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We present a systematic theoretical investigation on the addition reaction of Grignard reagents to malimides
to understand its mechanism as well as the origin of its regio- and diastereo-selectivity. The computations
carried out at a hybrid density functional B3LYP/6-31G* level of theory reveal that (i) the addition of
Grignard reagents withl,O-dimethylmalimide (1-methyl-3-methoxypyrrolidine-2,5-dione) occurs regi-
oselectively at thet-carbonyl (C1) by passing througtces-o-chelated precursor and affords stereoselec-
tively cis-addition product, in qualitative agreement with the previous experimental observations; (ii)
such regioselectivity is ascribed to the preferential chelation of Grignard reagentdecdrdonyl (C1)

over the coordination to the'-carbonyl (C4); (iii) its unusuatrans-addition, in sharp contrast to the
Cram chelation-type stereoselectivity for the reaction of aliphatior S-alkoxy carbonyl compounds,

is due primarily to the rigidity of the five-membered ring skeleton of the malimide that favors the formation
of the cis-a-chelated precursor; and (iv) poor regioselectivity is predicted for the reactioRTGDMS-
protected malimide (1-benzyl-3eft-butyldimethylsilyloxy)pyrrolidine-2,5-dione) with Grignard reagent

and can be ascribed to the large steric repulsion of the bulky TBDMS group and the electronic effects
of the silyl group that remarkably destabilizes tiehelated precursors and the corresponding transition
states.

1. Introduction SCHEME 1. Stereoselective Addition of Cyclico-Alkoxy

Stereoselective and regioselective-C bond formation is Ketones with Grignard Reagents (ref 2)

an important goal in organic synthesis. One of the most 0 oBn HO ;CH% Bn HC  OH L
important stereoselective-<€C bond-formation reactions is the CH;3MgBr +
1,2- or 1,3-asymmetric induction reaction of Grignard reagents Cb;}“ Q)/nH Q)/HH
(RMgX) with chiral a- or s-alkoxy carbonyl compoundsFor 1 2 3

example, it has been shown that the asymmetric addition of
cyclic a-alkoxy ketonedl with RMgX afforded predominantly
the trans-addition product, namely, theis-diasterecisome®
(Scheme 1%.

(RMgX) addition with chiralo- and g-alkoxy carbonyl com-
pounds has been the subject of extensive experimieraald
theoretical investigations, and the Cram chelation m&gael

The mechanism of the stereoselective Grignard reagents

'This paper is dedicated to the memory of late Professor Dr. Guy Ourisson. has been used most frequently to predict or to account for the
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sense of asymmetric induction. According to the Cram chelation

§ State Key Laboratory for Physical Chemistry of Solid Surfaces. model (Scheme 2A), a five-membered ring complex intermedi-
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SCHEME 2. Chelation (A) and Nonchelation (B) Mechanisms for the Stereoselective Addition af-Alkoxy Carbonyl
Compounds with Organometallic Compounds

Ye et al.
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SCHEME 3. Reactions of RMgX with Malimides and 3-Benzyloxyglutarimide
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BnO, BnO, BnO, BnO, BnO,
O7N"TO 3)NH,Clag. HO™ N R N N" “oH O"NTR
Bn Bn
4 trans-isomer 9a cis-isomer 9b  trans-isomer 10a cis-isomer 10b

ate is first formed by chelation of the Lewis acidic M atom of o-hydroxylactam®a and9b (or their higher homologues, not
the organometallic reagent with the two oxygen atoms of the shown), which have been proven to be a key step in the recently
substrate, followed by migration of the nucleophilic alkyl group developed methodology for efficient and flexible synthesis of
(R) to the carbonyl group preferentially from the sterically less bioactive pyrrolidine (or piperidine) alkaloids apeamino acids
hindered side, i.e., opposite to the larger group FThe Cram (or 6-amino acids}. The two inequivalent carbonyl groups in
chelation model was supported by a number of quantum malimide4 (or 3-benzyloxyglutarimidés) are as highly elec-
chemical calculation$For instance, the MP2(FC)/6-315*// trophilic toward organometallic reagents as that of a kefone.
HF/6-31G* calculations by Morokuma et &l.have shown that ~ However, it has been interestingly shown that at low temperature
the reactions of acyclia- and-alkoxy carbonyl compounds  Grignard reagents prefer to react with the more hindered
with Me;Mg are initiated by chelation of the organometallic a-carbonyl of malimidet (or 3-benzyloxyglutarimidé), leading
reagent with the alkoxy carbonyl compounds, ardhelation smoothly to a-hydroxylactam9a and 9b (or their higher
is kinetically favorable ovef-chelation. However, exceptions homologues, no shown) with a high regioselectivity (regiose-
to the Cram chelation model of stereoselectivity can be found lectivity 9:10 > 94%, Scheme 3 The regioselective reaction
when the organometallic compound is incapable of cheldfion. of malimides shows remarkable substituent effect; low regio-
For such a case, the Felkit\nh modelB (Scheme 2B) was  selectivity was observed in the reaction of RMgX with malimide
put forward3d-f in which the stereoselective approach of the 6 bearing a bulky substituent, TBDM®(t-butyldimethylsilyl),
nucleophile is governed by stereoelectronic and/or steric factorsat the O2 sit€® The observed substituent-dependent regiose-
with the resulting diastereoselection being opposite to that of lectivity was attributed to the complex-induced proximity effects
the Cram chelation model. (CIPE)3¢-t7 That is, the Grignard reagent is first coordinated
Among the various addition reactions af and 5-alkoxy
carbonyl compounds concerned thus far, of particular interest

