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Summary

The crystal structure of K[CH;Se{Al(CH3);}3] - 2CsHs has been determined
from single-crystal X-ray diffraction data collected by counter methods. The
compound crystallizes in the triclinic space group P1 with cell dimensions
a=17.165(7), b = 10.144(7), c = 10.156(7) &, « = 119.26(5), 8 = 104.07(5),
¥ = 80.51(5)°, and Dc = 1.12 g cm " for Z = 2. Least-squares refinement gave a
final R value of 0.083 for- 1967 independent observed reflections. One of the
two benzene molecules in the asymmetric unit has been located by difference
Fourier techniques. Because of either extreme disorder or high thermal motion,
the aromatics make practically no contribution to the X-ray scattering. The sele-
nium atom in the anion exhibits tetrahedral coordination. The Al—Se bond
lengths average 2.578(5) A, and the Se—C distance is 1.93(2) A.

Introduection

Anionic organoaluminum compounds have come under scrutiny [1—8] for
the past several years for a variety of reasons. First, the thermal decomposition
of these substances has provided a variety of interesting results [1,4,6—8]. In
the most thoroughily studied system [1,8], K[AlL,{CH;3)sSCN1, the sulfur-bridged
anion has been shown to decompose at temperatures above 120°C to yield the
(isopropylidenamino)dimethylaluminum dimer:

K[ AL(CH,)¢SCN] 222°¢ {(CH,);Al-NC—CH,} - [(CH,),AINC(CH,),,

For the production of the dimer a mechanism based on the existence of a head-
to-tail bridged anion in the melt has been proposed as in eq. 1—3.

* For part III see ref. 12.
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The sequence shown in eq. 2 involves well-known ability of the trimethylalumi-
num group to function as an alkylating agent, while eq. 3 is the thermal nitrile
rearrangement [9]. Thus, under relatively mild conditions, the sulfur—carbon
bond in the SCN™~ group may be ruptured; no definitive experimental evidence’
as to the nature of the sulfur-containing fragment has been produced.

A second area of investigation has been the study of the solution behavior
[10—14] of certain of the compounds. Many of the parent 2 : 1 complexes,
‘M[Al,R¢X], have been found to trap a vanew of small aromatic molecules ina
nonstoichiometric fashion [14].

‘We have now prepared and investigated (v1a smgle crystal X-ray dlffIaCtIOIl o



109

techniques) a compound which illustrates a new type of thermal decomposition
for anionic organoaluminum compounds. In addition, the X-ray structure pre-
sents an unusual form of solid state entrapment of solvent molecules by an or-’

" ganometallic complex.

Experimental

The preparation of a very small sample of K[CH;Se { A1(CH;);}3] - 2C¢H¢ was
accomplished via the sealed tube thermal decomposition of K[Al,(CH;3)sSeCN]

- nC¢Hg at 80° C. The major product of the thermolysis was a white crystalline
substance which elemental analysis showed to be K[ AL, (CH3)cCN] *.

K[ Al (CH;)sSeCN] - nCsHg was prepared by the sealed tube reaction of a
1 : 2 mole ratio of KSeCN and Al(CHj); in benzene. The liquid-layering effect
[14] was noted even at room temperature, but the more dense solution was too
unstable to permit an NMR analysis of benzene/anion ratio. We were likewise
unable to synthesize and analyze a pure sample of the potassium salt of
[Al,(CH;)¢SeCN]~ **,

Single crystals of the colorless, air sensitive compound were sealed in thin-wall-
ed glass capillaries. Preliminary unit cell parameters were determined from
Weissenberg and precession (Cu-K,) photographs. Final lattice parameters as
determined from a least-squares refinement of the angular settings of 12 reflec-
tions accurately centered on a diffractometer are given in Table 1.

Data were taken on an ENRAF—NONIUS CAD-4 diffractometer with Ni-fil-
tered copper radiation. The diffracted intensities were collected by the w — 20
scan technique with a take-off angle of 1.5°. The scan rate was variable and was
determined by a fast 20° min~! prescan. If more than 20 net counts were found,
a slow scan was carried out; if not, the reflection was considered to be unobserv-
ed. Calculated speeds for the slow scan based on the net intensity gathered in
the prescan ranged from 7° min~! to 0.7° min~'. Background counts were col-
lected for 25% of the total scan time at each end of the scan range. For each
intensity the scan width was determined by the equation:

scanrange= A +Btg0

where A = 0.7° and B = 0.45°. Aperture settings were determined in a like manner
with A = 4 mm and B = 4 mm. The crystal-to-source and crystal-to-detector dis-
tances were 21.6 and 20.8 cm, respectively. The lower level and upper level dis-
criminators of the pulse height analyzer were set to obtain a 95% window cen-
tered on the Cu-K,) peak. Two standard peaks were measured periodically during
data collection; no significant variation in the intensities was noticed.

