


WTIIMTIom

3 1293 01072 6259

THE]E

A
BRIV VA \

BAae W o -
3---'--43—- sim <

Uiversily

This is to certify that the

thesis entitled
SYNTHESIS AND CHARACTERIZATION
OF A CRYSTALLINE ALKALIDE:

POTASSIUM=(HMHCY )=SODIUM
presented by

Mark E., Kuchenmeister

has been accepted towards fulfillment
of the requirements for

Mo Se degree in Chemi stry

Major profess

0-7639 MSU is an Affirmative Action/Equal Opportunity Institution



MSU

RETURNING MATERIALS:
Place in book drop to
remove this checkout from

LIBRARIES
A—~e— your record. FINES will
be charged if book is
returned after the date
stamped below.
N\I ‘k“‘\’, N




SYNTHESIS AND CHARACTERIZATION OF A CRYSTALLINE ALKALIDE:

POTASSIUM-(HMHCY)-SODIUM

By

Mark E. Kuchenmeister

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Chemistry

1986



ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF A CRYSTALLINE ALKALIDE:
POTASSIUM-(HMHCY)-SODIUM
By

Mark E. Kuchenmeister

A new crystalline alkalide [K'(HMHCY):-Na~ ] has been
prepared from potassium, sodium, and hexamethylhexacyclen
(HMHCY; a member of a new class of complexants).

The analysis shows that the new compound contains a
1:1:1 ratio of K, Na, HMHCY. Identification of the species
present was made by optical transmission spectroscopy and
MAS-NMR . These data indicate that the species is a sodide.

The crystal structure was determined to be orthorhombic
primitive P2,2.2, with a = 11.091, b = 11.172, ¢ = 22.531 R.

Calorimetric studies reveal that the compound is stable
at room temperature under an inert atmosphere for short

periods of time and melts at ~45°C, then decomplexes at

~55°C. The most noteworthy feature of this complexant is
its extreme resistance to irreversible decomposition, which

does not occur, even in the presence of Na-K, at

temperatures below ~120°%c. If the complexation constant
could be increased it might be possible to prepare truly

stable alkalides and electrides.
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I. Introduction

I. A. Background

Since 1864 when Weyl first reported the dissolution of
sodium and potassium in ammonia, there has been much
literature devoted to the nature of metal-ammonia solutions.

Weyl's original assumption that ammoniums (NH4) were being

formed was later disproven and replaced by the notion of
solvated electrons and alkali metal anions, given by the

following equilibria.

2M(s) == Mt + M 1

M — M + e 2
+ -

M e M + e 3

The study of the solvated electron was and still is an
area of great interest in chemistry at both the fundamental
and applied levels. However, the nature of the alkali metal
anion was still a mystery and the study of its properties
had been extremely difficult since equilibria 2 and 3 lie

far to the right in ammonia solutions. In solvents other

than ammonia, mixtures of M and e-(solv) could be obtained;



however, the low solubilities of the metals as well as
impurities in the solvent inhibited the study of the metal
anions. In solvents capable of dissolving the alkali metals
to an appreciable amount, the solutions would undergo
irreversible decomposition as a result of the high reducing
ability of the solvated electron.

In 1970, Dye[1] discovered that the concentration of the
alkali metals in solvents where they had previously been
insoluble or only slightly soluble, could be increased by
using organic complexing agents. The ligands, L, introduced

a fourth equilibria:

which drives equations (1) and (3) to the right. The two
types of complexants used for this purpose have been crown
ethers and cryptands, developed by Pederson[2] and Lehn and
coworkers(3] respectively. Figure 1 gives examples of a
crown ether, 18-crown-6 (18C6, or IUPAC: 1,4,7,10,13,16-
hexaoxacyclooctadecane) and a cryptand C222 (IUPAC:
4,7,13,16,21,24-hexaoxa-1,10,diazabicyclo[8,8,8]hexacosane).
It was found that these complexants also increase the sta-
bility of the solutions by partially shielding the cation
from reduétive attack by the electron. This development
allowed one to choose a solvent in which equilibria (2) did

not proceed strongly to the right so that the alkali metal



I18-CROWN-6
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N\ 0 /\/O/\/N
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Figure 1. 18=Crown-6 and
Cryptand=2,2,2



anion would remain stable in solution long enough to study
its properties at leisure with various techniques.

