dimethylethylene
diamine, where it is 4 times more reactive than methylbutyl-
amine (2 times per amino group) (Table 9).

Experimental

Synthesis of the esters

The p-nitrophenyl diphenylphosphinate, 3, p-cyanopheny! diphen-
ylphosphinate, 4, and m-nitrophenyl diphenylphosphinate, 5, were
prepared according to the method of Haake and Hurst (27). The
p-nitrophenyl diphenylphosphinothioate, 7, and diphenylphosphino-
dithioate, 8, were prepared by the method of Spense, Swan, and Wright
(28) while the p-nitrophenyl diphenylphosphinothionate, 6, was
synthesized by the procedure of Williams, Douglas, and Loran (29).
Table 10 gives the physical constants for the esters, as well as their
literature values. The highly reactive ester 7 could never be purified
completely; small amounts of diphenylphosphinic acid always re-
mained in the sample. The ester was used as is in the kinetic
determinations and it was shown that adding diphenylphosphinic acid
had no effect on the reaction.

Kinetics

The reaction rates were followed by measuring the increase in
absorbance due to the production of phenol or thiophenol using
Pye—Unicam model SP6-550, model SP8-250, and the Perkin—Elmer

TABLE 10. Melting points and kinetic wavelengths for the esters 3-8

Kinetic wavelength

Melting point (°C) (nm)

Ester Observed Literature CH;CN CgHsCl
3 149-150 149-150¢ 423 336
4 110-112% — 290 —

5 120-123 124¢ 350 —
6 84-86 88—90¢ 423 —
7 121-123¢ — 490 —
8 165-167 168-169/ 490 —

“Reference 27.

YElemental analysis, found (caled.): C 71.47 (71.69), H 4.57 (4.39), P 10.3
(9.72), N 4.07 (4.39).

‘Reference 30.

dReference 29.

‘Elemental analysis and tlc indicated that the ester was contaminated with a
small amount of diphenylphosphinic acid (see text).

/Reference 28.

model 450 spectrophotometers. Reactions were carried out in thermo-
statted cells and the temperatures reported are within =0.1°C. The
kinetic wavelengths used for the different esters are reported in Table
10.

Most reactions were initiated by adding the required amount of
amine with a Gilmont microsyringe to a 25-mL volumetric flask
containing 1.3 X 107> M ester in acetonitrile or chlorobenzene. For the
very fast reactions the amine was added directly to the thermostatted
cuvette. In all runs the amine was in large excess over the ester so that
pseudo-first-order conditions prevailed. Reactions were followed to
completion, except for ester 8, and all plots gave excellent straight lines
to well over 95% reaction, with correlation coefficients of the
least-squares analyses of the data greater than 0.99. The data reported
in the tables are the average of 2—3 runs in each case; reproducibility of
the kinetic determinations was excellent. For ester 8 the rates were
determined from Guggenheim plots because the thiophenol product
undergoes slow oxidation. This oxidation was not a problem in the
aminolysis of 7 because of its much faster rate, Second-order rate
constants were determined by dividing the ko by the amine concentra-
tion and third-order rate constants were obtained from the plot of
kons/[amine] vs. [amine]. The reactions with 1,6-diaminohexane, a
solid, as well as with some of the secondary amines, were carried out by
making a stock solution of the amine in acetonitrile and adding an
appropriate volume to a stock solution of ester. The amide product with
1,6-diaminohexane precipitated from solution; however, because of
the relative slowness of the reaction the solution could be filtered before
absorbance readings were taken.

The amides formed with three of the amines were isolated from the
reaction mixtures and identified by comparison with authentic samples.
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Polymérisation de I’acide molybdique induite par 1’acide métatungstique
P. COURTIN ET J. LEFEBVRE'

Recu le 17 janvier, 19852

P. CouRrTIN et J. LEFEBVRE. Can. J. Chem. 64, 220 (1986).

En solution aqueuse, 1’acide métatungstique se décompose trés lentement en oxyde tungstique, haut polymere insoluble, et la
polymérisation de I’acide molybdique préparé par échange d’ions a partir du molybdate, Na;MoQy, est limitée (n = 24). L’addi-
tion d’acide métatungstique a I’acide molybdique entraine la formation relativement rapide de hauts polymeéres solubles. Ce sont
des acides mixtes molybdotungstiques dont la composition dépend de la fraction molaire f = [Mo]/[Mo + W] du mélange. En
particulier si 0,80 < f= 0,95, laréaction des acides est totale; c’est une méthode pour obtenir des sols trés riches en molybdéne,
puisque le rendement en haut polymére est égal a4 80%. La formation de 1’acide mixte peut résulter soit de ’interaction directe
des deux acides, soit de la décomposition de 1’acide métatungstique substitué par le molybdéne, formé transitoirement. Durant
la polymérisation suivie par ultracentrifugation et échange d’ions, la teneur en Mo et W des acides mixtes ne varie pas.

P. CouURTIN and J. LEFEBVRE. Can. J. Chem, 64, 220 (1986).

In acid media, metatungstic acid very slowly decomposes into tungstic oxide, an insoluble high polymer; under the same
conditions, the polymerization of molybdic acid, prepared by ion exchange from the molybdate, Na,MoQy,, is limited (n = 24).
The addition of metatungstic acid to molybdic acid involves the relatively rapid formation of soluble high polymers. These are
mixed molybdotungstic acids whose compositions vary according to the molar fraction, f= [Mo]/[Mo + W], of the reaction
mixture. When 0.80 < f= 0.95, this reaction is complete: this is a method of obtaining colloids very rich in molybdenum since
the yield in high polymer is equal to 80%. The formation of the mixed acid can be due either to the direct interaction of the two
acids or to the decomposition of the metatungstic acid, substituted by the molybdenum, which would be formed transiently. As
determined by ultracentrifugation and by ion exchanges, the relative proportions of Mo and W in the mixed acids do not vary

during the course of the polymerization.

Introduction

Beaucoup d’oxydes de métaux de transition (WO3, V,0s)
peuvent étre obtenus a I’état colloidal ou de gel; ce sont alors des
matériaux aux propriétés intéressantes, qui se prétent a de
nombreuses applications: réalisation de cellules électrochromi-
ques ou de dispositif d’affichage, emploi comme semi-conduc-
teur (1). Les gels tungstiques ou vanadiques sont facilement
obtenus suivant une méthode développée au laboratoire (2):
préparation d’un acide a partir d’un sel passé sur une résine
échangeuse de protons, suivie de la polymérisation de cet acide
par élimination de H,O entre deux groupements M—OH
voisins. Les gels molybdiques, par contre, ne sont pas obtenus
par cette voie parce que la polymérisation de 1’acide molybdique
formé est limitée. Il est donc nécessaire d’utiliser la préparation
de Graham—Murgier (3) qui part de solutions trés concentrées.

Cependant, un autre moyen d’accéder aux gels molybdiques
dans des conditions moins restrictives de concentration pourrait
consister a incorporer a I’acide molybdique peu condensé un
autre acide pouvant évoluer spontanément vers une forme
hautement condensée, par exemple, 1’acide tungstique, afin
d’induire la formation d’un haut polymére mixte. En effet, des
composés mixtes a base de tungsténe et de molybdéne sont
aisément obtenus aussi bien dans le domaine des faibles
condensations (hexa- et dodéca-métallates (4)) que dans celui
des condensations élevées caractéristiques des gels (5). Le
probléme est donc de savoir si la texture hautement condensée
de I’acide tungstique est susceptible de se maintenir dans le
polymére mixte, méme lorsqu’il y est présent en faible
proportion.

Dans ce travail, le tungsténe a €té introduit dans la solution
aqueuse molybdique sous forme d’hétéropolyacide possédant la
structure de Keggin (6) de formule générale Hz_ ,y[X W1,040]

!'Auteur 4 qui adresser la correspondance.
ZRévision regue le 19 septembre 1985.

[Journal translation]

oll n est le degré d’oxydation de I’hétéro-élément X (X = Si,
H.). En effet, nous avons observé qu’en solution aqueuse pure,
I’un de ces composés faiblement condensés, 1’acide métatungs-
tique (X =H,), avait la propriété de se transformer tres
lentement en acide tungstique trés condensé.® C’est donc sous
cette forme que le tungstene a principalement été introduit dans
la solution aqueuse molybdique, avec 1’avantage de ne pas
apporter d’autre élément étranger que le tungstene. D’autres
hétéropolyacides du type précédent (X = Si) ou mixtes lui ont
été ensuite comparés pour tenter de préciser le mécanisme de
formation des acides mixtes molybdotungstiques polymérisés.

Partie expérimentale
1. Réactifs

1.1 Acide molybdique

Il est préparé par échange d’ions sur une résine cationique de type
Dowex 50 W X-2, 100—-200 mesh, sous forme H*, a partir d’une
solution de molybdate de sodium Na,MoQO,-2H,0 a 20°C.

1.2 Hétéropolyacides tungstiques

IIs sont préparés suivant les méthodes classiques (8), par extraction
ou par échange d’ions.

1.3 Hétéropolyacides substitués molybdotungstiques

Les sels sont d’abord préparés (4, 9), puis les acides, par échange
d’ions.

Le systeme mixte a étudier est préparé soit par mélange des réactifs
1.1 et 1.2, soit par dissolution de 1.3. II est défini par sa fraction
molaire f= [Mo]/[Mo + W]. Les réactions sont lentes; elles sont
suivies pour la plupart a température constante de 20°C.

2. Techniques et méthodes analytiques

2.1 Ultracentrifugation préparative

Réalisée dans un appareil Beckman Spinco, modele E équipé d’un
rotor a godets SW65E, 4 36 000 r/min pendant 100 min, elle permet la
séparation des hauts polyméres qui sont rassemblés au fond du tube
sous forme d’un gel. En surface, on dispose d’une solution pure de
composés légers.

3p. Courtin, résultats non publiés.
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2.2 Echange &’ ions

Par passage sur une résine Amberlite CG-400, 100-200 mesh, sous
forme CI-, les ions polymolybdiques sont fixés. En utilisant 2 méquiv.
de résine pour 0,10 méquiv. de molybdéne, I’échange est complet
quelle que soit la concentration.

2.3 Hydrolyse rapide a pH contrélé

Réalisée sous azote, & pH constant égal 4 8, par addition de soude
pendant 1 min & I'aide d’un combititreur Methrohm E 415, elle permet
la dégradation alcaline en ions MoQ,2~ et WO,>~ des formes labiles du
mélange exclusivement,

2.4 Hydrolyse totale

Réalisée par un exceés de soude a I’ébullition, elle permet la
décomposition totale du systéme i I’état d’ions MoQO,>~ et WO,

2.5 Analyse

Les hétéropolyanions substitués [XMoW;,04]® ="~ sont dosés
par polarographie en milieu acide chlorhydrique 1,0 X 10~' M (X =
H,) et par spectrophotométrie d’absorption a 500 nm, aprés réduction,
4 pH 2, du molybdéne par le chlorure stanneux en solution dans le
glycérol (10) (X =Si). Les autres dosages sont effectués apres
hydrolyse des mélanges:

Hydrolyse rapide: la somme [MoO4*~ + WO,2"] labile est titrée par
dosage protométrique avec ’acide chlorhydrique en présence de
mannitol (11), et MoO,* est déterminé, a 475 nm, par spectro-
photométrie d’absorption du complexe coloré formé avec le pyrocaté-
chol en tampon phosphate (pH 7,50) (12); le métatungstate est dosé par
polarographie en tampon phosphate de pH 7,50 (13).

Hydrolyse totale: MoO,>~ et WO,%~ sont dosés simultanément, &
475 et 350nm, par spectrophotométrie d’absorption du complexe
formé avec le pyrocatéchol en tampon phosphate de pH 7,50, ou par
polarographie en milieu acide chlorhydrique 8 M (14).

3. Masse molaire

La condensation est mesurée par ultracentrifugation analytique a
I’aide d’un appareil Beckman équipé de 1’optique Schlieren.

3.1 Les coefficients de sédimentation apparents, (Sp)app- sont
déterminés en cellule de 12mm d’épaisseur, a double secteur, a
différentes vitesses de rotation (14 000 < v < 26 000 r/min), dans des
solutions suffisamment diluées pour éliminer les effets dus aux
interactions moléculaires (1,0 X 1072 M <Mo < 35,0 X 1072 M). Le
solvant ajouté au moment de la mesure est constitué de chlorure de
lithium & la concentration 5,0 X 102 M. La distribution des coeffi-
cients (s)zpp €st obtenue au moyen de la fonction de distribution
normalisée g(s) = 1/C(dC/ds) ot C est la concentration du soluté (15).

