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radical anion are shown in Table VI, in comparison with
the neutral material. It is gratifying and totally ex-
pected that the changes in direction of isomer shift and
magnitude of coupling terms are opposite to those
found in the present study. The latter system involves
# transmission, while the former involves o transmis-
sion. It appears, then, that in the octahedral com-
plexes, transmission fo and through the metal atom is via
the ¢ framework as was reported earlier. In the bi-
pyramidal cases, evidence points to a = transmission to
the metal, and in light of the observed changes in car-
bonyl stretching frequencies, a ¢ transmission through
the metal atom. In both cases it is not yet known how
this effect expresses itself in weaker CO stretching force

Table VI, Octahedral Mdssbauer Parameters (All
Measurements Made at —196°)
18,00 Qs.?
Q Charge mm/sec num/sec
SCH; o] 0.30 0.86
® 0.28 1.62
e} 0.25 0.65
P(CHj). ® 0.19 1.29
® 0.10 1.53
As(CH;). e} 0.28 0.81
® Q.18 1.86

¢ Relative to sodium nitroprusside. * Neutral compounds,
+0.005; radical anions and dianion, =4=0.02.

configuration interaction will equally fit the observed
facts.
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Abstract:

The crystal structure of tetra(1,4-epoxybutane)disodium(I) tetramethylbis-1,4-dihydro-1,4-naphthylene-

ehmkuhl has reported that 2 mol of Na, 1 mol of naph-

dialuminate, [Na(CH;0).}{Al(CH;);CioHs);, has been determined from three-dimensional X-ray data measured
by counter methods. The compound crystallizes in the space group Csn®-P2;/c with cell dimensions a = 9.175 (3)
A, b =17.356 (6) A, c = 13.112 (5) A, and 8 = 97.98 (1)°. The calculated density for two [Na(C,HzO);].[Al-
(CH;).CipHs): molecules per unit cell is 1.13 g cm~?%; unfortunately, no precise measurement of the density of this
compound could be made owing to the reactivity of the compound with the liquids used. Three-dimensional
least-squares refinement yielded a conventional R factor of 7.5%, for 1103 observed reflections. The compound
exists as a centrosymmetric, contact ion-pair complex with two Na(C;H;0)," cations complexed to the dimeric di-
anion. Two 1,4-dihydro-1,4-naphthylene groups are fused into the dianion via the two dimethylaluminate species.
The aluminum-naphthylenic carbon bond distances of 2.056 (10) and 2.074 (10) A are significantly longer than the
aluminum-methyl carbon bond distances of 1.982 (11) and 1.990 (12) A. The long Al-C bond lengths are
interpreted in terms of electron-deficient Al-C bonding due to the partial delocalization of the formal negative
charge of the aluminum atoms onto the carbon atoms of the naphthylenic rings.

ethers to yield Na[C,;HsAl(C.;H;),]- THF .38

He has

thalene, and 2 mol of triethylaluminum react in
tetrahydrofuran (THF) and other low boiling point

(1) Previous paper in this series: 8. P, Patterman, I, L. Karle, and
G. D. Stucky, J. Amer. Chem. Soc., 92, 1150 (1970).
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noted that similar compounds could be formed with
either Li or K, and that Al (CH,); could also be used
in the reaction. Based upon his conductivity, nuclear
magnetic resonance, and chemical evidence, Lehmkuhl
has proposed that the compounds exist as slightly dissoci-
ated ion pairs, the anion of which was an unusual alumi-
nate complex because, in addition to being bonded to
two alkyl groups (R), the aluminum atom was bonded
to the 1 and 4 positions of the naphthalene ring.® The
objective of this investigation was to rigorously establish
the coordination at the aluminum atom and to investi-

[Na - THF]* ©$

gate the nature of the ion-pair interaction by carrying
out a complete X-ray crystal structural analysis of the
above material with R = methyl. This research is part
of a more extensive program designed to investigate in
detail the structural and electronic properties of organo-
metallic complexes formed with unsaturated organic
moieties and main group metals.!

Experimental Section

The compound [Na(THF).J;[Al(CH;),C1,Hs). was prepared in the
inert atmosphere of a glove box by mixing 0.02 mol of AI(CHjy)s,
0.02 mol of Na, and 0.01 mol of CyjoHs in 30 ml of THF. The solu-
tion was concentrated, and a yellow solid was forced from solution
with cyclohexane. The compound was then recrystallized from a
mixture of THF, toluene, and cyclohexane.

A small amount of the material was redissolved in THF, and the
solution was sealed in a standard Varian nmr tube. The proton
nmr spectrum was measured on a Varian A-60A nuclear magnetic
resonance spectrometer. The peak positions and relative intensi-
ties corresponded well with the reported values for this compound
in THF.5

Collection and Reduction of the X-Ray Data

Since [Na(THF),JJ{Al(CH;).C,,Hs), is very sensitive
to oxygen and water vapor, the single crystals used in
this analysis were mounted in thin-walled glass capil-
laries. The systematic absences (0kO, ¥k = 21 + 1;
h0l, I = 2n + 1) determined from precession photo-
graphs uniquely determined the space group as Cou® -
P2,/c.” The lattice constants (22°, N 0.71069 A) ob-
tained by a least-squares procedure defined below are:
a=9.1753)5b = 17.356 (6), c = 13.112(5) A, B8 =
97.98 (1)°. The calculated density for two of the above
molecules per unit cell is 1.13 g cm—2; unfortunately, the
instability of the compound in several organic liquids
prevented a precise density determination.

