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Table 11 shows that the fourth ionization potentials of the
lanthanides are relatively constant and, in more detail, rela-
tively smooth functions of atomic number. The fourth ion-
ization potential of europium is only ~1 V higher than those
of other lanthanides whose +4 state is known in the solid.
Therefore it is reasonable that Eu(IV) also has been prepared
and stabilized in the solid state.

A reaction similar to that reported here for Eu(ll)-ex-
changed zeolite A occurs when O3 is sorbed into dehydrated
Cr(I1)-exchanged zeolite A at 150 °C. Kellerman and Klier!?
have concluded from reflectance spectroscopy and magnetic
susceptibility measurements that the previously three-coor-
dinate divalent chromium ion is oxidized to the tetravalent
state, where it is tetrahedrally coordinated to three O(3) ions
and a single oxide ion from the sorbed O,, according to the
reaction

150 °C
Crll + 14,0, —» [Cr!Y-0]2+

The fourth {onization potential for chromium is 49.1 eV,14
greater than that of europium, and greater than that of any
element listed in Table II; yet Cr!! can be oxidized by O> to
Cr'V at 6-ring sites in zeolite A.!3 This indicates that the in-
trazeolitic reaction M!! + 150, — M!V-O should occur with
any lanthanide, perhaps including lanthanum whose fourth
ionization potential is 49.95 ¢V.!! In particular, this indicates
that the europium ions in EuO2* at Eu(1)) are Eu'V, although
the determination of their electronic structure, and therefore
their oxidation state, remains to be done.

Trivalent lanthanide ion exchanged zeolites X and Y are
widely used to prepare high-octane liquid fuel from crude oil.
Perhaps redox processes involving the MV state are important
in the preparation and function of these catalysts.
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Five-Coordinate Europium(IV) and Zero-Coordinate
Europium(Il). Crystal Structure of Dehydrated
Near-Fully Europium(lI)-Exchanged Zeolite A,

Eus sNa-A, Partially Oxidized by Chlorine

Sir:

Chlorine gas at 220 Torr was sorbed into a single crystal of
vacuum-dehydrated europium(Il)-exchanged zeolite A,
EussNa-A,! at 25 °C. A subsequent determination of the
crystal structure showed that four previously three-coordinate
near-planar Eu(Il) ions per unit cell had become five coordi-
nate, having added two chloride ions axially to their coordi-
nation spheres. One chloride ion extends into the large cavity,
and the other is in the sodalite unit;? both coordinate to euro-
pium at very short distances. It follows that the net reaction

Eull + Clz - [EUIVC12]2+

has occurred four times per unit cell. The overall reaction per
unit cell is

25 °C
EU”5V5N3-A1 + 4C12 —> [EUIVC12]4EU”1.5N3-A

The oxidation is not complete; 1.5 europium ions per unit
cell remain in the divalent state. Surprisingly, one Eu(I1) ion
per unit cell is located on a fourfold axis near the center of an
8-ring, but off its plane. Although this Eu(ll) ion does not
appear to occupy a single well-defined site, it clearly lies at a
position of zero coordination—its closest approach to the 8-ring
oxide ions exceeds the sum of the appropriate ionic radii by
>1.0 A (see ref 3 for a complete discussion of the criterion used
to define zero coordination).

This is the second zeolite A structure to contain europium
in the tetravalent oxidation state. The sorption of oxygen on
dehydrated Eu(11)-exchanged zeolite A leads to a four-coor-
dinate Eu(I1V) complex, and is reported in the preceding
communication.?

A single crystal of sodium zeolite A, Na;»-A!, 0.085 mm on
an edge, was lodged in a fine glass capillary. A saturated
aqueous solution of Eu(OH),, synthesized by a modification
of Béirnighausens’ method,® was allowed to flow past the crystal
atarate of ~1.0 mm/s for 5 days. lon exchange was performed
in the dark in an oxygen-free nitrogen atmosphere. The crystal,
whose appearance was not altered by this exchange procedure,
was then dehydrated for 48 h at 400 °C and 5 X 107 Torr.
Microscopic examination indicated that the crystal was still
clear and undamaged, and had developed the bright orange
color characteristic of dehydrated Eu(Il)-exchanged zeolite
A.