3.2 Les coefficients de diffusion, D,,, sont obtenus par centrifugation
a basse vitesse, v = 10 000 r/min, en cellule a frontiere synthétique a
capillaire, selon la méthode de Fujita — Van Holde (16).

3.3 La masse molaire des composés lourds est calculée 2 ’aide de la
relation de Svedberg (17); celle des composés légers est obtenue par
construction du diagramme d’Archibald aprés centrifugation en transi-
tion vers 1’équilibre de sédimentation (18), & différentes vitesses
(15000 < v < 42000 r/min), avec cellule a double secteur, a remplis-
sage homogene.

Résultats expérimentaux
L. Etat du systéme a I équilibre
Il est déterminé lorsque les concentrations des constituants ne
varient plus avec I’dge, c’est-a-dire au bout de 30 jours & 20°C.
Le systéme est toujours homogéne.

1. Polymérisation du systéme

Le coefficient de sédimentation apparent est supérieur a 50
svedbergs pour tous les mélanges dont la fraction molaire
/= [Mo]/[Mo + W] est comprise entre 0,08 et 0,94. Il se forme
donc des hauts polymeres dans un domaine étendu de composi-
tions. Le systéme est assez polydispersé (fig. 1) mais ne
renferme qu’une famille de composés lourds de coefficient de
sédimentation moyen de 1’ordre de 100 svedbergs quelle que
soit la valeur de f entre O et 1, la concentration en molybdéne

A
g(s)x10-°

\ ! Sp,
0 100 200 300 (svedberg)

FiG. 1. Distribution du coefficient de sédimentation apparent (sp)app
mesuré dans les mélanges de fraction molaire f= 0,50 (a); 0,66 (b);
0,75 (c) et 0,80 (d).

dans le haut polymére étant voisine de 1,0 X 107>M. La
distribution des coefficients de sédimentation tend a se resserrer
lorsque f augmente.

2. Composés lourds formés dans le systéme

Ils sont recueillis aprés ultracentrifugation préparative, sous
forme d’un gel amorphe aux rayons X. La proportion de
molybdéne et de tungsténe polymérisé peut étre importante—
80% de ce qui a été introduit. Elle est atteinte dans un domaine
de compositions qui est plus large pour le molybdéne, 0,14 <
f<0,94 (fig. 2, courbe a), que pour le tungstene, 0,80 < f<
0,94 (fig. 2, courbe b), en raison de la persistance de la forme
métatungstique dans les mélanges de £ << 0,80 (fig. 2, courbe ¢).
A partir des résultats de 1’analyse élémentaire (tableau 1), on
peut exprimer la composition des acides mixtes dans le haut
polymere (H.P.), en fraction molaire fi; p. = [Moly.p./[Mo +
W1y p.. Elle dépend de la composition initiale du mélange (fig.
3): d’abord constante et égale 4 0,50 pour les faibles valeurs de f
(0 < f<0,30), elle croit ensuite jusqu’en f= 0,90 de facon
pratiquement linéaire. Au-dela de f= 0,95, la précision des
analyses n’est plus suffisante pour préciser le mode de variation
de fi.p., en particulier I’existence éventuelle d’une limite vers
Sfup. =0,95.

La masse molaire des composés lourds calculée a partir des
mesures de coefficients de sédimentation et de diffusion du gel
remis en solution est de l'ordre de 1,0 x 10° pour une
concentration moyenne de (1,0-4,0) X 102 M en molybdéne
(tableau 2).

I1. Evolution des mélanges avec I dge

1. Masse molaire
Durant les trois premiers jours d’évolution, la masse molaire
apparente des mélanges reste égale a la masse moyenne des
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F1G. 2. Répartition du molybdéne et du tungsténe dans les mélanges
a ’équilibre, en fonction de leur fraction molaire f: Mo (a) et W (b)
dans le haut polymére; W(c) sous forme métatungstique.

TABLEAU 1. Analyse élémentaire des gels en fonction de la fraction
molaire f du mélange

%
Charge par
f Mo w Mo/W mole (Mo + W)
0,08 19,80 36,50 1 .16
0,17 20,50 39,25 1 0,15
0,50 25,00 32,80 1,46 0,10
0,66 25,50 22,00 2,25 0,17
0,80 25,83 12,63 3,92 0,18

constituants (M == 3000). Puis un composé lourd sédimente en
ultracentrifugation. Au fur et & mesure que progresse la
formation de ce composé lourd, on observe que son coefficient
de sédimentation, mesuré dans le milieu méme de formation,
augmente (tableau 3). Ceci pourrait signifier que le composé
lourd tend a se polymériser davantage, mais il est également
possible que la variation du coefficient de sédimentation soit due
simplement aux changements de concentration du milieu
réactionnel. Pour le vérifier, le composé lourd a été isolé par
ultracentrifugation, puis redissous dans du LiCl 5,0 x 1072 M:
son coefficient de sédimentation prend alors une valeur approxi-
mativement constante (40-50 svedbergs), quels que soient son
age et le rapport f (tableau 4). Il ne semble donc se former
qu’une seule famille de hauts polymeres.

2. Composition des acides mixtes légers

Les mélanges en cours d’évolution sont constitués de formes
labile et inerte. La forme inerte ne renferme que du métatungs-
tate; la forme labile contient des acides mixtes, lourds et légers
et éventuellement I’acide molybdique n’ayant pas réagi. Les
composés légers peuvent étre isolés durant les premiers jours
d’évolution avant que le haut polymeére ne se forme: les ions
polymolybdiques sont d’abord éliminés par échange d’ions,
puis le composé mixte est séparé du métatungstate par précipita-
tion de son sel de césium & 25°C. Le rapport [Mo/W]j,, des
compos€s 1égers ainsi isolés (tableau 5) est égal & celui

Afpp

08 ]
) 05

FiG. 3. Fraction molaire f p. du haut polymére en fonction de la
fraction molaire f du mélange.

TABLEAU 2. Masse molaire des gels en fonction de la fraction molaire
fdu mélange

[MO]H.P. (sp)app Dw
f (1028)  (svedberg) (1079 (Muwdapp
0,08 0,50 52 0,95 1,6 x 10
0,17 1 50 0,90 1,7 X 10°
0,50 3,75 48 1,02 1,5 x 10°
0,66 4 40 1,27 1,0 X 10°

déterminé dans les composés lourds a 1’équilibre (tableau 1), la
charge, par contre, est plus élevée. D’apres la masse molaire
mesurée (M =3400), le degré de condensation moyen des
acides mixtes formés initialement est égal 4 18. La polymérisa-
tion a donc lieu par simple diminution de la charge, sans
modification de la composition en molybdéne et tungsténe. Ceci
est vérifié par les dosages des constituants dans les composés
lourds et légers, en cours d’évolution des mélanges. Ils
indiquent en effet que le rapport [Mo/W] y est le méme et que sa
valeur demeure constante durant 1’évolution (tableau 6). De
plus, ils indiquent que I’acide molybdique finit par réagir
totalement (fig. 4, courbe a), contrairement & 1’acide métatungs-
tique (fig. 2). La vitesse de réaction peut étre mise sous la forme
d’une loi du premier ordre par rapport a la concentration en
acide molybdique, v = k;[Mo], avec k; = 0,115 d~' a4 20°C.

3. Comparaison avec d’ autres hétéropolyacides

3.1 Acide silico-12 tungstique (X = Si). En fin d’évolution,
aprés 20 jours & 40°C, un composé lourd sédimente en
ultracentrifugation et tout I’acide molybdique a réagi. En cours
d’évolution, les dosages par la soude, & pH 8, des acides
débarassés des ions polymolybdiques par échange d’ions,
indiquent que le molybdéne se répartit sous une forme labile
constituée d’un acide mixte molybdotungstique, de composi-
tion constante, en grande partie polymérisé, et sous une forme
inerte, constituée de 1’acide substitué H;[SiMoW;04g]. Cette
derniére réaction n’était pas observée avec I’acide métatungs-
tique.

3.2 Acides substitués Hg_ [XMoW,,04]. Aucune évolu-
tion n’est observée par polarographie et ultracentrifugation
dans la solution d’acide Hy[SiMoW ;O4g], méme en présence
d’acide molybdique, au contraire de la solution d’acide
Hg[H.MoW,;04]. Dans celle-ci, le pourcentage d’acide
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TABLEAU 3. Valeurs du coefficient de sédimentation apparent (s,)a5p dans le mélange f= 0,17 en fonction de 1'age

(Sp)app (svedberg) 25 40 48
Age (jours) 6 7 8
[Molu p. (1072 M) 0,15 0,17 0,22 0,275

74 80 85 95 110 125
11 12 15 18 22 35
0,35 0,40 0,54 0,64 0,75 0,80

TABLEAU 4. Valeurs des coefficients de sédimentation apparents (Sp)app
des gels isolés a des ages différents (en jours) des mélanges de fraction

molaire f
(Splapp (Sp)app (Sp)app [Mo]
f (6 d) (13 d) (20 d) (107° M)

0,17 32 42 42 4,36
0,50 39 40 45 3,40
0,66 49 35 38 4,06
0,75 41 37 45 3,95
0,80 39 40 39 0,80

TABLEAU 5. Analyse élémentaire des composés légers en fonction de la
fraction molaire f du mélange

%
_ Charge par
f Mo w Mo/W mole (Mo + W)
0,08 15,00 30,90 1 0,50
0,17 19,00 39,00 0,94 0,50
0,50 1,30 1,70 1,43 0,50
0,80 7,00 3,25 4,00 0,50

TABLEAU 6. Valeurs du rapport [Mo/W ] pins 2 des ages différents (en
jours), dans les mélanges de fraction molaire f

[Mo/W] [Mo/W] [Mo/W] [Mo/W]
f 6 d) (13 d) (20 d) (30 d)
0,50 1,35 1,32 1,40 1,40
0,66 2,83 2,20 2,20 2.32
0,75 3,30 3,30 3,55 3,50
0,80 4,00 3,90 3,80 4,07

s’annule au bout de 30 jours a 20°C (fig. 4, courbe b): sa vitesse
de réaction peut se mettre sous la forme v = ks[acide substitué],
avec k3 =0,123 d=!' a 20°C; elle ne dépend pas de la
concentration en acide molybdique éventuellement présent. Au
terme de 1’évolution, le coefficient de sédimentation vaut 57
svedbergs et le molybdene est totalement dosé sous une forme
labile 4 pH 8, tandis que le tungsténe se répartit sous formes
labile (en quantité égale au molybdéne) et inerte (seul, al’état de
métatungstate). Les produits de la réaction sont donc I’acide
métatungstique et un acide mixte, de rapport Mo/W = 1, qui se
polymérise.

Discussion

1. Les résultats montrent qu’il est possible d’obtenir des
acides mixtes hautement polymérisés en solution, par interac-
tion des acides molybdique et métatungstique, dans un grand
intervalle de fraction molaire f= [Mo]/[Mo + W] des mélan-
ges. En particulier si 0,80 < << 0,95, la réaction est totale; ce
sont les conditions de préparation de sols riches en molybdéne.

50

4 aze;
18 20 30 (jour)

Fi1G. 4. Evolution du systéme avec 1’age: (a) solution d’acides méta-
tungstique et molybdique de fraction molaire f=0,17: pourcentage
de Mo combiné; (b) solution d’acide métatungstique substitué par du
molybdéne (Hg{H;MoW  Oyo]): pourcentage d’acide restant.

La fraction molaire du haut polymere f}; p_est alors égale a celle
du mélange. Toutefois au-dela de f= 0,90, sa détermination
précise devient vite difficile, en raison justement du pour-
centage tres €levé de Mo par rapport a celui de W. La fraction
molaire fy p, devrait tendre vers une limite correspondant a celle
de I’espece 1égere formée. Expérimentalement, elle se situe
au-dessus de fi;.p. = 0,94, ce qui correspond a I’introduction
d’un tungsténe dans une molécule de 18 ou 24 centres
métalliques (fy.p. = 0,944 ou 0,958).