Intensity data were measured on an automated
Picker four-circle X-ray diffractometer. The diffractom-
eter was equipped with a highly oriented graphite
single-crystal monochromator, and Mo Ka radiation
was used. The crystal, a block of dimensions 0.39 mm
X 0.35 mm X 0.35 mm, was aligned on the diffractom-
eter in such a way that the o* direction of the crystal
and the ¢ axis of the diffractometer were coincident.
Since a* is not a symmetry axis, such an alignment does
not optimize the conditions for multiple diffraction.?
The crystal-to-source and crystal-to-detector distances
were 21 and 29 cm, respectively, and the detector was

(7) “International Tables for X-ray Crystallography,” Vol. I, The
Kynoch Press, Birmingham, England, 1962, p 99.

(8) Numbers in parentheses here and in succeeding discussions are

estimated standard deviations in the least significant digit.
(9) W. H. Zachariasen, Acta Cryst., 18, 705 (1965).
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equipped with a 9 mm X 9 mm aperture. A take-off
angle of 1.0° was used and was found to provide 807 of
the intensity of a typical, large peak. The lower level
and upper level discriminators of the pulse height ana-
lyzer were adjusted to obtain a 95 9 window centered on
the Mo Ka peak. The full peak width at half-height,
0.12 (2)°, as measured by an w scan technique on sev-
eral strong reflections, indicated that the mosaicity was
satisfactorily low. The lattice constants were obtained
by a least-squares refinement on the setting angles of 12
carefully centered reflections. 1

The data were measured by the 8-26 scan technique.
A symmetrical scan of —0.80° from the Mo Ka; peak
(A 0.70930 A) to 0.80° from the Mo Ka. peak (A 0.71359

) was made at a rate of 1.0° min—!. Stationary-
crystal-stationary-counter background counts of 10 sec
were taken at the beginning and end of each scan.
Counter fatigue was minimized by the insertion of
copper foil attenuators when the counting rate exceeded
10,000 counts/sec. As a check on the stability of the
diffractometer and the crystal, two standard reflections
were monitored for every 40 reflections collected. No
significant variation in these standard reflections was
noticed during data collection. Two spherical forms

of data were measured. One form (hkl and hkl) was
measured out to 26 = 50°; but, since less than 107 of
the data with 28 > 40° exceeded three times their stan-
dard deviations and were thus considered observed re-

flections, the second form (hkl, hkl) was measured out
to 26 = 40°. A total of 6434 reflections were measured
of which 3728 were unique.

The data correction was carried out as described pre-
viously !! except that the following polarization correc-
tion p was used

p = (cos? 26 + cos? 20)/(1 + cos? By)

where 6y and 8 are the Bragg angles for the monochro-
mator and the crystal specimen, respectively. No ab-
sorption correction was applied (u = 1.34 cm~") since
the transmission factors varied between 0.925 and 0.870.
All of the equivalent data were averaged to yield 1103
unique, observed reflections. Only these reflections
were used in the least-squares refinement.

Solution and Refinement of the Structure

An examination of the intensity weighted reciprocal
lattice revealed that reflections with & 4 I = 2n were
consistently of much lower intensity than those re-
flections with & 4+ / = 2n. In the space group P2,/c
such a phenomenon indicates either that a heavy atom is
located at the center of inversion or that a number of
atoms lie near y = 0 and y = !/,. Only the latter
effect could explain the observed intensity distribution
since the compound does not contain a heavy atom.
Although the detection of this phenomenon did not aid
in the structural solution, it helped to explain our rather
low ratio of observed intensities to unobserved inten-
sities.

The structure was solved by the symbolic addition
procedure.!? A set of |E(hkl)|’s were generated
from the data with 26 < 40° by means of a K-curve.!3

(10) W. R. Busing and H. A. Levy, ibid., 22, 457 (1967).

(11) D. J. Brauer and G. D. Stucky, J. Amer. Chem. Soc., 91, 5462

(1969).
(12) 1. Karle and L. L. Karle, Acta Cryst., 21, 849 (1966).
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With the aid of several computer programs, the signs of
227 of the 289 |E(hkl)’s > 1.50 were assigned (of
which 225 signs were found to be correct). An E-map
calculated with these signed |E(hkI)|’s clearly re-
vealed the naphthylenic carbon atoms and the alumi-
num and sodium atoms. An electron density map cal-
culated from the above model indicated the positions
of the methyl carbon atoms on the aluminum atom,
both of the THF oxygen atoms, and the four methylene
carbon atoms associated with the O(1) THF mole-
cule. An electron density map calculated from this
20-atom model revealed the positions of the four re-
maining nonhydrogen atoms (C(17), C(18), C(19),
C(20)).

The structure was refined by full-matrix least-squares
and difference Fourier techniques.!* The function
minimized was wA2, A = ||F] — |F/, where
w is the weight and |F,| and |F are the observed
and calculated structure factor amplitudes, respectively.
Unit weights were used in the initial stages of refine-
ment, but the following modified Hughes’s weighting
scheme was used in the final stages, 15:1¢

= l/a(IFoi)2
0'(|Foi) = 4iFmini/iFoi for iFoi < 4iFmini
0(|Fol) = |Fo|/4|Faial for |Fo| > 4]F i

The value Of |Fup,| was 7.00. The scattering factor
tables for Al% Na? O, and C were those calculated
by Hanson;' the hydrogen form factors were the
best spherical scattering factors as calculated by
Stewart, Davidson, and Simpson.!®* No attempts were
made to correct for anomalous dispersion in this centric,
light atom structure. The reliability indices, R; and R,,
are defined as follows.

