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Abstract: The preparation, analysis, and reactions of novel, highly stereoselective cyclopentadienyldialkoxyallyltitanium reagents,
available in both enantiomeric forms, are described. Chiral monochlorotitanates are readily prepared from CpTiCl; or Cp*TiCl,
and chiral 1,4-diols, which in turn are obtained from tartrate ester acetals by Grignard addition. The resulting stable
seven-membered titanacycles have been analyzed by 'H, '3C, and ““Ti NMR spectroscopy. The structures of two representatives,
the complexes 15 and 20, are confirmed by X-ray diffraction. The allyl reagents are obtained from the chlorides by transmetalation
with allyllithium, allylpotassium, or allyl Grignard compounds. For the ensuing reactions with aldehydes these reagents do
not have to be isolated or purified. Correlation of X-ray data and Ti NMR line widths with selectivity suggests that asymmetric
distortion of the titanium coordination geometry could be essential for enantioface discrimination, rather than direct interactions
of reactants with the chiral ligand. By variation of the ligand substituents, allyltitanates derived from chloride 15 (with
2,2-dimethyl-a,a,a’,a’-tetraphenyl-1,3-dioxolane-3,4-dimethanol as the ligand) emerged as the most selective reagents. Excellent
regio-, diastereo-, and enantioselectivities (usually 295% ee, 295% de) are obtained for reactions with various achiral and
chiral aldehydes. The NMR spectra of the allyl and the crotyl complexes (R,R)-9 and (R,R)-29 exhibit fast 1,3-shifts, favoring
the (E) isomer with titanium 5'-bound to the unsubstituted allyl terminus. This equilibration, and also the equilibrations of
other aryl-, alkoxy-, and silyl-substituted allyltitanium complexes, restricts this method to the preparation of branched regioisomers

with the anti configuration.

Introduction

The asymmetric C-C bond formation is a very attractive
synthetic strategy, as the connectivity of a carbon framework and
its stereochemistry are established simultaneously. The allyl-
metalation of aldehydes and ketones, leading to products with a
maximum of two new stereocenters and versatile functionality for
further transformations, is an important example for acyclic
stereocontrol.* While a lot of work has been devoted to the
development of efficient chiral allylboron reagents,’ impressive
results have been obtained with allylstannanes® and allylsilanes’
as well, especially when the chirality is transferred from the allyl
moiety.**® High enantioface differentiation by a stereogenic metal
center has recently been achieved with an #*-crotyl molybdenum
complex.” Improvements are, however, still possible because some
of these reagents are touchy and tedious to prepare or low solu-
bility, slow reaction rates, and sophisticated chiral auxiliaries
hamper large-scale applications. Despite good results with simple
aldehydes, the stereodifferentiation is often inadequate in the case
of more complex, especially chiral, substrates.

Organotitanium reagents, propagated mainly by Seebach'® and
Reetz,'! opened new perspectives for chemo-, regio-, and stereo-
selectivity, as their structural variability allows the necessary
adjustment of reactivity. The abundance of titanium, its low
toxicity, the ease of transmetalation with organolithium or
Grignard compounds, and the enhanced stability are further
advantages of organotitanium chemistry. While crotyltitanium
compounds emerged as highly diastereoselective reagents,'? even
for unsymmetrical ketones,'?!? and high asymmetric induction
could be obtained with chiral allyl groups,!* the enantiofacial
differentiation of allyltitanium reagents with chiral alkoxy's or
bis-cyclopentadienyl ligands'® is astonishingly low, not exceeding
60% ee.!>

The key factor for the first successful enantioselective allyl-
titanium reagent, complex 1, which we described a couple of years
ago,’!7 is a single cyclopentadienyl ligand, providing a stable steric
arrangement and the appropriate reactivity. A major drawback
is, however, that the chiral inductor, diacetone glucose 2, is readily
available in the D form only, thus restricting the enantioface
discrimination to the re side attack. Therefore, we prepared a
variety of such chiral cyclopentadienyldialkoxytitanium(IV)
complexes and screened them for enantioselective allyltitanation

* Author to whom correspondence concerning crystal structure analyses by
X-ray diffraction should be addressed.

of benzaldehyde 3 (— 4, Scheme I). In most cases a diminished
stereoselectivity resulted, however, even from seemingly minor
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Scheme II. Synthesis of Ligands and Titanium Complexes
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modifications like replacing diacetone glucose 2 by the xylose
acetonide 5, diacetone idose 6,'%!° or diacetone allose 7. Besides

(6) (a) Otera, J.; Kawasaki, Y.; Mizuno, H.; Shimizu, Y. Chem. Lett.
1983, 1529-1532. (b) Otera, J.; Yoshinaga, Y.; Yamaji, T.; Yoshioka, T,
Kawasaki, Y. Organometallics 1985, 4, 1213-1218. (c) Mukaiyama, T;
Minowa, N.; Oriyama, T.; Narasaka, K. Chem. Lett. 1986, 97-100. (d)
Minowa, N.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 1987, 60, 3697-3704. (e)
Boldrini, G. P.; Lodi, L.; Tagliavini, E.; Tarasco, C.; Trombini, C.; Umani-
Ronchi, A. J. Org. Chem. 1987, 52, 5447-5452.

(7) (a) Hathaway, S. J.; Paquette, L. A. J. Org. Chem. 1983, 48,
3351-3353. (b) Coppi, L.; Mordini, A.; Taddei, M. Tetrahedron Lett. 1987,
28, 969-972. (c) Chan, T. H.; Wang, D. Tetrahedron Lett. 1989, 30,
3041-3044.

(8) (a) Jephcote, V. J.; Pratt, A, J.; Thomas, E. J. J. Chem. Soc., Chem.
Commun. 1984, 800-802. (b) Marshall, J. A.; Gung, W. Y. Tetrahedron Lett.
1989, 30, 7349-7352. (c) Marshall, J. A.; Welmaker, G. S.; Gung, B. W. J.
Am. Chem. Soc. 1991, 113, 647—656. (d) Marshall, J. A.; Wang, X.-J. J. Org.
Chem. 1990, 55, 6246—6248. (e) Marshall, J. A.; Luke, G. P. J. Org. Chem.
1991, 56, 483-485. (f) Marshall, J. A.; Welmaker, G. S. Tetrahedron Lett.
1991, 32, 2101-2104. (g) Marshall, J. A.; Wang, X.-J. J. Org. Chem. 1991,
56, 3211-3213. (h) Gung, B. W,; Smith, D. T.; Wolf, M. A. Tetrahedron
Lett. 1991, 32, 13-16. (i) Gung, B. W,; Peat, A. J.; Snook, B. M.; Smith, D.
T. Tetrahedron Lett. 1991, 32, 453-456. (j) McNeill, A. H.; Thomas, E. J.
Tetrahedron Lett. 1990, 31, 6239-6242. (k) Hayashi, T.; Konishi, M.; Ito,
H.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 4962—4963. (1) Hayashi, T ;
Konishi, M.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 4963—-4965. (m)
Hayashi, T.; Matsumoto, Y.; Kiyoi, T.; Ito, Y.; Kohra, Sh.; Tominaga, Y ;
Hosomi, A. Tetrahedron Lett. 1988, 29, 5667—-5670. (n) Nativi, C.; Palio,
G.; Taddei, M. Tetrahedron Lett. 1991, 32, 1583-1586. (o) Nishigaichi, Y.;
Takuwa, A.; Jodai, A. Tetrahedron Let:. 1991, 32, 2383-2386.

monohydric alkoxy ligands, chiral chelating ligands were also
considered, especially those which have already been established

(9) (a) Faller, J. W; Linebarrier, D. L. J. Am. Chem. Soc. 1989, 111,
1937-1939. (b) Faller, J. W.; John, J. A.; Mazzieri, M. R. Tetrahedron Lett.
1989, 30, 1769-1772. (c) Faller, J. W.; DiVerdi, M. J.; John, J. A. Tetra-
hedron Lert. 1991, 32, 1271-1274.