Les sols sont constitués de deux familles de composés de
méme rapport Mo/W, mais de masses trés différentes. La
répartition entre les deux s’établit en général ainsi: 80%
d’especes lourdes et 20% de 1égeres. Du point de vue polyméri-
sation, le systeme étudié ici se comporte comme les autres
systémes mixtes, a base d’acide antimonique en particulier,
étudiés au laboratoire. Tous ces systémes sont constitués de
plusieurs familles d’espéces de masse molaire différente en
équilibre. Si les deux acides en présence peuvent évoluer
spontanément vers une forme hautement condensée, les famil-
les d’espéces en présence different a la fois par leur masse
molaire et leur composition. Ceci a été vérifié sur le systeme
acide antimonique — acide tungstique (19). Par contre, si I’'un
des éléments en présence n’évolue pas spontanément vers une
forme hautement condensée, les familles d’espéces en présence
ne différent que par leur masse molaire. Cette conclusion
valable dans le cas des composés de 1’acide antimonique et des
acides phosphorique, arsénique et arsénieux (20) est aussi
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vérifiée dans le cas des composés molybdovanadiques (7) et
dans le cas présent des composés molybdotungstiques.

2. La fraction molaire fiy p. ne varie pas de fagon continue
comme la fraction molaire f du mélange, puisqu’elle est
constante dans I’intervalle 0 < f<0,30. Cette particularité est
le signe d’un comportement différent des mélanges selon la
valeur de leur fraction molaire. C’est probablement au niveau de
la formation de I’espéce 1égeére que se situe cette différence,
puisque la polymérisation ne modifie pas la fraction molaire de
I’espece mixte.

A partir des résultats obtenus avec les deux hétéropolyacides
tungstiques (X = H, et Si) d’une part, et avec les acides
substitués correspondants d’autre part, nous proposons le
schéma suivant pour rendre compte de la formation des acides
mixtes.

(i) L’action de I’acide molybdique sur I’hétéropolyacide est
double:

[1] formation d’espece 1égére mixte

[2] formation d’espéce substituée [XMoW,;040]5™"

(#7) Suivant la nature de X, une troisieéme réaction peut avoir
lieu:

[3] formation d’espeéce légére mixte a partir de 1’espece
substituée.

L’influence de la valeur de la fraction molaire f du mélange
intervient au niveau de la compétition entre les réactions 1 et 2:
aux faibles valeurs de f, la réaction 1 est négligeable devant
I’autre, dans le cas des mélanges avec I’acide métatungstique.
Les réactions 1 et 2 sont bien mises en évidence dans le cas de
’acide silico-12 tungstique; elles sont simultanées, puisque la
polymérisation ne se fait pas & partir de ’acide substitué, méme
en présence d’acide molybdique. Dans le cas de 1’acide
métatungstique, nous pouvons penser que la réaction se déroule
suivant le méme processus, bien qu’aucun résultat ne montre la
présence de I’espece substituée correspondante (en particulier,
la présence de molybdéne sous une forme inerte a pH 8). Pour
que la réaction 2 ne soit pas observée expérimentalement, il
suffit que sa vitesse soit égale a celle de la réaction 3 qui a lieu
obligatoirement dans ce cas. C’est ce qui est vérifié expéri-

mentalement: les deux constantes de vitesse k, et k3 sont
voisines et k; est bien la constante de vitesse de la réaction 2 si la
réaction 1 est négligeable en f=0,17. Dans ces conditions
(0 <f<0,30), I’acide mixte ne se forme que suivant [3] et sa
composition est constante. Aux plus fortes valeurs de f, la
réaction 1 n’est plus négligeble, et la composition varie.
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FERNANDO P. Cossfo, JEsUs M. A1zpUrua, and CLAUDIO PaLomo. Can. J. Chem. 64, 225 (1986).

The synthetic utility of chromium(VI) reagents together with chlorotrimethylsilane, as new oxidizing systems, is described.
Pyridinium dichromate (PDC) in combination with chlorotrimethylsilane oxidizes ters-butyldimethylsilyl ethers in good to
excellent yields. Trimethylsilyl chlorochromate, a new chromium(VI) reagent, also was found efficient for this oxidative-
deprotection method. These reagents were applied to the oxidation of some N-(2-phenyl-2-hydroxyethyl)azetidin-2-ones as well
as N-(2-phenyl-2-trialkylsiloxy)azetidin-2-ones into their corresponding carbonyl compounds, key intermediates for N-
unsubstituted $-lactams. Oxidation of hydroquinones and protected trialkylsilyl hydroquinones was also described. Protection of
hydroquinones by means of the tert-butyldimethylsilyl group was achieved by using the readily available tert-
butyldimethylchlorosilane (TBDMCS) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as base, which avoids the use of
sophisticated and (or) sensitive reagents.

FerNANDO P. Cossfo, JEsUs M. A1zPURUA et CLAUDIO PaLomo. Can. J. Chem. 64, 225 (1986).

On décrit I’utilité en synthése des réactifs du chrome(VI), utilisés de concert avec le chlorotriméthylsilane, comme nouveaux
systémes oxydants. Le dichromate de pyridinium (DCP), utilisé de concert avec le chlorotriméthylsilane, oxyde les éthers
tert-butyldiméthylesilylés avec des rendements qui vont de bons a excellents. On a aussi trouvé que le chlorochromate de
triméthylsilyle, un nouveau réactif du chrome(VI), est un réactif utile pour la méthode de déprotection oxydative. On a appliqué
ces réactifs a I’oxydation, en dérivés carbonylés correspondants, de quelques N-(phényl-2 hydroxy-2 €thyl) azétidinones-2 ainsi
que de N-(phényl-2 trialkylsiloxy-2) azétidinones-2, des intermédiaires clés dans la préparation de f3-lactames qui ne sont pas
substitués sur 1’azote. On décrit aussi 1’oxydation d’hydroquinones et d’hydroquinones protégées par des groupements
trialkylsilyles. On a réalisé la protection des hydroquinones par le groupement tert-butyl-diméthylesilyle en les faisant réagir
avec le rert-butyl-diméthylchlorosilane (TBDMCS), qui est facilement disponible, en présence du diaza-1,8 bicyclo[5.4.0]
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undécéne-7 (DBU) comme base; cette méthode évite 'utilisation de réactifs sophistiqués ou sensibles.

Oxidation is a fundamental process in organic synthesis and
several reagents have been developed for a wide variety of
transformations (1). Among the reagents available for the
oxidation of organic compounds, the chromium(VI) derivatives
have received growing attention in the past years (2). However,
there is still considerable interest in the development of new
methods for oxidation reactions. Since the appearance of
pyridinium dichromate 1 (PDC) (3) and pyridinium chlorochro-
mate 2 (PCC) (4), other similar oxidizing reagents have been
developed by varying the amine ligand associated with the
dichromate and chlorochromate anions. Recently, we have
reported (5) a new class of chromium(VI) reagent, trimethyl-
silyl chlorochromate 3, which was an efficient reagent in the

+

e "
] )
T Cr,02~ CICrO;~ \T + Cl—ﬁr—OSi(CH3)3
H |, H

(PDC) 1 (PCC) 2 3

oxidation of alcohols into the corresponding aldehydes and
ketones.

This communication reports new synthetic applications of
this heretofore unknown reagent 3 and some quite fruitful
investigations on a new oxidizing system involving pyridinium
dichromate (PDC) in combination with trimethylchlorosilane.

Oxidation of alcohols and trialkylsilyl esters

In connection with our objectives in carbacephem antibiotics,
we required an efficient synthesis of B-lactams of type 11 as
model key intermediates. A synthetic route of this kind is based

!Considered as Reagents and Synthetic Methods 45.
Author to whom correspondence may be addressed.

[Traduit par le journal]

on the transformations outlined in Scheme 1, in which we need
an effective mild oxidizing reagent.

The key to the first step of our approach is that protection of
the hydroxyl group as its trialkylsilyl ether in the starting imine 6
seems to be critical in order to obtain the desired precursors 10.
Without protection of the hydroxyl group the product obtained
was an oxazolidine 9 instead of the expected B-lactam 10. Thus,
treatment of an acetic acid 8 with an appropriate trimethylsilyl
protected imine 7 (R*: TMS) in equimolar amounts with phenyl
dichlorophosphate in the presence of triethylamine gave, after
work-up, the free hydroxy B-lactam 10 (R*: H) (6).

However, we now have found that when the ters-butyldi-
methylsilyl group was used in place of the trimethylsilyl moiety
for the protection of the hydroxyl group in the starting imine 6,
the tert-butyldimethylsiloxy B-lactam 10 (R3: TBDMS) was
obtained instead of the corresponding unprotected B-lactam 10
(R?: H). An unexpected result was found on attempting to prepare
the B-lactam 10d from phenoxyacetic acid and the trimethyl-
silyl protected imine 74 by means of our recently reported
reagent, thionyl chloride /N, N-dimethylformamide (7). In such
a case, the trimethylsiloxy B-lactam 10e was obtained instead
of the expected unprotected B-lactam 10d.

The second step of the method involves the use of an efficient
reagent for oxidation of protected as well as unprotected
B-lactam 10. Although the direct conversion of trimethylsilyl
ethers of secondary alcohols to ketones has been reported (8),
there is no report concerning the oxidation of TBDMS ethers of
alcohols.®> Among many oxidizing reagents available, the
general utility of pyridinium dichromate (PDC) in nonaqueous
media is well recognized; this reagent allows mild and large-

3After this work was submitted, a paper appeared concerning the

conversion of silyl ethers into carbonyl compounds with Jones reagent
in the presence of potassium fluoride. See ref. 17.
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SCHEME |

scale oxidation of a wide range of alcohols to carbonyl
compounds in dichloromethane at room temperature. Unfortu-
nately, in the case of free hydroxy B-lactam 10 (R3: H) these
conditions lead to a very long and incomplete reaction and in
some cases undesired products are obtained. For instance, we
have found that when 3-lactam 10d was subjected to PDC oxi-
dation in dichloromethane at room temperature for 30 h, the
corresponding (3-lactam 115 was isolated in 60% yield along
with the starting material 104 (as directed by tlc analysis of the
crude product). In this case, 4-methoxybenzaldehyde was also
detected, probably by oxidative cleavage of the C-4 bond. When
the method was tested with the -lactam 10g, the correspond-
ing oxidized 3-lactam 11¢ was obtained in 66% yield, but the
starting B-lactam 10g was also recovered. Attempts to apply
this procedure for the oxidative deprotection of reri-
butyldimethylsiloxy B-lactams 10 was unsuccessful: no oxida-
tion takes place between PDC or PCC reagents and 10¢ or 10fin
dichloromethane as solvent.

Our new finding is that reaction of protected as well as
unprotected B-lactams 10 with PDC reagent in combination
with trimethylchlorosilane leads to a rapid and mild efficient
method for oxidation of these (3-lactams to their corresponding
carbonyl compounds 11. Thus, treatment of P-lactam 10f,
prepared from the 3-lactam 104 by means of tert-butyldimethyl-
chlorosilane (TBDMCS) and 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) (9), with PDC reagent and trimethylchlorosilane
(molar ratio, substrate /reagent/CiSiMes 1:1.5:3.5) in dichloro-

methane as solvent, gave after 60 min of reaction at room
temperature the corresponding oxidized (3-lactam 115 in 95%
isolated yield. The utility of this method is exemplified by the
direct oxidative deprotection of fert-butyldimethylsiloxy {3-
lactam 10 prepared by reaction of phenoxyacetic acid 8 with
the corresponding tert-butyldimethylsilylated Schiff bases 7
(R3: TBDMS) promoted by phenyl dichlorophosphate reagent.
In these cases, the oxidized (3-lactams 11 were obtained in overall
yields in the range of 40%. From the examples listed in Table 1,
the reagent 3 as well as the PDC /CISiMe; system is general in
scope, since various hydroxy compounds, trimethylsilyl ethers,
and tert-butyldimethylsilyl ethers are readily oxidized into their
corresponding carbonyl compounds in good to excellent yields.