= ZA/ziFoi
g = [ZWA"’/ZWiFoiz]V2

The initial values of R, and R, with all nonhydrogen
atoms included in the calculation, unit weights, and only
the observed data with 28 < 40° were 0.230 and 0.243,
respectively. After incorporation of the Hughes’s
weighting scheme and after six cycles of least-squares
refinement on the positional parameters and the iso-
tropic temperature factors for all of the nonhydrogen
atoms, the residuals for all of the observed data were

= 0.142 and R, = 0.153. At this point evidence for
disordered carbon atoms in the THF molecules was
given by their large root-mean-square amplitudes of

(13) (a) S. P. Patterman, "Program K-CURVE,” Department of
Chemistry and Chemical Engineering, University of Illinois, 1969;
(b) 1. Karle and H. Hauptman, Acta Cryst., 6, 473 (1953).

(14) The local versions of several standard computer programs were
used. The symbolic addition procedure was carried out with the ald of
R. Dewar and A. Stone’s MAGIC-LINK-SYMPL. Fourier series were
calculated with J. Gvildys’ "Two- and Three-Dimensional Fourier
Summation Program.” The least.squares program was W. R. Busing,
K. O. Martin, and H. A. Levy’s ORELS. Interatomic distances and
angles and their corresponding standard deviations were calculated by
W. R. Busing, K. O. Martin, and H. A. Levy’s orrre. C. K, Johnson’s
ORTEP was used to draw the structural illustrations. Least-squares best
planes were calculated by M. E. Pippy and F. R. Ahmed’s MEAN PLANE.

(15) E. W. Hughes, J. Amer, Chem. Soc., 63, 1737 (1941).

(19((1523 S. C. Abrahams and J. M. Reddy, J. Chem. Phys., 43, 2533

(17) H. P. Hanson, F. Herman, J. E. Lea, and S. Skillman, Acta
Cryst., 17, 1040 (1964).

(18) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem.
Phys., 42, 3175 (1965).
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vibration, 0.34-0.44 A. 1In addition, some of the C-C
bond distances in these rings became unusually short
(146 (2) A) An examination of a difference Fourier
revealed peaks ranging from —0.54 to 0.65 e/A® with a
background densny of 0.2 e/A? the largest ‘peaks
being in the region of the Na atom and in the vicinity of
the THF rings. At the end of the refinement, a typical
naphthylenic carbon atom had an electron density of
5.05 ¢/A3, a typical methylene group in the THF ring
associated with O(1) had a density of 2.83 e/A‘°‘ and a
typical methylene carbon in the other THF ring had a
density of 2.15 e/A%. The distribution of density near
the THF carbon atoms was consistent with a model in
which each THF carbon atom was alternately puckered
out of the plane of the remaining carbon atoms. Evi-
dence for the hydrogen atoms bonded to naphthylenic
and methyl carbon atoms was given by peaks of density
0.4-0.6 e/A3 at reasonable posmons with respect to
these carbon atoms (0.9-1.2 A, sp? and sp? hybridiza-
tion). In addition, the distribution of electron density
in the region of the naphthylenic carbon atoms sug-
gested anisotropic motion for these atoms. It was felt
that on the basis of the observations listed above that a
model which gave anisotropic temperature factors to all
of the nonhydrogen atoms would more adequately ac-
count for the observed electron density distribution.
Accordingly, three cycles of least-squares refinement
were carried out with all atoms given anisotropic tem-
perature factors. The resulting residuals, R, and R,,
were 0.095 and 0.101, respectively. The decrease in R,
was significant on the 0.995 confidence level.?® An ex-
amination of a subsequent difference Fourier revealed
peaks in the range —0.29 to 0.37 e/A with a back-

ground density of approximately 0.15 e/A3 The
larger peaks (0.30-0.37 e/A %) occurred in the same rea-
sonable hydrogen atom positions mentioned above.
It was felt, however, that more reasonable X-ray hy-
drogen positional parameters could be obtained by cal-
culating their positions on the basis of C-H bond dis-
tances of 0.95 A and bond angles consistent with the
appropriate sp? or sp?® hybridization. Attempts to
locate similarly the methylene hydrogen atoms of the
THF group were abandoned because peaks did not con-
sistently occur in the difference Fourier in the calculated
positions. Each hydrogen atom was assigned an iso-
tropic temperature factor equal to that which the cor-
responding carbon atom possessed at the end of the iso-
tropic refinement. Three more cycles of least-squares
refinement on the 24 nonhydrogen atom parameters
were carried out with the hydrogen parameters held
constant. Convergence was thus reached with R, =
0.075 and R, = 0.080. On the final cycle the maximum
value of the ratio (shift/standard deviation) was 0.02.
The standard deviation of an observation of unit weight
was 1.56, suggesting either that the model is somewhat
inadequate (for example, in correcting for the disorder
in the THF atom positions, vide infra) or that the stan-
dard deviations of the observed structure amplitudes
have been underestimated. The relative validity of the
weighting scheme, as judged by the variation of the av-
erage of wA? with sin 8/\ and |F,|, was satisfactory.
A structure factor calculation for the 2625 unobserved
reflections showed that for only seven reflections was
the condition A < 4¢(|F,|) violated.!* A careful ex-

(19) W. C. Hamilton, dcta Cryst., 18, 502 (1965).