The crystal was then treated at 25 °C with 220 Torr of
zeolitically dried chlorine gas, and immediately became col-
orless. After | h, the crystal, still in its chlorine atmosphere,

Figure 1. A view of the trigonal-bipyramidal Eu(iV) complex. This
structure occurs four times per unit cell. Sclected bond lengths in ang-
stroms are Eu(1)-0(3) = 2.31 (1), Eu(1)-Ci(1) = 2.52 (4), and
Eu(1)-Cl(2) = 2.06 (3); some bond angles are O(3)-Eu(1)-0O(3) = 118.3
(8)°, CI(1)-Eu(1)-0O(3) = 97.5 (8)°, and Ci(2)-Eu(1)-O(3) = 82.5 (8)°.
Ellipsoids of 20% probability are shown.

© 1978 American Chemical Society
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Figure 2. A stereoview of the [Eu'VCl;]4Eu''| sNa-A sodalite unit. Selected bond lengths in angstroms are (Si,AD-O(1) = 1.630 (8), (Si, Al)-O(2) =
1.633 (6), and (Si,Al)-O(3) = 1.685 (5). The divalent 6-ring europium ion which occurs in half of the unit cells is not shown. Ellipsoids of 20% probability

are shown.

Table . Positional, Thermal,? and Occupancy Parameters for [Eu!VCl3]4Eul'y sNa-A

Occupancy

Wyckoff factor

position x y z BiborBi, B B33 Biz 813 B23 Varied Fixed
(Si,Al) 24 (k) 0 1846 (5) 3730 (4) 20 (4) 19 (4) 28 (5) 0 0 13(8) e e
O(l) 12 (h) 0 2242 (17) ' 94 (22) 50 (20) 24(15) 0 0 0 I I
O(2) 12 (i) 0 2818 (1) 2818 (11) 108 (24) 23 (9) 23(9) 0 0 15 (31) 1 I
0O(3) 24 (m) 1122 (8) 1122(8) 3412 (12) 48 (8) 48 (8) 78 (15) =227 9(17) 9(17) 1 I
Eu(l) 8 (g) 2027 (4) 2027 (4) 2027 (4) 125 (4) 125(4) 125(4) 192 (9) 192(9) 192(9) 0.54 (1) 0.56
Ci(1) 8 (g) 3214 (18) 3214)18) 3214 (18) 197 (23) 197 (23) 197 (23) —85(41) —85 (41) —85 (41) 0.46 (5) 'A
Cl(2) 8(g) 1054 (15) 1054 (15) 1054 (15) 75(12) 75 (12)  75(12) 126 (31) 126 (31) 126 (31) 0.52(2) '
Eu(2) 6 () 1032 (71) 15 ' 49 (6) 0.17(33) %

a Positional and anisotropic parameters are given X 104 Numbers in parentheses are the estimated standard deviations in the units of the
least significant figure given for the corresponding parameter. The anisotropic temperature factor is exp[=(311h? + B22k? + 8331% + 320k
+ B3kl + B23k!)]. ? Root-mean-square displacements can be calculated from 8 values using the formula, g = 0.225 a (3;)'/2, where a =

12.251 A. ¢ Occupancy for (Si) = '; occupancy for (Al) = 5.

was sealed in its capillary and removed from the vacuum line
by torch,

The space group Pm3m (no systematic absences) was used
throughout this work for reasons discussed previously.2* The
structure, @ = 12.251 (2) A at 23 (1) °C, was solved using the
281 unique observed (1, > 3a(/,); 26 < 70°) reflections col-
lected by counter methods using a fully automated Syntex P
diffractometer with monochromatic Mo Ka radiation (Ka;,
A =0.70930 A; Kay, A = 0.71359 A) and a pulse-height ana-
lyzer. Other experimental details including data reduction are
the same as previously presented.? The value of x in the for-
mula of the unit cell, EuyNa, >-7,Sij>Al; 204z, exclusive of
chloride ions, was determined by refinement of the occupancies
of the europium positions; x = 5.5