(3) (@) Cram, D. J.; Abd Elhafez, F. Al. Am. Chem. Sod 952 74,

is the regioselective reaction of malimide(or 3-benzyloxy-
glutarimide 5) with Grignard reagents RMgX that affords

(1) (a) Reetz, M. TAngew. Chem., Int. Ed. Engl984 23, 556 and
references therein. (b) Reetz, M. Acc. Chem. Resl993 26, 462 and

references therein. (c) Eliel, E. L.; Frye, S. V.; Hortelano, E. R.; Chen, X.;

Bai, X. Pure Appl. Chem1991, 63, 1591. (d) Eliel, E. L. InAsymmetric
SynthesisMorrison, J. D., Ed.; Academic: New York, 1983; Vol. 2, Part
A, p 125. (e) Huryn, D. M. IrComprehengie Organic Synthesjigrost, B.
M., Fleming, I., Eds.; Pergamon: Oxford, U.K., 1991; Vol. 1, p 49. (f)
Keck, G. E.; Andrus, M. B.; Romer, D. R. Org. Chem1991, 56, 417.
(g9) Chen, X. N.; Hortelano, E. R.; Eliel, E. L.; Frye, S. ¥. Am. Chem.
So0c.1992 114, 1778. (h) Larsson, M; Hogberg, H. Eetrahedron2001,
57, 7541. (i) Kim, M.; Grzeszczyk, B.; Zamojski, Aletrahedron200Q
56, 9319. (j) Bartoli, G.; Bellucci, M. C.; Bosco, M.; Marcantoni, E.; Sambri,
L. Chem—Eur. J.1998 4, 2154. (k) Ferrero, M.; Galobardes, M.; Martin,
R.; Montes, T.; Romea, P.; Rovira, R.; Urpi, F.; Vilarras&ynthesi200Q
1608. () Frye, S. V.; Eliel, E. L.; Cloux, RI. Am. Chem. S0d.987, 109,
1862. (m) Chen, X. N.; Hortelano, E. R.; Eliel, E. L.; Frye, S.3/.Am.
Chem. Soc199Q 112 6130.

(2) Maruoka, K.; Oishi, M.; Shiohara, K.; Yamamoto, Hetrahedron
1994 50, 8983.
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5828. (b) Cram, D. J.; Kopecky, K. R. Am. Chem. So0d.959 81, 2748.
(c) Morrison, J. D.; Mosher, H. Asymmetric Organic ReactionBrentice
Hall: Englewood Cliffs, 1971. (d) Anh, N. TTop. Curr. Chem198Q 88,
145 (e) Cherest, M.; Felkin, H.; Prudent, Netrahedron Lett1968 18,
2199. (f) Cornforth, J. W.; Cornforth, R. H.; Mathew, K. B. Chem. Soc.
1959 112.

(4) (a) Frenking, G.; Kohler, K. F.; Reetz, M. Tetrahedronl993 49,
3971. (b) Frenking, G.; Kohler, K. F.; Reetz, M. Tetrahedronl1993 49,
3983. (c) Frenking, G.; Kohler, K. F.; Reetz, M. Tetrahedronl991, 47,
9005. (d) Frenking, G.; Kohler, K. F.; Reetz, M. Tetrahedron1994 50,
11197. (e) Safont, V. S.; Moliner, V.; Oliva, M.; Castillo, R.; Andres, J.;
Gonzalez, F.; Carda, Ml. Org. Chem1996 61, 3467. (f) Safont, V. S.;
Moliner, V.; Oliva, M.; Castillo, R.; Domingo, L. R.; Andres, J. Mol.
Struct—Theochen1998 426, 263 (g) Coxon, J. M.; Houk, K. N.; Luibrand,
R. T.J. Org. Chem1995 60, 418. (h) Nagase, S.; Uchibori, Yetrahedron
Lett. 1982 38, 2585. (i) Nakamura, M.; Makamura, E.; Koga, N.;
Morokuma, K.J. Chem. Soc., Faraday Trar994 90, 1789. (j) Mori, S.;
Nakamura, M.; Nakamura, E.; Koga, N.; Morokuma,JKXAm. Chem. Soc.
1995 117, 5055. (k) Oliva, M.; Safont, V. S.; Andres, J.; Castillo, R.;
Moliner, V. Int. J. Quantum Chenil997, 65, 719. (I) Smith, R. J.; Trzoss,
M.; Buhl, M.; Bienz, S Eur. J. Org. Chem2002 2770. (m) Yamazaki, S
Yamabe, SJ. Org. Chem2002 67, 9346. (n) Yamataka, H.; Matsuyama,
T.; Hanafusa, TJ. Am. Chem. Sod.989 111, 4912.
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with its magnesium atom to the oxygen atom of the alkoxy
group at C2, which in turn favors delivering the alkyl group to