(10) (a) Weidmann, B.; Seebach, D. Angew. Chem., Int. Ed. Engl. 1983,
22, 31-41; Angew. Chem. 1983, 95, 12-26. (b) Seebach, D.; Weidmann, B.;
Widler, L. In Modern Synthetic Methods; Scheffold, R., Ed.; Salle: Frank-
furt/Sauerldnder: Aarau, 1983; Vol. 3, p 217. (c) Seebach, D.; Beck, A. K.;
Schiess, M.; Widler, L.; Wonnacott, A. Pure Appl. Chem. 1983, 55,
1807-1822.

(11) (a) Reetz, M. T. In Topics in Current Chemistry, Boschke, F. L., Ed.;
Springer: Berlin, 1982; Vol. 106, pp 3-54. (b) Reetz, M. T. Pure Appl.
Chem. 19885, 57, 1781-1788. (c) Reetz, M. T. Organotitanium Reagents in
Organic Synthesis;, Springer: Berlin, 1986.

(12) (a) Sato, F.; lijima, S.; Sato, M. Tetrahedron Lett. 1981, 22, 243-246.
(b) Sato, F; lida, K.; lijima, S.; Moriya, H.; Sato, M. J. Chem. Soc., Chem.
Commun. 1981, 1140-1141. (c) Sato, F.; Suzuki, Y.; Sato, M. Tetrahedron
Lert. 1982, 23, 4589-4592. (d) Kobayashi, Y.; Umeyama, K.; Sato, F. J.
Chem. Soc., Chem. Commun. 1984, 621-623. (e) Widler, L.; Seebach, D.
Helv. Chim. Acta 1982, 65, 1085-1089. (f) Reetz, M. T.; Wenderoth, B.
Tetrahedron Lert. 1982, 23, 5259-5262. (g) Reetz, M. T.; Sauerwald, M.
J. Org. Chem. 1984, 49, 2292-2293. (h) Reetz, M. T.; Steinbach, R.;
Westerman, J.; Peter, R.; Wenderoth, B. Chem. Ber. 1985, 118, 1441-1454.
(i) Hanko, R.; Hoppe, D. Angew. Chem., Int. Ed. Engl. 1982, 21, 372; Angew.
Chem. 1982, 94, 378-379. (j) Hoppe, D.; Gonschorrek, Ch.; Schmidt, D.;
Egert, E. Tetrahedron 1987, 43, 2457-2466. (k) Ishiguro, M.; Ikeda, N ;
Yamamoto, H. J. Org. Chem. 1982, 47, 2225-2227. (1) Ikeda, Y.; Furuta,
K.; Meguriya, N,; Ikeda, N.; Yamamoto, H. J. Am. Chem. Soc. 1982, 104,
7663-7665. (m) Collins, S.; Dean, W. P.; Ward, D. G. Organometallics 1988,
7,2289-2293. (n) Martin, St. F,; Li, W. J. Org. Chem. 1989, 54, 6129-6133.
(o) Hoffmann, R. W; Sander, Th. Chem. Ber. 1990, 123, 145-152.

(13) Seebach, D.; Widler, L. Helv. Chim. Acta 1982, 65, 1972-1981.

(14) (a) Roder, H.; Helmchen, G.; Peters, E.-M.; Peters, K.; von
Schnering, H.-G. Angew. Chem., Int. Ed. Engl. 1984, 23, 898-899; Angew.
Chem. 1984, 96, 895-896. (b) Hoppe, D. Angew. Chem., Int. Ed. Engl. 1984,
23, 932-948; Angew. Chem. 1984, 96, 930-946. (c) Kramer, Th.; Hoppe, D.
Tetrahedron Letr. 1987, 28, 5149-5152. (d) Hoppe, D.; Zschage, O. Angew.
Chem., Int. Ed. Engl. 1989, 28, 69-71; Angew. Chem. 1989, 101, 67-69. (e)
Kramer, Th.; Schwark, J.-R.; Hoppe, D. Tetrahedron Lett. 1989, 30,
7037-7040. (f) Zschage, O.; Schwark, J.-R.; Hoppe, D. Angew. Chem., Int.
Ed. Engl. 1990, 29, 296-298; Angew. Chem. 1990, 102, 336-337. (g) Hoppe,
D.; Kriamer, Th.; Schwark, J.-R.; Zschage, O. Pure Appl. Chem. 1990, 62,
1999-2006. (h) Hoppe, D.; Zschage, O. In Organic Synthesis via Organo-
metallics; Dotz, K. H., Hoffmann, R. W., Eds.; Vieweg: Braunschweig,
Germany, 1991; pp 267-283.

(15) (a) Seebach, D.; Beck, A, K.; Imwinkelried, R.; Roggo, S.; Wonna-
cott, A. Helv. Chim. Acta 1987, 70, 954-974. (b) Takahashi, H.; Kawabata,
A.; Niwa, H.; Higashiyama, K. Chem. Pharm. Bull. 1988, 36, 803-806. (c)
Schmidt, B.; Seebach, D. Angew. Chem., Int. Ed. Engl. 1991, 30, 99-101;
Angew. Chem. 1991, 103, 100-101.

(16) (a) Sato, F.; Iijima, S.; Sato, M. J. Chem. Soc., Chem. Commun.
1981, 180-181. (b) Reetz, M. T.; Kyung, S.-H.; Westerman, J. Organo-
metallics 1984, 3,1716-1717. (c) Collins, S.; Kuntz, B. A.; Hong, Y. J. Org.
Chem. 1989, 54, 4154-4158.