Figure 1. A drawing of the ion pair [Na(CHO):L.LACH3).CioHsl.

amination of the low angle reflections did not indicate
that an extinction correction was needed.

A difference Fourier contained residual electron den-
sity of —0.25 to 0.34 ¢/A? in a background of =0.13
e/A% All of the peaks over 0.20 C/As occurred in the
vicinity of the THF rings and presumably result from
our inability to correct for the disorder in the THF
carbon atom positions and to locate the methylene hy-
drogen atoms.

The final values for the atomic positional and thermal
parameters appear in Table I and a listing of the ob-
served and calculated structure factor amplitudes X 10
appear in Table I1. Bonded and nonbonded distances
appear in Table III while the bond angles appear in
Table IV. Our numbering system is shown in Figures
1-3. The root-mean-square amplitudes of vibration
along the principle axes for all of the nonhydrogen
atoms are included in Table V, and the least-squares
best planes are listed in Table VI.%

Description of the Crystal Structure

The structure of [Na(THF),},[Al(CH;),CiH;), found
by this analysis and illustrated in Figure 1 can be de-
scribed as a contact ion-pair complex in which two
naphthalene molecules are incorporated into a centro-
symmetric, ten-membered, heterocyclic dianion by the
bridging of two dimethylaluminate species across the
1,4’ and 4,1’ positions of the symmetry related rings
while two Na(THF),* species serve as the counterions.
As such, the basic structure deviates significantly from
that proposed by Lehmkuhl only in that a dimeric
species was formed. The fact that Lehmkuhl reports
one molecule of THF per monomer is not inconsistent
with the above formula because he vacuum dried the
solid before making the analysis while we made no
attempt to dry the crystals used in this analysis.

Another view of the dianion is shown in Figure 2.
The aluminum-methyl carbon bond lengths of 1.982
(11) and 1.990 (12) A compare well with the average
single bond AI-C distances of 1.970 (11), 1.98 (1), and
1.944 (7) A found respectively in [Al(CHj)sh,?! [Al-
(CH;);:):C4H;50.,%% and [(CH;),AISCH;],.!' The alumi-
num-naphthylenic carbon bond distances of 2.056 (10)
and 2.074 (10) A lie approximately halfway between the

(20) D. M. Blow, Acta. Cryst., 13, 168 (1960).
1(gl) R. G. Vranka and E. L. Amma, J. Amer. Chem. Soc., 89, 3121
(1967).

(22) 1. L. Atwood and G. D. Stucky, ibid., 89, 5362 (1967).
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The bc projection of the unit cell of [Na(C4HgO):le-

Figure 3.
[AXCH;)C1oHse.

Al-C single bond distances above and the average Al-C
electron-deficient bond distances of 2.14 (1) and 2.182
(5) A in [ACHj;);)o?! and [AI(CeHs)se, 22 respectively.
The long Al-C bond lengths are especially peculiar be-
cause if this compound is correctly formulated as an
aluminate complex, then to a first approximation the
geometry about the aluminum atom should be tetra-
hedral and, therefore, all AI-C bond distances should
be of equal length. Two factors, which may cause a
deviation from such a geometry are inter- and intra-
molecular steric interactions and partial delocalization
of the amionic charge onto the unsaturated carbon
atoms. These effects will now be discussed.

The major causes of steric strain in the molecule ap-
pear to be the close, nonbonded contacts of Al with
C(2), C(9), C(3)’, and C(10)’ and the inter-ring repul-
sions between C(1) and C(4)’ and between C(4) and
C(1)’. The distortion in the molecule introduced by
the aluminum atom nonbonded repulsions are mani-
fested by the substantial deviations from tetrahedral
symmetry at C(1) and C(4); specifically, the angles
C(9)-C(1)>-Al, C(10)’-C(4)'-Al, C(2)-C(1)-Al, and C-
(3)'-C(4)'-Al are 119.5 (6), 118.4 (7), 114.0 (6), and
113.6 (7)°, respectively. The net result of the increased
Al-C(1) and Al-C(4)’ distances (compared to the av-
erage of 1.99 A for the other Al-C bond distances) and
the angular distortion from tetrahedral symmetry at
C(1) and C(4) has been to increase the Al-C(9), Al-

(23) J. F. Malone and W, S. McDonald, Chem. Commun., 445 (1967).

Brauer, Stucky | m Complexation in Ion-Pair Bonding



3960

Table I. Positional and Thermal Parameters for [Na(C,HsO):1,[A}(CH3).C1oHs):
Atom x y z Bu® Bae Bz Bz Bis B3

