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Figure 2. Variable-temperature *H NMR of 1 (0.205 M, tolu-
ene-dg). Only the region associated with the methyl groups bound
to aluminum is shown.

trogen atoms in the unit cell be equivalent. Second this
is the first example of a monodentate secondary amine
bound to a five-coordinate Al atom and has an unusually
long AI-N distance of 2.19 A. Third, the two methyl
groups on aluminum, C1 and C2, are nonequivalent by
symmetry. Each of these features influences the behavior
of this compound. The first through the induction of the
optical activity at the nitrogen already cited, while the
second and third are of importance in the dynamic ex-
change processes associated with this molecule.

The geometry around the aluminum center can be de-
scribed as distorted trigonal bipyramidal, where both
aluminum methyl C atoms and the covalently bound O1
atom of the [-ephedrine substituent lie in the equatorial
plane. The apical Al1-O1’ distance is significantly longer
(1.95 A) than the equatorial Al1~O1 distance (1.86 A).
Table I compares the Al-O bond distances of several or-
ganoaluminum complexes which also contain an AL,O, ring.
The apical Al1-N1 dative bond length of 2.19 A is sig-
nificantly longer than those reported for other Al-N bonds
(see Table I). This observation is in line with the results
obtained by van Koten et al.! with the lengthening of the
Al-N dative bond due to the geometry around the alu-
minum center and suggests that breaking the nitrogen-
aluminum bond should be a relatively low-energy process.
A further manifestation of this is seen in the relatively
strained five-membered heterocyclic ring AI-01-C6-C5-
N1 which contains a relatively sharp O-Al-N angle of 78.5°
and shows some distortion around the carbon atoms with
significant deviation from tetrahedral geometry. A dis-
cussion of this will be presented in a full paper discussing
this and related five-coordinate aluminum derivatives.

The variable-temperature 'H NMR of 1 is shown in
Figure 2. At 22 °C the methyl groups are nonequivalent
which is consistent with the structure observed in the solid
state. As the temperature is increased, the lines associated
with these groups broaden and coalesce indicating that the
magnetic environment is averaged on the NMR time scale.
The energy of activation, AE,, for this process was de-
termined through the use of a deconvolution program® and
standard line-shape analysis. In complex 1, the energy of
activation is 24.4 kcal/mol, the rate of exchange is con-
centration independent, and the process is reversible.
These results can best be interpreted in terms of a disso-
ciate process in which the AI-N bond breaks permitting
the two methyl groups to become equivalent on the NMR
time scale. At the same time the Al,O, ring remains intact

(8) General Electric GN 300 NMR spectrometer software, version V-8.
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preserving the nature of the complex. When the bulk of
the alkyl substituent bound directly to the aluminum is
increased, from methyl to ethyl, the AE, appears to de-
crease with exchange occurring near room temperature.
This can be interpreted as a weaker Al-N dative interac-
tion due to the steric interactions between the substituents
on the aluminum in complex 2.

In summary, the 100% induction of optical activity at
the nitrogen center and the strength of the AlI-N dative
bond suggest that optically active neutral aluminum com-
plexes, where the aluminum center is optically active, can
be synthesized and isolated by simply changing the sub-
stituents on the aluminum. Work on the synthesis and
structural identification of optically active aluminum
complexes is continuing.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for the support of this research.
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of observed and calculated structure factors (8 pages). Ordering
information is given on any current masthead page.
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Summary: Reaction of pyridine-2-thiol (PySH) with tri-
alkylaluminum, AIR; (R = Me, 1; R = Et, 2), affords the
crystalline complexes tetramethylbis{u-pyridine-2-
thiolato)dialuminum(I1I) (1) and tetraethylbis(u-pyridine-2-
thiolato)dialuminum(III) (2) in quantitative yield. Com-
pound 1 crystallizes in the monoclinic space group C2/¢
with unit-cell parameters a = 31.651 (3) A, b = 8.364 (1)
A, c= 14128 (1) A, 8 = 103.84 (1)°, V = 3631.4 (5)
A%, and Dy = 1.22 g cm™ for Z = 8. Least-squares
refinement based on 1452 observed reflections (I =
2.50(1)) converged at R = 4.84% (R,, = 3.52%). The
central core of the compound [Me,AlIPyS], contains an
unusual eight-membered S,C,N,Al, ring with head-to-head
bridging pyridine-2-thiolato ligands. In solution 1 un-
dergoes an exchange process that averages the methyl
groups at and above room temperature while at low tem-
perature the methyl groups are fixed on the NMR time
scale giving rise to a spectrum consistent with the solid-
state structure. The 'H NMR spectrum of the ethyl region
of the compound 2, observed at low temperature, is
consistent with formation of diastereotopic methylene
groups suggesting that in solution the aluminum atom has
a five-coordinate structure. Again at room temperature
and above the molecule undergoes exchange process
causing the ethyl groups to become equivalent.