T4e standard deviations of the intensities, gy, were estimated from the formu-
la: .

o = {[Cx *+ (Tc/2Tg)*(B: + B;)] + k*[Cy + (Tc/2Ts)* (B, + B)P }'7

where Cy is the counts collected during scan time T'g, B; and B, are background
intensities, each collected during the background time Ty, and 2 = 0.03.

* A satisfactory element'al analysis was obtained for K[Al> (CH3)gCN], but not for K[CH3Se {Al-
(CH3)3 }31- 2CgHg or K{Al,(CH3)gSeCN].
*=* The existence of [N(CH3)431[Al2(CH3)5SeCN] has been demonstrated (see [5]).



" TABLE1

' CRYSTAL DATA ..~ -
Mol. formala: . - ' K[CH3Se {AI(CH3)3 }3] 2CeHg -
- Mol. wt.: . " .505.58
Linear abs. coeff.: . .- 39.82cem™!
Calc. density: 112gcem™3
Max crystald.unensxons 0.70.X 0.25 X 0.05mm -
Space group: _ . T - trielinie, Pl
Molecules/unit cell: 2. .
Cell constants 9= a=17.165(7), b = 10.144(7), c = 10.156(7) A
' o o =119.26(5), § = 104.07(5). v = 80.51(5)°
Cell volumes: ’ 1494.3 A

® Cu-K, radiation, A= 1.54051 A. Ambient temperature of 23 + 1°C.

One independent hemisphere of data was measured out to 26 = 130°; a total
of 1977 reflections had intensities greater than three times their estimated standard
deviations. These reflections were deemed to be “observed,’ and were used in
the subsequent structure determination and refinement. The intensities were
‘ con:iected for Lorentz and polanzatlon effects, but not for absorption (u = 39.82
cm™ ).
Fourier calculatmns were made wﬂ:h the ALFF [15] program. The full-matrix,

least-squares refinement was carried out using the Busing and Levy program

" ORFLS [16]. The function w({F,| — |F.l)* was minimized. No corrections were
made for extinction or anomalous dispersion. Neutral atom scattering factors
were taken from the compilations of Cromer and Waber [17] for Se, K, Al, and
C. The scattering by selenium and potassium was corrected for the real and imag-
inary components of anomalous dispersion using Cromer’s table [18]. Final bond
distances, angles, and errors were compufed with the aid of the Busing, Martin,
and Levy ORFFE program [19]. Crystal structure illustrations were obtained
with the program ORTEP [20].

Solutio'n and refinement of structure

Statistical tests based on normalized structure factors indicated the space
group to be the acentric P1. The Patterson map was interpreted to give the coor-
dinates of the two selenium atoms In the two independent molecules in the
asymmetric unit, and subsequent Fourier and difference Fourier maps afforded
the positions of the remaining nonhydrogen atoms in the K[CH;Se { Al-

(CH;); } 5] unit. Isotropic refinement converged initially at 0.29, but unusually
high parameter correlations led to the calculation of a center of inversion relating
the two molecules. Isotropic refinement in P1 led to R = 0.13. The space group
was therefore subsequently taken to be P1.

Up to this point, only the nonhydrogen atoms of the K[CH;Se {Al(CH3)3}3]

" unit were included; since there was not enough of the compound to permit an
elemental analysis, it was not known that the substance was a disolvate. Inspec-
tion of the structure showed two features which indicated something was miss-
ing: (1) the calculated density was only 0. 78 g cm~3, and (2) there appeared to -

‘be a large, empty region in the unit cell. It must be emphasized that the R value
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‘Was qmte reasonable for a complete structure at the 1sotrop1c stage of refmement