the nearest C1 carbonyl group. Similar CIPE effects had been

used by Speckamp et ato account for the regioselectivity
observed in the reduction gfemdisubstituted succinimides.
In addition to its remarkable regioselectivity, the reaction of
malimide4 with RMgX displays moderate stereoselectivity in
the regioselective formation & with a diastereoselectivity of
6:1 to 8:1 fransisomer 9a vs cis-isomer 9b).58 Such a

stereoselectivity is in sharp contrast to that observed for the

analogous reactions oft- and S-alkoxy cyclic ketonesl

(Scheme 1), where the observed diastereoselectivity faithfully

obeys the Cram chelation rule with thati-addition diastere-
omers2 being the major products (Scheme ZAnalogously,
the stereoselective reaction of malimidewith the Grignard

JOC Article

SCHEME 4. Schlenk Equilibrium

2 RMgX = R,Mg + MgX,

\ J

aggregated
species

three-parameter non-local-exchange functitvaith the correlation
functional of Lee-Yang—Parf! (B3LYP) was employed. This
method has been widely used in the theoretical investigations of
chemical processes involving Grignard reagéfit€. The basis set
used is the standard all-electron split-valence basis set 6-31G*
including the polarization d-function on non-hydrogen atéfns.
Geometry optimizations and vibrational analyses were performed
without any constraint. All transition structures were characterized
by one imaginary frequency. Reported energies are ZPE (zero-point
energy)-corrected, unless otherwise specified. To evaluate the

reagent also does not obey the widely accepted Cram chelatiorsolvent effects, single-point B3LYP/6-31G* calculations using the
rule, despite that the Grignard reagent used in the reaction isconductor polarized continumm model (CPCMand B3LYP/

obviously subjected to bidentate complexation (chelation) with 6-31+G** calculations using the isodensity polarized continumm
the substrate. Unfortunately, the mechanism for such an unusuamodel (IPCM}> were performed on the gas-phase optimized

chelation-controlled, “anti-Cram chelation rule” addition reaction
remains unclear.

To unravel the mechanism of the aforementioned anti-Cram °

chelation rule reaction and to understand the origin of its regio-

and stereo-selectivities, we have performed quantum mechanical

calculations at the B3LYP/6-31G* level on a series of model
reaction systems and report the results herein.

2. Computational Methods and Models

All calculations were performed with the GAUSSIAN 98
packagé.The hybrid density functional method including Becke'’s

(5) For two accounts, see: (a) Huang, P.-Q. Recent Advances on the

Asymmetric Synthesis of Bioactive 2-Pyrrolidinone-related Compounds
Starting from Enantiomeric Malic Acid. INew Methods for the Asymmetric
Synthesis of Nitrogen Heterocyclé4cario, J. L., Badia, D., Carrillo, L.,
Eds.; Research Signpost: Kerala, 2005; p 197. (b) Huang, By@lett
2006 1133. For the regio- and diastereoselective reductive alkylatidn of
see: (c) Huang, P.-Q.; Wang, S. L.; Zheng, H.; Fei, X.T8trahedron
Lett. 1997 38, 271. (d) Huang, P. Q.; Wang, S. L.; Ye, J. L.; Ruan, Y. P.;
Huang, Y. Q.; Zheng, H.; Gao, J. Xetrahedonl998 54, 12547. (e) He,
B.Y.;Wu, T.J,; Yu, X. Y.; Huang, P.-Qletrahedron: Asymmetr3003

14, 2101. (f) Zhou, X.; Huang, P. -(Bynlett2006 1235. For the regio-
and diastereoselective reductive alkylatiorbp$ee: (g) Huang, P.-Q.; Wei,
B. G.; Ruan, Y. PSynlett.2003 1663. (h) Huang, P.-Q.; Liu, L. X.; Wei,
B. G.; Ruan, Y. POrg. Lett.2003 5, 1927. (i) Liu, L. X.; Ruan, Y. P;
Guo, Z. Q.; Huang, P.-Ql. Org. Chem2004 69, 6001. (j) Huang, P.-Q.;
Guo, Z. Q.; Ruan, Y. POrg. Lett.2006 8, 1435.

(6) (@) Evans, D. A.; Thomas, E. W.; Cherpeck, R.JEAm. Chem.
S0c.1982 104, 3695. (b) Dijkink, J.; Speckamp, W. Meterocycled979
12, 1147.