Pyridine-2-thiol can serve as a very versatile ligand
eliminating hydrogen to form the anion PyS~, which can
coordinate through the sulfur, the nitrogen, or both with
either formation of a four-membered chelate ring or for-
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Figure 1. A ORTEP diagram of the [Me,AlPyS), dimer (1) showing
the atom-labeling scheme. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg): Al1-C, 1.981 (6);
Al2-C, 1.965 (5); Al1-N1, 1.993 (4); Al1-N2, 1.992 (4); Al2-81,
2.335 (3); Al2-82, 2.341 (3); C5-S1, 1.731 (5); C10-S2, 1.728 (5);
C5-N1, 1.375 (8); C9-N1, 1.353 (7); C10-N2, 1.395 (8); C14-N2,
1.366 (7); N1-Al1-N2, 129.5 (2); N1-Al1-C1, 102.0 (2); N1-Al1-C2,
104.5 (2); N2-Al1-C1, 104.0; N2-Al1-C2, 101.0; Al1-N1-C5, 120.7
(3); Al1-N1-C9, 120.1 (4); Al1-N2-C10, 121.2 (3); Al1-N2-C14,
119.9 (4); N1-C5-S1, 116.0 (3); N2-C10-S2, 115.1 (3); S1-Al2-S2,
97.34 (9); S1-Al2-C3, 111.9 (2); S1-Al12-C4, 105.3 (2); S2-A12-C3,
104.9 (2); S2-Al12-C4, 112.3 (2); C1-Al1-C2, 117.0, C3-Al2-C4,
122.3 (2).
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Figure 2. The 'H NMR spectrum of the methyl region of
{Me,AlPyS]; (1) as a function of temperature.

mation of a three-atom bridging between two metal atoms.
All of these forms have been observed for transition-metal
complexes.! Further, it has been shown that in several
of the complexes with bridging PyS ligands rapid intra-
molecular exchange processes occur with “rotation” of the
PyS ligand from head-to-tail to head-to-head.! For
main-group metals far less is known with no crystallo-

(1) (a) Deeming, A. J.; Hardcastle, K. I.; Meah, M. N.; Bates, P. A,;
Dawes, H. M.; Hursthouse, M. B. J. Chem. Soc., Dalton Trans. 1988, 227.
(b) Deeming, A. J.; Meah, M. N,; Bates, P. A.; Hursthouse, M. B. J. Chem.
Soc., Dalton Trans. 1988, 2193. (c) Deeming, A. J.; Karim, M.; Bates, P.
A.; Hursthouse, M. B. Polyhedron 1988, 1401. (d) Umakoshi, K.; Kino-
shita, L; Ichimura, A.; Ooi, S. Inorg. Chem. 1987, 26, 3551. (e) Castano,
M. V,; Sanchez, A.; Casas, J. S.; Sordo, J.; Brianso, J. L.; Piniella, J. F.;
Solans, X.; Germain, G.; Debaerdemaeker, T.; Glaser, J. Organometallics
1988, 7, 1897. (f) Ciriano, M. A,; Viguri, F.; Perez Torrente, J. J.; Lahoz,
F. J.; Oro, L. A,; Tiripicchio, A.; Tiripicchio-Camellini, M. .J. Chem. Soc.,
Dalton Trans. 1989, 25. (g) Rosenfield, S. G.; Swedberg, S. A.; Arora, S.
K.; Mascharak, P. K. Inorg. Chem. 1986, 25, 2109. (h) Rosenfield, S. G.;
Berends, H. P.; Gelmini, L.; Stephan, D. W.; Mascharak, P. K. Inorg.
Chem. 1987, 26, 2792,
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Figure 3. The 'H NMR spectrum of the ethyl region of
[Et,AlPyS], (2) determined at —60 °C.