While working with concentrated solutions (0.4 M) of
sodium and C222 in ethylamine in 1974, Dye and coworkers[4]
were able to form a solid gold-colored precipitate by
cooling the solution to Dry Ice temperatures. Based on the
stoichiometric analysis and its optical absorption band, the

crystalline material was identified as having the stoi-

chiometry Na+L-Na-, where Na'L refers to the complex formed
by the sodium cation trapped inside of the "crypt". This
identification was later verified by X-ray crystallog-
raphy([5] giving the first structure of a salt of an alkali
metal anion.

In 1979, DaGue et al.[6] reported that by decreasing the
ratio of sodium to cryptand (R) in solution, the intensity
of the optical absorption band of a dry film of the material

1

would start decreasing at 15,400 cm ~ (the Na band) and

begin growing at 7800 cm—l. When R=1, the Na band nearly
disappeared, leaving primarily the higher energy band. This
band had been observed in a film of potassium and C222 from
methylamine and assigned to the trapped electron{7]. Then

in 1983, Ellaboudy and Dye[8] synthesized the first crystal-

line salt of the type M+L2-e- where all of the anionic sites

are occupied by trapped electrons. Final conclusive

evidence for this identification was provided by Dawes and



coworkers[9] who obtained the X-ray crystal structure of

CS+(18C6)2'e_.

The materials with the stoichiometry M+LnoN-, where M
may be different from N, have been called alkalides (i.e.,
Na would be a sodide) and when the stoichiometry was M+Lﬁ
e they were called electrides. Since 1974, there have been

24 alkalides and 7 electrides synthesized and thoroughly

classified in these laboratories (Table 1).

I. B. Properties of Alkalides and Electrides

These salts have been synthesized by using three dif-
ferent methods. The first and probably the easiest proce-
dure has been to form a solution of metal and complexant,
then evaporate the solvent rapidly to yield a film or a
powder. This technique is the common method used to prepare
thin films for optical spectroscopic studies. A disad-
vantage of this technigue is that the crystals which form
may or may not have the same stoichiometry as the solution
from which they came. The second method also gives films for
optical spectroscopy, but it involves vapor deposition of
stoichiometric amounts of metal and complexant directly on
the walls of an optical cell in vacuo. This procedure is

mofe tedious than the first, but it can give a more uniform



Table 1. Alkalides and Electrides Synthesized to Date

+ - + -
Natc211-Na Li12c4 cs’(15c5),-e
LiRbc211 () Na12C4 Cs+(1505)2-K_
Natc221-Na” k¥12c4 -Na~ kt18ce-Na~
Natc222-Na” Cs12C4 KRb18C6
ktc222-Na” x+(1505)2-Na' Rbt18c6-Na~
ktc222-e” x+(1505)2-e' Rbt18C6-Rb™
ktc222-k” x+(15c5)2-x' Rb18C6

+ - + - + -
k*c222:Rb Rb* (15C5) - Na cs*(18C6),-Na
RbTc222-Na” Rb+(1505)2-e' cS+(18cs)2-e°
Rbtc222-e” Rb+(1scs)2-nb' CS+(1806)2'K-
Rbtc222-Rb~ KRb(15C5) Cs+(18C6)2-Rb—
cstc222.e” RbCs (15C5) , CS+(18C6)2-CS_
cstc3z22.-Na” Cs+(1scs)2-ua' (x* (uMHCY) -Na~ ] (P)

a) Underlined compounds have not been fully characterised.
b) The compound in brackets is the subject of this
Dissertation.



film, where as the previous method can leave gaps or clumps
in the film. The final method is the one most commonly used
to obtain large ("1 mmole) samples of the material for
various studies. This procedure involves the gradual
cooling of a saturated solution of the salt in an
appropriate solvent (one in which it is not completely

soluble) to cause precipitation of the crystals.