(7) For a specific case of CIPE, see: (a) Vijn, R. J.; Hiemstra, H.; Kok,
J. J.; Knotter, M.; Speckamp, W. N.etrahedron1987 43, 5019. For
reviews on CIPE, see: (b) Beak, P.; Meyers, AAtc. Chem. Re4.986
19, 356. (c) Beak, P.; Basu, A.; Gallagher, D. J.; Park, Y. S.; Thayumanavan,
S.Acc. Chem. Re4996 29, 552. (d) Whisler, M. C.; MacNeil, S.; Snieckus,
P.; Beak, PAngew. Chem., Int. EQR004 43, 2206.

(8) For details of the stereochemistry elucidatiorfafand9b, see the
Supporting Information.

(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Peterson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. ASaussian 98Gaussian, Inc., Pittsburgh, PA,
1998.

(10) Becke, A. D.J. Chem. Phys1993 98, 5648.

structures.

FIGURE 1. B3LYP/6-31G*-optimized geometry of malimid&RE1),
CHsMgCl (RE2), CHsMgCI-2Me,O (RE3), and malimide8 (RE4).

To reduce computational cost, a model system maintaining the
fundamental characters of the real reaction system has been chosen.
At first, the simple model compounds 8, CH;MgCl, and MeO
were used to replace the compoundls6, CHsMgl, and E#O,
respectively, in actual reactions. Though a Grignard reagent is
generally expressed as RMgX (e.g., aforementionedMBI€l),
its composition in a real solution is far more complex. In polar
solvents, its complex compositions can be described by the revised
Schlenk equilibrium (Scheme 4jthe ratio of these compositions
strongly depends on the solvent used, the concentration, and the
halide of Grignard reagents (RMgX).For example, it has been
shown experimentally that GMgl is monomeric in either THF
solvent within 0.£3.5 M range or BO at less than 0.1 M, whereas
the major species is a dimer in,Bt within the concentration range

(11) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1989 B37, 785.

(12) (a) Bare, W. D.; Andrews, 0. Am. Chem. S0d.998 120, 7293.

(b) Jasien, P. G.; Abbondondola, J. A. Mol. Struct—Theochen2004
671, 111 (c) O’'Hair, R. A. J.; Vrkic, A. K.; James, P. .. Am. Chem.
S0c.2004 126, 12173. (d) Tammiku, J.; Burk, P.; Tuulmets, A.Phys.
Chem. A2001, 105, 8554. (e) Tammiku-Taul, J.; Burk, P.; Tuulmets,JA.
Phys. Chem. 2004 108 133. (f) Tuulmets, A.; Pallin, V.; Tammiku-
Taul, J.; Burk, P.; Raie, KJ. Phys. Org. Chen2002 15, 701.

(13) (a) Hariharan, P. C.; Pople, J. 8hem. Phys. Lettl972, 66, 217.

(b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. Chem. Phys19&, 77, 3654.

(14) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995.

(15) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.

(16) (a) Cannon, K. S.; Krow, G. R. IHandbook of Grignard Reagents
Silverman, G. S., Rakita, P. E., Eds.; Marcel Dekker: New York, 1996.
(b) Lindsell, W. E. InComprehensie Organometallic ChemistryWilkin-
son, G., Ed.; Pergamon Press: Elmsford, NY, 1982; Vol. 1, Chapter 4. (c)
Ashby, E. C.; Smith, M. BJ. Am. Chem. S0d.964 86, 4363.

(17) (a) Walker, F. W.; Ashby, E. d. Am. Chem. Sod.969 91, 3845.

(b) Tuulmets, A.; Nguyen, B. T.; Panov, D. Org. Chem2004 69, 5071
and references cited therein.
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Path10

Path20 Path30 Path40

FIGURE 2. B3LYP/6-31G*-optimized geometries of precurso@Pn0), transition stateTSn0), and productsRRn0) for the gas-phase reaction
of CH;MgCl addition to malimider. The ZPE-corrected energies (kcal/mol) relative to the isolated rea®&itandRE?2 are given in parentheses.

of 0.5-1.0 M1™c A series of theoretical investigations also tion of the methyl group from the chelated gMgCl to the
confirmed that the monomeric RMgXEtO is one of the most  o-carbonyl (C1) via the puckered five-member ring transition
favorable forms of RMgX in EO 7*!®Hence, we chose GMIgCI- states TS10 and TS20, leading eventually to the addition

2Me0 as a simple model of the real Grignard reagent isOEt ; .
solvent. Figure 1 depicts the optimized geometries of malinfide productsPR10 and PR20 respectively. The whole addition

(RE1), CHMgCI (RE2), CHsMgCI-2Me,0 (RE3), and malimide processes are exothermic by 45.6 kcal/moldath10 and 34.2

