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Distorting the ground-state coordination geometry of certain N AN Cﬂ"/nj
silicon} transition metaf,and main group metatomplexes leads Ve o Me
4 5

to metat-ligand complexes that expand their typical coordination
numbers in generating Lewis aeithase complexes. Lewis acidic ~ Figure 1. Lewis acid catalysts for keter@ldehyde cycloadditions.
organometallic species exhibiting this type of behavior have
recently been implicated as operative intermediates in carbonyl
additions, cycloadditions, and conjugate addition reactfons.

However, little information regarding the origin of the reactivity 114-?“(32_@13
expressed by these putative hypercoordinate metal complexes Me=EoAL ‘
relative to their coordinatively unsaturated analogues currently N,
exists. Investigations described herein of the tetracoordinate (:L?faggfse

Al(Ill) —triamine complexL responsible for catalysis in ketene
aldehyde cycloadditions reveal definitive evidence that a neutral,
pentacoordinate Lewis acithase adduct derived frorhis the
catalytically active species (Figure 1). Evaluating Lewis acidic
behavior of related Al(lll) complexes as a function of metal
electronics, ligand structure, and coordination geometry provides
evidence of a unique form of ligand-defined catalysis in which
coordinative distortion overcomes inherently unfavorable metal
electronics to afford catalytically active, hypercoordinate Al(lII)
Lewis acids.
A series of optically active Al(lll) complexes have recently  Figure 2. X-ray structure of Al(lll)-triamine complex.
been reported as Lewis acid catalysts for asymmetric ketene
aldehyde cycloaddition reactioh®©n the basis of accepted criteria  structure [ (plane anglesy= 358.6] (Figure 2). This crystal
for Lewis acidity, the neutral tetracoordinate, electron-rich structure data suggested that the distorted trigonal monopyramidal
Al(I11) —alkyl complexesl and2 seemed to be poor candidates coordination geometry defined ihby the tridentate ligand was
for Lewis acidic catalyst8.To understand the potent catalytic responsible for the observed Lewis acidity by providing a vacant
activity expressed byl, an X-ray diffraction structure of the  d,p orbital disposed ideally to accept a fifth ligand.
Al(llN-based cyclocondensation catalyst was obtained. The X-ray  X-ray crystal structure analysis in conjunction witH/:3C
structure indicate4 to be a four-coordinate complex adopting a NMR investigations of Lewis acidbase association expressed
trigonal monopyramidal (tmp) geometry with the methyl and by 1 provided definitive evidence for a neutral, five-coordinate
triflamide ligands defining the equatorial plane of the bipyramidal |ewis acid-base complex acting as the catalytically active species
(1) () Chorpa, S. K.. Martin, J. GI. Am. Chem. S0d990 112 5342. in_ the AAC reactions. A toluene solution_ df containing _
(b) Denmark, S. E.; Jacobs, R. T.; Dai-Ho, G.; Wilson(Bganometallics dimethylformamide (DMF) as a representative carbonyl Lewis
19909 9, 3015. (c) Meyers, A. G.; Kephart, S. E.; Chen JHAm. Chem. Soc.  base deposited colorless crystals of thBMF complex (Figure
b99EZ ﬁl‘/f\rzgzczﬁe(r?]) gggg‘gik’lfé %Z%”ede" B. D.; Coe, D. M.; Schnute, 3y a5 expected, Lewis base coordination occurs at the vacant
'(2) (a) O'Donoghue, M. B.; Zanetti, N. C.; Davis, W. M.; Schrock, R. R.  “@pical” coordination site on the tmp Al ion to deliver the five-
J. Am. Chem. S0d997, 119, 2753. (b) Shih, K.-Y.; Schrock, R. R.; Kempe,  coordinate Lewis acidbase complex, with dimethylformamide

EbJrgAg‘Heﬂ‘ig‘éfgggsgg‘glm 8804. (c) Cummins, C. C.; Schrock, R-R. ¢oordination imparting minimal perturbation to the Al ion’s
(3) Triamine complexes: (a) Emig, N.; Nguyen, H.; Krautscheid, H.; Reau, trigonal plane relative to the free cataly$tafge{1) = 358.6;

R.; Cazaux, J.-B.; Bertrand, @rganometallics1998 17, 3599. (b) Emig, Y angie{1:DMF) = 357.8].