I. B. 1. Optical Properties

The optical spectra of alkalides and electrides have
been obtained in the manner described above. Experience has
shown that the best results are obtained when methylamine is
used as the solvent. However, the actual absorption band
for a given species is dependent on the nature of the com-
plexing agent, the metals involved, the ratio of metal to
ligand, and the solvent used. Table 2 gives the energies of

the absorption maxima for various sodide films[10]. In

general, the absorption bands occur at 13,000 - 16,000 cm_1

1

for Na~, ~12,000 cm ! for K, ~11,000 cm ) for Rb_, ~10,000

1 for e (trapped). Typical

em~? for cs”, and 6000 - 9000 cm”
absorption spectra of solvent free films of the alkali metal
anions are given in Figure 2, and two examples of solvent

free electride films are given in Figure 3.



Table 2. Position of the Absorption Maximum of Na
(a)

in Various Sodide Films

Peak position

Film (em™ ! x 10-3)
+ -

Na C222- Na 15.4
+ -

Na 18C6°Na 16.9
+ -

K 18C6° Na 14.0
+ -

Rb 18C6°+Na 13.8
+ -

Cs C222-Na 14.6
+ -

K C222-Na 15.1
+ -

K (1505)2-Na 14.3
+ -

Rb (15C5)éNa 13.9

a) ref. 10.
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For the alkalides, the major absorption peak is believed
to result from the ns to np transition of M . The shoulder
which is quite distinct in the Na’ spectrum and slightly

apparent in that of K could be a bound to continuum tran-
sition[11]. The electride spectra are in the near infrared
as would be expected for a trapped electron. The observed
spectra for electrides fall into one of two catagories,
localized, or "metallic" behavior. Localized electrides, as
in Figure 3, have absorption maxima that correspond to trap
depths of 0.4 to 0.6 ev. These electrides tend to give
broad absorption bands which may result from either
electron-electron interactions, or a delocalized excited
state. The "metallic" electrides give absorption spectra

that remain high in the infrared out to at least 3000 cm-l,

similar to that of concentrated metal-ammonia solutions[10].
This would indicate either electron delocalization or
shallow traps. Due to the extreme instability of these
electrides, the "metallic" behavior has not been verified by
D.C. conductivity measurements.

The position of the absorption maximum can thus be used
as a tool in identifying the anionic species in the
crystals; however, because of the dependence on enviroment,
unequivocal identifications cannot always be made. For

example, the absorption band for the compound RbNal18C6([12]

lies between the band corresponding to that of Na in the
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salt Na'c222:Na~ and the band corresponding to that of Rb~
in the salt RbTc222.-Rb™. This would lead one to conclude
that either the Rb spectrum is red shifted by the different

crystal, or the Na spectrum is blue shifted. Based solely
on this information, one cannot tell which of these
processes occurs. Also, the films are prepared by first
dissolving the crystals in a solvent, then rapidly removing
the solvent to produce the film. The optical spectra might
reflect the species present in solution rather than those
present in slowly grown crystals. Therefore, other tech-
niques were needed that could determine the nature of the

species present in crystalline alkalides and electrides.

I. B. 2. Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy (NMR) is a
powerful technique for probing the electronic enviroment of
the nucleus. In 1974, Ceraso and Dye[13] observed the

23Na NMR.

sodium anion in nonaqueous solvents by using
Solutions of sodium and C222 in ethylamine and tetrahydro-
furan each gave two resonances, a broad peak at "-10 ppm and

a narrow peak at "-63 ppm, each diamagnetic with respect to
saturated aqueous NaCl. On the basis of previous experience

with salts of the complexed sodium cation[13],the broad peak
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was assigned to Na+L, so that the narrow upfield peak must

have been due to Na . When trying to study solid crystal-
line sodides by using the same procedure at relatively low
field strengths,line broadening obscured most of the infor-
mation. Ellaboudy et al.(14] found that by using magic

2

angle sample spinning (MAS) aNa NMR, both the dipolar and

the second order guadrupolar broadening could be eliminated.