8 (RE4) (Figure 1). kcal/mol for path20. Remarkably, the transition stat&S10is
by 8.4 kcal/mol higher in energy thars20 As a resultpath20
3. Results and Discussion is kinetically more favorable overath10, despite thapath20

is less exothermic thapathl0. Thus, the addition of the

3.1. Addition of Grignard Reagents to Malimide 7. 3.1.1. Grignard reagent C#gCl to thea-carbonyl (C1) of malimide
Gas-Phase Reaction of Malimide 7 with CHMgCI. At first, 7 is highly stereoselective, giving preferentially rise to tie
the gas-phase reaction of malimide(RE1) with CHsMgCl addition producPR20
(RE2) was considered as the simplest model of the title For the attack of CkMgCl to the o’-carbonyl (C4) of
reactions. Similar model reactions were investigated theoretically malimide 7 (Path30 and Path40), no o'-chelation complex
by. Morokumd'/ and Safont® As erictedl in Figure 2, the could be formed between QMgC,I and the O2 and O3 atoms
Grignard reagent CiiflgCl may regioselectively and stereose- of malimide6 due to the rigid structure of the pyrrolidinedione

lectively attack thai-carbony! (C1) or thev'-carbonyl (C4) of ring in malimide?. Instead, a tricoordinated Mg compl&P30

r;grl‘r?gj_epgtﬁz/ang fise to four competing reaction pathways (Figure 2) was located with a computed formation energy of

For the attack of CkMgCI to the a-carbonyl (Cl) of 20.3 kfcal/mcr:I. Starting fr(cj;rrC f%o' mlgéﬁlo?hofCtZe m;thyll
malimide7 (Path10andPath20), the first step is the formation group from the monocoordinate GMg. 0 the 4 carbony
of two chelating complexestans-a-chelatedCP10andcis-a- can proceed th_rough the four-member ring transition sm
chelatedCP20. Such chelations are predicted to be exothermic @1dTS40 leading to the produc8R30andPR4Q, respectively.
by 26.8 kcal/mol forCP10 and 29.6 kcal/mol foCP20. The However, such migration processes are nearly therm_o_neutral
formation of these chelating precursors are followed by migra- With respect to the precurs@P30. Moreover, the transition
statesTS30 and TS40 for the methyl migration to the C4
(18) (a) Ehlers, A. W.; van Klink, G. P. M.; van Eis, M. J.; Bickelhaupt, carbonyl are by~13 and~3 kcal/mol higher in energy than
F.; Nederkoorn, P. H. J.; Lammertsma, X Mol. Model.200Q 6, 186. (b) the transition state$S20 and TS10 for the methyl-migration

Pratt, L. M.; Khan, I. M.J. Mol. Struct—Theocheml995 333 147(c) to the C1 carbonyl, respectively, demonstrating that the simplest
Axten, J.; Troy, J.; Jiang, P.; Trachtman, M.; Bock, C. 8iruct. Chem.

1994 5, 99. (d) Guggenberger, L. J.; Rundle, R. E.Am. Chem. Soc. model reaction of CEMgCl with malimide7 is not only highly
1968 90, 5375. regioselective, but also highly stereoselective by following the

38 J. Org. Chem.Vol. 72, No. 1, 2007
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(-30.41)
<-25.81>
[-28.33]

<21.60>
[22371

[-42.80]

FIGURE 4. B3LYP/6-31G*-optimized geometries of precursors,
transition states, and products for the reaction o§/@#{Cl-2Me,O with

the o’-carbonyl (C4) of malimid&. The ZPE-corrected energies (kcal/
mol) relative to isolated reactant®E1 and RE3 are given in
parentheses. The relative energies (kcal/mol) corrected by solvation
energies for the stationary points in @8, solution using CPCM-
B3LYP/6-31G* are given in brackets, and those using IPCM-B3LYP/
6-31+G** are given in square brackets.

of the ligand effect of such coordinating solvents as THF and
ethers. Starting from these precursors, four transition states

Path22 5255 TS11-TS22were found to be responsible for the migration of
B ) methyl group from the coordinated Grignard reagent to the C1

[-1.82] [18.61] carbonyl as well as the formation of th@ns-addition product
PR11andcis-addition producPR21 The predicted formation

FIGURE 3. B3LYP/6-31G*-optimized geometries of precursors energy with respect to the isolated reactiétisl and RES is
transition states, and products for the reaction o§l@$LCl-2Me,O with ’ 44.3_and 35.4 keal/mol foIPRllandPR_Z_l respectively. The
thea-carbonyl (C1) of malimid&. The ZPE-corrected energies (kcal/ predicted order of energy for the transition State'§$§1 (5.1)
mol) relative to isolated reactantRE1 and RE3 are given in < TS12(9.3) < TS22(11.0) < TS11(17.2). Accordingly, for
parentheses. The relative energies (kcal/mol) corrected by solvationthe formation oftis-addition producPR21, the most favorable
energies for the stationary points in &k solution using CPCM-  pathway is path21 that passes through theis-a-chelated
B3LYP/6-31G* are g_iven in brackets, and those using IPCM-B3LYP/ precursorCP21 and transition statdS21 For the formation
6-31+G* are given in square brackets. of thetrans-addition isomePR11, the pathwayath12 via the
o . L . monocoordinated precurs@P12 and transition stat&dS12is
kinetically preferentiapath20, giving rise to thetransisomer favorable ovempath1l. Moreover, sincel'S21is by 4.2 kcal/
PR20 mol lower thanTS12 in energy, the reaction of GMgCI-