Least-squares refinement of [Eu!YCl;]4Eu!!| sNa-A began
using the atomic parameters of the atoms of the aluminosilicate
framework: (Si,Al), O(1), O(2), and O(3).° In addition, a
probable europium position, Eu(l) (see Table 1), was included.
A subsequent Fourier difference function clearly revealed the
ClI(1), CI(2), and Eu(2) positions. Full-matrix least-squares
refinement’ using anisotropic temperature factors for all atoms
except Eu(2), which was refined isotropically, converged to
the error indices, Ry = (2| F, — | Fe||/ZF,) = 0.113and R,
= (Zw(Fo — |Fe|)?/EwFo?)'/2 = 0.089 with the fixed oc-
cupancies shown in Table 1. Removing Eu(2) from least-
squares increased R and R, t0 0.123 and 0.120, respectively,
at convergence. The varied occupancies shown in Table I re-
sulted from simultaneous positional, occupancy, and thermal
parameter refinement of each position; this had little effect on
the error indices. The overdetermination ratio is 8.8 for the
total of 32 parameters varied in least squares.

Four three-coordinate near-planar europous ions per unit
cell have been oxidized by chlorine to the tetravalent state to
form five-coordinate near-trigonal-bipyramidal complexes (see
Figure 1). This is an oxidative addition reaction. The three-

fold-axis Eu(I1V) ions, recessed by 0.3 A into the large cavity,
coordinate equatorially to three 6-ring O(3) oxide ions at 2.31
A, and axially to two chloride ions at CI(1) and CI(2). CI(1),
in the large cavity, is 2.52 A from Eu(IV), and CI(2), in the
sodalite cavity, makes a much shorter 2.06-A approach (vide
infra).

The occupancy at Eu(1) is 4.5 ions per unit cell. Therefore,
by difference, 0.5 europium ion per unit cell at this position
must remain divalent since only four ions reacted with chlorine,
as is clearly indicated by the occupancy refinement of the
chloride positions C1(1) and CI(2). (If the occupancy of chlo-
ride ions at CI(2) were greater than four, then unacceptable
Cl=-CI~ approaches of 2.58 A would result.) This Eu(II) ion,
although not equivalent to the four Eu(1V)’s, occupies a po-
sition too similar to them to refine separately in least
squares.

Finally, one Eu(Il) ion per unit cell at Eu(2) occupies a most
unusual position on a fourfold axis near an 8-ring. It ap-
proaches four O(1) and four O(2) oxide ions of an 8-ring at
3.60 (4) and 3.98 (3) A, respectively. The closest approach
made by the ion at Eu(2) to framework oxide ions is 1.19 A
greater than the sum of the corresponding ionic radii.? Based
on a distance criterion, this europium ion is considered zero
coordinate.? Its large isotropic thermal parameter is a logical
consequence of (1) the distant approaches it makes to frame-
work oxide ions, and (2) disorder in the direction perpendicular
to the 8-ring, as indicated by an electron density difference
function which indicated appreciable density at (0.04, 15, 15)
as well as (0.10, 5, '4). As a result, anisotropic refinement of
Eu(2) failed as its B, thermal parameter became very
large.

The association of Eu(I1) ions with 8-rings is not new; in the
structure of dehydrated Eu'ls 75-A,% one Eu(Il) ion per unit
cell lies in the plane of an 8-ring exactly at (0, '5, 'A), 0.96 A
from the nearest framework oxide ions. It is considered near-
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zero-coordinate based on a distance criterion.® In [Eu'VCl,],4-
Eu'!; sNa-A, the displacement of the Eu(I1) ion at Eu(2) from
the plane of its 8-ring may be due to a relatively weak 4.09-A
attraction toward two chloride ions at CI(1),

It is remarkable that the Eu(11) ion at Eu(2) does not react
with chlorine, Perhaps such an ion, unperturbed by a ligand
field and nearly unpolarized, is afforded a special stability and
is in a sense “unprimed” for attack by chlorine. Perhaps also
the coordination number that might result from such attack
is inadequately low (i.e., zero-coordinate Eu'! + Cl, — two-
coordinate Eu!VCl,). No additional dichlorine or chloride
could be located; in particular, no peaks appeared near the
Eu(2) position.