Enantioselective Allyltitanation of Aldehydes

J. Am. Chem. Soc., Vol. 114, No. 7, 1992 2323

Table I. Selected Bond Lengths, Bond Angles, and Torsion Angles of Structures 28, (R,R)-20, and (R,R)-15 (X-ray Analysis)

28 (R,R)-20

(R,R)-15

Bond Lengths (pm)

Ti(1)-Cpeemer 201.3 (9) Ti(1)-Cpeenter 205.0 (1.0) Ti(1)-Cpoenter 207.0 (1.0)
Ti(1)-Cl(2) 228.8 (5) Ti(1)-Cl(2) 229.8 (3) Ti(1)-Cl(2) 228.4 (3)
Ti(1)-O(8) 180.9 (8) Ti(1)-0(4) 175.7 (9) Ti(1)-0(4) 178.3 (6)
Ti(1)-0(26) 178.6 (8) Ti(1)-0(3) 177.8 (8) Ti(1)-0(3) 178.8 (1.0)
0(8)-C(9) 143.0 (1.0) 0(4)-C(10) 144.0 (1.0) 0(4)-C(10) 142.0 (1.0)
0(26)-C(27) 141.0 (2.0) 0(3)-C(7) 140.0 (2.0) 0(3)-C(7) 145.0 (1.0)
Bond Angles (deg)
O(8)-Ti(1)-Cl(2) 102.0 (4) O(4)-Ti(1)-Cl1(2) 104.1 (4) O(4)-Ti(1)-Cl(2) 101.6 (2)
0(26)-Ti(1)-Cl(2) 101.3 (3) O(3)-Ti(1)-Cl(2) 104.0 (3) O(3)-Ti(1)-Cl(2) 103.0 (2)
Ti(1)-0(8)-C(9) 145.8 (8) Ti(1)-0(4)-C(10) 148.6 (7) Ti(1)-0(4)-C(10) 155.2 (6)
Ti(1)-0(26)-C(27) 153.1 (9) Ti(1)-0(3)-C(7) 148.3 (8) Ti(1)-0(3)-C(7) 145.0 (6)
O(8)-Ti(1)-0(26) 104.0 (4) 0(4)-Ti(1)-0(3) 97.9 (4) O(4)-Ti(1)-0(3) 98.4 (3)
O(8)-Ti(1)-Cpeener 117.0 (1.0) O(4)-Ti(1)-Cpeener 117.0 (5) O(4)-Ti(1)-Cpeenter 120.0 (1.0)
0O(26)-Ti(1)-Cpeemer 118.0 (1.0) O(3)-Ti(1)—Cpeenter 118.9 (5) O(3)-Ti(1)—-Cpeenter 118.0 (1.0)
Cl(2)-Ti(1)—C(11)7 123.3 (5) C1(2)-Ti(1)—~C(11)@ 103.4 (5)
Torsion Angles (deg)
Cl1(2)-Ti(1)-O(8)-C(9) +115.0 (2.0) Cl(2)-Ti(1)-0O(4)-C(10) -125.7 (1.4) Cl(2)-Ti(1)-0(4)-C(10) -124.6 (1.3)
CI1(2)-Ti(1)-0(26)-C(27) -124.0 (2.0) C1(2)-Ti(1)-0(3)-C(7) +136.5 (1.4) Cl1(2)-Ti(1)-0(3)-C(7) +103.0 (1.0)
O(8)-Ti(1)-0(26)-C(27) +130.0 (2.0) 0O(4)-Ti(1)-0(3)-C(7) +29.8 (1.5) O(4)-Ti(1)-0(3)-C(7) -1.0 (1.1)
0(26)-Ti(1)-0O(8)-C(9) -140.0 (2.0) O(3)-Ti(1)-0(4)-C(10) -19.1 (1.4) O(3)-Ti(1)-0(4)-C(10) -19.3 (1.4)

4 C(2) of the dioxolane ring (acetonide).

as titanium ligands. While exo,exo-camphane-2,3-diol® and
B-binaphthol?! gave intractable mixtures upon reaction with
CpTiCl, (8) and the corresponding poor performance as reagents,
we were pleased to find that complex 9 with a tartrate-derived
ligand'3?? is the complementary reagent to 1, as (R,R)-9, obtained
from natural tartaric acid, transfers allyl groups with very high
si face selectivity to aldehydes (Scheme I).

Preparation and Analysis of Titanium Complexes

Preparation of Chlorotitanates. The C,-symmetric ligand used
for the preparation of the chiral reagent (R,R)-9 (Scheme I) and
a series of analogous 1,4-diols a are obtained from acetal-protected
tartrate esters by reaction with Grignard compounds!o!5a23 or
by hydride reduction.* In addition to the known structures, the
ligands (R,R)-10, -11, and -12 have been prepared from diester
(R,R)-13 (Scheme II).»  Cyclopentadienyl (Cp) or penta-
methylcyclopentadienyl (Cp*) chlorotitanates b are then formed
upon reaction of 1,4-diols a with CpTiCl, (8)% or Cp*TiCl, (14).7
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H. J. Chem. Soc., C 1970, 1632-1635. (d) Hughes, N. A.; Munkombwe, N.
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M.; Nakai, T. J. Am. Chem. Soc. 1990, 112, 3949-3954. (d) Terada, M.;
Mikami, K.; Nakai, T. J. Chem. Soc., Chem. Commun. 1990, 1623-1624. (e)
Terada, M.; Mikami, K.; Nakai, T. Tetrahedron Lett. 1991, 32, 935-938. (f)
Mukaiyama, T.; Inubushi, A.; Suda, S.; Hara, R.; Kobayashi, S. Chem. Lett.
1990, 1015-1018.

(22) (a) Narasaka, K.; Iwasawa, N.; Inoue, M.; Yamada, T.; Nakashima,
M.; Sugimori, J. J. Am. Chem. Soc. 1989, 111, 5340-5345. (b) Iwasawa, N;
Hayashi, Y.; Sakurai, H.; Narasaka, K. Chem. Let:. 1989, 1581-1584. (c)
Hayashi, Y.; Narasaka, K. Chem. Letr. 1990, 1295-1298. (d) Hayashi, Y.;
Niihata, S.; Narasaka, K. Chem. Lett. 1990, 2091-2094. (e) Engler, Th. A,;
Letavic, M. A,; Reddy, J. P. J. Am. Chem. Soc. 1991, 113, 5068-5070.

(23) (a) Baggett, N.; Simmonds, R. J. J. Chem. Soc., Perkin Trans. 1
1982, 197-200. (b) Matteson, D. S.; Beedle, E. C.; Kandil, A. A. J. Org.
Chem. 1987, 52, 5034-5036. (c) Weber, E.; Dorpinghaus, N.; Goldberg, I.
J. Chem. Soc., Chem. Commun. 1988, 1566—1568.

(24) Carmack, M.; Kelly, Ch. J. J. Org. Chem. 1968, 33, 2171-2173.

(25) This method is restricted to aryl, vinyl, and methyl Grignard or Li
compounds, as B-hydride transfer rather than alkyl addition leads to in-
tractable mixtures with reagents protonated at C(3).

The equilibrium between 8 or 14 and the chelates b is driven to
b either by neutralization of HCI with Et;N or, as we recently
discovered, simply by heating in cyclohexane or toluene, removing
HCI in a stream of argon through a reflux condenser. As an
alternative, HCI can also be bound either internally by molecular
sieves (MS adsorb, to some extent, also CpTiCl, (8)) or externally
by a vast excess of MgO placed in the thimble of a Soxhlet
extractor.