graphic studies reported and only very limited spectro-
scopic information available for the thallium derivatives.l®

We have now embarked on an investigation of the in-
teraction of this ligand with simple organoaluminum de-
rivatives to determine how it interacts with these species.
Our initial studies have led to several interesting results.
Reaction of AlMeg and Al,Etg with pyridine-2-thiol yields
tetramethylbis(u-pyridine-2-thiolato)dialuminum (III),
[Me;AlPyS], (1), and tetraethylbis(u-pyridine-2-
thiolato)dialuminum(I1I), [Et,AlPyS], (2), respectively.?

The structure of 1 was determined by single-crystal
X-ray diffraction methods and is shown in Figure 1. The
structure consists of discrete dimeric unit bridged by the
PyS ligand in a head-to-head fashion with formation of an
8-membered ring. The Al-C and Al-N bond distances are
normal and comparable to the many examples in the lit-
erature.* The Al-S distances (average value 2.338 A) fall

(2) The compounds are extremely sensitvie to both air and water so
standard Schlenk line techniques were employed. Pyridine-2-thiol (1 g,
8.99 mmol) was dissolved in toluene (60 mL), and AlMeg (4.50 mL, 8.995
mmol) was syringed as quickly as (ca. 5 min) permitted by the evolution
of methane gas. Though the reaction was instantaneous, the solution was
left stirring for an additional period of 2 h. The volume of the solution
was reduced to ca. 20 mL, and to this solution was added pentane (ca.
50 mL). The resulting solution deposited crystalline product over a
period of 24 h at —20 °C. This solid was identified as AIMe,PyS: yield
90%; mp 114-117 °C. Anal. (Galbraith Laboratories) Caled for
C,H,NSAlL: C, 50.20; H, 5.95; N, 7.98. Found: C, 50.31; H, 5.99; N, 8.38.
'H NMR (3): benzene-dg, room temperature all lines are exchange
broadened, AICH; 0.22 (s, 6 H), PyS 6.04, 6.25, 7.14, 8.04 (4 exchange
broadened singlets, 4 H); —90 °C, toluene-dg, AICH; -0.32, (s, 3 H), 0.05
(s, 3 H), PyS 598 (t, 1 H), 6.40 (t, 1 H), 7.18 (d, 1 H), 7.94 (d, 1 H). The
ethyl analogue was prepared by using the same experimental procedures
as described above: yield 95%; mp 64-66 °C. 'H NMR (8): benzene-dg,
room temperature all lines are exchange broadened, AICH,CH; 0.41 (bs,
2 H), 1.20 (bs, 3 H), PyS 6.2, 6.6, 7.24, 8.0 (4 exchange broadened singlets,
4 H); -90 °C, toluene-dy, AICH,CHj, 0.26 (m, 2 H), 0.72 (m, 2 H), 1.150
(t,3 Ii% 1.30 (t, 3 H), PyS 6.01 (t, 1 H), 6.41 (t, 1 H), 7.28 (d, 1 H), 7.87
(d, 1 H).