Al —0.0275 4) 0.1465(2) 0.5097 (3) 0.0151(5) 0.0029 (1) 0.0055(2) 0.0002 (2) 0.0004 (3) —0.0002(2)
Na 0.1626 (4) 0.0136 (3) 0.3036(3) 0.0138(6) 0.0063 (2) 0.0067 (3) —0.0007 (3) 0.0007 (3) 0.0002 (2)
o) 0.293 (1) 0.1182(5) 0.2510(7) 0.020(2) 0.0080(5) 0.9115(8) —0.0021(7) 0.002 (1) 0.0029 (5)
0(2) 0.323(1) —0.0628(5) 0.2218(7) 0.021(2) 0.0091 (5 0.0094 (7) 0.0024 (7) 0.0010(9) —0.0010(5)
(1) —0.182 (1) 0.0789 (5) 0.4233(7) 0.015(2) 0.0034(4) 0.0040(7) 0.0003 (7) —0.001 (1) 0.0007 (5)
C(2) —0.260 (1) 0.0247 (7) 0.4852(8) 0.011(2) 0.0048 (6) 0.0059(8) 0.0004 (8) 0.0018 (9) —0.0005 (5)
C(3) —0.248 (1) —0.0520(7) 0.4805(7) 0.011(2) 0.0049(6) 0.0043(7) —0.0016 (8) 0.0005 (9) 0.0002 (5)
C(4) —0.153(1) —0.0900(6) 0.4116(8) 0.011(2) 0.0037(4) 0.0065(9) —0.0012(7) —0.002(1) —0.0003(5)
C(5) —0.101 (1) —0.0718(6) 0.2295(8) 0.014(2) 0.0044 (5) 0.0047 (8) 0.0003 (7) —0.0026 (9) —0.0001 (5
C(6) —0.085(1) —0.0268 (8) 0.1438(8) 0.016(2) 0.0063(7) 0.0050(9) 0.0003(9) —0.000(1) —0.0010¢(6)
(6/¢)) —0.097 (1) 0.0520(8) 0.1514(8) 0.016(2) 0.0058(7) 0.0052(9) —0.0006 (9) 0.000 (1) 0.0011 (6)
C(8) —0.125 Q1) 0.0857(6) 0.2414(9) 0.014(2) 0.0040(5) 0.0063 (9) 0.0005 (8) 0.001 (1) 0.0003 (6)
C(9) —0.145 Q1) 0.0412(7) 0.3268 (7) 0.010(2) 0.0040(6) 0.0043(9) —0.0020(7) —0.0005(9) 0.0004 (5)
C(10) —0.131 (1) —0.0399(7) 0.3241(7) 0.012(2) 0.0036(5) 0.0042(9) —0.0012(7) —0.0018 (9) —0.0004 (5)
c(11) 0.054 (1) 0.2228 (6) 0.4191(9) 0.023(2) 0.0046(5) 0.0082(9) —0.0016(9) —0.001(1) 0.0011 (6)
C(12) —0.138 (1) 0.2003(7) 0.6082(9) 0.024 (2) 0.0054 (6) 0.0086 (9) 0.002 (1) 0.001 (1) —0.0021(6)
C(13) 0.441 (2) 0.1383(9) 0.295(¢1) 0.019(3) 0.0103(9) 0.016(2) —0.004 (1) 0.001 (2) 0.003 (1)
C(14) 0.508 (2) 0.166 (1) 0.202(¢1) 0.018(2) 0.014(1) 0.018(2) 0.001 (1) 0.005 (2) 0.006 (1)
C(15) 0.380(2) 0.198 (1) 0.125(¢1) 0.019(2) 0.012(1) 0.015(1) 0.003 (1) 0.006 (2) 0.006 (1)
C(16) 0.248 (2) 0.168(1) 0.162(1) 0.022(3) 0.015(1) 0.017(2) —0.001(2) 0.001 (2) 0.011 (1)
cn 0.469 (2) —0.086(1) 0.253(1) 0.014(3) 0.015(1) 0.018(2) 0.006(1) —0.005(2) —0.005(1)
C(18) 0.525(2) —0.111(2) 0.154(2) 0.020(3) 0.023(2) 0.020(2) 0.001 (2) 0.002(2) —0.009(2)
C(19) 0.400(2) —0.126(2) 0.082(2) 0.025(3) 0.027(2) 0.017(2) 0.010 (2) 0.003(2) —-0.010(2)
C(20) 0.275(2) —-0.094(2) 0.124(1y 0.027(3) 0.028(2) 0.012(2) 0.008(2) —0.002(2) —-0.010(2)
H(1)HC(1) —0.247% 0.120 0.395 3.6¢

H(1)C(2) —0.326 0.045 0.531 4.1

H(1C(3) —0.299 —0.085 0.525 3.8

H(1)C&) —0.205 —0.134 0.375 4.4

H(1)C(S) —0.0%0 —0.128 0.226 4.2

H(1)C(6) —0.066 —0.052 0.079 4.7

H)C(T) —0.086 0.085 0.092 4.6

H(1)C(®) —-0.131 0.142 0.247 4.3

H(1)C(11) 0.124 0.260 0.457 5.6

H(2)C(11) 0.108 0.199 0.366 5.6

H(3)C(11) —0.024 0.255 0.378 5.6

H(DC(12) —0.078 0.238 0.652 5.9

H(2)C(12) —0.224 0.231 0.572 5.9

H(3)C(12) —0.182 0.165 0.655 5.9

@ The form of the anisotropic ellipsoid is exp[ —(Bu/t? + Bak? + Basl? + Buhk + Praktl + BaskD)].
¢ The hydrogen atoms were given isotropic temperature factors of the form exp[— B(sin2 §/A?)].

of the hydrogen atoms were not refined.