It is interesting that the predicted regioselectivity and ste- 2Me,0O with the a-carbonyl of malimide7 is highly stereose-
reoselectivity for the simplest model reaction is in qualitative |ective and preferentially affords thés-addition producPR21
agreement with that observed experimentally for the reaction py following path21 (Figure 3).
of Grignard reagent C#gl (in Et,O solvent) with malimide For the reaction ofRE3 with the o'-carbonyl (C4) of
4> despite that such factors as the ligand effect (due to malimide 6, two pathways ffath31 and path41) have been
coordination of solvent molecule to the Grignard reagent) and revealed, as shown in Figure 4. The reactions are initiated by
solvent effects are not involved in the simplest model reactions the formation of monocoordinated precurs6i®31andCP41,
at all. We shall consider the ligand effect and solvent effects in in which the CHMgCI-2Me;O component is monocoordinated
the following subsections. to the O3 atom of thex'-carbonyl group of malimid&. The

3.1.2. Reaction of Malimide 7 with CHMgCI-2Me,O: predicted formation energy with respect to isolated reactants
Ligand Effect. To account for the ligand effect, the Grignard RE1 andRES3 is ~8.3 kcal/mol for bothCP31andCP41 The
reagent CHMgCl-2Me,O (RE3) with two Me,O molecules as predicted activation energy for the formationtadns andcis-
ligands have been used. For the reactionRE3 with the addition product®?R31 andPR41is around 10.6 kcal/mol at
a-carbonyl (C1) of malimide7 (Figure 3), four complexes the transition state$S31 and TS41, by 5.5 kcal/mol higher
(CP11, CP12 CP21, andCP22) were located as precursors than that (5.1 kcal/mol afS21 for path21) predicted for the
for further methyl migration. The Ci#1gCl-2Me,O component reaction of RE3 with the a-carbonyl (C1) of malimide?.
is chelated iCP11andCP21but monocoordinated to the O1  Accordingly, the reaction of the Grignard reagdRiE3 with
of a-carbonyl inCP12 and CP22 The predicted formation  malimide 7 occurs regioselectively at the-carbonyl site

energy for these complexes ranges from 5.7 kcal/moCiet 1 and, meanwhile, affords stereoselectively this-addition
to 8.5 kcal/mol forCP21, which are much lower than those productPR21 The overall activation energy for such a regio-
(>26.8 kcal/mol) predicted for the ligand-free caseé®{0and and stereo-selective addition reaction is thus 5.1 kcal/mol at

CP20in Figure 2). Such a prediction calibrates the importance TS21
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FIGURE 5. Optimized geometries of molecular complexes formed fromMN#Cl-2Me,O and malimide8. The reported ZPE-corrected energies
(kcal/mol) relative to the isolated reactants are given in parentheses.

in the CHCI, solvent is alsgath21 that the addition oRE3
occurs regioselectively to the-carbonyl site and affords
stereoselectively theis-addition productPR21 For the regi-
oselective and stereoselective formatiorP&21, the predicted
activation energy is 9.5 kcal/mol in the GEl, solvent versus
5.1 kcal/mol in the gas phase, whereas the predicted exother-
micity is 32.1 kcal/mol in the CkCl, solvent versus 35.4 kcal/
mol in the gas phase. So the reaction in the;Clhsolution is
less exothermic (with higher activation energy) than the
corresponding gas phase reaction. Nevertheless, the predicted
regioselectivity and stereoselectivity for the model reaction of
RE3 with malimide7 in either the gas phase or @El, solvent
isin good agreementwith the previous experimental observafions.
The energetics predicted by IPCM-B3LYP/6-8&** cal-
culations for the reactions in the GEl, solvent are also given
in Figures 3 and 4. The isodensity value of 0.0004 suggest by
Frisch® and Wiberd® was used in these IPCM calculations.
The predicted energies conform to the conclusions drawn above.

FIGURE 6. Optimized geometries of transition states for the migration

ZPE-corrected energies (kcal/mol) relative to the isolated reactants arefor the Addition Reactions of Grignard Reagents with
given in parentheses. Malimide 7. The computational results reported above clearly

demonstrate that the vicinal alkoxy group of tearbonyl (C1)