N.; Gabb& F. P.; Krautsheid, H.; Rai, R.; Bertrand, GAngew. Chem. Int. ; : ; ot

Ed. Engl.1998 37, 989. (c) Emig, N.; Rau, R.; Krautscheid, H.; Fenske, D.; To probe the dynam.lcs of Lewis aem.bas.e association

Bertrand, G.J. Am. Chem. S0d996 118 5822. Tetraamine complexes: (d) ~ Promoted _by the Al[triamine] catalyst, the bmdlng of DMFIo

Pizrg)kzas(, ‘; Wzlzng, T, (J;aC(I)bsen, R.kA.O;I Verlflasde, Jr&ﬁlrg. Cféem.‘éggf 33, was examined byH NMR.” The spectra obtained from titrating

4202. () Pinkas, J.; Gaul, B.; Verkade, J.JGAm. Chem. S0d.993 115 i i ;

3925. See also: () Mler, J.; Englert, UChem. Ber1995 128 493. 1 with progressive amounts of DMF [0.10 equiv (0.012 M) to
(4) Nucleophilic additions: (a) Ooi, T.; Uraguchi, D.; Kagoshima, N.; 2.0 equiv (0.24 M)] in CCI, are presented in Figure 4. Only
Maruoka, K.J. Am. Chem. S0d.998 120, 5327. (b) Ooi, T.; Uraguchi, D.; the Lewis acid-base complex and the parent catalyst complex
Kagoshima, N.. Maruoka, KJ. Am. Chem. Sod997 119 5754. Radical  gre observed during the titration experiment; no time-averaging

additions: (c) Murakata, M.; Jono, T.; Mizuno, Y.; Hoshino,JOAm. Chem. f h Id d . X A
So0c.1997 119 11713. Cycioadditions: (d) Simonsen, K. B.; Svenstrup, N.;  Of resonances that would accompany dynamic Lewis-&oabe

Roberson, M.; Jergensen, K. &hem. Eur. J200Q 6, 123. (€) Heller, D. P.; association is observed. Only in the presence of excess DMF was

Goldberg, D. R.; Wulff, W. DJ. Am. Chem. So&997 119 10551. Conjugate i i -
additions. (f) Arai, T.. Sasai. H.. Yamaguchi. K.. Shibasaki MAm. Chenn the unbound Lewis base observed. Therefore, despite the electron

Soc.1998 120, 441. HCN additions: (g) Sigman, M. S.; Jacobsen, EJN.  fich nature of the highly coordinated Ablkyl complex 1,

Am. Chem. Sod 998 120, 5315. carbonyl binding is strongly favored even at ambient temperatures
(5) Nelson, S. G.; Peelen, T. J.; Wan, Z.Am. Chem. Sod.999 121,

9742. (7) The Al~alkyl complex1 was verified by*H NMR as the catalyst resting
(6) Negishi, E.Chem Eur. J1999 5, 411. state during these cyclocondensation reactions. See ref 5.
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Figure 5. Ligand-defined Lewis acidity in Al(lll) complexes.

sufficient conformational mobility to allow the Al(lll) ion to adopt
a low-energy, tetrahedral coordination geométrirhe Al(lII)
Fi 3 X tal of L-dimethvlf id | compl_ex5 did not form a Lewis acidb_ase adduct vx_/ith DMF
lgure 3. X-ray crystal ot L-dimethylformamide complex. even in the presence of excess Lewis base and is completely
inactive as a cycloaddition catalyst.
The radical departure in the reactivity &frelative to the
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AT n':'g'\“N‘" cyclocondensation catalyst despite similar electronics and
1 e . . . . . .
Y coordination numbers provides compelling evidence of the ligand-
NMe,

defined Lewis acidity available tb. The dsp Al ion hybridization
- in 1 provides a low-lying metal-centered LUMO, thus disposing
- the AI(Ill) center ideally to accommodate a fifth ligand and
_ complete the tbp coordination geometry achieved in the Lewis
acid—base complex (Figure 5). Conversely, the electron-rich,
highly coordinated complex5, lacking any ligand-imposed
coordinative distortion, exhibits minimal Lewis acidic character.
These results suggest that the distorted coordination geometry
present inl functions to dramatically attenuate the energetic
barrier associated with reorganizing the ground-state geometry
(tetrahedral) of related four-coordinate Al(lll) complexes required
. o ) ) ) to access pentacoordinate speéfeBhis ligand-defined catalysis
and dissociation of the Lewis acidase complex is slow onthe  ¢an pe interpreted as arising from a combination of ground-state
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Figure 4. Titration of 1 with dimethylformamide {H NMR).

