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of S(3P) with CS, in this system unless the sulfur has excess
translational energy.”® The existence of a reactive interme-
diate cannot be ruled out, but it seems unlikely that any
chemically realistic intermediate, except CS3*, which yields
labeled CS, would react competitively with H,.® Excited
CS;* if formed might undergo exchange reaction with CS;
or be stabilized by collision with bath gas as discussed
below.

To distinguish between these mechanistic routes to la-
beled CS;, a large excess of Ar was added to a 2 to 1 mix-
ture of CS; and Hj as shown in Table 1. Argon is reported
to have a very small quenching rate constant for S(D)
compared with H, and hydrocarbons and, therefore, it
should not markedly affect the distribution of S('D) to
S(®P) atoms even at relatively high dilution.? It is, however,
known to be a reasonably good hot atom moderator and is
also expected to be as good an energy transfer agent as Hj
in stabilizing any excited CS3* present. The small decrease
in labeled CS; product observed at high dilution with Ar is
not consistent either with a model based primarily upon a
translationally hot process or one in which exchange reac-
tion between CS;* and CS; is dominant. In fact the contri-
bution from the latter process is estimated to be less than
5% on the basis of these data.

The most reasonable reaction mechanism which accounts
for the major features of the data is based upon excited sin-
glet sulfur atom exchange reactions with CS; in competi-
tion with quenching as indicated in the following scheme.

Ry

s(D) + Cs, — Cs, (labeled) (1)
Ry

S('D) + M —> S{®P)or MS (2)

k3 CSy or M
—— CS3* —_— CS3 — wall (3)

sCp) + cs,
Chemically activated CS3* postulated in reaction 3 is not
expected to competitively decompose at pressures of 200
Torr and greater.* This set of reactions can be treated
quantitatively in a manner similar to that reported by Do-
novan et al.!% in quenching studies of S('D). The fraction of
S('D) which gives labeled CS, in experiments containing
CS; reactant and additive M is equal to k[CS,]/(k[CS;]
+ k3[M] + T) where T represents the rate of removal of
S(!D) by all additional reaction channels. If T and [CS;]
are constant, a plot of the reciprocal of the CS; activity as a
function of additive [M] should yield a straight line whose
slope is proportional to ky/k;[CS;]. The reciprocal of the
CS,; activity as a function of H, additive shown in Table I
was fitted by a linear least-squares procedure giving a cor-
relation coefficient of 0.995. The resulting linear behavior
indicates that the data are consistent with the mechanism
involving S(!D) exchange reaction with CS,.

This evidence for the existence of singlet sulfur atom
reactions in no way excludes the possibility of concurrent
triplet sulfur atom reactions, and indeed triplet sulfur atoms
are expected to be present both as hot and thermalized
species. The fact that they presumably do not play a signifi-
cant role in yielding labeled CS; despite reports that triplet
sulfur reacts with carbon disulfide is consistent with the for-
mation of the relatively stable intermediate CS; postulated
by Breckenridge and Taube.* Since the probability of a col-
lision between this intermediate and either another CS;
species or sulfur on the walls is vanishingly small in this sys-
tem, the postulated decomposition to give labeled CS; is not
important and any labeled CS; formed is expected to be lost
to the quartz surfaces of the reaction vessel as indicated by
reaction 3. Other mechanisms for removal of S(3P) atoms
are also possible, of course, but there is no evidence that

they contribute significantly to the carbon disulfide product
observed.

CyHg and C,H,4 additives were also used to distinguish
between triplet and singlet reactions as shown in Table I.!!
In both cases the yield of labeled CS; was significantly de-
pressed in a reaction system consisting of CS; and hydro-
carbon in a ratio of 1:2. Reaction and quenching of singlet
sulfur by both C;Hg and C,Hy4 are known to be efficient
whereas reaction of triplet sulfur is known to occur readily
only with ethylene.3b<

It appears then that there is clear evidence for the pres-
ence and reaction of S('D) atoms in this nuclear recoil
reaction system incorporating the 34S(n,y)3>S process. It is
also probable that S(!D) reactions have played an impor-
tant role in earlier reports of recoil sulfur atom reactions
and are responsible for the complexity observed due to the
large number of reaction paths available.
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Synthesis and Cryptate Complexes of a Spheroidal
Macrotricyclic Ligand with

Octahedrotetrahedral Coordination?

Sir:

The molecular recognition of the spherical alkali and al-
kaline earth cations by an organic ligand should be ideally
achieved by a system containing a spherical intramolecular
cavity into which the cation may be included. Macrocyclic
systems define a circular cavity and macrobicyclic ligands

an ellipsoidal one. In an analysis of the features of polycy-
clic ligands,? a spheroidal macrotricyclic system (see type I
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in ref 2) was shown to display a particularly attractive to-
pology.

We wish to report the synthesis of such a ligand bearing
ten coordination sites. The molecular architecture is ce-
mented together by four nitrogen cornerstones linked by
bridges each containing an oxygen site. The synthetic plan
is based on the stepwise construction of a macrocyclic,
macrobicyclic, and macrotricyclic system. The intermediate
products may also be expected to display interesting proper-
ties and may serve as building blocks for other ligand sys-
tems.

