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complexes with the exception of the iron compounds. The tran-
sition-metal ionic radii are all slightly larger than Al’*, and thus
the large displacement of aluminum is not the result of purely
steric considerations. The structural features for the other
Schiff-base aluminum alkyl complexes are expected to be similar
to those for AI(SALEN)C,Hs.

Conclusions

Aluminum alkyl complexes with tetradentate Schiff bases of
the type Al(Schiff base)C,H; have been synthesized and found
to have stabilities comparable to those of transition-metal com-
plexes. Some of the long-lived solution intermediates prior to
insertion have been identified. The reaction of Al,(C,Hs)g with
tetradentate Schiff bases occurs stepwise. Two different mech-
anisms prevail depending on ligand properties. With ACEN, a
quasi-stable four-membered Al-O ring is formed initially. This
then reacts with excess ligand, producing the inserted Al-
{ACEN)C,H; complex. With the salicylaldehyde-derived ligands,
reaction first occurs with one of the hydroxyl protons, producing
a half-inserted aluminum diethyl species. This in turn reacts with
the remaining hydroxyl proton, releasing a second molecule of
ethane and the inserted aluminum ethyl complex. All of the
aluminum ethyl Schiff-base complexes exhibit 5-coordinate ge-
ometry about the aluminum center. The aluminum—carbon bond
in these complexes is more reactive than in the tetraaza macro-
cycles®® but less reactive than in complexes with mono- and
bidentate ligands such as 8-hydroxyquinoline.*’ The bond length
of the Al-C bond in SALEN is slightly shorter than for those of
the macrocyclic complexes; thus, the lessened stability for Al-
(SALEN)C,H; is probably due to kinetic rather than thermo-
dynamic considerations.

Comparison of the hydrolysis tendencies of trivalent transi-
tion-metal alkyl complexes such as well-known Cr(III) and Co(III)
species with analogous Al-alkyl complexes leads to some inter-
esting conclusions. First of all, hydrolysis of a metal-carbon bond
by a proton should be a straightforward process and to a first
approximation be largely dependent upon the polarity of the M—C
bond; i.e., the more polar, the more readily it is attacked by H.
A second contribution to the overall energetics of this process is
the energy of the dealkylated metal species remaining and the
reorganizational energy required to achieve the ground-state
conformation.

For the series of Al(Schiff base)C,H;s complexes examined in
this report, the similarity of the coordination spheres of the tet-
radentate ligands would not be expected to lead to substantial

differences in the polarity of the Al-C bond. Yet, a considerable
range of rates is observed. These appear to correlate strongly with
the degree of flexibility of the tetradentate ligand. The incredible
stability of the previously reported macrocyclic aluminum alkyl
complexes’® and the surprisingly robust nature of the tetradentate
Al-C complexes reported here are probably best accounted for
with the following explanation.

Simple protonation of the carbon atom of an aluminum alkyl
to produce the corresponding alkane should be a highly thermo-
dynamically and kinetically favored process. However, in the
absence of strongly coordinating anions (particularly oxo donors,
which are not present in appreciable concentrations in acidic
solutions), loss of the alkyl group will leave a four-coordinate
square-planar intermediate. However, all known four-coordinate
AP** complexes are approximately tetrahedral. For a third-row
metal, the d orbitals are relatively high in energy, such that suitable
hybridization schemes for square-planar Al** coordination are
not available. However, if the Schiff base has a flexible backbone
allowing facile coordination geometry rearrangements toward
tetrahedral or distorted tetrahedral, the overall hydrolysis process
may be more energetically favorable. In the case of transition-
metal complexes, the greater d-orbital participation in the bonding
leads to lower energy square-planar intermediates. Square-py-
ramidal geometry for AI** is not as common as for transition
metals; there are no known examples of stable square-pyramidal
monoalkylaluminum complexes with mono- and bidentate ligands.
The bis(acetylacetonate)alkylaluminum complex disproportionates
to the mono and tris complex,?? and work in our laboratory with
8-hydroxyquinoline alkyl complexes also indicates that the bis
species is unstable.?! In these systems, there are few if any
constraints on the coordination geometries with a d° system such
as AI’*; a trigonal-bipyramidal structure is expected to be preferred
over a square-pyramidal one. Factors affecting the stability of
Al-C bonds should also be applicable to aluminum hydride sys-
tems. These are currently under investigation in our laboratories.