Analysis of a difference Fourier map at this pomt revealed many peaks of
~1.5 e~ A2 in the empty regions of the unit cell: By a process of trial and error
it was finally possible to resolve the carbon atom coordinates of one of the two
benzene rings in the asymmetnc unit. The peaks associated with these pos1t1ons
ranged from 0.8 - 1.5 e~ A~3. Although there were many other possibilities, the
derived parameters were chemically reasonable, and there is little doubt that the
ring is correctly located. The individual carbon atoms of the second independent -
benzene molecule could not be positioned, but a smear of electron density ap-
peared in the region in which the ring must reside. :

The positional parameters of the benzene carbon atoms were refined with a
damping factor of 0.5 for three cycles. The bond lengths and angles remained
reasonable, but it was apparent that many cycles would be required in order to
obtain the potential minimum. Variation of the isotropic B’s (originally fixed at
15.0 A?) resulted in values of 25 - 30 A? after two cycles. The R factor was
approximately 2% higher with the scattering of the carbon atoms of the ring ac-
counted for. In view of these difficulties, it was believed that the best values of
the bonding parameters of the anion would be obtained without the inclusion of
contributions from the aromatic groups. The coordinates are, however, included
in Table 2, and the locations of the rings are depicted in Fig. 4.

Inspection of the structure factor list (calculated without the benzene mole-
cule contributions) revealed generally excellent agreement between observed and
calculated values. The exceptions were a group of ten low-angle (sin 6 /A < 0.15)
reflections for which the observed and calculated structure factors disagreed by
almost an order of magnitude. Removal of this group *, the (010), (100),
(110}, (202), (220), (312), (331), (410), (411}, and (501), followed by isotropic
least-squares refinement led to R = 0.107. Conversion to anisotropic temperature
factors and additional cycles of refinement led to final values :

R,= 2J(IF ] —IF.})/ 221F,1=0.083
R, =[ 22w(F,| — IF)2] 2o wF 2117 = 0.107

Neither the benzene molecules of solvation, nor the hydrogen atoms associated
with the anion were included.The weighting scheme was based on unit weights;
unobserved reflections and the group of ten mentioned previously were not inciuded.
For the remainder of the X-ray data no systematic variation of w(1F,| — | F,l)?

vs. [F,l orsin @ /A was noted. The largest parameter shifts in the final cycle of
refinement were less than 0.20 of their estimated standard deviations. The final
value for the standard deviation of an observation of unit welght was 2.95. The
final values of the positional and thermal parameters are given in Table 2 **.

* Although it is not in general a good practice to remove a group of reflections from a data set, in
this case it is believed that by so doing a refinement was obtained which produced the most accu-
rate possible parameters for the structure. Further justification for this action is given in the dis-
cussion. .

*+ The table of structure factors can be obtained from the authors.
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Discussion

A. Crystallographic problems associated witk the crystal structure

It is at first surprising to note that the R factor is 0.083 for 1967 reflections
when neither molecule of solvation has been included in the refinement. In fact
the carbon atoms of the benzene molecules comprise 32% of the nonhydrogen
electron density in the unit cell, and if one includes the hydrogen atoms, 43% of
the total electron density is unaccounted. The small contribution to the X-ray
scattering made by hydrogen atoms is well-known. Even for a structure which
exhibits low thermal motion, hydrogen atoms have an appreciable effect on only
those reflections with low sin 6 /A value.

In order to explain the lack of importance of the benzene molecules to the
total X-ray scattering, two possibilities may be envisioned. First, extremely high
thermal motion of the aromatic rings would have the effect of reducing the scat-
tering ability of the carbon atoms. More specifically, such atoms would be ex-
pected to contribute strongly to only a few low angle reflections. The same net
effect could also be achieved by a highly disordered arrangment of benzene rings.
Either of these two possibilities fits the experimental data: excellent agreement
between observed and calculated structure factors for 1967 reflections, but very
poor agreement for 10 low angle reflections.

For the situation exemplified by K[CH;Se {Al{CH3);}3] - 2C¢Hg, the limita-
tions of the X-ray method must be emphasized: the benzene molecules are essen-
tially ““invisible”. In the absence of an elemental analysis, however, the number
of benzene molecules may be readily deduced from the size of the ‘“‘vacancies”
in the unit cell. It should also be noted that there must be exactly 2C H¢ units.
In normal clathrate structures the holes or channels may be empty, filled, or par-
tially filled by guest molecules. For K[CH;Se { Al(CH3); }5] - 2C¢H,, the benzene
molecules are not simply guesis: they are an integral part of the unit cell. Ampli-
fication of these arguments is given in part C.