It is noteworthy that our procedure represents the first oxi-
dative-deprotection method for tert-butyldimethylsilyl ether.?
These compounds are stable towards Jones reagent (10) and
towards PDC reagent, as we have demonstrated here; however,
they are readily oxidized by reagent 3 or by the PDC/CISiMe;
system. A key feature of these -lactams 11 is shown by their
use as potential precursors of N-unsubstituted R-lactam anti-
biotics (Scheme 3). Thus, we have found that treatment of 115
with 4-N,N-dimethylaminopyridinium bromide perbromide
(DMAPHBT3) (11) affords the corresponding a-bromoketone
14, which was easily converted into the N-unsubstituted
[3-lactam 15 by means of sodium hydrogen carbonate and water
in acetone as solvent. Better results can be obtained following
Barluenga’s method (12) for the bromine substitution. Treat-
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TaBLE 1. Oxidation of hydroxy compounds and trialkylsilyl ethers

Substrate Reagent” Time Product Yield (%)*
10a 1/TMCS 25 min 11a 88
106 1/TMCS 25 min 90
10¢ 1/TMCS l1h 85

3 35 min 40
104 1/TMCS 30 min 115 85
10e 1/TMCS 30 min 85
10f 1/TMCS 1h 95
10¢g 1/TMCS 30 min 11¢ 80
10A 1/TMCS 4 h 40
12a 1/TMCS 2h 13a 90
126 1/TMCS 15 min 135 100
12¢ 3 lh 13¢ 95
124 1/TMCS lh 134 95

ATMCS: CISi(CH,)s.
®Yield of isolated pure products.
“Overall yield from imine 6.

ment of the resulting amidocarbinol with triethylamine for a few
hours gives the N-unsubstituted (3-lactam 15 in moderate yield.

Oxidation of hydroquinones and trialkylsilyl
protected hydroquinones

In view of the results obtained, we also extended our studies
to the oxidation of the silyl ethers of hydroquinones. Although
Miller and co-workers (13) have demonstrated the utility of
silylation—oxidation as a method for the protection and depro-
tection of the hydroquinone function, in some cases the oxidative
deprotection failed to provide the expected quinone. Now we
have found that oxidation of trimethylsilyl hydroquinones and
tert-butyldimethylsilyl hydroquinones by means of trimethy!l-
silyl chlorochromate 3 or by the PDC/CISiMe; system pro-
ceeds quickly at room temperature, giving the corresponding
quinones in excellent yields.

The reaction was carried out in dichloromethane as solvent by
addition of a dichloromethane solution of the silyl ether to a
solution of the reagent 3 in the same solvent. The solution was
initially homogeneous, but within a few minutes the reaction
mixture darkened and a black residue appeared. The progress of

TaBLE2. Oxidation of hydroquinones 16 into
quinones 17 by means of reagent 3

16 (R*: H) Time (h) Yield (%)*
a 1.5 90
b 0.5 97
d 0.5 95
e 1.0 90

“Isolated yield of 17 by column chromatography
(silica gel 70-230 mesh. Eluent: ether/hexane 1:1).

the reaction can be followed by tlc analysis and the reaction was
found complete in 10—-15min in all the cases tested. After
work-up, the isolated crude products are almost pure as judged
by their physical properties. As can be seen from the results
listed in Table 4, the oxidation reaction is more rapid than the
oxidation of unprotected hydroquinones (Table 2), but this is
probably due to the low solubility of these last compounds in the
reaction solvent. It is interesting to note that, whereas the PCC
oxidation (13) was unsuccessful for compounds containing
electron-withdrawing groups such as 164 in the aromatic ring,
as well as the nonactivated bis(zers-butyldimethylsilyl) ether
16a, our procedure gives the corresponding quinones in good
yields. Similarly, we have found that PDC reagent also was
found unsuitable for carrying out this transformation. However,
PDC reagent in combination with trimethylchlorosilane pro-
vides another efficient route to quinones from trialkylsilyl
protected hydroquinones.

On the other hand, the rers-butyldimethylsilyl ethers were
prepared by treatment of hydroquinones 16 with tert-butyl-
dimethylchlorosilane (TBDMCS) and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) as base in dichloromethane. The
reaction was slightly exothermic and, after 5-10min of
stirring at room temperature, a single spot was detected
by tlc analysis (silica gel plates, eluent: EtOAc /hexane 1:3),
which indicated a complete transformation. These
compounds were isolated by vacuum distillation and used
in the next step without further purification. In comparison,
the TBDMCS/pyridine system was unsuccessful for
tert-butyldimethylsilylation of hydroquinones, and the
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i: PDC/CISiMe3/CH,Cly/r.t.
ii: DMAPHBr;/AcOH
iii: H,0/Me,CO/NaHCO;
iv: HgO/TFBA/THF, then NaHCO;/NaOH

SCHEME 3
OR3 (0] TaBLE 3. Silylation of hydroquinones 16
R R! R R!
1 or 3/CH:C, 3 16 Reagent” Time (min) Yield (%)
R2 R2
3 a TMCS 30 60
OR % TBDMCS 30 95
16 17 b TMCS 25 90
MS, TBDM c TBDMCS 20 91
R R! R2 d TMCS 40 81
TBDMCS 25 94
a H H H e TBDMCS 25 94
b OCH,4 H H f TBDMCS 20 84
(o CH3 CH3 CH3
d H H “TMCS: trimethylchlorosilane. TBDMCS: rers-butyldimethylchlorosilane.
;’, 8§{C3H3)3 g g(CHs)s bYields of isolated pure products; a single spot was observed in tic analysis.
SCHEME 4

use of triethylamine instead of DBU provided the expected
silyl hydroquinones, but in lower yields and with longer
reaction times. Particularly, in the case of 1,4-bis(ters-
butyldimethylsiloxy)-2,5-di-(sert-butyl)benzene, reaction of
TBDMCS and 2,5-di-(tert-butyl)-1,4-hydroquinone in the pre-
sence of triethylamine does not take place and the starting
hydroquinone was recovered unchanged. Our procedure would
appear to be an attractive alternative to the perchlorate (144) or
tert-butyldimethylsilyltrifiate (13) methods, and avoids the use
of other sophisticated or sensitive reagents such as allyl-zert-
butyldimethylsilane (14b), rert-butyldimethylsilyl enol ethers
of 2,4-pentanedione (l4c,d), fert-butyldimethyliodosilane
(14e), and N-tert-butyldimethylsilylamides (10).

Although the causes of differences in reactivity of PDC and
PDC/CISiMe; towards TBDMS ethers are not clear at present,
the easy preparation and the synthetic versatility of the reagents
reported, as good oxidizing agents, is obviously, as demon-
strated by these limited number of examples, and may be
readily extended to further applications.

Experimental

Melting points were determined on a Biichi SMP-20 melting point
apparatus and are uncorrected. Proton nmr spectra were measured on a
Varian EM-360 Espectrometer and are reported in parts per million
downfield from internal tetramethylsilane. All the starting materials
used in this work were either commercially available in generally 98%
or higher purity, and used without further purification, or prepared by
standard literature procedures.

TABLE 4. Oxidative deprotection of silyl ethers of hydroquinones 16

Protecting Time®
16 group;“ R®  Method Reagent (min)  Yield (%)
a TMS A CICrOsSiMe; 20 97
B PDC/CISiMe, 15 96
— PDC — No reaction
TBDMS A CICrO;SiMe; 30 70¢
B PDC/CISiMe, 15 74¢
— PDC — No reaction
b T™S A CICrO;SiMe, 30 70
TBDMS A CICrO;SiMe; 35 704
¢ TBDMS A CICrO;SiMes 30 684
d ™S A CICrO;SiMe; 50 95
B PDC/CISiMes 20 90
— PDC — No reaction
TBDMS A CICrO;SiMes, 25 60
B PDC/CISiMe; 15 70¢
— PDC — No reaction
e TBDMS A CICrO,SiMe; 25 704
f  TBDMS A CICrO;SiMe; 30 84¢

4TMS: trimethylsilyl group; TBDMS: tert-butyldimethylsilyl group.

5Conditions: molar ratio substrate /reagent, 1:3; solvent: CH,Cl,, room tem-
perature.

“Yield of isolated pure products by comparison with authentic samples. A
single spot in tlc analysis.

“9Isolated by column chromatography (eluent: diethy! ether /hexane 1:1).
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Preparation of trimethylsilyl chlorochromate 3

Finely powdered chromium trioxide (1.0 g, 10 mmol) was exposed
to atmospheric moisture for 5—10 min and then chlorotrimethylsilane
(1.30 mL, 10 mmol) was added. The mixture was stirred at 30-35°C
until the formation of an homogeneous orange-red solution (5—
10 min), which was diluted with 20 mL of the appropriate solvent
(CH,Cl,, CCl,, or CICH,CH,CI). Finally, dry nitrogen was bubbled
through the solution to eliminate the traces of hydrogen chloride
formed.

General procedure for the preparation of Schiff bases 6

All the Schiff bases were prepared in a similar manner and used
without purification. The following are representative of general
procedures.

Method A

The liquid aldehyde (10 mmol) was added to the finely powdered
2-amino-1-phenylethanolamine (1.4 g, 10 mmol) and the mixture was
heated until total solution was obtained and was then allowed to stand at
room temperature. The precipitated product was dissolved in dichloro-
methane and dried with magnesium sulphate. Filtration and evapora-
tion of the solvent gave the imine in sufficient purity for use in the next
step.

Method B

A mixture of the aldehyde (10mmol), 2-amino-l-phenyl-
ethanolamine (10 mmol), and magnesium sulphate in dichloromethane
(30mL) was stirred at room temperaturt for 2h. The work-up,
as described in method A, gave the corresponding Schiff base 6.

Preparation of trialkylsilyl ethers of Schiff bases 6

General procedure for trimethylsilylation of Schiff bases 6

To a solution of an imine 6 (10 mmol) and triethylamine (1.4 mL,
10 mmol) in dry dichloromethane (25 mL) cooled at 0°C was added
trimethylchlorosilane (1.2 mL, 10 mmol). The resulting mixture was
stirred at room temperature for 60 min, and the resulting solution of the
Schiff base 7 (R>: TMS) was used as such for the next step.

General procedure for tert- butyldimethylsilylation of Schiff bases 6

To a suspension of the Schiff base 6 (2.5 mmol) in dichloromethane
(10 mL), DBU (0.52 mL, 3.5 mmol) was added. When the imine was
dissolved, tert-butyldimethylchlorosilane (0.53 g, 3.5 mmol) was
added and the mixture was stirred at room temperature for a certain
time (30-60 min, the reaction can be monitored by tlc analysis;
eluent; EtOAc/hexane 1:1). The tert-butyldimethylsilyl ether of the
Schiff base 7 (R3: TBDMS) was used as such for the next step.

Preparation of B-lactams 10 (R’: H). General procedure from phenyl
dichlorophosphate reagent (6)

To a solution of an imine 6 (10 mmol) and triethylamine (1.4 mL,
10 mmol) in dry dichloromethane (25 mL) cooled at 0°C, trimethyl-
chlorosilane (1.2 mL, 10 mmol) was added. The resulting mixture was
stirred at room temperature for 60 min. A substituted acetic acid 8
(10 mmol), triethylamine (4.2 mL, 30 mmol), and phenyl dichloro-
phosphate (1.5 mL, 10 mmol) were consecutively added at 0°C. The
resulting mixture was stirred for 24 h at room temperature. Water
(20 mL.) was added and stirring was continued for a further 15 min. This
washing was repeated and finally the organic layer was separated and
dried (Na;SO,). Evaporation of the solvent gave a waxy residue that
was treated with ethanol—water to give the B-lactams 10 (R*: H): 10q,
mp 185-190°C; 104, mp 175-177°C; 10g, mp 175-178°C (lit. (6) mps
185-190, 175-177, 175-178°C, respectively).