Chloromethylation at 0° in chloroform of the tosylate 1,
prepared from tosyl chloride and diethanol amine,? gives
the bischloromethyl ether 2 (mp ~30°; 98% yield). Treat-
ment of 2 with sodium cyanide in dimethylformamide at 0°
for 3 hr affords the biscyanide 3 (mp 48°; 50%) which, on
hydrolysis with barium hydroxide followed by HC! decom-
position of the precipitated organic barium salt, leads to the
dicarboxylic acid 4 (mp 87-88°; 80%). Direct conversion of
1 into 4 without isolation of the intermediate substances
gives recrystallized 4 in 40% yield. The acid chloride § is
obtained by allowing 4 to react with oxalyl chloride in ben-
zene* (mp 57-59°; 95%).

X
OH (_o/— (—0/—%_\
Tos—N Tos—N Y—N o
OH &—o &-o L‘-)
—x \_‘
X
1 2, X =Cl 6, X =0: Y = Tos
3. X =¢CN 7. X =H,; Y = Tos
4, X = COOH 8 X=H:Y=H
5. X = COC
X
I/\N& Y

VA
o

(2.3

V—( ~>
Goo ol e

x zN\ 0
<.

K/ NN
9. X =0 Y = Tos
10X =H; Y=H
High dilution condensation of 5 with
H,;NCH,CH,OCH,CH;NH,* as previously described*>

gives the macrocyclic triamide 6 (mp 117-118°; 63%)
which on reduction with diborane in the usual fashion* gives
7 (mp 88-89°; 98%). Compound 7 contains two free secon-
dary amino functions which will be used to construct the
macrobicyclic system; the third amino function is kept in
the protected tosylamide form until construction of the final
macrotricyclic system.

Reduction of 6 by LiAlH4 in tetrahydrofuran (THF) at
reflux for 16 hr removes at once the carboxamide and tosy-
lamide functions, giving the macrotricyclic triamine 8 (mp
135-136°; 78%). Compound 8 is an 18-membered ring with
alternating O and N sites and should have interesting lig-
and properties.

Condensation of 7 with 5 in high dilution** affords the
macrobicyclic molecule 9 (mp 110-111°; 75%). Reduction
of 9 with LiAlH4 in THF at reflux for 12 hr gives the tetra-
mine 10 (mp 39-40°; 85%). This compound is in itself an
interesting ligand which may be used for constructing vari-
ous macropolycyclic systems. Reaction of the two secondary
amino functions of 10 with CICOCH,OCH,COC! in high
dilution affords the highly crystalline macrotricyclic di-
amine-diamide 11 (mp 220-224°; 52%). Finally, 11 is re-
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Figure 1. Proton NMR observation of CsBr complexation by ligand 12:
free ligand (bottom), ligand + complex (middle), CsBr complex (top)
(CDCl; solution, solid CsBr, 60 MHz).
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duced with diborane? in THF at 50° for 17 hr; the resulting
crude product is hydrolyzed with 6 N HCI at reflux for 4 hr
and evaporated to dryness and the residue is taken up in
water, The macrotricyclic tetramine hexaether 12 is ob-
tained by passing this solution over a quaternary ammo-
nium anion exchange resin in its hydroxide form* and evap-
orating to dryness (recrystallization from hexane; mp 196-
200°; 95%). Compound 12 is soluble in all solvents from pe-
troleum ether to water. It forms nice cubic crystals. Because
of its high symmetry, its proton and carbon-13 NMR spec-
tra are very simple indeed, displaying two proton triplets (J
= 5.5 Hz) for the CH,-N and CH,-O groups at 2.70 and
3.65 ppm, respectively (Figure 1), and two carbon reso-
nances at 56.5 (CH»-N) and 70.05 (CH,-O) ppm from
Me4Si (in CDC13)

The macrotricyclic system 12 has four identical faces,
each being an 18-membered ring of type 8, connected at the
nitrogen sites and delineating an intramolecular cavity. De-
pending on the orientation of the nitrogen bridgeheads into
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(i or endo, n) or out (o or exo, x) of the cavity, 12 may exist
in five topological forms in a way similar to the three forms
of macrobicyclic compounds.*® They may be described as
i4, 130, 1202, 103, 04. The NMR spectrum corresponds either
to one highly predominant symmetric form, i4 or 04, Or to a
mixture of all forms in rapid equilibrium since inversion of
the nitrogen sites is expected to be very fast.

The is form has a particularly attractive shape. The in-
tramolecular cavity is spherical and lined with the ten bind-
ing sites in an octahedrotetrahedral arrangement 13: the
four nitrogens are located at the corners of a tetrahedron
and the six oxygens are at the corners of an octahedron, the
centers of the two polyhedra coincide and the ten corners lie
on the same sphere. In addition to its chemical interest,
such a ligand is not without aesthetic appeal!”