C(10)’, Al-C(2), and AI-C(3)’ contact distances by
0.23, 0.21, 0.13, and 0.14 A, respectively. The steric
strain introduced into the molecule by the repulsions
between C(1), C(4)’ and C(4), C(1)’ is revealed by the

Figure 4. (a) Resonance forms which shift electron density from
the aluminum atoms to the a carbon atoms in the naphthylenic
moity. (b) Resonance forms which delocalize the negative charge
throughout the naphthylenic ring.

b The positional and thermal parameters

large C(1)-Al-C(4)’ angle of 116.5 (4)°. Because of
this angular distortion at the aluminum atom and be-
cause of the longer Al-C(l) and AI-C(4)’ bond
lengths, the nonbonded distance C(1)-C(4)’ has been
increased from 3.25 to 3.513 (11) A. Although it is
apparent that the geometry at Al, C(1), and C(4) has
been distorted from ideal tetrahedral symmetry by a
variety of short, nonbonded contacts, it is not clear that
these steric forces alone can account for the unusual
Al-C(1) and Al-C(4)’ bond lengths. In fact, it should
be mentioned that the average Al-C bond distance,
where C is a carbon atom in a terminal phenyl group, in
[AI(CeH;)3): is normal (1.958 (2) A) although the av-
erage nonbonded distance from the aluminum to the
ortho carbon atoms in these phenyl groups is 2.95 A2
This observation is consistent with the view, as pointed
out by one of the referees, that nonbonded contacts
with second nearest neighbors may distort bond angles
but do not, in general, cause a large deviation from
“normal” bond lengths.

An explanation for the long Al-C(1) and Al-C(4)’
bond lengths may be that the observed bonds are hy-
brids of resonance structures in which the aluminum is
bonded to either two or one of the naphthylenic carbons
(see Figure 4a), The importance of the one-bond struc-
tures can be enhanced by delocalization of the negative
charge from the « carbons as is shown in Figure 4b;
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Observed and Calculated Structure Factor Amplitudes in Electrons X 10 (F(000) = 6960)
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furthermore, such delocalization would increase the
coulombic interaction between the anions and cations
since the ring carbon atoms are closer to the sodium ion
than the aluminum atoms are. Such one-bond reso-
nance forms are probably less stable energetically than
the two-bond form because the energy lost in breaking
the Al-C bond and rehybridization of the a carbon is
quite likely to be greater than the energy gained by de-
localization of the negative charge and by the enhanced
coulombic interaction. On the other hand, the elec-
tron deficiency predicted by this argument for the Al-
C(1) and Al-C(4)’ bonds is supported, but not proved,

by their greater sensitivity to alcoholysis compared to
that of the AI-C(11) and Al-C(12) bonds,>¢ a behavior
reminiscent of that of the electron-deficient bonds in
[AL(CHj;)sl.

The carbon—carbon bond distances in the phenylene
group do not deviate significantly from their average
value of 1.395 (19) A, which compares favorably with
the 1.392 (10) A value reported for benzene.?* The
average length of the carbon-carbon bonds C(1)-C-
2), C(1)-CH), CB)»C(4), and C(4)-C(10) is 1.491

(24) E. G. Cox, D. W, JI. Cruickshank, and J. A. S. Smith, Proc.
Roy. Soc., A247, 1 (1958).
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Table III. Interatomic Distances (.5;) for the Nonhydrogen
Atoms® Bonded Distances

Table V. Root-Mean-Square Amplitudes of Vibration (A)
along the Principal Axes R

Bonded Distances

Al1-C(1) 2.056 (10) C(9)-C(10) 1.416 (12)
A1-C(4)'? 2.074 (10) C(13>-C(14) 1.52(2)
A1-C(11) 1.990 (12) C(13)-0(1) 1.44 (1)
Al1-C(12) 1.982 (11) C(14)-C(15) 1.54 (2)
C(1)-C(2) 1.488 (13) C(15)-C(16) 1.47 (2)
C(1)-C(9) 1.505 (13) C(16}-0(1) 1.46 (1)
C(2)-C(3) 1.338 (13) C(17)-C(18) 1.52(2)
C(3)-C(4) 1.493 (13) C(17-0(2) 1.40 (1)
C(4)-C(10) 1.477 (13) C(18)-C(19)  1.41(2)
C(5)-C(6) 1.393 (14) C(19)-C(20) 1.46 (2)
C(5)-C10) 1.418 (13) C(20)-0(2) 1.40(2)
C(6)-C(7) 1.377 (15) Na-O(1) 2.330(9)
C(7)-C(8) 1.373 (15) Na-0(2) 2.347(9)
C(8)-C(9) 1.393 (13)

Selected Nonbonded Distances
Al-C(2) 2.988 (11) C(4H-Cca’ 3.242 (15)
A1-C(3)’ 3.002(11) C(4)-C(12)’ 3.326 (15)
A1-C(9) 3.089 (11) C(4)~-Na 3.844 (11)
A1-C(10)’ 3.065 (11) C(4)-Na'’ 3.975(11)
Al-Na 4.120 (9) C(5)~-Na 2.888 (11)
Al-Na’ 4.012 (9) C(6)-C(20) 3.541(21)
C(1)-C(4)’ 3.513(11) C(6)-Na 2.953(11)
C(1)-C(11D) 3.309 (14) C(7)~-Na 2.962 (11)
C(1)-C(12) 3.195(15) C(8)-C(11) 3.565(16)
C(1)-Na 3.889 (11) C(8)-Na 2.931 (11
C(1)~-Na’ 3.905 (10) C(9)-C(11) 3.755(16)
C(2)-C(12) 3.554 (16) C(9)-Na 2.920 (10)
C(2)-Na’ 2.867 (11) C(10)-Na 2.893 (10)
C(3)-C1’ 3.613 (16) C(11)-C(12) 3.256 (17)
C(3)-Na’ 2.908 (10) O(1)-0(2) 3.182 (13)

a Errors in the lattice parameters are included in the estimated
standard deviations. ? The coordinates of the primed atoms are
related to those in the asymmetric unit as follows: x/, y/, z/ =
% ¥, 1 — z