This enabled them to detect both Na+L and Na in solid

crystalline sodides.
While the alkali metal anions, Rb and Cs were detected

fairly readily in amine solutions[15] K remained unde-

tected, presumably because of the equilibrium[16]:

K- = k' + 2e” 5

Recently, Tinkham[16] was able to obtain the K NMR spectrum

by using a solvent of low donicity (Mezo) to drive eguation

5 to the left. By using MAS-NMR tuned to the appropriate
nuclei, the anions of potassium[16], rubidium([17]), and
cesium[18] have all been detected in polycrystalline alka-
lides. Table 3 gives values of the chemical shifts of some
of the alkalides and electrides, each referenced to the
appropriate cation in agqueous solution at infinite dilu-

tion. The complexed cationic species that contain potassium
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Table 3. MAS-NMR Peak Position of Various
Alkalides and Electrides.
Calculated(a) Calculate Observed(c)
Chemical Shift Chemical Shift Chemical Shift

Compound M (g), ppm M (g), ppm M (g), ppm
(d)

+ - +
Na'Cc222-Na - 60.5 * 1 - 63.1 - 61.3
Natc222-Na~ - 23.7(0)
Kk c222-Na~ - 23.7
0s+(1ece)2-Na' - 62.9
Rb+(1505)2-Na_ - 61.3
(e)

+ - +
K" (15C5) ,- K - 101,1 = - 103.4 - 105.
RbK(15C5), - 105.
Cs+(1505)2'K_ - 105.
Cs+(18C6)2’K_ - 115.
(£)

+ - +
Rb*(15C5),- Rb - 211.6 T 1 - 213.6 - 199.
RbK(15C5) - 198.
Cs+(15c5)2-ab‘ - 196.
Rb+(1acs)2-nb' - 197.
(g)
Cs+(18ce)2-0s‘ - 344.3 1 - 346.4 - 228.
Cs+(1ecs)2-05' - 61.(1)
cs*(16c6),-e” + 81(d)
a) ref. 42; b) ref. 43; c) shift from the appropriate

M (aq.)

at infinite dilution; d) ref.

14; f) ref.

h) due to Na+C; i) due to Cs+C.

g) ref. 18;
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and rubidium have not been detected in crystalline alkalides
and electrides because of the large quadrupolar broadening.
These results show that MAS-NMR is a useful technique
for identifying the anionic and, in most cases the cationic
species in solid alkalides and electrides by the detection
of (or absence of) the appropriate resonances. However,

some salts with rubidium provide exceptions. The absence of
the Rb peak cannot be used to prove conclusively that the
Rb~ species is absent[17]. For example, XANES studies of
Rb_[19] have shown the presence of Rb in a salt of stoi-

chiometry Rb,18C6, while MAS-NMR studies did not detect Rb

2
in this material.

The NMR results have also provided conclusive proof that
the negatively charged species is a genuine anion rather
than one of the several other proposed cation-based

species[20,21]. Furthermore, the small shift in the peak

position of Na from the calculated chemical shift of Na in"

the gas phase[22] indicates that this species is centro-
symmetric with 3s2 character. The peak positions for K and

Rb  do shift somewhat from the calculated values[22] for the
gaseous anions, indicating that the electron density can
"spill out" to orbitals that have orbital angular momentum.
There has been only one crystalline ceside synthesized to
date, but small ceside peaks have been observed in other

crystalline cesium systems[(23] (and in solution) and the
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chemical shift difference from the gaseous anion is even
greater than those of potassium and rubidium. These results
are expected, since there are low lying p and 4 orbitals
available to potassium, rubidium, and cesium with decreasing

energy gaps in this series, while the empty p and d orbitals

of sodium lie well above the ground 382 state.