After separation of Et;N:-HCI, the complexes b are either
processed further in solution or isolated by precipitation from
concentrated solutions or by evaporation of the solvent. Following
this method, the complexes 15-26, listed in Scheme II, could be
prepared. Reaction of CpTiCl; (8) with (S,5)-2,3-O-iso-
propylidenethreitol 27> gave an intractable mixture of oligomeric
species, as indicated by four CsHs (Cp) signals in the 'H NMR
spectrum. Obviously the “Ingold—Thorpe effect™? is essential for
the closure of the seven-membered titanacycles b. A considerable
variation of reaction rates is observed for the different structures
and methods. With Et;N, conversions are faster, an indication
of base catalysis, and for Cp*TiCl, (14) the rates are much slower.
The reaction to complex 16 could only be completed by using an
excess of Et;N in boiling toluene. The titanium complexes b are
generally stable crystalline compounds. Their sensitivity toward
hydrolysis is substantially reduced when compared to acyclic
analogues, e.g., bis(diacetone glucos-3-0-yl)cyclopentadienyl-
titanium chloride 28,3*!7 the precursor of reagent 1. Quick
handling in the open air is therefore possible. The Cp*Ti com-
plexes 16 and 21 are, however, extremely moisture sensitive.

The new titanium complexes 15-26 have been analyzed by 'H
and *C NMR. In agreement with the assumed monomeric
structure b, single sets of signals allow a straightforward inter-
pretation of all spectra. 'H NMR spectroscopy is also the pre-
ferred method for monitoring the course and success of complex
formation. The number of signals is doubled as the C, symmetry
of the ligand is lost upon complexation, e.g., the singlet of H-C-
(4)/H-C(5) of the free ligand a becomes an AB system in the
complex b. The Cp signal is shifted upfield as Ti—Cl bonds are
substituted by alkoxy groups. A mixture of two epimeric com-
plexes 23 and 24 in a 1:4 ratio is obtained with the pival-
aldehyde-protected ligand lacking C, symmetry.

(26) (a) Gorsich, R. D. J. Am. Chem. Soc. 1960, 82, 4211-4214. (b)
Pandey, O. P.; Sengupta, S. K. J. Sci. Ind. Res. 1989, 48, 43-54.

(27) Hidalgo Llinas, G.; Mena, M.; Palacios, F.; Royo, P.; Serrano, R. J.
Organomet. Chem. 1988, 340, 37-40.

(28) (a) Beesley, R. M,; Ingold, Ch. K.; Thorpe, J. F. J. Chem. Soc. 1915,
107, 1080-1106. (b) Ingold, Ch. K. J. Chem. Soc. 1921, 119, 305-329. (c)
Allinger, N. L.; Zalkow, V. J. Org. Chem. 1960, 25, 701-704.
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X-ray Analysis. A definite proof of the proposed structure b
has been obtained by X-ray analysis of (R,R)-15% and (R,R)-20.%°
ORTEP plots?! (vibrational ellipsoids at the 20% probability level)
of (R,R)-15, (R,R)-20, and for comparison 28°*!7 are shown in
Figure 1. Selected bond lengths, bond angles, and torsion angles
are listed in Table I. All three complexes are monomeric, and
intermolecular Ti~O interactions can be ruled out. Their coor-
dination geometry is best described as a “three-legged piano stool
arrangement”. Close values for the Ti—O bond lengths (176-181
pm) and the O-Ti—O (98-104°) and Ti—O-C (145-155°) bond
angles in all three structures indicate a minimal strain of the
seven-membered titanacycles in 15 and 20. Of interest is the
distortion of the Ti centers induced by the chirality of the ligands,
best seen in the difference of the two diastereotopic Ti-O-C bond
angles, which is ~10° for 15 and ~7° for 28, but null for 20.
While this distortion is also reflected in the slightly different
O-Ti—Cl angles of 15 and 28, the corresponding Ti—O bond lengths
are insignificantly different. This dissymmetry of the titanium
could be responsible for the enantioface discrimination observed
for reagents derived from 15, 20 (see below), and 28 231732
While poor induction is obtained with 20, the distortions of 15
and 28, which are enantiomeric to each other, show a suggestive
correspondence to the opposite enantiofacial discrimination of their
reagents 1 and (R,R)-9 (Scheme I). Distinctly different are,
however, the dihedral CI-Ti—O-C angles of 28 and the chelates
15 and 20. While the O—C{a) bonds of 28 are approximately
eclipsed with the Ti-Cp®™*' axis, the O-C(a) bonds of 15 and
20 are eclipsed with the opposite Ti—O bonds (cf. the O-Ti-O-C
torsion angles). The fully substituted a-carbons of 15 and 20 and
the constraints imposed by the titanacycle preclude the confor-
mation around the Ti—O bond observed for complex 28 with
secondary nonchelated alkoxy ligands. The conformation of the
seven-membered rings in 15 and 20 is similar. Due to the in-
teractions of phenyl substituents with the Cp ring in 15, the ring
is pushed toward the Cl atom, clearly seen in the smaller angle
formed by CI-Ti and the acetal C(11) in 15 (103.4°) when
compared with the value for 20 (123.3°).

Titanium NMR. A spectroscopic technique that provides direct
information about the metal center participating in the reactions
should be an optimal probe for the structure-reactivity and se-
lectivity relation. Despite the scarcity of reports on Ti NMR,»

(29) Orthorhombic, P2,2,2,,a = 1106.1 (1), b = 1453.1 (1), ¢ = 1920.2
(1) pm, ¥ = 3.086 (2) X 10° pm®, Z = 4, poieg = 1.317 g/cm?. Intensity
measurements at 21 °C were carried out on a Philips PW-1100 diffractometer
(graphite monochromator, Mo Ka = 71.069 pm, # range 3-30°). The
structure has been solved from 3382 observed independent reflections with 7
> 3o() by the classical heavy atom method. The refinement, according to
the least-squares method with anisotropic temperature factors, converged at
R =0.064 (R, =0.071). The hydrogen atoms could not be located. Further
details of the crystal structure investigation, numbering of all atoms, positional
parameters, bond lengths, bond angles, and measured reflections (A, k, /) are
included with the supplementary material. The structural data will also be
deposited in the Cambridge Crystallographic Data Centre, University Chem-
ical Laboratory, Lensfield Road, Cambridge CB2 1EW (England), where it
will be available on quoting the full citation of the journal.