Table IV. Bond Angles (deg)-

C(1)-A}-C(4)’ 116.5(4)  C(8)-C(9)-C(10) 121 (1)
C(1)-Al-C(11) 109.7(5)  C(4)-C10-C(5) 121 (1)
C(1)-Al-C(12) 104.6(5)  C(4-C(10-C(9) 123 (1)
C(4)-Al-C(11) 105.8(5)  C(5-C(10-C(9) 116 (1)
C(4)'-Al-C(12) 110.1¢5)  C(14y-C(13)-0(1) 103 (1)
CUD-AC(12)  110.1(5)  C(I15)-C(14)-C(13) 107 (1)
Al-C(1)-C(2) 114.0(6)  C(16)-C(15)-C(14) 104 (1)
Al-C(1)-C(9) 119.5(7)  C(15-C(16)-0(1) 109 (1)
C(2)-C(1)-C(9) 111.5(8)  C(18)-C(17)-0(2) 105 (1)
C(1)-C(2)-C(3) 123.7(9)  C(17)-C(18)-C(19) 107 (1)
C(2)-C(3)-C(4) 122 (1) C(18)-C(19}-C(20) 106 (2)
Al'-C(4)-C(3) 113.6(7)  C(19-C(20)-0(2) 109 (1)
Al'-C(4)-C(10) 118.4(7)  C(13}-0(1)-C(16) 109 (1)
C()-C(4-C(10)  111.5(8)  C(13}-0(1)-Na  124.4(8)
C(6)-C(5)-C(10) 123 (1) C(16)-0(1)-Na  126.5(9)
C(5)-C(6)-C(T) 119 (1) C(17)-0(2)-C(20) 109 (1)
C(6)-C(T-C(8) 121 (1) C(17-0(2-Na 132 (1)
C(7)-C(8)-C(9) 121 (1) C(20)-O(2-Na  120(1)
C(1)-C(9)-C(8) 120 (1) O(1)-Na-0(2) 85.8 (3)
C(1)-C(9)-C(10) 119 (1)

a See footnotes in Table I1.

(12) A, which does not deviate significantly from the av-
erage value 1.510 (5) A reported for C(sp?C(sp?)
bond distances.?® As is shown in Table VI, the atoms
C(1), C4), C(5), C(6), C(7), C(@8), CO), and C(10)
deviate only slighly from their least-squares best plane.
The C(2)-C(3) bond length of 1.338 (13) A compares
well with the well-known value of 1.34 A for carbon-

(25) “Tables of Interatomic Distances and Configuration in Mole-
cules and Ions; Supplement 1956-1959,” Special Publication No. 18,
The Chemical Society, London, 1965, p S15s.

Journal of the American Chemical Society | 92:13 | July 1, 1970

Atom .R1 Rz Ra
Al 0.207 (5) 0.218 (5) 0.257 (4
Na 0.232(5) 0.247 (5) 0.311(6)
o) 0.26 (1) 0.30 (1) 0.39 (1)
0(2) 0.28(1) 0.29(1) 0.39(1)
(¢} 0.17(2) 0.24(1) 0.26(1)
C(2) 0.20(2) 0.23(2) 0.27(2)
C(3) 0.19(2) 0.21(2) 0.28(2)
C4) 0.18(2) 0.24 (2) 0.271)
C(5) 0.17(2) 0.26 (1) 0.28 (1)
C(6) 0.20(2) 0.26 (2) 0.32(2)
(T 0.20(2) 0.26 (2) 0.31(2)
C(8) 0.23(2) 0.24(2) 0.26 (2)
(&) 0.17(2) 0.20(2) 0.27 (2)
C(10) 0.16 (2) 0.23(2) 0.26 (1)
c 0.24 (2) 0.26 (2) 0.34(1)
C(12) 0.23(2) 0.29(2) 0.35(2)
C(13) 0.26 (2) 0.34(2) 0.44 (2)
C(14) 0.26 (2) 0.33(2) 0.51(2)
C(15) 0.27(2) 0.28 (2) 0.48 (2)
C(16) 0.23(2) 0.31(2) 0.57(2)
c(17) 0.21(2) 0.35(2) 0.53(2)
C(18) 0.28 (2) 0.35(2) 0.63 (3)
C(19) 0.25(3) 0.35(3) 0.69 (3)
C(20) 0.25(2) 0.31(2) 0.70 (3)

Table VI. Best Weighted Least-Squares Planes

Plane Atoms in plane Equation of plane®?