3.1.3. Solvent Effects in the Reaction of Malimide 7 with plays an important role in affording high regioselectivity for
CH3MgCl-2Me;0. In typical experiments, the addition of the addition reaction of Grignard reagents with malimide
Grignard reagent Ciiigl (prepared in BEO) to compount Owing to the presence of the vicinal alkoxy group, the chelation
were carried out in CkCl, or THF (tetrahydrofuran) solutioh. of Grignard reagent to the-carbonyl (C1) is preferential over
Despite that the affinity of THF to organomagnesium com- the coordination to thex'-carbonyl (C4). Furthermore, the
pounds is higher than gD !° the difference in the observed chelation further facilitates the migration of the alkyl group from
regioselectivity and diastereoselectivity was trivial for the the Grignard reagent to thee-carbonyl (C1) by stabilizing the
reactions in THF and CHCl; solutions® To unravel the solvent  corresponding transition stat€$21), offering a high regiose-
effects on the predicted energetics and selectivity, we havelection at theo-carbonyl. In this regard, the regioselectivity of
computed the energies of the stationary points for the reactionthe addition reaction could be lowered or even reversed when
of RE3 and malimide7 in CHCI, solution. The dielectric methoxyl substituent at the C2 site of malimide is replaced by
constant of 8.93 for CkCl, solvent was used in the single- simply a methyl group or a bulky alkoxyl to prevent the
point CPCM-B3LYP/6-31G* calculations. The predicted ener- Grignard reagent from chelation. Indeed, previous experiments
gies for the reactions in the GBI, solvent are also given in  showed that a very low regioselectivity was observed for the
Figures 3 and 4. addition reaction of Grignard reagent to malimiééScheme

From Figures 3 and 4, it is obvious that the solvent effects 3) that has a bulky TBDMS¢ért-butyldimethy! silyl) substituerf¢
do not change the regioselectivity and stereoselectivity for the Such a substituent effect on the regioselectivity shall be
reaction ofRE3 with malimide7. The most favorable pathway discussed in the following subsection.

(19) Ashby, E. C.; Laemmle, J.; Neumann, H. Atc. Chem. Red974 (20) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, M. Phys.
7, 272. Chem.1995 99, 9072.
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FIGURE 7. Optimized geometries and formation energiescisichelation complexes derived from the €HSiHs-, Si(CHs)s-, and TBDMS-
substituted malimides. The formation energies (kcal/mol) are ZPE-corrected.

In addition to the regioselectivity pertaining to thecarbonyl
(C1) of malimide7, the cis stereoselectivity of the addition
reaction (Figure 3) is not only related to the chelation of
Grignard reagent, but also due primarily to the rigidity of the
five-membered ring skeleton of malimidg which hinders
rotation of the MeO-C2 around the €C2 bond. It is the
delocalization ofr-electrons of the amide group that results in
a C1-N-C4 plane, which in turn gives rise to the rigidity of the
five-membered ring skeleton of the malimide. Note that the
dihedral anglé101-C1-C2—-02 decreases little from 49.08
for the reactanREL, to 46.45 for the cis-chelation precursor
CP21, and 44.68 for the trans-chelation precursolCP11
Meanwhile, the distance between the methyl group of Grignard
reagent and the carbonyl C1 atom is much longer intrtéves
chelation precurso€P11 than in thecis-chelation precursor
CP21 Accordingly, the steric constraint pertaining to the MeO
C2 bond favors thecis-addition pathway gath21) over the
trans-addition pathway fath11) for migration of the methyl
group from the chelated Grignard reage@P(1andCP21) to
a-carbonyl (C1). This is different from the addition reaction of
Grignard reagent with the cycliz-alkoxy ketones (Scheme 1)
or with aliphatico- or f-alkoxy carbonyl compounds, in which
the free rotation of €0 (alkoxy) bond allows the chelated

CP61are larger than that of the chelated oneB%2andCP62).
These computational results indicate the larger steric repulsion
exerted by the bulky TBDMS group to the chelated Grignard
reagent922 Similarly, the large steric repulsion of the bulky
TBDMS group destabilizes the transition statéS%1, TS61,
TS52 andTS62) for migration of the methyl group from the
coordinated Grignard reagent to thecarbonyl (C1) (Figure
6). The smallest activation energy required for methyl-migration
to thea-carbonyl is 12.9 kcal/mol (atS62) for the malimide

8 case, much higher than that (5.1 kcal/molT&21) of the
malimide 7 case.

On the contrary, the bulky TBDMS group shows little effect
on the addition reaction of Grignard reagent with the remote
o'-carbonyl group (C4). As depicted in Figure 6, the predicted
activation energy for thérans-addition of methyl to thex'-
carbonyl of malimide8 for such an addition reaction is 10.6
kcal/mol (TS71), nearly identical to the value (10.5 kcal/mol
at TS31) predicted for the malimid& case. It is noteworthy
that for the malimide8 + RE3 reaction, the addition at the
o'-carbonyl site with an overall activation energy of 10.6 kcal/
mol is kinetically favored over the addition at thecarbonyl
(overall activation energy-12.9 kcal/mol). Hence the regiose-
lectivity for the malimide8 + RE3 reaction is poorer than that

Grignard reagent to choose always the sterically less hinderedof the malimide7 + RE3 reaction. Such a prediction is in
side to transfer its alkyl group to the carbonyl and, thus, results accordance with the experimental observafon.

in the Cram chelation-type stereoselectivity.