I. B. 3. Crystal Structures

The best proof of the existence of the alkalides and
electrides is the determination of their crystal structures

by X-ray crystallographic methods. The crystal structure of

the first alkalide, Na'C222.Na~, was determined in 1974(5].
The crystals, prepared by slow cooling, were sealed in a
glass capillary tube along with purified paraffin oil to
hold them in place. Data needed to be collected on four
different crystals (two crystals on a G. E. XRD-5 diffracto-
meter and two crystals on a Picker FACS I diffractometer)
since the work was done at ambient temperatures and the

crystals decayed with time (sometimes as much as 35%). The
crystal structure was described as closest-packing of Nac’t
and Na ions in a hexagonal unit cell. The cation-anion

(Na* to Na~) nearest neighbor distance is 7.06 R.
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Since that time, the techniques have been modi-
fied[24] and a Nicolet PF3 diffractometer has become
available. A single crystal is selected from a polycrys-
talline sample under purified, cooled octane in an inert
atmosphere, mounted on the tip of a glass capillary by using
Celvacene grease, then transferred to the diffractometer
while keeping the temperature of the cr&stal at or below -

20°c. The crystal was maintained under a stream of cold

nitrogen gas ('-65°C) while the data were being collected.

This technique has been used to determine the crystal struc-

tures of five additional alkalides[25,26] and the first
electride, Cs+(1806)2oe-[9]. With this improved technique,

the greatest obstaclevto structure determination is the

difficulty in growing large enough single crystals.

I. B. 4. Calorimetry

Many of the alkalides (especially sodides) and a few
electrides are stable up to their melting point, above which
they decompose irreversibly and exothermally. The melting
and decomposition temperatures of some alkalides and elec-
trides were obtained by using differential scanning calor-
imetry (DSC). Some experiments were done by Dye[27] at
A.T.&T. Bell Laboratories and others were carried out here

with an instrument on loan from E.I. Dupont de Nemours Co.
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A typical DSC trace is shown in Figure 4, where the dashed
line is an expansion of the trace over the region shown.
DSC measurements can also provide information about proces-
ses such as softening of the lattice. This can be seen, for

(o)

example, by the endothermic peaks at “-35" and -10° ¢ in the

DSC trace for Cs+(1505)2-e_ (Figure 5,[28]). This assign-

ment is also based on visual observations and the tempera-

ture dependence of MAS-NMR studies. The melting point of

this compound is ~25°C, and decomposition begins immediately

above this temperature. Table 4 summarizes the DSC results.

I. B. 5§. Summary

Prior to the present study, 38 compounds had been syn-
thesized in this laboratory by many different investigators
over a period of 12 years. Of these, 23 alkalides and 7
electrides were completely characterized by using the
techniques described above together with analysis and other
measurements. All of these compounds were synthesized by
using one of the crown ethers (18C6, 15C5, or 12C4), or one
of the cryptands (C211, C221, C222, or C322), (see Table 1).
The study of these compounds has provided insight into the
properties and enviroment of the negatively charged alkali
metals and the solvent-free trapped electron. The potential

applications of these compounds, for example as reducing
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Table 4. DSC Results for Some Alkalides and Electrides

Temperature of
the decomposition

Compound m.p.(OC) peak (°C)
(a)
Na‘c222-Na”~ 73 105
+ -
Rb'C222-Na 50 63
+
K*(15C5) ¢ Na- 45 108
Rb+(1505)2~Na' 75 121
+ -
Kkt 18C6.Na 38 86
+ -
Rb¥T18C6:Na 66 92
Cs+(1806)éNa_ 38 103
+ -
cs*(18c6) - e 36 60
+ -—
cs*(18ce),-Cs 60 95
(b)
Cs+(1505)2°e- 25 45

a) ref. 10; b) ref 28.
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agents in chemical synthesis[29] or as semiconductors[30],
have not been pursued because of their high reactivity to-
wards water and oxygen and their instability at room temper-
ature and above. The high reactivity is an inherent prop-
erty of these strong reducing agents, but the instability at
room temperature results from the reactivity of the ligand.
The aim of this research was to obtain an alkalide, and
possibly an electride, which could be stable for longer
periods of time at room temperature (or even above room
temperature) by utilizing more robust complexants. Since
the crown ethers tend to be more resistant to attack by the
electron than do the cryptands[21], an attempt was made to
use even larger crown ethers. Following this, the nitrogen
analogs of the crown ethers were investigated. The results
of this search for new complexants are described in this

study.