Registry No. AI(SALEN)C,H;, 102630-64-8; AI(SALO-
PHEN)C,H;, 102630-65-9; AlI(SALPN)C,H;, 102630-66-0; Al-
(ACEN)C,;H;, 102630-67-1; ANC,Hs);, 97-93-8; SALEN, 94-93-9;
SALOPHEN, 3946-91-6; SALPN, 120-70-7; ACEN, 52751-14-1; Al,-
(SALEN)(C;Hs),0, 102648-65-7; AI(SALEN)(C,H;),, 102630-68-2;
AL(SALEN)(C,H,),, 102630-69-3.
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The dependence of v upon o-donor strength of the Lewis base B in BRhy(pfb) ,CO adducts, where pfb is perfluorobutyrate, has
been probed. The systematic dependence of vcg upon the strength of the interaction of B with one rhodium center illustrates the
ability of the metal-metal bond to transmit the influence of coordination of B to the second metal center and, hence, to the
coordinated CO. It is found that v is well described by an E and C analysis that takes into account the inductive influence of
trans base coordination. The deviation observed when B is a w-acceptor base is consistent with an earlier claim that metal-metal
bonding in the Rh,*" unit polarizes the d orbitals with = symmetry, enhancing #-back-bonding interactions with donors that can

also function as = acceptors.

The CO ligand is ubiquitous in organometallic chemistry, and
considerable effort has been put forth to understand the nature

of M—C==0 bonding and the influence of various ligands upon
the reactivity and spectroscopic properties of carbonyls. In probing
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Table I
vco, cm™
donor (B) Eg’ Cy® E,(1:1)% Ca(1:1)? expt* calcd?
0 0 5.06 1.74 2135.8 2136.0
ethyl acetate 0.975 1.74 3.93 1.68 2130.8 2129.1
acetonitrile 0.886 1.34 4.03 1.69 2129.1 (2129.8)
acetone 0.987 233 3.92 1.66 2128.6 2128.7
bridged ether® 0.887 4.11 4.03 1.59 2127.0 2127.7
dimethyl sulfoxide 1.34 2.85 351 1.64 2126.2 2126.2
triethyl phosphate 1.36 1.81 3.48 1.67 2126.2 2126.7
diethyl sulfide 0.339 7.40 4.67 1.47 2126.1 (2128.4)
dimethylacetamide 1.32 2.58 3.53 1.65 2125.4 2126.5
cage phosphite/ 0.548 6.41 442 1.51 2125.1 (2128.0)
1-methylimidazole 0.934 8.96 3.98 1.41 21247 2123.7
piperidine 1.01 9.29 3.89 1.40 21242 2123.0
pyridine 1.12 6.89 3.76 1.49 2122.8 (2124.3)
triethylamine 0.991 11.09 391 1.34 2121.6 2121.9
4-picoline 1.17 6.80 3.70 1.49 21215 (2124.0)
quinuclidine 7.04 13.2 424 1.26 2120.8 2121.8

9Reference 6. ?Calculated from eq 2 and 3 for BRhy(pfb),. ¢Experimental values for BRhy(pfb),CO were measured and reported to 0.1 cm™; the
upper limit is conservatively estimated as 0.5 cm™. A 15-cm™ variation of vcg is observed, which is measured to 3% accuracy. This is comparable
to the 2% accuracy in a 10 kcal mol™ variation in an enthalpy fit. 4Calculated from eq 4 by using EA(1:1) and Ca(1:1) values. Values in parentheses
are for = acceptors whose experimental vcg values were not used in the correlation. ¢7-Oxabicyclo[2.2.1]heptane. /4-Ethyl-1-phospha-2,6,7-triox-

abicyclo(2.2.1]octane.

the influence of cis- and trans-coordinated ligands, *C NMR?
and IR3 studies of the coordinated carbonyl have probed the
relative donor and acceptor properties of coordinated ligands in
transition-metal mononuclear carbonyl complexes. In this paper,
we examine ligand effects on coordinated CO in a dinuclear
complex. Our intentions are twofold: (i) to relate ligand donor
strength to carbonyl stretching frequencies across a metal-metal
bond with our inductive-transfer model* and (ii) to use this re-
lationship to understand the primary orbital interactions re-
sponsible for the inductive transfer.