B. Description of the anion
The preparation of KfCH;Se{Al(CH3);3}3] - 2C¢H¢ could be viewed in the sim-
plest terms as the conversion of K[SeCN] to K[SeCH;]:

Se—C=N —» Se—CH;

The three molecules of A1(CH,); would then add to the three lone pairs of elec-
trons on the Se atom.

Since crystallographic difficulties are known to be associated with this crystal
structure, it is necessary to fully justify that the carbon moiety bonded to the
selenium atom is a methyl, not a cyano group. To accomplish this purpose, two
arguments may be presented. A close examination of Fig. 1 shows that the meth-
yl carbon atom exhibits normal thermal behavior. If this group were actually
two atoms (as in C=N), one would expect the thermal ellipsoid to be greatlv
elongated in the direction of the C—Se bond.

The Se—C bond length of 1.93(2) A is also characteristic of an alkyl group
linkage. For this case Sutton’s tabulations [21] show a range of values from
1.95 to 1.98 A, whereas the Se—C-(cyano) lengths average 1.83 A for two recent
determinations of the triselenocyanate anion [22,23].
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Fig. 1. Atom labeling scheme for the [CH3Se {AI(CH3)3 }3] ~ anion with the atoms displayed as their 40%
probability ellipsoids for thermal motion. -

- Fig. 2. View of the unit cell of K[CH3SFe {AI(CH3)3 }3]_- 2CGH6 normal to the gb plane. -
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“TABLE3 .

BOND LENGTHS (A) AND ANGLES (°) FOR K{CH;3Se {Al(CH3); }31- 2C6Hg

Bond .

Se—Al(1) 2.594(6) " Se—Al(3) 2.566(5)
‘Se—Al(2) 2.575(5) Se—C(10) 1.93(2)
Al(1)—C(1) 1.97(2) Al(2)—C(4) 1.99(2)
Al(1)—C(2) : 2.01(3) A(2)—C(5) 1.94(2)
vAl(_l);C,(3) 1.98(2) Al(2)—C(6) 2.02(2)
AN3)Y—CCD 1.99(2) AI(3)—C(8) 1.97¢2)
Al(3)—C(9) '2.00(2)

K(1)—C(4) ¢ 3.15(2) K(2)—C(8) f 3.49(2)
EQ1)—C@4)° 3.15(2) K(2)—C(8) ? 3.49(2)
K(1)—C(9) 3.21(2) K(2)—AIl(3) f 5.375(6)
K(1)—C(9) ¢ 3.21(2) K(2)—Al(3) b 5.375(6)
K(1)—C(3) a 3.22(2) K@2)—<c(2 ’ 5.98(3)
K(1)—C(3) ¢ 3.22(2) K(2)—C(2) b 5.98(3)
Angle

Al(1)—Se—C(1.0) 102.0(7) Al(1)—Se—Al(2) 115.6(2)
A(2)—Se—C(10) 105.4(7) Al(1)—Se—ALK(3) 114.4(2)
Al(3)—Se——C(10) 103.5(7)" Al(2)—Se—Al(3) 113.9(2)
Se—Al(1)—C(1) 101.8(8) C(1)—AN(1)—C(2) 117.8(12)
Se—Al(1)—C(2) 96.9(8) C(1)—Al(1)—C(3) 117.3(10)
Se—Al(1)—C(3) 102.3(6) C(2)—Al(1)—C(3) 113.4(11)
Se—AJ_(Z)—-C(4) 102.8(6) C(4)—AI(2)—C(5) 114.7(10)
Se—Al(2)-—C(5) 97.5(7) C(4)—Al(2)—C(6) 117.3(9)
Se—Al(2)—C(6) . 99.8(7) C(5)—Al(2)—C(6) 119.1(10)
Se—AIl(3)—C(7) 104.2(7) C(7)—Al(3)—C(B) 117.3(10)
Se—Al(3)—C(8) 99.3(7) C(7)—AN(3)—C(9) 113.8(10)
Se—Al(3)—C(9) 102.7(7) C(8)—A1(3)—C(9) 116.1(10)

¢ Related to the atom given in Table 2 by (x, ¥.2 — 1). bl—x,1—y,1—2).(1—x.1—y.—2).
(xoy—1,2—1).% 0 —x.2—y, 1 —2). T (x—1,y.2)

The coordination about the selenium atom is essentially tetrahedral (Fig. 1):
the Al—Se—Al angles average 114.6°, and the Al—Se—C angles, 103.8°. These
small distortions may be explained either in terms of greater steric interference
of the more bulky Al(CH3); groups, or in terms of secondary hybridization con-
siderations. The more electronegative carbon atom demands more p-character in
the Se—C bond, and as a result the selenium atom places more s-character in the
bonds to the aluminum atoms: hence the larger Al—Se—Al bond angles.