(30) Monoclinic, Py, @ = 761.5 (1), b = 959.9 (1), ¢ = 1278.6 (1) pm,
g = 98.57 (1)°, ¥ = 0924 (2) x 10° pm?, Z = 2, pyeq = 1.310 g/cm’.
Intensity measurements at 21 °C were carried out on a Philips PW-1100
diffractometer (graphite monochromator, Mo Ka = 71.069 pm, # range
3-30°). The structure has been solved from 964 observed independent re-
flections with 7 > 3g(7) by the classical heavy atom method. The refinement,
according to the least-squares method with anisotropic temperature factors,
converted at R = 0.049 (R, = 0.059). The hydrogen atoms could not be
located. Further details of the crystal structure investigation, numbering of
all atoms, positional parameters, bond lengths, bond angles, and measured
reflections (A, k, [) are included with the supplementary material. The
structural data will also be deposited in the Cambridge Crystallographic Data
Centre, University Chemical Laboratory, Lensfield Road, Cambridge CB2
1EW (IEngland), where it will be available on quoting the full citation of the
ournal.

t (31) Johnson, C. K. Report ORNL-3794; Oak Ridge National Laboratory:
Oak Ridge, TN, 1965.

(32) Duthaler, R. O.; Herold, P.; Lottenbach, W ; Oertle, K.; Riediker, M.
Angew. Chem., Int. Ed. Engl. 1989, 28, 495-497; Angew. Chem. 1989, 101,
490-491. (b) Bold, G.; Duthaler, R. O.; Riediker, M. Angew. Chem., Int. Ed.
Engl. 1989, 28, 497-498; Angew. Chem. 1989, 101, 491-493. (c) Duthaler,
E. O; Herold, P.; Wyler-Helfer, S.; Riediker, M. Helv. Chim. Acta 1990, 73,
659-673.
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Figure 1. orTEP plots (vibrational ellipsoids at the 20% probability level)
of (R,R)-20, (R,R)-15, and 28.'™

we therefore decided to measure the 7/**Ti NMR spectra of
representative cyclopentadienyldialkoxychlorotitanium complexes
and related compounds. Ti NMR measurements are complicated
by the fact that the two “NMR-active” isotopes (*'Ti, I = */5;
“Ti, I =7/,) have similar NMR properties. With Larmor fre-
quencies of 22.571 (*'Ti) and 22.577 MHz (**Ti) at a magnetic
field of 9.4 T the separation of the *'Ti and **Ti chemical shifts
is only 266 ppm. Medium-sized quadrupole moments Q, 0.29 X
107 (*'Ti) and 0.24 X 107 m? (*°Ti), lead to very short relaxation
times T, and T, and therefore to large experimental line widths,
especially if the local symmetry at Ti is low. Low natural
abundance (*'Ti 7.28%, “Ti 5.51%) and small magnetic moments
result in small overall receptivities, which are comparable with
13C NMR. In Table 11, chemical shifts (6 *Ti, based on external
TiCl,) and line widths (Av, ;) measured (22.56 MHz, 9.4 T; 400

(33) (a) Hao, N.; Sayer, B. G.; Dénés, G.; Bickley, D. G.; Detellier, Ch.;
McGlinchey, M. J. J. Magn. Reson. 1982, 50, 50-63. (b) Gassmann, P. G;
Campbell, W. H.; Macomber, D. W. Organometallics 1984, 3, 385-387. (c)
Dormond, A.; Fauconet, M.; Leblanc, 1. C.; Moise, C. Polyhedron 1984, 3,
897-900. (d) McGlinchey, M. J.; Bickley, D. G. Polyhedron 1985, 4,
1147-1148. (e) Chi, K. M; Frerichs, S. R.; Philson, S. B.; Ellis, J. E. J. Am.
Chem. Soc. 1988, 110, 303-304. (f) Finch, W. C.; Anslyn, E. V.; Grubbs,
R. H. J. Am. Chem. Soc. 1988, 110, 2406-2413. (g) Traill, P. R.; Young,
Ch. G. J. Magn. Reson. 1990, 90, 551-556. (h) Berger, S.; Bock, W.; Marth,
C. F.; Raguse, B.; Reetz, M, T. Magn. Reson. Chem. 1990, 28, 559-560.



Enantioselective Allyltitanation of Aldehydes

J. Am. Chem. Soc., Vol. 114, No. 7, 1992 2325

Table I1. “Ti and “'Ti NMR Chemical Shifts® and Line Widths (v, ;) of Selected Cyclopentadienyltitanium(1V) Complexes®

temp 8%Ti »12(#Ti) 84Ti »y2(TTi) enant
complex solvent (K) (ppm) (Hz) (ppm) (Hz) excess (%)°

Cp(2-PrO),TiCl (42) toluene-d; 373 -917 846

(R,R)-20 (Cp) toluene-d; 373 -889 1080 13
(R,R)-20 (Cp) CDCl, 320 -896 2430

(R,R)-19 (Cp) toluene-dy 373 -872 1400 71
(R,R)-15 (Cp) toluene-dy 373 -854 3460 95
Cp(DAGO),TiCl (28)" toluene-dy 373 >4500 90
(R,R)-21 (Cp*) toluene-dg 373 -707 800 87
TiCl, CDCl, 320 0 4 -266 11

CpTiCl, CDCl, 320 -390 60 -657 160

(CH,Cp)TiCl, CDCl, 320 -332 30 -598 90

(Me,SiCp)TiCl, CDCl, 320 -361 70 -627 190

((CH,)sCp)TiCl; CDCl, 320 -85 10 -352 27

8 from external TiCl,. 20.4 M solutions, 22.56 MHz, 9.4 T. ¢Enantiomeric excess (ee) of 1-phenyl-3-butenol (4), obtained by allyltitanation of

benzaldehyde (3) with reagents derived from these titanium chlorides.

MHz for 'H) of 0.4 M solutions in toluene-d; at 373 K are listed
together with the enantioselectivities of the corresponding reagents.
The 4’Ti signals have either been suppressed by an appropriate
preacquisition delay or the “Ti resonance has been assigned to
the narrower line in the spectrum (cf. Experimental Section). Not
unexpectedly, the resonance frequencies of these closely related
complexes are very similar. Furthermore, interpretation of such
chemical shifts, especially of d° coordination centers, in terms of
electron density is difficult and often misleading, because the
chemical shifts are dominated by the paramagnetic shielding
constant, which is not directly related to the ground-state charge
density at the nucleus.’*

The line width (A», ), on the other hand, provides direct in-
formation about the symmetry of the electron distribution around
the nucleus (eq 1).** For a given nucleus, spin () and quadrupole