NMR time scalé! ) ) ) . destabilization of the distorted metal complex and a stabilization
To validate our hypothesis relating distorted metal coordination qf the transition state leading to Lewis aeidase association for
geometry and the Lewis acidity expressed hythe Al(Ill) the preorganized tmp catalysts relative to analogous tetrahedral

complexe2—5 were prepared to probe structural requirements complexes. The ligand, therefore, acts primarily to define a

for Lewis acidic behavior in structurally and electronically related  catalytically active coordination geometry rather than assisting

Al(ll) complexes. The catalyzed cycloaddition of ketene and iy defining electronic properties within the metal complex

hydrocinnamaldehyde was selected as a test reaction for evaluating1ecessary for catalyst§.

the kinetic profiles of the putative Al(lll) catalyst complexes5 Itis anticipated that exploiting ligand-defined metal geometries

(Figure 1)? The tetracoordinate complexe and 3, direct to influence catalyst electrophilicity and reactivity will provide

structural analogues df are effective reaction catalysts (10 mol ey avenues for developing unique Lewis acid catalysts.

%), providing =95% conversion in 1:87.5 h® Complex 4

lacking a Lewis basic residue in the ligand backbone and, thus, Acknowledgment. The National Science Foundation (CHE-9875735)

the coordinative distortion presentin-3is inactive as a reaction  and the Merck Research Laboratories are gratefully acknowledged for

catalyst despite being coordinatively unsaturatethis observa- support of this work.

tion suggests that despite the more highly coordinated nature of ) ) ) ]

1-3, ligand-defined geometric distortion enhances Lewis acidity _ SuPporting Information Available: ~Experimental procedures and

relative to the coordinatively unsaturated analogue. é—ralytcoor?m?the;f ‘(/I/DDIB). This material is available free of charge via
The Lewis acidity of Al(lll)[triamine] complex5,*? identical € Internet at hitp-/7/pubs.acs.org.

in coordination number and ligand electronicsltand differing JA002415Q

only in chelate size, provided further evidence of the relationship

between metal coordination geometry and catalyst activtiy. g (13),Geomektry Optt_ipi_zatit%n \g'\aﬂssperform$d US_ir?]g the Spa{tan ngolecutljard

- 3indi ynamics package utilizing the parameters. This parameter set provide
Geometry optimization of compld_ié ".]dlcate(.j that _the expanded a close match between the X-ray structurel@ind the geometry optimized
chelate size of the propylene triamine-derived ligand conferred structure obtained using Spartan. Thus, this parameter set was considered to
provide the most representative geometry of Al(lll) complex

(8) Addition of excess aldehyde to tieDMF complex (CDCl,, 23 °C) (14) Efforts to obtain an X-ray structure &fwere unsuccessful.
results in no exchange of the bound DMF indicating that carbonyl coordination (15) Reacting complek with excess DMF, even at elevated temperatures,
to 1 is irreversible under these conditions. failed to elicit formation of a Lewis acidbase adduct. This observation is

(9) Ketene was generated in situ from acetyl bromide aridigisi base indicative of the large energetic barrier that would accompany accessing a
using the reaction conditions described in ref 5. pentacoordinate complex derived frdin

(10) Reaction times to 95% conversion: 4380, 410 @), and 110 8) min. (16) Ligand-induced stabilization of the reaction intermediate involved in
Rate constantk] calculated for initial stages of reaction (pseudo-first-order olefin dihydroxylation by Os@-amine complexes plays a crucial role in the
kinetics duringt = 0—60 min): k(1) = 1.2 x 1074, k(3) = 3.4 x 104 ligand acceleration characteristic of these reactions. For leading references to

(11) Using 10 mol %4, the acetyl bromidehydrocinnamaldehyde test extensive research on this topic, see: (a) Pidun, U.; Boehme, C.; Frenking,
reaction proceeds t620% conversion ove8 h but does not turn over. G. Angew. Chem., Int. Ed. Engl996 35, 1917. (b) Torrent, M.; Deng, L.;

(12) The trans relationship existing between the methyl ligand and the Duran, M.; Sola, M.; Ziegler, TOrganometallics1997, 16, 13. (c) Norrby,
N-methyl substituent i is assumed based on the absence of an nOe between P.-O.; Rasmussen, T.; Haller, J.; Strassner, T.; Houk, KJ.NAm. Chem.
the corresponding resonances in theNMR. Soc.1999 121, 10188.