Preparation of tert-butyldimethylsilyl ethers of B-lactams 10
(R3: TBDMS). General procedure

To a suspension of the 8-lactam 10 (R H) in benzene (10 mL), and
DBU (0.48 mL, 3.2 mmol), was added ters-butyldimethylchlorosilane
(0.45 mL, 3 mmol) at room temperature and the reaction mixture was
refluxed for 5 h (the reaction can be monitored by tlc; silica gel plates,
eluent: AcOEt/hexane 1:1); then, the resulting suspension was diluted
with dichloromethane and washed with water (10mL) and 0.2N
hydrochloric acid (10 mL). The organic layer was dried (Na,SO,) and

the solvent evaporated under reduced pressure to give the nearly pure
B8-lactam 10 (R*: TBDMS), which was recrystallized from hexane or
ethanol /hexane to give a fairly pure product in 90-95% yield.

cis-3-Phenoxy-4-phenyl-1-(2' -phenyl-2'-tert-butyldimethylsiloxy-
ethyl)azetidin-2-one 10c

From $-lactam 102 (0.36 g, 1.0 mmol), yield: 90%, mp 111-114°C;
ir (CHCl3) v (cm™'): 1780 (C=0); nmr (CDCl3) 3 (ppm): 7.3-6.4 (m,
15H, arom.), 5.1 (d, J = 5Hz, 1H, CH), 4.8 (t, J = 6Hz, IH,
CH—OSi), 4.3 (d, J = 5Hz, 1H,CH), 39, d, J =6Hz, J' =
—14 Hz, IH, N—CH—COSi), 2.8 (d,d, / = 6 Hz, J' = —14 Hz, 1H,
N—CH—COSi), 0.8 (s, 9H, C—CH3), 0.0 (s, 3H, Si—CH3), —0.2
(s, 3H, Si—CHj3). Anal. calcd. for Co,gH3sNO5Si: C73.52, N2.96, H
7.46; found: C 73.53, N 3.18, H 7.37.

cis-3-Phenoxy-4-phenyl-4-(4' -methoxyphenyl)-1-(2' -phenyl-2' -tert-
butyldimethylsiloxyethyl)azetidin-2-one 10f

From B-lactam 104 (0.39 g, 1 mmol), yield: 92%, mp 131-134°C; ir
(CHCl3) v (cm™1): 1770 (C=0); nmr (CDCl;) 3 (ppm): 7.3—6.4 (m,
14H, arom.), 5.0 (d, J = 5Hz, 1H, CH), 4.7 (t, / = 6Hz, 1H,
CH—OSi), 4.2 (d, J = 5Hz, 1H, CH), 3.9(d,d, J = 6Hz, J' =
—14 Hz, 1H, N—CH—COSI), 3.6 (s, 3H, OCH3), 2.8 (d, d, J = 6 Hz,
J' = —14 Hz, IH, N—CH—COSi), 0.8 (s, 9H, C—CH3), 0.0 (s, 3H,
SICH3), -0.2 (S, 3H, SlCH}) Anal. calcd. for C30H37NO4Si: C
71.52, N 2.78, H 7.42; found: C 71.43, N 2.97, H 7.52.

cis-4-(4'-Methoxyphenyl)-3-phenoxy-1-(2'-phenyl-2'-trimethylsiloxy-
ethyl)azetidin-2-one 10e. Typical procedure from thiony!
chloride — dimethylformamide reagent

In a 25-mL dropping funnel, benzene (5mL), N,N-dimethyl-
formamide (1l mL, 10.2mmol), and thionyl chloride (0.8 mL,
11 mmol) were added consecutively. After 3—5 min, two phases were
separated and the reagent (lower layer) was added to a suspension of
phenoxyacetic acid (1.52 g, 10 mmol) in dichloromethane (10 mL) at
0°C. After stirring at 5—10°C for 10 min, the resulting solution was
added dropwise to a solution of the Schiff base 74 (2.55 g, 10 mmol)
and triethylamine (4.7 mL, 33.6 mmol) in dichloromethane (25 mL) at
0-5°C. The resulting mixture was stirred overnight at room tempera-
ture, and washed with water (25 mL) and saturated sodium hydrogen
carbonate solution (25 mL). The organic layer was dried (Na,SO,) and
the solvent evaporated under reduced pressure. The resulting oil was
crystallized from ethanol-water to give 10e¢ (1.4g, 30%), mp
135-136°C; ir (CHCI3) v (cm™"): 1790 (C=0); nmr (CDCl3) 8 (ppm):
6.4-7.4(m, 14H, arom.), 5.3 (d, J = 5 Hz, 1H, CH), 5.0 (t,J = 6 Hz,
IH, CH), 4.5 (d, J = 5Hz, 1H, CH), 4.1 d, d, J = 6Hz, J* =
—14Hz, 1H, N—CH-—COSi), 3.9 (s, 3H, OCH3),3.0(d,d, J = 6 Hz,
J' = =14 Hz, N—CH—COSi), 0.2 (bs, 9H, CHs). Anal. calcd. for
Cy7H3,NO,Si: C 70.25, N 3.03, H 6.77,; found: C 70.11, N 3.06, H
6.74.

Oxidation of B-lactams 10

cis-3-Phenoxy-4-phenyl-1-(2' -phenyl-2' -oxoethyl)azetidin-2-one

11a

Method A: To a suspension of PDC (1.13 g, 3 mmol) in dichlorom-
ethane (20 mL), trimethylchlorosilane (0.9 mL, 7.09 mmol) was added
and the dark red-brown mixture was stirred for 3 min. Then cis-3-
phenoxy-4-phenyl-1-(2'-phenyl-2'-hydroxyethyl)azetidin-2-one 10a
(0.72 g, 2 mmol) was added and the mixture was stirred for 30 min.
Next, moist silica gel was added and the suspension was filtered off
through a pad of silica gel to give a dark solution, which was
concentrated under reduced pressure. The product was isolated by
column chromatography (silica gel 70-230 mesh, eluent: AcOEt/hex-
ane 1:1) to give 11a (0.60 g, 85%), mp 175—176°C; ir (CHCls) v (cm™'):
1760, 1690 (C==0); nmr (CDCl3) 8 (ppm): 7.7-6.4 (m, 15H, arom.),
5.5(d,J=5Hz, 1H,CH),5.2(t,J = 5Hz, IH,—CH—),5.0(d, J =
—18 Hz, IH, N—CH—CO0), 4.0 (d, /] = —18 Hz, 1H, N—CH—CO).
Anal. calcd. for C,3HoNO5: C 77.28, H 5.37, N 3.92; found: C
77.83, H5.11, N 3.70.

Method B: To a solution of N-(2'-phenyl-2’-tert-butyl-
dimethylsiloxyethyl)-2-phenylimine 7 ¢ prepared as above in dichloro-
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methane (20mL) was consecutively added, at 0°C, phenoxyacetic
acid (1.52g, 10mmol), triethylamine (4.2mL, 30mmol), and
phenyl dichlorophosphate (1.5 mL, 10 mmol) and the mixture was
stirred at room temperature for 20 h. After this time, the reaction
product was worked up by washing with water (20 mL), 0.1 N hydro-
chloric acid (15 mL X 2), and water (20 mL) again, and by drying over
sodium sulphate to give a solution of the crude cis-1-(2'-phenyl-2'-tert-
butyldimethylsiloxyethyl)-3-phenoxy-4-phenyl-azetidin-2-one, which
was added dropwise to a solution of the trimethylsilyl chlorochromate 3
(20 mmol) prepared as above. The resulting dark suspension was
stirred at 0°C for 35 min. When the reaction was complete, moist silica
gel was added to hydrolyze the remaining oxidizing agent. Filtration of
the mixture through a pad of silica gel and evaporation of the solvents
yielded a crude solid that was heated under vacuum (60°C/1 Torr;
1 Torr = 133.3Pa) to eliminate siloxane by-products, affording
cis-3-phenoxy-4-phenyl-1-(2'-phenyl-2'-oxoethyl)azetidin-2-one 11a
(1.42 g, 40% overall yield), mp 175-176°C, from ethanol.

cis-4-(4' -Methoxyphenyl)-3-phenoxy-1-(2' -phenyl-2' -oxoethyl)-
azetidin-2-one 11b

To a suspension of PDC (0.82 g, 2.18 mmol) in dichloromethane
(20 mL), trimethylchlorosilane (0.96 mL, 7.56 mmol) was added at
0°C. After 3 min, cis-4-(4'-methoxyphenyl)-3-phenoxy-1-(2'-phenyl-
2'-tert-butyldimethylsiloxyethyl)azetidin-2-one 10 (0.48g, 0.96
mmol) was added and the dark-brown reaction mixture was stirred
at room temperature for 60 min. Moist silica gel was then added and the
resulting suspension was filtered off through a pad of silica gel, the
solvent being evaporated under reduced pressure. The product was
purified by column chromatography (silica gel 70-230 mesh; eluent:
AcOEt/hexane 1:1) to give 115 (0.34g, 95%), mp 97-99°C; ir
(CHCl3) v (cm™1): 1790, 1730 (C=0); nmr (CDCl3) & (ppm): 7.7-6.1
(m, 14H, arom.), 5.4 (d, J = 5Hz, 1H,—CH—), 5.1 (d, / = 5Hz,
IH, —CH—), 4.9 (d, / = — 18 Hz, 1H, N—CH—CQ0), 3.9 (d, J =
—18 Hz, 1H, N—CH—CO), 3.5 (s, 3H, OCH3). Anal. calcd. for
Cy4H, 1 NO4: C74.39, H5.47,N 3.62; found: C75.03, H5.91,N 4.10.

cis-4-(4' -Nitrophenyl)-3-phenoxy-1-(2' -phenyl-2’ -oxoethyl)-
azetidin-2-one 11c

To a suspension of the crude N-(2'-phenyl-2’-tert-butyl-
dimethylsiloxyethyl)-1-(4'-nitrophenyl)imine 7/ (10 mmol) pre-
pared from 4-nitrobenzaldehyde (1.51 g, 10 mmol) and 2-amino-1-
phenylethanolamine (1.4g, 10mmol), followed by terr-butyl-
dimethylsilylation as described above, was added consecutively,
at 0°C, phenoxyacetic acid (1.52 g, 10 mmol), triethylamine (4.2 mL,
30 mmol), and phenyldichlorophosphate (1.5 mL, 10 mmol) and the
mixture was stirred at room temperature for 20h. After general
work-up, the crude B-lactam 104 was dissolved in dichloromethane
(30mL) and PDC (11.3 g, 10 mmol) was added. Then, trimethyl-
chlorosilane (9 mL, 70 mmol) was added dropwise at 0~5°C and the
resulting mixture was stirred at room temperature for 4 h. After general
work-up, the pure product was isolated by column chromatography
(eluent: AcOEt/hexane 1:3) to give cis-4-(4'-nitrophenyl)-3-phenoxy-
1-(2'-phenyl-2’-oxoethyl)azetidin-2-one 11¢ (1.6 g, 40%), mp 160—
165°C (from ethanol); ir (CHCl3) v (cm™'): 1800, 1720 (C=0); nmr
(CDCl3) 3 (ppm): 8.1-6.5 (m, 14H, arom.), 5.6 (d, J = 5Hz, 1H,
CH), 53 (d, / = 5Hz, lH, CH), 5.1 (d, / = —18Hz, IH,
N—CH—CO0), 4.1 (d, J = —18 Hz, IH, N—CH—CQ). Anal. calcd.
for C53H,3N20s: C 68.64, H 4.52, N 6.96; found: C 69.15, H4.07, N
7.32.

cis-4-(4'-Methoxyphenyl)-3-phenoxy-1-(1' -bromo-2’ -phenyl-2' -

oxoethyl)azetidin-2-one 14

cis-4-(4'-Methoxyphenyl)-3-phenoxy-1-(2’-phenyl-2'-oxoethyl)-
azetidin-2-one (0.97 g, 2.5 mmol) was dissolved in acetic acid
(10mL), 4-N,N-dimethylaminopyridinium bromide perbromide
(0.91 g, 2.5 mmol) was added, and the mixture stirred for 15 min. The
precipitate was then filtered off and washed with water and ethanol,
giving the product 14 (1.0 g, 86%), mp 110-112°C (dec.); ir (CHCls) v
(em™1): 1780, 1700 (C=0); nmr (DCCl5) erythro and threo compound
d (ppm): 3.2 and 3.3 (s, 3H, OCH,), 4.8 (d, / = 5Hz, 1H, CH), 4.9

and 5.0(d, J = 2 Hz, 1H, B—CH—CQ), 5.3(d, / = 5Hz, 1H, CH),
6.0-7.5 (m, 14H, arom.). Mol. wt. calcd. for C34H,,BrNQ,: 466.36;
found: M™, 466.

cis-4-(4' -Methoxyphenyl)-3-phenoxyazetidin-2-one 15

Method A: cis-4-(4’-Methoxyphenyl)-3-phenoxy-1-(1'-bromo-2’-
phenyl-2'-oxoethyl)azetidin-2-one 14 (1.4 g, 3 mmol) was dissolved in
acetone (30 mL) and water (10mL). Sodium hydrogen carbonate
(0.51 g, 6 mmol) was then added and the mixture was stirred at room
temperature for 15 h. After this time, the solid was filtered off and
washed with water and ethanol and the product was recrystallized from
ethanol to give the title product 15 (0.61 g, 20%), mp 166—170°C (lit.
(15) mp 166-167°C).