3.2. Reaction of Malimide 8 with CH;MgCl-2Me;0:
Substituent Effect. TBDMS (tert-butyldimethyl silyl) is a
protecting group widely used in organic synthé&sigwas found
that the addition reaction of Grignard reagents to the TBDMS-
substituted malimides shows low regioselectivity, in sharp
contrast to the high regioselectivity observed for addition
reaction of malimide! having a smaller Bn (benzyl) protecting
group at the O2 site® To mimic such a substituent effect on
the regioselectivity of the aforementioned alkyl-migration
reactions, we took the TBDMS-substituted malimi@es a
model of the TBDMS-substituted malimideand computed the

It should be noted that the low coordination ability of the
silicon-protected 3-oxygen site in the TBDMS-substituted
malimide 8 was related not only to the aforementioned steric
effect (i.e., steric repulsion due to the bulky TBDMS grotp),
but also to the electronic effe€tThe latter effect was attributed
to the electron-backdonation from the lone-pair orbital of the
B-oxygen to the empty 3d-orbital of the neighboring silicon,
which reduces the basicity and coordination ability of the
B-oxygen?3 To clarify either steric or electronic effect controls
the coordination ability of the silicon-protect@doxygen, we
have computed the formation energies for tiis-chelation
precursors €P8 and CP9) derived from SiH- and Si(CH)s-

precursors (Figure 5) and transitions states (Figure 6) for the substituted malimides and compared them with those of the

addition reaction ofRE3 with malimide 8 at the B3LYP/
6-31G* level of theory.

As depicted in Figure 5, four coordinated complex€P%1,
CP52, CP61, and CP62 were located as precursors for the
addition reaction of CkMgCl-2Me,O with the a-carbonyl of
milimide 8. Among them,CP51 and CP61 are monocoordi-
nated, wherea€P52 and CP62 are chelated. Their formation
energies ranging from 1.2 to 3.5 kcal/mol are substantially lower
than the predicted formation energies (5875 kcal/mol) for
the coordinated complexe€P11, CP21, CP12 CP22) formed
from CHsMgCl-2Me,O + malimide7. Furthermore, the forma-
tion energies of the monocoordinated comple&#51 and

(21) Corey, E. J.; Venkateswarlu, 8. Am. Chem. S0d972 94, 6190.

CHs- and TBDMS-substitutedis-chelation precursorsOP21

(22) (a) Cirillo, P. F.; Panek, J. 9. Org. Chem199Q 55, 6071. (b)
Midland, M. M.; Koops, R. WJ. Org. Chem199Q 55, 5058. (c) Chang,
Z.-Y.; Coates, R. MJ. Org. Chem199Q 55, 3464 and 3475(d) Bloch,
R.; Gilbert, L.; Girard, C.Tetrahedron Lett1988 29, 1021. (e) Frye,
S. V.; Eliel, E. L.J. Am. Chem. S0d.988 110, 484 (f) McCarthy, P. A.;
Kageyama, MJ. Org. Chem1987, 52, 4681. (g) Frye, S. V.; Eliel, E. L.
Tetrahedron Lett1986 27, 3223. (h) Overman, L. E.; McCready, R. J.
Tetrahedron Lett1982 23, 2355. (i) Reetz, M. T.; Hullmann, Ml. Chem.
Soc., Chem. Commuh986 1600.

(23) (a) Kahn, S. D.; Keck, G. E.; Hehre, W.Tetrahedron Lett1987,
28, 279. (b) Keck, G. E.; Castellino, Setrahedron Lett1987, 28, 281.
(c) Keck, G. E.; Abbott, D. E.; Wiley: M. RTetrahedron Lett1987, 28,
139. (c) West, R.; Wilson, L. S.; David, L. B. Organomet. Chen1.979
178 5.(d) Pitt, C. G.; Bursey, M. M.; Chatfield, D. A. Chem. Soc., Perkin
Trans. 21976 434.
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and CP62). As shown in shown in Figure 7, the predicted (i) The substituent effect arising from the bulky TBDMS
formation energies for the SiHand Si(CH)s-substituentis- group at the oxygen atom neighboring thecarbonyl group
chelation precursorsCP8 and CP9) are around 5 kcal/mol, leads to poor regioselectivity for the addition reaction. It is the
which are~3 kcal/mol higher/lower than that of the G# large steric repulsion of the bulky TBDMS group and the elec-
TBDMS-substituted one. These results suggest that both sterictronic effects of the silyl group that destabilizes tikehelated
and electronic effects control jointly the coordination ability of precursors and the followed transition states, which in turn

the TBDMS-protecteg-oxygen in malimides. results in poor regioselectivity.
(iii) The predicted regioselectivity and stereoselectivity for
4. Concluding Remarks the model reactions are in line with the experimental observa-

tions for the reactions of Grignard reagent 4§84l (in Et;O

The addition reactions of Grignard reagents to malimides have solvent) with malimidegt and6.

been investigated at the hybrid density functional B3LYP/6-
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42 J. Org. Chem.Vol. 72, No. 1, 2007