Compound 12 should be able to form complexes with
metal cations of appropriate size. Indeed, when solid CsBr
is added to a CDCls solution of 12, the salt dissolves slowly
and the initial NMR spectrum is progressively replaced by
a new one (Figure 1) due to the formation of a complex of
1/1 stoichiometry. Complex formation is also observed by
NMR in D,0 solution for instance with KBr, CsBr, and
BaBrj as well as with NH4I in CDCls.

Since in the slowly exchanging complex in CDCl; all
bridges in the ligand are equivalent, the complex must have
a center of symmetry; i.e., the cation is trapped inside the
cavity of the ligand. The complexes formed by 12 are thus
macrotricyclic [3)cryptates.? [Cs* C 12]Br~, analogous to
the macrobicyclic [2]cryptates discovered earlier.2® In the
complex, the ligand certainly exists in form is which allows
optimal interaction of the cation with all four nitrogen sites
as well as with the oxygens.

Compound 12 has a cavity radius of about 1.8 A, larger
than that of a given face of the polyhedron (about 1.5 A)
and its high connectivity ensures appreciable rigidity. These
two features are expected to influence both stability con-
stants and cation exchange rates of the complexes. Prelimi-
nary measurements show that the stability constants for the
K*, Rb*, and Cs* complexes are about 3.4, 4.2, and 3.4,
respectively (log K in water at 25°). The Cs* complex is
probably the most stable known to date. The cation ex-
change rates (determined from 'H NMR coalescence tem-
peratures) are among the slowest observed,? with free ener-
gies of activation of 15.5 (at 28°), 16.7 (at 51°) and 16.1
(at 41°) kcal/mol for the K*, Rb*, and Cs* complexes, re-
spectively.

The properties of ligand 12 and of some derivatives will
be described more extensively in future reports.
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The Mechanism of Dimer Formation in the

Electroreduction of p-Fluorobenzonitrile

Sir: _
The sodium naphthalenide reduction of several haloben-

zenes has been shown to result in dehalogenation and to

give benzene and biphenyl as the two principal products.!

The distribution of the principal products for both 1:1 and

2:1 molar ratios of sodium naphthalenide to halobenzene is

summarized in eq 1.

THF

—> C.H; + CgH;~C,H; + NaX (1)

6-10% (X = Cl, Br, D

17% (X = F)

C6H5X + Na*C10H8 o7
82-909% (X = Cl, Br,
729, (X = F)

Although Cheng et al.! favored reaction pathways involving
phenyl radicals, Sargent? disputed this suggestion and pro-
posed instead phenyl anion as the reactive intermediate.
The formation of benzene was suggested by Sargent? to
occur by the abstraction of a proton from the solvent system
by the phenyl anion (eq 2), while aromatic nucleophilic sub-
stitution was proposed for the formation of biphenyl (eq 3).

C,H;- + THF — C,H; + CH,=CHCH,CHO" (2)

CeHs —x-
CH,™ + CHX — — CH-CH, (3
X

We have now obtained evidence that dimer formation in
the reductive defluorination of p-fluorobenzonitrile occurs
by neither of these pathways, but occurs, rather, via the ap-
parent dimerization of the halogenated radical anion. The
evidence is based upon kinetic studies and substitution ex-
periments.

The electrochemical reduction of p-fluorobenzonitrile
has been demonstrated in our laboratory to give both mono-
meric and dimeric products.> Although unimolecular de-
composition of the intermediate p-fluorobenzonitrile radical
anion and the formation of benzonitrile was shown to pre-
dominate in dilute solution (<2.5 X 10~* F) (eq 4 and 5),
p-FC,HCN + e ==

k=11 sec!
[p-FCH,CN]+ —— [p-NCC.H,+] + F~ (4)
SH
[p-NCC H,+] — C,H,CN + solvent derived products
(5

a significant yield of the dimer, 4,4’-dicyanobiphenyl, was
obtained via an undetermined pathway when the concentra-
tion of p-fluorobenzonitrile radical anion exceeded 103 F.
Improved instrumentation has now allowed us to examine
the kinetics of dimer formation under conditions which
minimize the unimolecular decomposition pathway (eq 4
and 5).

The kinetics of the decomposition of the p-fluorobenzoni-
trile radical anion were studied by the single-potential-step
chronoamperometric method.4-¢ In this technique the po-
tential of the planar platinum electrode in a solution con-
taining p-fluorobenzonitrile is changed abruptly from a
value where no redox process occurs (E = —=2.00 V vs.
SCE) to a value sufficiently negative (E = =2.70 V) so as
to cause the concurrent reduction of p-fluorobenzonitrile
(E1j2 = =2.33 V) and the product of its radical anion de-
composition, 4,4’-dicyanobiphenyl.” Theory® predicts for
this sequence of electrochemical and chemical reactions (eq
6-8) that the apparent value of n(n,pp) should vary from a
lower limit of 1.0, when the only reaction which occurs is
the one-electron reduction of p-fluorobenzonitrile to its rad-
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