Method B: To s stirred solution of HgO (0.28 g, 1.25 mmol) and 35%
aqueous tetrafluoroboric acid (0.62 g, 2.5 mmol) in tetrahydrofuran
(5 mL) was added cis-4-(4'-methoxyphenyl)-3-phenoxy-1-(1"-bromo-
2’-phenyl-2’-oxoethyl)azetidin-2-one 14 (1.16 g, 2.5 mmol). The mix-
ture was stirred at room temperature for 2h and then treated
successively with saturated sodium hydrogen carbonate solution and
2 N sodium hydroxide until basic. The precipitated HgO was filtered off
(0.23 g, 80%) and the filtrate was extracted with dichloromethane
(20mL x 2). The organic extracts were dried and the solvent
evaporated under reduced pressure giving an oil, which was dissolved
in dichloromethane (5 mL); then triethylamine (0.28 mL, 2 mmol) was
added and the mixture was stirred for 3 h. Next, the mixture was
washed successively with 2N hydrochloric acid (SmL) and water
(5 mL). The organic layer was separated and dried over sodium sulfate
and the solvent evaporated under reduced pressure to give 15, which
was crystallized from ethanol (0.24 g, 35%), mp 167-170°C (lit. (16)
mp 167-170°C; lit. (15) mp 166—167°C).

General procedure for the oxidation of hydroquinones 16

A solution of reagent 3 (30 mmol) prepared as above was added
dropwise to a suspension of the hydroquinone 16 (10 mmol) in the same
solvent (10 mmol). The resulting dark-brown mixture was stirred at
room temperature for the time indicated in Table 2. The progress of the
reaction was monitored by tlc analysis at regular intervals. Soon after
completion of the reaction moist silica gel was added and the mixture
was filtered off through a pad of silica gel to give a yellow solution that
was concentrated under reduced pressure to afford crude product.
Isolation by column chromatography (silica gel; eluent: diethyl
ether /hexane 1:1) gave a pure 1,4-benzoquinne 17.

Preparation of 1,4-bis(tert-butyldimethylsiloxy)benzenes

A solution of ters-butyldimethylchlorosilane (0.660 g, 4.4 mmol),
in CH,Cl,, the hydroquinone 16 (2.0mmol), and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.760g, 5.0 mmol), was
stirred at room temperature for 30 min. The mixture was washed
with water (5 mL), 0.1 N hydrochloric acid (10 mL), and saturated
NaHCO; solution (SmL), then dried (Na,SO,) and evaporated to
yield crude 1,4-bis-(tert-butyldimethylsiloxy)benzenes, which were
purified by reduced pressure distillation.

For 1,4-bis(trimethylsiloxy)benzenes, the same procedure was
followed, wusing trimethylchlorosilane instead of ters-butyl-
dimethylchlorosilane.

General procedure for the oxidation of 1,4-bis(trimethylsiloxy)-
benzenes

Method A

To a stirred ice-cold solution of trimethylsilyl chlorochromate 3
(6.0 mmol) prepared as above in dichloromethane (10 mmol), a
solution of the corresponding 1,4-bis(trimethylsiloxy)benzene
(2.0 mmol) in the same solvent (5mL) was added dropwise over a
5-min period, and stirred for 30 min. The reaction was monitored by tlc
analysis (silica gel plates; eluent: AcOEt/hexane 1:2). On comple-
tion, moist silica gel (5.0 g) was added and the mixture was shaken for
5 min, decolorized, and filtered off through a pad of silica gel to give a
solution that was concentrated and purified by reduced pressure
distillation to afford a fairly pure quinone 17.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
o For personal use only. -

COSSIO ET AL. 231

Method B

To a suspension of PDC (5.64 g, 15mmol) in dichloromethane
(15 mL), trimethylchlorosilane (4.5 mL, 35.4 mmol) was added at 0°C
and then the corresponding 1,4-bis(trimethylsiloxy)benzene (5 mmol)
was added to the resulting red-brown mixture. The reaction was stirred
at room temperature for 15 min, then filtered off through a pad of silica
gel (230-400 mesh) and washed with dichloromethane. The resulting
yellow solution was treated with water (15 mL X 2). The organic layer
was dried (Na;SOs) and the solvent evaporated under reduced pressure
to give the corresponding quinone 17.

General procedure for the oxidation of 1,4-bis(tert-butyldimethyl-
siloxy)benzene

Method A

To a cooled (0°) solutions of trimethylsilyl chlorochromate 3
(15 mmol), prepared as above in dichloromethane (15 mmol) was
added and the reaction mixture was stirred at the same temperature for
20-30min. On completion, wet silica gel (10g) was added to
hydrolyze the remaining oxidizing species and the mixture was filtered
through a pad of silica gel. The organic solution was dried and the crude
quinone purified by column chromatography (silica gel; eluent:
hexane /ether 1:1).

Method B

To a suspension of PDC (1.97 g, 5.23 mmol) in dichloromethane
(10 mL), trimethylchlorosilane (1.59 mL, 12.52 mmol) was added at
0°C and the corresponding 1,4-bis(zert-butyldimethylsiloxy)benzene
(5.0 mmol) was then added to the resulting red-brown mixture. The
reaction was stirred for 15 min, then filtered off through a pad of silica
gel (230-400 mesh) and washed with dichloromethane. The resulting
yelow solution was treated with water (15 mL X 2) and the organic
layer was dried (Na,SO,). The solvent was evaporated under reduced
pressure and the resulting product was purified (elution of silanol) by
column chromatography (silica gel; eluent: diethyl ether /hexane 1:1)
to give the corresponding pure benzoquinone 17.
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The preferred conformation of 2-fluoro-2-deoxy 3-pD-mannopyranosyl fluoride. An X-ray
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STEPHEN G. WITHERS,! IAN P. STREET, AND STEVEN J. RETTIG2
Department of Chemistry, University of British Columbia, Vancouver, B.C., Canada V6T 1Y6
Received July 3, 1985

STEPHEN G. WITHERS, IAN P. STREET, and STEVEN J. RETTIG. Can. J. Chem. 64, 232 (1986).

The preferred conformation of 2-fluoro-2-deoxy B-D-mannopyranosyl fluoride has been determined in the solid state by
X-ray crystallography and in aqueous solution by 2-dimensional J-resolved proton nuclear magnetic resonance. Crystals of
2-fluoro-2-deoxy B-D-mannopyranosyl fluoride are monoclinic, a 4 10.9150(8), b 4 4.9079(4), ¢ 4 6.9902(6) A, p =
105.158(4)°, Z = 2, space group P2;. The structure was solved by direct methods and was refined by full-matrix least-squares
procedures to R = 0.028 and R,, = 0.031 for 797 reflections with / = 30(/). The sugar ring was present in an essentially
undistorted *C; chair conformation. Weak, but significant interactions, presumably hydrogen bonding of the type OH ... F and
CH ... F, are observed within the crystal lattice. Coupling constants observed in the proton nmr were consistent only with a *C,
chair conformation in solution. These observations are briefly discussed in terms of recent findings concerning the
interaction of fluorodeoxy sugars with enzymic binding sites.

STEPHEN G. WITHERS, IAN P. STREET et STEVEN J. RETTIG. Can. J. Chem. 64, 232 (1986).

On a déterminé la conformation privilégiée du fluorure du fluoro-2 déoxy-2 B-b-mannopyrannosyle tant a I’état solide en
faisant appel a diffraction des rayons-X qu’en solution aqueuse en faisant appel 4 la rmn du 'H bidimensionnelle
résolue pour J. Les cristaux du fluorure du fluoro-2 déoxy-2 [B-p-mannopyrannosyle sont monoclinigues avec
a=10,9150(8), b=4,9079(4), c=6,9902(6) A, 3=105,158(4)°, Z=2 et groupe d’espace P2;. On a résolu la structure par des
méthodes directes et on I'a affinée par la méthode des moindres carrés (matrice entiére) jusqu’a des valeurs de R=0,028 et
R,, = 0,031 pour 797 réflexions avec / = 3c(/). Le cycle du sucre existe essentiellement dans une conformation chaise *C, qui
n’est pas déformée. Dans la maille du cristal, on observe des interactions faibles, mais significatives, qui sont probablement dues
& des liaisons hydrogenes du type OH...Fet CH.. .F. Les constantes de couplage observées dans le spectre rmn du 'H en
solution ne peuvent étre expliquées que par une conformation chaise *C;. On discute briévement de ces résultats par rapport aux

résultats obtenus récemment concernant I’interaction des sucres fluoro-déoxy avec les sites de liaison enzymatique.

Introduction

The mode of interaction of carbohydrates and proteins has
been attracting considerable interest of late, particularly since
the antigenic determinants of red blood cells are oligosacchar-
ides and it is their interaction with receptor proteins that is
central to blood type recognition (1). In order to probe the inter-
molecular forces dominating such interactions, deoxy- and
fluorodeoxy-saccharide analogues have been employed in sev-
eral specificity studies (2—5). Such analogues are useful since
the hydroxyl moiety is replaced by a smaller, and therefore
sterically compatible, substituent, but one of different electronic
properties. Systematic studies of mono-substituted derivatives
can therefore provide information on the factors contributing to
binding at each position. The enzyme glycogen phosphorylase
provides a useful model system for a study of carbohydrate/
protein interactions since the three-dimensional structure of the
glycogen phosphorylase /glucose complex has been determined
by X-ray crystallography (4). Studies currently in progress in-
volve a systematic study of the specificity of this enzyme for
glucose as an inhibitor and for its substrate glucose-1-
phosphate, using a series of deoxy and fluorodeoxy analogues.
However, since the enzyme is known to bind glucose in its *C,
conformation (4, 6) it was considered important to establish that
substitution of one or more fluorine atoms into the ring did not
distort the sugar away from this preferred *C, conformation.
Such concerns were based upon the previous observation (7) that
2,3 ,4-tri-O-acetyl B-p-xylopyranosyl fluoride adopts the 'C,
conformation in solution, as a result of interactions between the

' Author to whom correspondence may be addressed.
Experimental Officer, University of British Columbia Crystallo-
graphic Service Laboratory.

[Traduit par le journal]

dipole associated with the C—F bond and that associated with
the ring oxygen atom. This provided a convincing demon-
stration of the strength of the anomeric effect associated with a
fluorine substituent at the anomeric centre, since in its preferred
conformation the acetoxy substituents at C(2), C(3), and C(4)
are forced into unfavourable axial orientations. In the case under
consideration a complete inversion to a 'C, conformation is
considerably less likely, primarily as a result of the requirement
for the bulky hydroxymethy! group at C(5) to then adopt an axial
configuration with consequent repulsive interaction. However,
since any significant distortion in the molecule could affect its
ability to bind to the enzyme, it was deemed important to
investigate this possibility.

2-Fluoro-2-deoxy-B-p-mannopyranosyl fluoride was se-
lected as the most likely compound, in the series being texted,
to be distorted, on the basis of dipolar repulsions between the
two fluorine substituents and the ring oxygen atom, in the *C,
conformation. Its solid state structure was thus determined by
X-ray crystallography and its conformation in solution
ascertained by proton nmr. The X-ray crystal structure has also
provided some insight into the involvement of the fluorine atom
in hydrogen bonding within the crystal lattice.

Experimental

2-Fluoro-2-deoxy B-p-mannopyranosyl fluoride was obtained by
Zemplen deacetylation (8) of its tri-O-acetate. The protected sugar,
obtained by the addition of trifluoromethyl hypofluorite to p-glucal
tri-O-acetate (9), was kindly provided by Dr. D. Dolphin.

The 'H nmr spectra were determined in D,O at ambient temperature
on a Bruker WH-400 spectrometer. The 'H nmr chemical shifts are
referenced to external DSS at 0 ppm. The '°F nmr chemical shifts are
referenced to external trifluoroacetic acid in D,0 at O ppm. The
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homonuclear 2-dimensional J-resolved spectrum was obtained using
the standard pulse sequence shown below, at 256 different values of ¢,.
256 spectra of 1K data points requiring 48 acquisitions each were thus
obtained and the resultant matrix then transformed in the £, and £,
dimensions.

Single crystals of 2-fluoro-2-deoxy B-D-mannopyranosyl fluoride
were obtained by vapour diffusion of petroleum ether into a solution of
the title compound in diethyl ether/methanol.

X-ray crystallographic analysis

A crystal bounded by the 10 faces (followed by their distances in mm

from a common origin): =(100), 0.12, £(10—1), 0.09, £(101),
0.14, =(11-2), 0.19, =(—112), 0.23 was mounted in a general
orientation. Unit-cell parameters were refined by least squares on 2 sin
0/x values for 25 reflections (26 = 35-42°) measured on a
diffractometer with Mo-Ka radiation (A\(Ko,) = 0.70930 A, M(Ka,) =
0.71359 A). Crystal data at 22°C are:
CgH oF,0., fw = 184.14
Monoclinic, a = 10.9150(8), b = 4.9079(4), ¢ = 6.9902(6) A, B=
105.158(4)°, V = 361.43(5) A%, Z =2, p. = 1.692 Mg m™>, F(000) =
192, p(Mo-Ka) = 1.62 cm™!. Absent reflections: 0k 0, k odd, space
group P2, (C3, No. 4).