II. Experimental

II. A. Glassware Cleaning

All glassware used to synthesize and handle solutions and
crystals was cleaned by a general procedure as follows. The
apparatus was first rinsed with an HF-cleaning solution [33%

HNO3 (16M), 5% HF (28M), 2% acid-stable detergent, and 60%

deionized water by volume] then immediately rinsed several
times with deionized water. The glassware was then filled

with agqua regia (3 HCL:1 HNOS) and left for at least six

hours, followed by rinsing six times with deionized water
and six times with conductance water (house deionized water
which has been further deionized with a Fisher Scientific

demineralizer system). The glassware was then dried in an

oven at 232°C for at least six hours and finally protected
against further contamination by covering each opening with

Parafilm-M.

21
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II. B. Reagents

II. B. 1. Metals

Sodium, Potassium, and Rubidium. These metals (Alfa-

Ventron Products, 99.95% purity) were obtained under argon
in sealed glass ampoules with glass breakseals on one end.
They were then distributed into smaller tubes following a
procedure described elsewhere[31]. The required quantities
of metal were obtained by premeasuring the inner diameter of
the tube and isolating lengths to give the appropriate

volumes.

Cesium. This metal (a gift from Dow Chemical Co.) was
obtained in fifty gram ampoules and distributed into smaller
breakseal tubes (Fig 6). The cesium was taken into the
inert atmosphere box, heated to its melting point with a
heat gun, and poured into the breakseal tubes through the
Ace connector. The tubes were then capped with another Ace
connector which had a Kontes valve and Fischer Porter
opening, then removed from the dry box and evacuated to

~2%10"% torr. With the cesium immersed in liquid nitrogen,

the ampoules were flame sealed under dynamic vacuum. This
metal could then be treated following the same procedure as

with the other metals.
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24

II. B. 2. Solvents

Methyvlamine (MeNH Matheson, 98% pure) was stirred over

2?

calcium hydride at reduced temperatures (<-20°C) for several

hours. It was then frozen in liquid nitrogen and pumped to

'2*10-5 torr to remove residual gases. The stir-freeze-pump
cycle was repeated until gas evolution was no longer ob-
served during the stirring. This solvent was then trans-
ferred to bottles containing Na metal, frozen, pumped, and

stored overnight. If the metal-methylamine solution re-

mained blue (characteristic color of e solvated and Na ),
the dry methylamine was transferred to a stainless steel
storage tank and subjected to freeze-pump-thaw cycles until

the pressure over the frozen solvent was less than 1*10-4

torr. If the solution had not remained blue, it was
transferred to another bottle containing Na metal and again

left overnight before transferring it to the storage tank.

Dimethyl Ether (Mezo; anhydrous, Matheson) was treated

in the same manner as methylamine except that benzophenone
was added to the Na as an indicator of dryness (Na is

insoluble in dimethyl ether).
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Trimethylamine (MeaN; Matheson) was purified in the same

manner as dimethyl ether. Final storage was in heavy-walled

glass bottles.

Diethyl Ether and n-Pentane: The procedure for diethyl

ether (Etzo; ethyl ether, anhydrous, E.M. Science) and n-

pentane (J.T. Baker Chemical Co.) was the same as for tri-
methylamine. Final storage was over Na-K alloy with no

benzophenone.

II. B. 3. Complexing Agents

a. 21-Crown-7

21C7 Or I.U.P.A.C.: 1,4,7,10,13,16,19-Heptaoxacyclohene-
icosane was prepared following a procedure by Greene[32].
First, it was neccessary to prepare triethylene glycol di-
tosylate [3]. A solution of p-toluenesulphonylchloride
(TsCl, 0.33 mol) in tetrahydrofuran (THF, 200 ml) was added
drop-wise to a mixture containing triethylene glycol (0.15

mol), 100 ml sodium hydroxide (5.25 M), and THF (100 ml)
under constant stirring at 0°c. The solution was kept at

0°c with stirring for an additional two hours after all the

TsCl had been added, then poured into agqueous hydrochloric

acid (10%) at 0°c. The precipitated ditosylate was col-

lected, washed with water, recrystalized in methanol, and
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dried under vacuum. Yield was 67%; mp 81-83 C (lit[4] 80.5-
81.5).