0.37(2I + 3) €2Q(q,,)? 7 1 1
1+ T —_— = —

FQIr-1) h 7T,
(1)

moment (Q) are constant, and Aw, ;; depends only on the corre-
lation time of molecular tumbling (7, a function of the molecular
weight, viscosity of the sample, and temperature), the square of
the electrical field gradient, (g,,)?, and the asymmetry parameter
(n, describes the deviation from cylindrical symmetry). Thus, in
the case of spherical electron distribution around titanium with
(g,.)* and ¢ = 0, narrow lines are obtained, whereas in a non-
spherical environment broad lines are detected. The “Ti NMR
line widths of the structurally related Cp(RO),TiCl complexes
15, 19, 20, 21, 28, and Cp(O-2-prop),TiCl 42 can therefore be
considered as a rough qualitative measure of the electronic sym-
metry at the titanium center. This is confirmed by the extremely
broad lines of compounds 15 (3500 Hz) and 28 (>4500 Hz) as
opposed to the narrower line of complex 20 (1080 Hz), in ac-
cordance with their crystal structures where distorted Ti coor-
dination geometry was found for 15 and 28, but not for 20, The
dependence on solvent and temperature of the correlation time
7¢ is demonstrated by the doubled line width when 20 is measured
in CDCl, solution at 320 K. The most salient feature of Table
II is the qualitative correlation between line width and enan-
tioselectivity of the corresponding allylating reagents. Provided
this relation is significant, the prime factor for enantioface dis-
crimination would be electronic dissymmetry at titanium rather
than direct interaction of the substrate with the chiral ligand. It
has to be noted that the Cp* complex (R,R)-21 is not fitting in
the correlation of the Cp complexes. This is reasonable, if the
data of (RCp)TiCl; complexes with different substituents R at
Cp, listed in the lower part of Table II, are considered. The
substitution of the Cp group has a decisive effect on the *°Ti line
width, and correlations should therefore be restricted to compounds

Vipg =

(34) NMR of Newly Accessible Nuclei; Laszlo, P., Ed.; Academic Press:
New York, 1983.

(35) Harris, R. K. Nuclear Magnetic Resonance Spectroscopy; Pittman
Books Ltd.: London, 1983; including references cited therein.

Ha
- NS
HA -+ HA H HA
Huw A
3.36 ppm (d, J = 11)
5.80 ppm {quinl.,, J = 11)

H
—
CH, T T G
H

2.17 ppm (dd. J = 8.5, 8.5)
2,26 ppm (dd, J = 8.5, 8.5)
Hy 5.46 ppm (diq, J = 14, 8.5, 1.5)
Hy  4.82 ppm (dq. J = 14,6.5)
Figure 2. Selected 'H NMR data of (R,R)-9 and (R,R)-29.

Scheme III. Preparation of Allyltitanium Reagents
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with identical cyclopentadienyl ligands.

Preparation of Reagents. The allyltitanium reagent (R,R)-9
and Ti complexes with substituted allyl groups are prepared from
complex 15 and the analogues 16-26 by chloride substitution with
allylic anions ¢ (Scheme III). Most convenient for this purpose
are allyl Grignard compounds, which should, however, be freed
of Mg salts by filtration. While Grignard reagents prepared by
the Rieke procedure’ are not suitable, direct allylic metalation
with sec-butyllithium, n-butyllithium/KO(¢-Bu),?” or lithium
tetramethylpiperidide/KO(¢-Bu)®® is successful. The trans-
metalation conditions, usually 1-5 h at 0 °C, have to be optimized

(36) Rieke, R. D.; Bales, S. E. J. Am. Chem. Soc. 1974, 96, 1775-1781.

(37) (a) Schlosser, M. J. Organomet. Chem. 1967, 8, 9-16. (b) Schlosser,
M. Pure Appl. Chem. 1988, 60, 1627-1634.

(38) (a) Brandsma, L.; Verkruijsse, H. D. Preparative Polar Organo-
metallic Chemistry; Springer-Verlag: Berlin, 1987; Vol. 1. (b) Brandsma,
L.; Andringa, H.; Heus, Y. A,; Rikers, R.; Tip, L.; Verkruijsse, H. D. Prep-
arative Polar Organometallic Chemistry; Springer-Verlag: Berlin, 1990; Vol.
2. 4§c)2é(lusener, P. A. A; Tip, L.; Brandsma, L. Tetrahedron 1991, 47,
2041-2064.
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Table III. Allyltitanation of Benzaldehyde (3) with Reagents Derived from Chlorotitanates b

Hafner et al.

CIJp(Cp') 0
T, HO
c|/o~;?. Ry " é\/Mgm 2 @/lkH ©)\/\
Ha-.--- h.o —_ —
Rs YduRy  -78-0°C(1-5h)  3)45% NH,F/H0
R
(RR)-b * (8)4
b Cp or Cp* R, R, R; temp (°C) dee (%) (config)?
(R,R)-15 Cp CH; CH; C¢H; -74 95 )
-35 93
0 89
(R,R)-16 Cp* CH, CH, C¢H; -74 87 )
0 87
(R,R)-17 Cp CH, CH, C4Fs =74 54 )
(R,R)-18 Cp CH, CH, 2-furyl =74 66 S)
(R,R)-19 Cp CH, CH, C(CH;)=CH, -74 71 )
(R,R)-20 Cp CH, CH, CH, -74 12 )
0 16
(R,R)-21 Cp* CH, CH, CH, -74 88 S)
0 73
(R,R)-22 Cp H H C¢H; -74 80 )
(8,5)-23/24 Cp H -Bu CH; =74 82 (R)
(R,R)-25 Cp C¢H; C¢H, CH; -74 89 )
(R,R)-26 Cp spiro[9H]-fluorene CeH; =74 91 )
CpTiCl,/27* Cp CH, CH, H -74 6 )

9Determined by capillary GLC,*® derivatization with N-isopropyl isocyanate. ?Mixture of complexes obtained from CpTiCl; (8) and iso-

propylidenethreitol (S,5)-27.

by quenching aliquots of a reaction mixture after different times
with an aldehyde and analyzing the product mixture. For sub-
stituted allyl groups, the regio- and stereoselectivity of the titanium
reagent are independert of the isomeric composition of the pre-
cursor ¢. The use of crotylmagnesium chloride,’® a mixture of
regio and (£,Z) isomers, or (Z)-2-butenyllithium/-potassium?’
leads to the same result, suggesting that the same reagent (R,R)-29
is obtained in both cases. The structures of the allyltitanium
compounds (R,R)-9 and (R,R)-29 have therefore been studied
by NMR spectroscopy (Figure 2). Contrary to (Cp),TiMallyl
reagents with n°-bound allyl substituents,'224m16 the 'H NMR
spectrum of (R,R)-9 with all terminal protons magnetically
equivalent indicates a fast 1,3-shift with bond rotation of an
n'-bound allyl substituent. The *C NMR spectrum of (R,R)-9
shows the same C(1)—C(3) degeneracy. The !H NMR spectrum
of (R,R)-29, on the other hand, exhibits the pattern of a n'-bound
(E)-2-butenyl group. The energetic preference of the (E) isomer
with titanium bound to the less substituted terminus of the allyl
system prevents the observation of dynamic effects in the NMR
of (R,R)-29. The rates of this equilibration must be high, as no
sign of line-broadening or signal-splitting could be detected in the
'H and *C NMR spectra of (R,R)-9 measured at 9.4 T (400
MHz for 'H; 100.6 MHz for 3C) upon cooling to-100 °C. Thus,
3-substituted allyltitanium reagents with the (F) conformation
can be obtained conveniently from various precursors ¢, unlike
in the case of allylboron® or allylstannane®® reagents. For the
same reason, however, this method is restricted to the preparation
of branched regioisomers with the anti configuration (see below).
As opposed to the results of Reetz and Sauerwald,'? addition of
BF;-Et,0 has no effect on tne diastereoselectivity of reagent
(R,R)-29.