The Eu(1)-CI(1) and Eu(1)-Cl(2) bond distances are
shorter than the sum of the appropriate ionic radii (0,85 A for
Eu(IV)819 and 1.81 for C1~3), indicating a strong covalent
interaction, To date, only relatively weak covalent interactions
have been reported for the lanthanides, in a few organolan-
thanide complexes!! for example.

Some features of this structure encourage particularly co-
valent Eu-Cl interactions. First, the zeolite framework itself
highly favors the transfer of negative change from the chloride
ions to the Eu(IV) ions to lessen the unfavorable concentration
of positive charge within the 6-rings, Secondly, because the
chloride ions are one coordinate, their charge is transferred
more easily to Eu(IV) than it would be if the electrostatic field
about the chloride ions were more favorable, that is if the
coordination number were greater than one,

There are several unoccupied Eu(1V) orbitals of the correct
symmetry to accept electron density from the filled 3p orbitals
on chloride, The 4f;3, 5d,2, or 6p, orbitals could participate
in a ¢ interaction by accepting density from the filled chloride
3p; orbital. In addition, a number of less important = inter-
actions are possible,

The nonequivalence of the two Eu'V-Cl bonds is probably
due to the very different environments experienced by the
chloride ions. Within the sodalite unit, the four Cl~ ions at
Cl(2) are arranged tetrahedrally (see Figure 2) such that each
Cl™ ion is 3,65 ﬁ from the three others, This crowding of anions
also acts to facilitate the back-donation of charge to Eu(1V)
and contributes to the formation of this uniquely short
Eu(1)-CI(2) bond, In the large cavity, the chloride ions at
CI(1) experience no such crowding. The very unequal thermal
ellipsoids at CI(1) and CI(2) tend to support this interpreta-
tion.

It has been assumed that both chlorine atoms coordinated
to Eu(1) are chloride ions. However, the actual electron dis-
tribution in the EuCly** complex cannot be established crys-
tallographically, Further work is needed to determine the
electronic structure, and therefore the charge, of those euro-
pium ions,

The fourth ionization potential of europium is very close to
those of other lanthanides whose +4 state is known in the solid
(see Table 11 of ref 4). Accordingly, it is reasonable that
Eu(1V) has been prepared and stabilized within zeolite A. It
can be anticipated that new high oxidation states of many el-
ements can be similarly stabilized and identified within zeo-
lites,
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Cyclopropa[3,4]benzocyclobutene!
Sir:

We report the synthesis of cyclopropa[3,4]benzocyclobu-
tene (1), the second isomer of benzene annelated with a three-

and a four-membered ring, the other isomer, cyclo-
propa[4,5]benzocyclobutene (2) having recently been reported

by ourselves? and others.3

1 2

Our initial attempts to prepare 1 were modeled on our syn-
thesis of 2; 7,7-dichloro-2,3-bis(methylene)bicyclo[4.1.0]-
heptane (3a),*5 prepared in a similar manner to the corre-
sponding 3,4-bis(methylene) compound,? was irradiated with
a Hanovia 250-W lamp through quartz to give the cyclobutene
4 in 50% yield.** Treatment of 4 with KO-z-Bu under a variety
of conditions gave none of the desired 1. The 7,7-dibromodiene
3b*3 was also prepared, but photochemical ring closure could
not be effected.® The failure of 4 to give 1 might have been due
to the position of the double bond, since we have also been
unable to synthesize cyclopropa[a]naphthalene or biscyclo-
propa[a,e]naphthalene by this route,” and no examples of the
Billups’ reaction® were known in which the double bond is in
the 2,3 rather than the 3,4 position. Accordingly, we prepared
5 and subjected it to reaction with KO-¢-Bu, when it was

X Cl
X Cl:
7
=
3a, X =Cl 4
b, X = Br
al Cl
KO-+-Bu
———
5 6
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