The triethylene glycol ditosylate (0.050 mol) in THF
(280 ml), and potassium t-butoxide (0.55 mol) in THF (280
ml) were each added dropwise to a solution of tetraethylene
glycol (0.055 mol) and potassium t-butoxide (0.055 mol) in
THF (560 ml). The rate of addition of the ditosylate sol-

ution was twice the rate of addition of the potassium t-

butoxide solution with the working flask kept at 35°C under

constant stirring. The final mixture was left stirring at

35°C for an additional 18 hrs., filtered, and brought to
dryness under vacuum. The crown was extracted from the
solid by using diethyl ether in a soxhlet extractor
assembly. The solvent was removed under vacuum, and the
21C7 was obtained by vacuum distillation of the residue at

5

100°c and 2*10°° torr (Fig. 7). The distillate was further

purified by washing over a sodium metal film with Me20 (Fig.

8). The reduced solids were filtered out by the glass frit,
the solvent was removed, and the 21C7 was collected under

inert atmosphere and then vacuum distilled again. The 1H

NMR spectrum in CHCl3 showed a singlet at § 3.5. The mass

spectrum was comparable to that obtained by Lee et al.[35].
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b. Hexamethylhexacyclen

HMHCY or 1.U.P.A.C.: 1,4,7,10,13,16-hexaaza-1,4,7,10,
13,16-hexamethylcyclooctadecane was prepared following a
procedure by Pez et al.[36]. Hexacyclen trisulfate (18.4
mmol, Aldrich Chemical Co.) was refluxed under constant

stirring with 88% formic acid (60 ml) and 37% formaldehyde

solution (33 ml) for 70 hrs. at 100°C. The mixture was
brought to dryness under vacuum, cooled in an icewater bath,
and made basic with 50% sodium hydroxide solution. The
product was collected using THF in a liquid-solvent
extractor (Fig 9). The solvent was then dried over sodium
hydroxide pellets, decanted, and removed under vacuum. A

vellow-orange liquid was obtained by vacuum distillation at

126-135°C and 2“10-5 torr. This was cleaned further by

washing over Na-K alloy then vacuum distilling again. The
1H NMR spectrum of the final product in CDCl3 showed

resonances at § 2.20 (singlet, 18 H) and § 2.40 (singlet, 24
H). The chemical ionization mass spectrum showed a

molecular ion at m/e 341.

c. Tetramathylcyclam

TMCYL or I1.U.P.A.C.: 1,4,8,11-tetraaza-1,4,8,11-tetra-
methylcyclotetradecane was prepared by following the same
procedure as with HMHCY, but using 1,4,8,11-tetraazacyclo-

tetradecane (cyclam, Aldrich Chamical Co.) as the starting
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material. White crystals (mp 38—42°C) were obtained. The
1H NMR spectrum in CDCla showed resonances at § 1.63 (mult-

iplet, 4 H), § 2.18 (singlet, 12 H), and § 2.42 (triplet, 16
H). The chemical ionization mass spectrum showed a molecu-

lar ion peak at m/e 255.

II. C. Sample Preparation

The crystals were prepared in an apparatus called an H-
cell or a modified version such as that shown in Figure 10.
The glass ampoules, which contained the measured amounts of
the appropriate metals, were scribed with a glass knife,
washed with acetone, and taken into the inert atmosphere box
with the apparatus. The metal tubes were broken and dropped
into sidearm A which was then capped with a Cajon Ultratorr
coupling and a sealed glass tube. The stoichiometric amount
of complexant was then added through sidearm B which was
similarly capped. The entire apparatus was removed from the

inert atmosphere box and evacuated to ”2"‘10—5 torr. The

Ultratorr caps were removed by seal off, the metal distilled

into chamber M, and the sidearm A sealed off at the con-

striction. The complexant in Chamber C was cooled to ~-20°%
in an isopropanol-Dry Ice bath, and either dimethyl ether or

methylamine was added and mixed with the complexant. The
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Figure 10, Synthesis Apparatus
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apparatus was removed from the vacuum line, and the solution

was pour<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>