(3) Crystal of 1 was mounted in a thin-walled capillary in a drybox and
mounted on a goniometer head. X-ray intensity data were collected on
Nicolet P3/V diffractometer by using a 6/20 scan with Cu Ka radiation
(A =1.54184 &) at 20 °C. The compound [Me,AIPyS], crystallizes in the
monoclinic space group C2/c¢ with unit cell parameters a = 31.651 (3) A,
b=8364 (1) A, c=14.128 (1) A, 8 = 103.84 (1)°, V = 3631.4 (5) A3, and
Do = 1.22 g cm™ for Z = 8. The structure was solved by direct methods
using SHELX-76 and refined based on 1452 observed reflections with
intensities (I = 2.5¢(I)). Refinement converged at R = 4.84% (R, =
3.52%). Anisotropic thermal parameters were used for all non-hydrogen
atoms. Hydrogen atoms were placed in idealized positions with assigned
isotropic temperatures factors based on the thermal parameters of the
carbon atoms to which they are bound.

(4) (a) de Mel, V. S. J.; Oliver, J. P, Organometallics 1989, 8, 827. (b)
Jerius, J. J.; Hahn, J. M.; Rahman, A. F. M. M.; Moles, O.; Illsley, W. H.;
Oliver, J. P. Organometallics 1986, 5, 1812. (c) Barber, M.; Liptak, D.;
Oliver, J. P. Organometallics 1982, 1, 1307. (d) Rahman, A. F. M. M.;
Siddiqui, K. F.; Oliver, J. P. J. Organomet. Chem. 1987, 319, 161. (e)
Zaworotko, M. J.; Atwood, J. L. Inorg. Chem. 1980, 19, 268. (f) Robinson,
G. H.; Sangokoya, S. A. Organometallics 1988, 7, 1453. (g) Robinson, G.
H.; Sangokoya, S. A.; Moise, F.; Pennigton, W. T. Organometallics 1988,
7, 1887.
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into the broad range previously recorded (2.18-2.718 A),°
but there are so few examples that a “normal” distance is
yet to be defined. The average Al-S distance in the most
closely related structure, that of (Me,Al-u-SMe),, is 2.348
A in the solid state® and 2.370 A for the dimeric molecule
in the gas phase’ are very close to the values obtained in
1. All of the bond angles in 1 are reasonable for organo-
aluminum complexes. The one significant feature other
than the head-to-head arrangement of the bridging ligands
is that the two methyl groups on a given Al atom may be
equivalent but differ from those on the other Al center.
On the basis of this fact one would anticipate that the 'H
NMR spectrum should show two lines for the methyl
groups bound to the aluminum.

Examination of the 'H NMR spectra of a sample of 1
in toluene-dg shows a broadened resonance line for the
methyl groups at room temperature which indicates that
some form of exchange process is occurring. A variable-
temperature NMR study shown in Figure 2 shows more
complex behavior. At high temperature a single sharp line
is observed for the Al methyl groups. This broadens and
separates into two lines of unequal intensity as the tem-
perature is lowered. A further decrease in temperature
leads to a change in the intensity of these lines so that they
become of equal intensity within experimental error at
approximately -50 °C.

Examination of the 'H NMR spectra of 2 as a function
of temperature shows similar results to a first approxi-
mation. Closer examination of the low-temperature
spectrum shows an additional feature that bears directly
on the structure of the compounds in solution. At low
temperature the methylene protons of the ethyl groups
become diastereotopic as seen in Figure 3. This implies
the induction of prochirality at the aluminum center and
is identical with the behavior found in [R,Al(O-(R)-
CHC¢H,((S)-CH((S)-NHCH3)CH,)], which has been
shown to have a five-coordinate Al center.® Formation
of a symmetrical five-coordinate aluminum atoms, how-
ever, would make all four ethyl groups identical contrary
to their observed behavior. Close examination of the
head-to-head structure observed for 1 shows that the ethyl
groups in 2 for a molecule of similar structure would be
diastereotopic and would account for the observed spec-
trum.