Intensities were measured with graphite-monochromated Mo-Ka
radiation on an Enraf—Nonius CAD4-F diffractometer. An w—20 scan
at 0.80-10.06° min~! over a range of (0.60 + 0.35 tan 6) degrees in w
(extended by 25% on both sides for background measurement) was
employed. Data were measured by 20 = 55°. The intensities of 3 check
reflections, measured every 3600 s throughout the data collection,
showed only small random variations. Of the 919 independent
reflections measured and processed,® 797 (86.7%) had intensities
greater than or equal to 3a(/) above background, where o%()) = § + 2B
+ (0.04(S-B))* with § = scan count and B = normalized background
count.

The structure was solved by direct methods, the coordinates of all
non-hydrogen atoms being determined from an £-map and those of the
hydrogen atoms from a subsequent difference map. Hydrogen atoms
were refined with isotropic and non-hydrogen atoms with anisotropic
thermal parameters. The scattering factors of ref. 10 were used for
non-hydrogen atoms and those of ref. 11 for hydrogen atoms. The
weighting scheme w = 1/0%(F), where o(F) is derived from the
previously defined a*(I), gave uniform average values of w(IF, —
|FI)* over ranges of both | 'yl and sin 8 /X and was employed in the final
stages of full-matrix refinement of variables. Reflections with I < 3a(/)
were not included in the refinement. Convergence was reached at R =
0.028 and R,, = 0.031 for 797 reflections with I = 3a(/). For all 919
reflections, R = 0.041. The function minimized was Sw(IF,| — I1F.)?,
R=31F, — IFIl/3IF, and R,, = Gw(F,l — IF)?/SwIF, )"

On the final cycle of refinement the mean and maximum parameter
shifts corresponded to 0.001 and 0.014a respectively. The mean error
in an observation of unit weight was 1.648. A final difference map
showed no unusual features, maximum fluctuations being —0.26 and
+0.18 ¢ A=3. The final positional and thermal parameters appear in
Tables 1 and 6* respectively. Measured and calculated structure factors
have been placed in the Depository of Unpublished Data.*

The ellipsoids of thermal motion for the non-hydrogen atoms are
shown in Fig. 1 and the packing diagram in Fig. 2. The thermal
motion has been analysed in terms of the rigid-body modes of

3The computer progams used include locally written programs for
data processing and locally modified versions of the following: MUL-
TAN 80, multisolution program by P. Main, S.J. Fiske, S.E. Hull, L.
Lessinger, G. Germain, J.P. Declercq, and M.M. Woolfson; ORFLS,
full-matrix least squares, and ORFFE, function and errors, by W.R.
Busing, K.O. Martin, and H.A. Levy; FORDAP, Patterson and Four-
ier syntheses, by A. Zalkin; ORTEP II, illustrations, by C.K. Johnson.

*The structure factor table, Table 6 (anisotropic thermal parameters)
and other material mentioned in the text may be purchased from the
Depository of Unpublished Data, CISTI, National Research Council of
Canada, Ottawa, Ont., Canada K1A 0S2.

TABLE 1. Final positional (fractional x 10%, H X 10°) and isotropic
thermal parameters (U X 10° A?) with estimated standard deviations in

parentheses®

Atom X y z Ueq/ Uiso
F(1) —345(1) 5109 7178(2) 48
F(2) 1588(1) 4938(5) 10472(2) 44
0(3) 3406(1) 9172(5) 11317(2) 32
04) 4609(1) 7772(5) 8300(2) 28
O(5) 1459(1) 4702(5) 6369(2) 28
O(6) 4123(1) 5281(5) 4306(2) 34
C(1) 743(1) 6504(7) 7197(3) 31
C2) 1424(2) 7287(6) 9296(3) 30
C(3) 2714(2) 8483(6) 9355(2) 25
C(4) 3435(2) 6543(6) 8340(2) 21
C(5) 2637(1) 5918(6) 6241(2) 23
C(6) 3237(2) 3873(6) 5133(3) 29
H(0O3) 345(2) 783(6) 1198(3) 29(6)
H(04) 513(3) 663(8) 849(4) 51(9)
H(O6) 464(3) 426(11) 404(5) 72(10)
H(1) 47(2) 820(6) 639(3) 39(7)
HQ2) 98(2) 848(6) 988(3) 26(5)
H(®3) 259(2) 1018(6) 866(3) 24(5)
H(4) 360(2) 483(5) 907(3) 20(5)
H(5) 247(2) 748(6) 546(3) 28(5)
H(6a) 257(2) 287(7) 415(4) 45(7)
H(6b) 366(2) 248(7) 605(3) 35(6)

*ch = 1/3 trace Udiagonalizcd'

F(1)

FiG. 1. Stereoview of the 2-fluoro-2-deoxy B-p-mannopyranosyl
fluoride molecule. 50% probability thermal ellipsoids are shown for the
non-hydrogen atoms. Hydrogen atoms were assigned arbitrarily small
thermal parameters for the sake of clarity.

translation, libration, and screw motion (12). The rms standard
error in the temperature factors aU; (derived from the least-
squares analysis) is 0.0007 A2 Analysis of the six-membered ring
gave rms AUy = 0.0009 A? and physically reasonable rigid-body
parameters. The appropriate bond distances have been corrected for
libration (12, 13), using shape parameters g of 0.08 for all atoms
involved. Corrected bond lengths appear in Table 2 along with the
uncorrected values; corrected bond angles do not differ by more than
lo from the uncorrected values given in Table 3. Intra-annular torsion
angles defining the conformation of the six-membered ring are listed in
Table 4, and hydrogen bond and weak C—H . . . (F/O) interaction data
inTable 5. Bond lengths and angles involving hydrogen and a complete
listing of torsion angles (Tables 7-9) are included as supplementary
material.

Results and discussion

The one-dimensional 'H nmr spectrum of the title compound
is presented in Fig. 3(a). Attempts to unequivocally assign all
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses

Length Length

Bond Uncorr. Corr. Bond Uncorr. Corr.
F(1)—C(1) 1.368(2) 1.372 0(6)—C(6) 1.429(2) 1.432
F(2)—C(2) 1.400(3) 1.405 C(1H—C(2) 1.511(3) 1.516
oG)>—C(1) 1.401(2) 1.406 C(2)—C@3) 1.515(3) 1.520
O(5)>—C(5) 1.442(2) 1.446 C(3)—C(4) 1.524(3) 1.529
03)>—C(3) 1.423(2) 1.426 C(4)—C(5) 1.529(2) 1.534
04)—C4) 1.424(2) 1.427 C(5)—C(6) 1.517(3) 1.521

TaBLE 3, Bond angles (deg) with estimated standard deviations in parentheses

Bonds Angle(deg) Bonds Angle(deg)
C(1H—O()»—C(5) 111.53(14) C2)—C3)—CH#) 109.53(15)
F(1)—C(1)—0(5) 104.9(2) O(4)—C(4)»—C3) 108.8(2)
F(1)y—C(1)y—C(2) 109.98(14) O(4)—C(4)—C(5) 110.84(13)
O(5)y—O0(1)y—C(2) 112.08(14) C(3)—C4)—C(5) 109.79(13)
F(2)y—C(2)y—C(1) 108.4(2) O(5)—C(5—C@4) 108.47(12)
F(2)y—C(2y—C@3) 109.15(15) O(5)y—C(5)Y—C(6) 105.47(12)
C(H—C(2)—C(3) 110.03(14) C(4)—C(5)—C(6) 114.18(15)
0(3)—C3)—C(2) 111.95(14) O(6)—C(6)—C(5) 108.3(2)
0(3)—C(3)—C#4) 112.86(14)

Fic. 2. Stereoview of the packing of 2-fluoro-2-deoxy B-D-mannopyranosy! fluoride. Broken lines represent hydrogen bond and H...(F/O)

interactions with H...F < 2.47 A and H...O = 2.56 A.

TaBLE 4. Intra-annular torsion angles (deg)
with standard deviations in parentheses

Atoms Value(deg)
C(5)—0O(5)»—C(1)—C(2) —62.1(2)
O(5)—C(1)»—C(2)—C(@3) 56.0(2)
C(H—C(2)y—C(3)—C4) —52.2(2)
C2)y—C(3)»—C(4)—C(5) 55.002)
C(3)—C(4)>—C(5)—0(5) —59.3(2)
C(1)—0(5)—C(5)—C(4) 63.0(2)

resonances and couplings in this spectrum as a means of
determining its solution conformation were unsuccessful.
Rather than embark on a lengthy series of decoupling
experiments to permit assignment, a homonuclear ('H)
two-dimensional J-resolved spectrum was obtained and is
presented as a contour plot in Fig. 3(b). In such a presentation
the coupling constant axis contains 'H-'H coupling constant
information only, while the projection onto the chemical shift

axis produces the proton-decoupled, but still fully fluorine-
coupled 'H spectrum, thus enormously simplifying assignment.
The assignment achieved is presented in Table 10. The coupling
constants observed are consistent only with a *C; conformation
for the sugar, as follows. Large coupling constants (approxi-
mately 10 Hz) between H(5) and H(4) and between H(4) and
H(3) are uniquely consistent with a trans-diaxial arrangement
of these protons, while large vicinal proton—fluorine coupling
constants of 30 Hz and 17.8 Hz between H(3) and F(2) and
between H(1) and F(2) respectively are indicative of a trans-
diaxial arrangement of these substitutents (14, 15). In fact,
all the trans-diaxial coupling constants are slightly larger than
those determined for the fully acetylated sugar (15). This could
be due to differences in electronegativity of acetate (16) versus
hydroxyl substituents or to a solvent effect, but is more likely
due to the deprotected sugar adopting a more rigid *C,
conformation in D,O than the protected sugar adopts in CDCls.
The possibility of some degree of distortion of the protected
sugar (based upon nmr data) was discussed in this earlier paper
(15). The value of 2-dimensional nmr in such a spectral
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TABLE 5. Hydrogen bonds and weak C—H...(F/O) interactions*

Length Angle
Atoms H...AA) D...A (A) D—H...A(deg)

O(3)—H(03)...0(6)" 2.03(3) 2.787(2) 158(2)
O(3)—H(03)...F(2)* ©2.47(2) 2.827(2) 108(2)
O(4)—H(04)...0(3)° 1.98(3) 2.754(2) 170(3)
O(6)—H(06)...0(4)* 2.14(4) 2.841(2) 144(3)
O(6)—H(06)...0(6)* 2.48(5) 3.108(2) 134(3)
C(—H(1)...0(5)° 2.56(2) 3.365(2) 136(2)
CQ—H(2)...F(1)® 2.46(2) 3.301(2) 1512)
C(4y—H(4)...0@) 2.52(2) 3.298(2) 137(2)

*Superscripts refer to symmetry operations: x, y, 1+z,x, y, 2z, 1—x, y—1/2,2—z; 1—x, y—1/2, 1—z; —x,

1/2+y, 1—z; and —x, 1/2+y, 2—2, respectively.

5:0 4:0 5 ppm

DU 110

Fic. 3. The 'H nmr spectra of 2-fluoro-2-deoxy {-D-manno-
pryanosyl fluoride in D,O at 400 MHz and ambient temperature. (a)
1-Dimensional spectrum; (b) 2-dimensional J-resolved spectrum.

assignment is best illustrated by a couple of examples from Fig.
3. The multiplet due to H(5) (8 = 2.95 ppm) is well resolved in
the two-dimensional nmr, and all couplings are seen to be
proton—proton couplings, with no proton—fluorine coupling.
The multiplets between 8 = 3.14 ppm and 8 = 3.30 ppm are
well resolved in the two-dimensional nmr as resonances from
two protons, one of which (H(6'), 8 = 3.21 ppm) is a proton
coupled double doublet (J(6-6") = 12.4 Hz, J(6' —5) =5.9 Hz)
with a small long-range fluorine coupling that manifests itself as
abroadened contour. The other resonance (H(3), 8 = 3.23 ppm)
contains both fluorine—proton and proton—proton coupling and
thus appears as two double doublets separated along the
chemical shift axis by the fluorine coupling constant. Similarly
the resonance due to H(1) is seen to contain only fluorine—proton
couplings and no proton—proton coupling, and thus appears as a

multiplet along the chemical shift axis. A *C; conformation is
therefore unequivocally assigned for this compound under these
conditions.