The Al—Se bond lengths given in Table 3 are important in that they are the first
such distances to be obtained crystallographically. The average value, 2.578(5)
A, is significantly longer than expected on the basis of covalent radii. Brauer and
Stucky [24] found an Al—S distance of 2.348(2) A in [(CH;),AISCH;],, and
Pauling’s tables [25] give a difference of 0.13 A between the radii of Se and S.
Thus, one might expect the Al—Se length to be ~2.48 A. The observed value is
in fact similar to the 2.58 A standard given for the Al—I bond in (CH;);N - Al-
(CH,),1 [26]. The explanation of the lengthening of the Al—Se bond is prcbably
found in a combination of steric and electronic effects which arise from the fact
that the selenium atom is bonded to four groups.

None of the individual Al-—C bond lengths differ significantly from the aver-
age value of 1.99 A, which is similar to those found in related compounds
[24,27]. The C—Al—C bond angles are also normal.
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Fig. 3. Stereo view of the unit cell packing in KICH3Se {AI(CH3)3 }31- 2C¢Hs.

-C. Entrapment of the benzene molecules

- In the asymmetric unit there are two crystallographma]ly mdependent potas-
sium ions. Although both reside on centers of symmetry, the fact that the envi-
ronments are quite different can be seen from the data given in Table 3, and in

~ Fig. 2, 3, and 4. One potassium ion, K(1), is packed within the methyl groups of
the anions: The K—C distances of 3.15 - 3.22 & are normal [11,12]. The other

" potassium ion, K(2), is associated with two carbon atoms at 3.49 &, and the re-
mainder of its contacts must be with the benzene molecules. For one of the two
independent C¢Hg molecules the important bond lengths and angles are given in

"~ Table 4. K(2) is symmetrically d]SpOSEd over the benzene molecule at K—C dis-
tances of 3.33 - 3.47 A. In fact, since K(2) is situated on a center of inversion,
the symmetry related ring completes a sandwich-like arrangement.

Careful inspection of Fig. 4 affords the observation that the centers of the

symmetry related benzene rings lie close to one of the be face diagonals. The re-
maining aromatic molecules must reside with their centers close to the other be

F_‘ig- 4. Two unit cells with one of the two independent benzene mglecu}es shown.



" TABLE 4

BOND LENGTHS (A) AND ANGLES (°) ASSOCIATED WITH ONE OF THE BENZENE
' MOLECULES OF K[CH3Se {Al(CH3)3 }3]1- 2CgHg ®

117

Bond

RC()—RC(2) 1.48 RC(4)>—RC(5) 1.52
RC(2)—RC(3) 1.42 RC{5)—RC(6) 1.32
RC(3)—-RC(4) 1.35 RC(6)—RC(1) 1.42
K(2)—-RC(1) 3.42 K(2)—RC(4) 3.43
K(2)—RC(2) 3.47 K(2)-RC(5) 3.33
K(2)—RC(3) 3.45 K(2)—RC(6) 3.38
Angle

RC((1)—RC(2)—RC(3) 131 RC(4)—RC(5)>—RC(6) 122

RC(2)—RC(3)—RC(4) 106 RC(5)—RC(6)—RC(1) 117

RC(3)-RC(4)—RC(5) 127 RC(6)—RC(1)—RC(2) 115

2 The ring carbon atoms were not included in the least-squares refinement.

Fig. 5. Approximate orientation of the benzene molecules with respect to the potassium ions (viewed down
the g axis). Solid line indicates an aromatic found on the difference Fourier; dashed line indicates predicted

location of an aromatic.

face diagonal. An idealized view of the unit cell along the a direction is given in
Fig. 5. K(2) is therefore in all probability found to be at the center of a distort-
ed octahedron composed of C(8), C(8"), and the centers of four aromatic rings.
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