The conclusions at present are that the pyridine-2-thiol
reacts with alkylaluminum derivatives to give new di-
alkylaluminum thiolates which form head-to-head dimers
on crystallization. In solution these dimers undergo rapid
rearrangements on the NMR scale near room temperature
and above. As the temperature is lowered to intermediate
values, there are at least two environments, but of unequal
population. This is consistent with formation of two or
more species that are undergoing slow exchange. Possible
structures include head-to-tail coordination, simple sul-
fur-bridged derivatives, or more complex species which
may involve five- or six-coordinate aluminum centers. At

(5) (a) Shakir, R.; Zaworotko, M. J.; Atwood, J. L. J. Organomet.
Chem. 1979, 171, 9. (b) Robinson, G. H.; Sangokoya, S. A. J. Am. Chem.
Soc. 1988, 110, 1494. (c) Robinson, G. H.; Self, M. F.; Pennigton, W. T;
Sangokoya, S. A. Organometallics 1988, 7, 2425. (d) Robinson, G. H.;
Zhang, H.; Atwood, J. L.; Organometallics 1987, 6, 887. (e) Boardman,
A.; Small, R. W. H.; Worrall, L. J. Inorg. Chim. Acta 1986, 120, L23. (f)
Noth, H.; Konrad, P. Chem. Ber. 1983, 116, 3552.

(6) Brauer, D. J.; Stucky, G. D. J. Am. Chem. Soc. 1969, 91, 5462.

(7) Haaland, A.; Stokkeland, O. J. Organomet. Chem. 1975, 94, 353.

(8) (a) Sierra, M. L.; de Mel, V. S. J.; Oliver, J. P. Organometallics,
in press. (b) van Vliet, M. R. P.; Buysingh, P.; van Koten, G.; Vrieze, K,;
Kojic-Prodic, B.; Spek, A. L. Organometallics 1985, 4, 1701. (c) van Vliet,
M. R. P,; van Koten, G.; deKeijser, M. S.; Vrieze, K. Organometallics
1987, 6, 1652.

0276-7333/89/2308-2490$01.50/0

low temperature (<-35 °C) the equilibrium has shifted to
two equivalent lines for the methyl groups that can be
easily accounted for in terms of the observed solid-state
structure. This explanation also accounts for the behavior
of the 2, including the observation of diastereotopic
methylene protons. Further studies are now in progress
to explore the unusual structural properties of aluminum-
thiolates and their behavior in solution.
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Summary: The first stable silyl-substituted diphosphenes
(2,4,6-t-BuyCgH,)P=PSiPh; (1) and (Me;Si);CP=—=PSiPh,
(2) have been synthesized. The structure of 2 has been
determined by X-ray crystallography. Compound 1 un-
dergoes slow head-to-head dimerization. The less stable
diphosphene (Me;Si);,CP——PSiMe; (7) has also been pre-
pared. Compound 7 decomposes to a bicyclobutane-
analogous tetraphosphane.

Silyl-substituted diphosphenes of the type RP=PSiR/;
are of potential importance as RP=P unit transfer reag-
ents. A compound of composition ArP=PSiMez (Ar =
2,4,6-t-BuyCgH,) has, in fact, been implied from spectro-
scopic data;' however, so far no silyl-substituted di-
phosphene has been isolated. We report the syntheses of
the first kinetically stabilized silyl-substituted di-
phosphenes ArP=PSiPh, (1) and (Me;Si);CP=PSiPh; (2)
along with an X-ray analysis of 2.

The new lithium phosphide LiP(SiMe;)(SiPhj) (3) was
prepared by the following sequence of reactions.?

PhSiCl

Ph,SiPH, — = Ph,SiP(H)Li
Ph,Si(Me;Si)PH ——» Ph,Si(Me,Si)PLi
3

NaAl(PH,),
Me,SiCl

tPresent address: Bayer AG, Pflanzenschutzzentrum Monheim,
5090 Leverkusen, West Germany.

(1) Smit, C. N.; Van der Knaap, T. A.; Bickelhaupt, F. Tetrahedron
Lett. 1983, 24, 2031. Weber, L.; Meine, G.; Boese, R.; Augart, N. Or-
ganometallics 1987, 6, 2484.
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