The bond lengths and bond angles for the title compound, as
determined by X-ray crystallography, are presented in Tables 2
and 3. The three-dimensional structure with carbon, oxygen,
and fluorine atoms represented as thermal ellipsoids is presented
in stereo format in Fig. 1. The compound is clearly in the normal
*C, conformation with one axial fluorine (F(2) and one
equatorial fluorine (F(1). The distance C(2)—F(2) is very
similar to the average C—F value of 1.40 A observed for several
other deoxyfluoro sugar derivatives (17-21), but slightly greater
than the average value for the paraffinic C—F bond (22) (1.38
A), whereas the C(1)—F(1) bond is slightly shorter (1.368 A).
This shorter C(1)—F(1) bond length is interesting, as similar
observations have been made previously on the relative
shortening of the C(1}—O(1)H bond length in many structure
determinations of pyranose sugars (23). The pyranose ring is
essentially unstrained since very little distortion is observed
based upon the intra-annular torsion angles (23) (Table 4) and
upon the calculated puckering parameters as defined by Cremer
and Pople (24). Comparison of the intra-annular torsion angles
with a set of average torsion angles for mannose calculated
previously (23), based upon 12 mannose structures, reveals that
some small differences (5° or less) in angle, centred around C(5)
and O(5), are observed. The puckering parameters reveal the
same minor distortions. Parameters calculated are Q =
0.582A,0 =4.2°, g, = 0.043 A, g5 = 0.580 A. Comparable
values for mannose calculated from the average mannose
coordinates (25) are @ = 0.5505 A, 6 = 2.56°, g, = 0.0245 A,
g3 = 0.5499 A. The deviation from an ideal chair conformation
(6 = 0°) is proportional to 0 and is small, although slightly
greater than that of the average mannose structure. The above
average total puckering amplitude, Q, arises from larger
than normal (by about 0.03 A) displacements of atom O(5) and
C(5) from the mean plane of the ring. As a consequence, the
intracyclic bond angles at O(5) and C(5) are smaller than the
average values of 113.4° and 110.2°, respectively (25).

There is a considerable amount of hydrogen bonding in the
crystal, both between adjacent molecules and also within the
molecule (Fig. 2). All the hydroxyls are involved in hydrogen
bonding both as donors and as acceptors, and are often multiply
involved. The ring oxygen also acts as a hydrogen bond
acceptor. Several weak interactions involving the fluorine atoms
are observed. F(2) is involved in a weak intramolecular
interaction with OH(3), as evidenced by the relatively short



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 216.244.86.163 on 09/06/12
S For personal use only. S 4

236 CAN. J. CHEM. VOL. 64, 1986

TaBLE 10. 'H nuclear magnetic resonance assignment

Chemical Shift 'H-"H coupling YF_'H coupling
S (ppm) constants (Hz) constants (Hz)
H(1) = 5.01 H(1)-H2) =0 F(1)-H(1) = 47.4
H(2) = 4.41 HQ2)-H@3) = 2.71 F(1)-H(2) = 2.8
H(3) = 3.23 H(3)-H®4) = 9.7 F(2)-H(2) = 51.8
H@4) = 3.11 H(4)-H(5) = 9.9 F(2)-H(1) = 17.8
H(5) = 2.95 H(5)-H(6) = 2.4 F(2)-H(3) = 30.0
H(6) = 3.36 H(5)-H(6') = 5.9 F-H{4) = 1
H(6') = 3.21 H(6)-H(6") = 12.4 F-H(69) = 1
F(1) = 31.37 F(1)-F(2) = 12.7
(®* = 147.53)
F(2) =— 43.50
(®* = 222.40)

F...H distance. This results in OH(3) being rotated slightly
away from its other stronger hydrogen bonding partner, OH(6)
of an adjacent molecule. F(1) is involved in a weak interaction
with the CH proton of C(2), which is presumably activated
towards such interaction by virtue of its two electronegative
substituents. Such involvement of fluorine atoms in hydrogen
bonding interactions is relatively unusual but not un-
precedented, and Glusker and co-workers (26) have recently
summarized their status. A more recent structure (27) in which a
short intermolecular C—F---H—O bond is observed has also
been published and an earlier study (28) has established the
existence of weak C—H---F hydrogen bonds. While such
interactions are weak, they are doubtless significant, as
evidenced in this case by the high density and low temperature
factors observed despite the removal of two hydroxyl groups.

Direct observation of such interactions is important in the
light of the many recent studies regarding interaction of
fluorinated substrate analogues with biological systems (2—5,
29, 30), and particularly with regard to studies of fluorocar-
bohydrate /protein interactions where such hydrogen bonding
has been invoked (4, 30) to explain the high affinity for the
protein of fluorodeoxy derivatives as compared to deoxy
derivatives.
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The photochemistry of 6- and 7-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene

CHRISTOPHER OWEN BENDER, DONALD LAVERNE BENGTSON, DOUGLAS DOLMAN, AND SEAMUS FrRaNCIS O’SHEA

Department of Chemistry, University of Lethbridge, Lethbridge, Alta., Canada T1K 3M4
Received September 23, 1985
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Chem. 64, 237 (1986).

The direct irradiation of 7-cyanobenzocyclooctatetraene (5) led to 6- and 7-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene
(7 and 8; &, = &g < 0.0001). On direct irradiation, 7 gave 1-cyanobenzosemibullvalene (6; ® = 0.19), 5 (® = 0.022), and
2-cyanonaphthalene (@ = 0.04), whereas 8 gave 7-cyanobenzosemibullvalene (16; ® = 0.03), 5 (¢ = 0.22), naphthalene (P =
0.12), and 4-cyano-7,8-benzotetracyclo[3.3.0.02%.0>®Joct-7-ene (17, ® = 0.03). Upon sensitized irradiation, 7 gave 6 (® = 0.68)
and 2-cyanonaphthalene (® = 0.007), while 8 gave 16 (® = 0.01) and naphthalene (® = 0.52). Deuterium labelling studies
suggest that 6 and 16 derive from Zimmerman di-w-methane rearrangements.

CHRISTOPHER OWEN BENDER, DONALD LAVERNE BENGTSON, DouGLAS DOLMAN et SEAMUS Francis O’SHEA. Can. J.
Chem. 64, 237 (1986).

La photolyse directe du cyano-7 benzocyclooctatetraene (5) conduit aux cyano-6 et -7 benzo-2,3 bicyclo[4.2.0]octatriénes-
2,4,7 (7 et 8; ®; = Og < 0,0001). Par irradiation directe, 7 conduit au cyano-1 benzo semi-bullvaléne (6; ® =0,19), a 5§
(@ = 0,022) et au cyano-2 naphtaléne (& = 0,04), tandis que 8 conduit au cyano-7 benzo semi-bullvalene (16; ® = 0,03),2 5
(® = 0,22), au naphtalene (& = 0,12), et au cyano-4 benzo-7,8 tetracyclo[3.3.0.0?0%5]octene-7 (17; & = 0,03). Par irradia-
tion sensibilisée, 7 conduit a 6 ($ = 0,68) et au cyano-2 naphtalene (® = 0,007), alors que 8 conduit 2 16 (® = 0,01) et au
naphtaléne (® = 0,52). Des études de marquages au deuterium suggerent que 6 et 16 dérivent des transpositions di-w-méthanes
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de Zimmerman.

Introduction

On the basis of deuterium labelling studies we reported that
the photoformation of 6,7-dimethylbenzosemibullvalene (i.e.,
6,7-Me,-BSB (4)) from 6,7-dimethylbenzocyclooctatetraene
(i.e., 6,7-Me,-BCOT (1)) can be accounted for in terms of a
Zimmerman di-mr-methane (DPM) rearrangement of the initial-
ly formed diene 2 (1). In the light of this observation we
suggested that the known (2) conversion of 7-CN-BCOT (5) to
1-CN-BSB (6) on direct irradiation might follow a similar
reaction sequence, and hence involve the intermediate forma-
tion of 6-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene (i.e.,
diene 7). We now present evidence to support this view, and
other results which demonstrate that the extent of DPM
rearrangement in such dienes is strongly dependent on substi-
tuent location.

"

QL) 0 =~
—_

rearr.

Results

The direct irradiation of COT 5 at wavelengths > 340 nm led
cleanly not only to the anticipated diene 7 but also to the
alternate 27 + 21 ring closure product 8. The two products
were formed in equal amounts, in high chemical yield, but in
very low quantum efficiency (®,; = ®3 <0.0001).

The structures of 7 and 8 were deduced from nmr data (see
Experimental) and chemical evidence. Thus, treatment of 7
with diimide led to the selective reduction of the nonconjugated
(cyclobutene) double bond to give 7,8-dihydro-6-cyano-
2,3-benzobicyclo[4.2.0]octa-2,4-diene (9). The nmr data for 9
agree well with those reported for the corresponding protons of
10 (3) (see Scheme 3). In the case of diene 8, reduction with
diimide was ineffective. However, catalytic hydrogenation with
10% Pd on C gave 11, a tetrahydro derivative of 8. The same

5
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material was the only significant product from the hydrogena-
tion of the known compound 12 (4).!

Further support for structures 7 and 8 derives from their facile
thermal conversion to COT 5 (cf. the thermolysis of 13 to 14,
Scheme 4 (5)). The rearrangements were detectable on the gc at
column temperatures >100°C for 7, and >135°C for 8, and
are essentially quantitative upon flash gas phase thermolysis at
350°C.

Photochemically, dienes 7 and 8 are also labile. The product
formations from the direct and sensitized irradiations are
depicted in Scheme 5; the yields given are based on consumed
starting materials.

The formation of 4-cyano-7,8-benzotetracyclo-
[3.3.0.0%*.0>%]oct-7-ene (17) in the direct irradiation of 8 is
analogous to the photoisomerization of 13 to 15 reported by
Collin and Sasse (5). The structure of 17 was assigned on
spectroscopic grounds alone. The mass spectrum shows a strong
molecular peak at m/e 179 and, like 15, contains a major
fragmentation peak at m/e 128, corresponding to naphthalene
ion. The C, symmetry of 17 is reflected by the 'H nmr spectrum,
which shows only five sets of resonance signals: three in the
aliphatic region centred at 54.36 (H-1, 6), 8 3.28 (H-5), and at 3
2.96 (H-2, 3) (cf. 5 4.24 (H-1, 6), and & 2.52 (H-2, 3) for 15

'We thank Professor McCullough of McMaster University for a
comparison sample of authentic 12.
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(6)), and two in the aromatic region. The aliphatic signals
approximate an AA'MXX' spin system, with H-5 appearing as
a quintet (Js 16 = Js,2¢3) = 4.5 Hz), as does the corresponding
proton in the related derivative 18 (Js 6 =4.5Hz and
Js23 = 5Hz (7).2

Structural assignment in the case of photoproduct 16 was less
straightforward since the compound undergoes rapid poly-
merization upon solvent removal, thus limiting the physical
characterization. Nevertheless, the mass spectrum, nmr data,
and hydrogenation results provide strong support for the
proposed benzosemibullvalene structure.

The mass spectrum (via gc/ms) established the molecular
weight as 179 and the 'H nmr spectrum revealed the uniquely
characteristic coupling constants of the rigid benzosemibull-
valene framework. The nmr data for 16 are compared with those
of 6 and parent benzosemibullvalene 19 (8) in Table 1. Note that
the protons of 16 appear within the expected chemical shift
regions; the 0.7-ppm downfield shift of H-6 relative to H-6 in 19
agrees well with the reported chemical shift substituent constant
of 0.8 ppm for the cis proton of acrylonitrile (9). Chemical
evidence in favour of the structure was obtained from the brief
exposure of 16 to catalytic hydrogenation (10% Pd on C; 3 min).
Two major components were formed, but only one (20, 31%)
was isolated. 7-Cyano-2,3-benzobicyclo[3.3.0]octa-2,6-diene
(20) is a stable crystalline dihydro derivative of 16 and can be
viewed as a product of 1,4-addition of hydrogen to C-2 and C-6
of 16. Other 1,4-addition reactions of semibullvalenes are well
known (7, 10).

In addition to aromatic signals, the nmr spectrum of 20 shows
one vinylic proton at & 6.52 and six d