—0.9416Xx — 0.0712Y —
0.3291Z — 03745 = 0
—0.9463X — 0.0687Y —
0.3159Z — 0.4158 = 0
—0.9332X — 0.0743Y —
0.3517Z — 0.2454 = 0
—0.6792X — 0.0279Y —
0.7335Z + 2.4120 = 0

Deviation of Atoms from Planes (A)

1 C(1), C(4), C(5), C6),
(7, C(8), C(9), C(10)

2 C(5), C(6), C(N), C(8),
(9), C(10)

3 C(1), C(4), C(9), C(10)

4 C(1), C(2). C(3), C(4)

Atom Plane 1 Plane 2 Plane 3 Plane 4
) 0.02(1) 0.00 (1) 0.00(1)
C(2) 0.00 (1)
C(3) 0.001 (9)
C4) 0.008 (9) 0.001 (9) 0.00 (1)
C(5) 0.00 (1) 0.00 (1)
C(6) 0.02(1) 0.01 (1)
(¢¢)) 0.01 (1) 0.00(1)
C(®) —-0.02(1) —-0.01(1)
C(9) —0.009 (9) 0.014(9) 0.006 (9)
C(10) —0.027(9) —0.009(9) —-0.01(1)
Na —2.573(4) —2.568 (4)
Dihedral Angles between Planes
Plane A Plane B Dihedral angle (deg)
1 4 152.0 (15)
2 4 151.2(15)
3 4 153.4(15)

@ The orthogonal unit cell vectors X, ¥, Z are related to the mono-
clinic vectors a, b, ¢ as follows: (X, Y, Z) = (a +ccos B, b, ¢
sin 8). ®The weight of each atom was inversely proportional to the
mean variance of the positional parameters of that atom. ¢ These
standard deviations are projected from values obtained from
ORFFE calculations.

carbon double bonds. The carbon atoms C(1), C(2),
C(3), and C(4) are planar within experimental error
(Table VI), and the dihedral angle between the above
planes is 152.0 (15)°. For completeness, other planes
through various sets of naphthylenic carbon atoms are
listed in Table VI, but those planes described above ap-
pear to be the most structurally significant.



The contact ion- pair nature of this compound can
best be seen by exam1n1ng the placement and coordina-
tion of the sodium ion. The cation lies 2.573 (4) A
above the least-squares best plane defined by the atoms
C(l), C4), C(5), C(6), C(7), C(8), C(9), and C(10),
and the distance from the sodium to a line joining atoms
C(2)’ and C(3)" is 2.807 (11) A. The eight closest so-
dlum—carbon contacts vary from 2.867 (10) to 2.962 (11)

A, values which are somewhat larger than the sum of the
1onlc radius of Na+* and the van der Waals radius of sp*
carbons, 2.70 A.?¢  The position occupied by the cation
is consistent with its desire to be as close as possible to
the formal centers of negative charge, the aluminum
atoms, and does not appear to resolve the question of
the relative basicities of the AIR,~ group vs. that of the
organic 7 cloud toward Nat+. The coordination about
the sodium ion is completed by two molecules of THF.
The average Na-O distance of 2.338 (9) A is somewhat
larger than the sum of the respective covalent radii,
2.26 A, but is approximately equal to the sum of the
ionic radius of Na* and the van der Waals radii of
oxygen, 2.35 A.2% The O(1)Na-O(2) angle is small,
85.7 (3)°, but since there are no unusually short non-
bonded contacts between the THF ring atoms and the
other atoms, this angle does not appear to be closed by
steric crowding.

The THF carbon atoms are obviously disordered;
therefore, we place little faith in either their positional
or thermal parameters. Accordingly, the corre-
sponding bond distances and angles should not be taken
seriously.

The nature of ion-pair complexes in solution has re-
ceived much recent interest, and it seems appropriate to
discuss this crystal structure in terms of contact and
solvent separated ion pairs. Two obvious driving
forces have made this compound a contact ion pair in
the solid state. First, the high charge on the dianion
coupled with the ability of the cation to move close to
the centers of charge makes possible a strong coulombic

(26) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960, Chapter 7.
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interaction if a contact ion pair is formed. Second, the
complex found in this analysis has a rather compact
shape and thus is able to pack well in the unit cell; the
coordination of more solvent about the cation, there-
fore, should lead to a less efficient molecular packing,.
The relative importance of the two driving forces could
best be evaluated if the dominant species in THF solu-
tion at room temperature were known; however, the
necessary conductivity or molecular weight studies have
not been made. However, since such complexes as so-
dium naphthalene and sodium biphenyl have been
shown to exist mainly as contact ion pairs at 25° in THF
solution,? it might be predicted that [Na(THF)z]z'
[Al(CH3)2C10H3]2 exists predominantly as a contact ion
pair under similar conditions.

Lehmkuhl has proposed two mechanisms for the for-
mation of the Na[AIR,C;,H;] species. The final step in
both mechanisms is the reduction by sodium of a 1-di-
alkylaluminum-1-hydronaphthyl radical which is
formed either by the reaction of the dialkylaluminum
cation with a naphthalene radical (mechanism one) or
by the reaction of the dialkylaluminum radial with
naphthalene. In order to form the dimer, however, the
dialkylaluminum species would not bridge the 1 and 4
positions on the naphthalene but rather would remain
coordinated only to the a carbon. Two such carban-
ions polymerize in a head-to-tail fashion to form the
dimer. Thus, the above represents a 1,4 addition
to a conjugated system and may be applicable to the
reaction of 1,3-butadiene with sodium and trimethyl-
aluminum. A product has been isolated from such a
reaction and has been postulated to be a monomeric
species.®® Also, a similar reaction with anthracene has
been reported.® It appears that dimeric or high poly-
mers are possible products of these reactions, and fur-
ther investigations are being made in the solid and so-
lution phase in order to better define their stereochem-
istries.

(27) P. Chang, R. V. Slates, and M, Szwarc, J. Phys, Chem., 70,

3180 (1966).
(28) H. Lehmkuhl, Angew, Chem. Intern. Ed. Engl., 5, 663 (1966).
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