As part of our continuing studies of the transmission of coor-
dination effects across metal-metal bonds,*’ we report the var-
iation of the CO stretching frequency, v, With g-donor strength
of coordinated Lewis bases for a series of rhodium dimers of the
formula BRh,(pfb),CO where B is a Lewis base and pfb is per-
fluorobutyrate. In this study, we correlate the changes in »gg with
the E and C parameters of B.5 Our strategy involves correlation
of experimental stretching frequencies of coordinated CO with
predicted changes in the acidity parameters of the second metal
center that result from coordination of B to Rh,(pfb), to form
the new Lewis acid BRh,(pfb), which will bind CO. The form
of the E and C equation® used to describe a nonenthalpic change,’
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Ay, for a given base interacting with a series of acids is given by
eq la while that for a given acid reacting with a series of bases

AX + W= EAEB* + CACB* (la)
is given by eq 1b; here Ay is a nonenthalpic change such as a
AX + W= EA*EB + CA*CB (lb)

spectral shift or free energy associated with adduct formation.
The Eg* and Cg* parameters (or E,*, C,* for constant acid fits)
differ from the reported unstarred parameters and contain the
conversion factor from kcal mol™! to the units associated with Ax.
In this study we use E, and C, parameters for Rh,(pfb), and acid
parameters E,(1:1) and C,(1:1) for the 1:1 base adducts,
BRh,(pfb)4, which react with a second base to form a 2:1 adduct.
The EA(1:1) and C,(1:1) parameters for the BRh,(pfb), dimers
reflect the inductive influence of the coordinated base at one metal
site on the acceptor properties of the second according to our
inductive-transfer model. In this model,® the E,(1:1) and Ca(1:1)
parameters for the Lewis acid BRh,(pfb),, a 1:1 adduct itself,
interacting with a second base to form a 2:1 adduct are given by

EA(].ZI) =EA_kEB (2)
CA(II) = CA_k’CB (3)

where E, and C, are the parameters® for unligated Rh,(pfb),,
Eg and Cy are the parameters for the donor B, and k and &’
represent the ability of the metal-metal bond to transmit the
inductive influence of the coordinated base, B. Thus, the enthalpy
associated with coordination of the second base is given by

-AH = (E, — kE)Ey + (Cs - k'Cy)Cy (4a)

where A refers to the free acid, B to the first base coordinated,
and B’ to the second. For nonenthalpic changes involving a
constant base (CO in this study) —AH of eq 4a is replaced by Ax
+ W and Ep by Ep*, leading to

Ax + W = (Ex ~ kEg)Ep* + (Cs - k'Cg)Cg*  (4b)

The experimental vcg values obtained when CO is bubbled
through methylene chloride solutions of Rh,(pfb), containing
enough® donor to form BRh,(pfb), are given in Table I. The

(7) Equation la is used to correlate nonenthalpic changes for a given base
interacting with a series of acids whose E, and C, parameters are
known.® Similarly, for a given acid interacting with a series of bases,
eq 1b is used where the Ep and Cp parameters are obtained from the
literature.® See: Doan, P. E.; Drago, R. S. J. Am. Chem. Soc. 1982,
104, 4524,
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donor Eg and Cj values are also given along with the E4(1:1) and
C4(1:1) values for the BRh,(pfb), adduct calculated from eq 2
and 3 with the reported’ parameters for Rh,(pfb), (E = 5.06,
Ca=1.74, k = 1.16, k' = 0.0364). Note that the resulting £,(1:1)
and C4(1:1) values demonstrate the lowered acidity for the second
metal center as a result of base coordination at the first rhodium
atom. This second metal center is the site for coordinating CO.
Because the E and C parameters are rigorously derived from
reactions in which only ¢ interactions are important,® the E,(1:1)
and C,(1:1) values do not reflect the effect of rhodium to B
m-back-bonding in the BRh,(pfb), adduct bond (the term metal
to ligand w-back-bonding is used here to also include the pro-
portionately enhanced ligand to metal ¢ bonding).

When the experimental CO frequencies are substituted for Ax
and the E5(1:1) and C,(1:1) values from Table I are used in eq
4b, the least-squares-minimized solution for those systems in which
B is not a w-acceptor ligand gives Eg* = 4.99, Cp* = 21.1, and
W = -2074.1. These parameters for CO spectral changes allow
calculation of CO stretching frequencies for any BRh,(pfb),CO
complex when the base is a ¢ donor whose Ey and Cy parameters
are known. The calculated vcq values for the systems studied in
this work are given in Table I, and their excellent agreement with
the experimental values demonstrates the “goodness” of the fit.
The change in Lewis acidity for the second metal center in
BRh,(pfb), adducts for various bases is quantitatively predicted
by eq 2 and 3, as seen by the close agreement between the cal-
culated and experimental ycq values. This supports our claim that
this inductive-transfer model can be used to quantify the acceptor
strength of metal clusters.