Allyltitanation of Aldehydes

The degree of enantioface discrimination of allyltitanium
reagents derived from the chlorotitanates b has been assessed by
the conversion of benzaldehyde 3 to homoally! alcohol 4 (Table
III). Si face attack is preferred for all complexes with ligands
derived from (R,R)-tartrate. Most important for high enan-
tioselectivity is the bulk of R;. The enantiomeric excess (ee) of

(39) (a) O’Brien, S.; Fishwick, M.; McDermott, B.; Wallbridge, M. G. H.;
Wright, G. A. Inorg. Synth. 1971, 13,73-79. (b) Hutchinson, D. A.; Beck,
K. R.; Benkeser, R. A.; Grutzner, J. B. J. Am. Chem. Soc. 1973, 95,
7075-7082.

Scheme IV. Allyltitanation of Achiral Aldehydes®

I RCHO/- 74°C
T
" 40 _Pn

Py 45% NH,F/H,0 HO + Ligand
Phrs o..—;!o— 10-20h A X+ [CRTIOHOI,
(R.R)-9 R: CgHs (54 (93%) 95%ee?  (90%ee)®
R: (CHpgCHz  (R)-30 (94%)C 94% ee?  (92% eo)®
R:  CH(CHa), (531 (88%) 97%ee?  (90% ee)°
R: C(CHa)s (532 (63%) 97%ee?  (88%ee)
R: CH=CH, (533 (79%) 95%eed  (86% ee)’

“(a) Enantiomeric excess determined by capillary GLC,*® derivati-
zation with N-isopropyl isocyanate. (b) Enantiomeric excess obtained
with reagent 1,'7* opposite enantiomer. (c) Isolated as its O-acetyl
derivative (R)-30a. (d) Enantiomeric excess determined by capillary
GLC,* derivatization with MTPA chloride.%

(S)-4 drops from 95% to 12% when R; = C4H; is replaced by
CH; (15, 20). Modest to intermediate induction (not optimized)
is observed with R, = C¢Fs, 2-furyl, and isopropenyl (17, 18, 19).
Ligands with acetal protecting groups other than the acetonide
of 15 afford reagents with slightly inferior enantioface differen-
tiation (22, 23/24, 25, 26). Interpretations should therefore be
done with caution, but it appears that the conformation of the
dioxolane ring, influenced by R, and R,, has no crucial influence
on the enantioselectivity (e.g., 23/24: 82% ee). Most interesting
is the effect of methyl substitution at the cyclopentadienyl ring
(Cp — Cp*). While the influence is small and negative for the
optimal system with R; = C¢H; (15 — 16), a dramatic increase
from 12% to 88% ee is observed for the complexes with the tet-
ramethyl ligand (20 — 21). This indicates the importance of
cyclopentadienyl-R, interactions for the enantioselectivity of these
reagents. Such interactions are most probably also responsible
for the distortion of the Ti coordination geometry exhibited by
the crystal structures of 15 and 28 but not 20 (cf. X-ray analysis,
above).* The temperature dependence of the enantioface se-
lectivity shows no consistent tendency. While the induction
achieved with complex 15 drops from 95% to 89% ee upon raising
the temperature from —74 to 0 °C, other systems (16, 20, 21)

(40) Unfortunately, no crystals suitable for X-ray analysis so far have been
grown of the highly soluble and moisture-sensitive complex (R,R)-21.
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Table IV. Allyltitanation of a-Phenylpropionaldehyde (34) and a-Phenylbutyraldehyde (35)

o] OH
Ph Ph h z
R R R

e

H OH
Ph R :

OH
"EAA
+ s \
R

R:CH; 34 (5)-36 (R)-38 (R)-36 (5)-38
R: CaHs 35 (5)-37 (R)-39 (R)-37 (5)-39
% product ratio (%)° product ratio (%)”
aldehyde reagent yield (% ee for main product) de (%) (% ee for main product) de (%)
(S)-36 (R)-38 (R)-36 (5)-38
(£)-34 (allyl)MgCl quant  33.1 (rac) 17.2 (rac) 31.6 32.5 (rac) 17.2 (rac) 30.8
(%)-34 Cp(DAGO),Ti(allyl) 1 93 6.9 44,1 (96.4% ee) 73.0 48.2 (75% ee) 0.8 96.8
(%)-34 (5,99 98 1.3 49.4 (98.4% ee) 94.8 48.9 (94% ee) 0.4 98.4
(85)-37 (R)-39 (R)-37 (S)-39
(£)-35  (ally)MgCl 70 33.0 (rac) 17.0 (rac) 32.0 33.0 (rac) 17.0 (rac) 32,0
(x£)-35 Cp(DAGO),Ti(allyl) 1 95 10.4 40.0 (98.6% ee)  58.8 49.3 (65.2% ee) 0.3 98.8
(£)-35 (S.9)-9 94 2.5 483 (99.2% ee)  90.2 49.2 (90.4% ee) =<0.2 299.0
(%£)-35 (R,R)-9 91 48.7 (90.6% ee) 0.3 98.8 2.4 48.6 (98.8% ee) 90.6
(5)-35  (+)-(Ipc),B(allyl)*? 97.0 3.0 94,04
(R)-35  (+)-(Ipc),B(allyl)* 33.0 67.0 34.04
(8)-35  (-)-(Ipc),B(allyl)* 26.0 74.0 48,04
(R)-35  (-)-(Ipc),B(allyD)® 98.0 2.0 96.04

“Determined by capillary GLC, derivatization with MTPA chloride.5¢

< Diastereomeric excess of the reactions with (R)-34/(R)-35.

appear to be temperature insensitive.

The allyltitanation of various aldehydes with reagent (R,R)-9
is depicted in Scheme IV. The enantioselectivity is high for all
structures (94-97% ee); the chemical yields, which are not op-
timized, are acceptable to good (63-94%). Reagent (R,R)-9 is
also distinctly more selective than the diacetone glucose complex
1217 (values in parentheses). The use of the (S,S)-tartrate-derived
reagent (S,5)-9 instead of 1 for preparing the other enantiomers
is therefore worth being considered. It has to be noted that, due
to enhanced stability of the chelated ligand system, the time for
complete hydrolysis to product, ligand, and oligomeric cyclo-
pentadienyltitanium hydroxo oxides ([CpTi(OH)O],) is much
longer than for the diacetone glucose complex 1,317