Data for adducts with donors known to act as = acceptors
(acetonitrile, cage phosphite, diethyl sulfide, pyridine, and 4-
picoline) are not included in the calculation of the CO parameters.
The E(1:1) and C4(1:1) numbers for adducts with these five
donors do not reflect the reported w-back-bonding from rhodium
to the donor because the Ey and Cy values used in eq 2 and 3
reflect g-only effects. The fact that the largest deviations in
predicted and experimental frequencies occur with systems pre-
viously reported to w-back-bond lends support to the synergistic
m-back-bond enhancement previously reported and described in
metal-metal-bonded systems.> The deviations of the ¢ donors
are random while those of the w-back-bonding systems are sys-
tematically low. Consideration of the values of vco when 7 and
o effects are both operative in the Rh—B bond lends insight into
the mechanism of the inductive transfer. The calculated vq values
for the five 7 acceptors are given (in parentheses) in Table I; these
are the frequencies expected if the Lewis bases, B, utilize only
their o-bonding capabilities in forming the BRh,(pfb),CO adduct.
The lower observed o values than calculated from eq 4 manifest
the metal to B w-back-bonding contribution for adducts with these
five bases.

The effect of o donation of electron density from the Lewis base,
B, to the metal raises the energy of the d-orbital manifold. The
rhodium 7* orbitals become more effective at w*-back-bonding.
This coupled with a weaker metal-CO ¢ bond caused by raising
the ¢* molecular orbital energy causes the CO stretching fre-
quency to decrease, as observed. When B is a w-acceptor ligand,
the Rh =* orbital is stabilized by the =*-back-bonding, but this
effect would cause our observed vcg value to be larger than our

(8) Calorimetric and spectroscopic experiments®® with Rh,(pfb), demon-
strate well-behaved 1:1 and 2:1 adduct formation with a wide range of
donors and no evidence for bridge displacement. Since the IR fre-
quencies for free CO and the CO adduct of Rh,(pfb), are known, new
bands must correspond to CO adducts of BRh,(pfb),CO.
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calculated value, in contrast to observation. The enhanced ligand
to metal ¢ donation from the base w-back-bonding would raise
the energy of the =* molecular orbital and increase the back-
bonding to CO. The o effect apparently dominates and leads to
a decrease in vcg. The two rhodium atoms in BRh,(pfb), are no
longer equivalent, and they will contribute differently to the o*
MO’s of the adduct. If 7*-back-bonding to base B increased the
contribution that the uncoordinated rhodium in BRh,(pfb), makes
to the #* MO’s, more effective overlap with the =* orbitals of
CO could result upon adduct formation with CO and the observed
frequency decrease would also result from this effect. This would
constitute a polarization of d-electron density toward the unligated
rhodium. The changes in the vq frequencies are small and can
result from subtle differences in the many perturbations made
on the system by base coordination. The key point for our purpose
is that o donors decrease vcg in a predictable fashion and the
m-acceptor bases, B, which are strong donors, cause a decrease
larger than expected from a g-only effect.

It is significant to note that the s-only E and C analysis has
been used to describe the spectral changes in a ligand, CO, that
acts as both a ¢ donor and a 7 acceptor. The fact that the
treatment works indicates that the w-back-bonding into and de-
creased ¢ bonding of CO change in a proportional manner when
B is varied in the 11 o-donor adducts.

Experimental Section

Tetrakis(perfluorobutyrato)dirhodium(II), Rh,(pfb),. Rhodium(II)
acetate, Rhy(OAc),, was prepared® from RhCl;3H,0 (Englehard).
Rh,(pfb), was prepared from the acetate by ligand exchange. A solution
of 2 g of Rhy(OAc), in 30 mL of perfluorobutyric acid and 3.5 mL of
perfluorobutyric anhydride was brought to reflux and half the solvent
distilled off. The remaining solution was cooled to 25 °C and then to
-20 °C for several hours. The dark blue-green Rh,(pfb), compound was
filtered, washed with cold pentane, and dried in vacuo. Recrystallization
from benzene gave 91% yield. Anal. Caled for Rh,C 4OsFo5: C, 18.17;
H, 0.00; F, 50.28. Found: C, 18.63; H, 0.32; F, 49.5.

All bases were reagent grade and purified to insure the exclusion of
water, usually by distillation from dessicant. All sample preparations
were performed under N,. Methylene chloride and benzene were purified
by standard methods.!?

IR spectra were recorded with a Nicolet 7000 FTIR calibrated with
polystyrene film. Solutions were prepared by bubbling carbon monoxide
through methylene chloride solutions 5.0 X 107 M in Rh,(pfb), and 4.0
X 10 M in base. The solutions were then transferred to a Beckman 0.50
mm path length cell with NaCl windows. One hundred scans were
coliected, and the contribution from Rh,(pfb),CO was subtracted.
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