Reagents for the highly enantioselective allylboration of simple
aldehydes have been developed by Brown,4#! Roush,’ Masa-
mune,’ Corey,* and Hoffmann/Stiirmer.’**> Some attempts
to compare the different reagents®»“*3 are, however, ambiguous,
as product ratios, resulting from different reaction conditions and
determined by different methods in the very critical range of
220:1, are correlated rather than thermodynamic constants.
Furthermore, it is not of paramount importance whether “easy
substrates” like benzaldehyde or isobutyraldehyde can be allylated
with 95% or 99% enantiomeric excess. A more reliable and
relevant scale of stereoselectivity is obtained from the product
distribution of reactions with “difficult”, a-chiral substrates.
Therefore, we studied the reactions of racemic a-phenyl-
propionaldehyde (34) and a-phenylbutyraldehyde (35) with the
allyltitanium reagents 1 and 9. These data and the published
product ratios of the conversions of (S)- and (R)-35 with both
enantiomers of (Ipc),B(allyl)*® are listed in Table IV. The
reactions with allylmagnesium chloride were used to assign the
Cram diastereomers (36, 37) and the anti-Cram diastereomers
(38, 39). The enantiomers were assigned by assuming re face
preference for 1 and (S,5)-9 and si face preference for (R,R)-9
(cf. below, Stereochemical Assignments). It is clearly more
difficult to outmatch the influence of the chiral center of 35 than
that of 34. Reaction of aldehyde (S)-35 with reagents 1, (S5,5)-9,
or (-)-(Ipc),B(allyl)*? leads preferentially to the anti-Cram dia-
stereomer (R)-39. Of these mismatched pairs, (S,5)-9 gives the

(41) Jadhav, P. K.; Bhat, K. S.; Perumal, P. T.; Brown, H. C. J. Org.
Chem. 1986, 51, 432-439.

(42) Stirmer, R.; Hoffmann, R. W. Synlett 1990, 759-761.

(43) (a) Brown, H. C,; Bhat, K. S.; Randad, R. S. J. Org. Chem. 1987,
52, 319-320. (b) Brown, H. C.; Bhat, K. S;; Randad, R. S. J. Org. Chem.
1989, 54, 1570-1576.

b Diastereomeric excess of the reactions with (S)-34/(S5)-35.

best diastereoselectivity (90% de, 95:5 ratio), followed by 1 (58%
de, 79:21 ratio) and (-)-(Ipc),B(allyl) (48% de, 74:26 ratio). The
same trend with 95% de for (S,5)-9 and 73% de for 1 is also
observed for the allylation of (S5)-34. When (%)-34 was treated
with 0.5 equiv of 1, the enantiomer differentiation was low
(71.7:28.3).17* Other features of the reactions with racemates
include the fact that the optical purity of the minor (anti-Cram)
diastereomer is generally higher. With a reagent of high enan-
tioface selectivity, such as (R,R)-9 and (S.,5)-9, the ratio of the
diastereomers approaches 1:1 (36:38 = 50.2:49.8; 37:39 =
51.7:48.3), and the optical purity of the Cram diastereomer is high
as well ((R)-36, 94.8% ee; (R)-37, 90.4% ee; (S5)-37, 90.6% ee).
The results of Table IV suggest that the allylation of a-phenyl-
butyraldehyde (35) is a very discriminating test for allyl-
transferring agents, especially recommendable for the high se-
lectivity range.

Chiral a-hydroxy- or a-amino-substituted aldehydes are val-
uable chiral intermediates. D-Glyceraldehyde acetonide (40)%
and L- or D-N-Boc-serine aldehyde acetonide (41)* are readily
accessible compounds that have found many applica-
tions, 4334664647 - Conversions of these chiral substrates with the
reagents 9, 29, and the achiral cyclopentadienylallyltitanium
bis(2-propoxide) are depicted in Scheme V. Reaction of gly-
ceraldehyde 40 with allylmagnesium chloride gives a 2:1 mixture
of the diastereomers 43 and 44. By using either (R,R)-9 or its
enantiomer (S,5)-9, isomer 43 or 44, respectively, can be prepared
with 98% ds (diastereomer ratio). A minor correction of these

(44) (a) Dumont, R.; Pfander, H. Helv. Chim. Acta 1983, 66, 814-823.
(b) Héfele, B.; Jager, V. Liebigs Ann. Chem. 1987, 85-87. (c) Schmid, Ch.
R.; Bryant, J. D.; Dowlatzedah, M.; Phillips, J. L.; Prather, D. E.; Schantz,
R. D,; Sear, N. L.; Vianco, C. S. J. Org. Chem. 1991, 56, 4056—4058.

(45) Garner, P.; Park, J. M. J. Org. Chem. 1987, 52, 2361-2364.

(46) (a) Harada, T.; Mukaiyama, T. Chem. Lett. 1981, 1109-1110. (b)
Hoffmann, R. W.; Endesfelder, A.; Zeiss, H.-J. Carbohydr. Res. 1983, 123,
320-325. (c¢) Roush, W. R.; Adam, M. A.; Walts, A. E.; Harris, D. J. J. Am.
Chem. Soc. 1986, 108, 3422-3434. (d) Mulzer, J.; Angermann, A.; Milnch,
W. Liebigs Ann. Chem. 1986, 825-838. (e) Mulzer, J.; Angermann, A;
Schubert, B.; Seilz, C. J. Org. Chem. 1986, 51, 5294-5299.

(47) (a) Herold, P. Helv. Chim. Acta 1988, 71, 354-362. (b) Kiyooka,
S.-i.; Nakano, M,; Shiota, F.; Fujiyama, R. J. Org. Chem. 1989, 54,
5409-5411. (c) Dondoni, A.; Fantin, G.; Fogagnolo, M.; Pedrini, P. J. Org.
Chem. 1990, 55, 1439-1446. (d) Garner, P.; Park, J. M. J. Org. Chem. 1990,
55,3772-3787. (e) Casiraghi, G.; Colombo, L.; Rassu, G.; Spanu, P.; Gas-
parri-Fava, G.; Ferrari-Belicchi, M. Tetrahedron 1990, 46, 5807-5824. (f)
Wagner, R.; Tilley, J. W. J. Org. Chem. 1990, 55, 6289—6298. (g) Shima-
moto, K.; Ohfune, Y. Tetrahedron Lett. 1990, 31, 4049-4052. (h) Beaulieu,
P. L.; Duceppe, J.-S.; Johnson, C. J. Org. Chem. 1991, 56, 4196—-4204. (i)
Ibuka, T.; Habashita, H.; Otaka, A.; Fujii, N.; Oguchi, Y.; Uyehara, T.;
Yamamoto, Y. J. Org. Chem. 1991, 56, 4370-4382.
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Table V. Allyltitanation of Benzaldehyde (3) and Decanal with Substituted Allyl Reagents

Hafner et al.

|
R Ti R,CHO HO HO HO HO
NAN o P U : i
O pr 74eC m)\i/\ R Rr'\,/% RTY Y
Phe hdo) R + R + R + R
Ph O—EL‘
substituents product(s) (% isomer)
reagent (total yield, %) isomer 1 isomer 2 isomer 3 isomer 4
(R,R)-29 R,: C;Hs, R: CH; (89) (5)-52 (97.8)° (R)-52 (0.9)° (5)-53 (1.3)° (R)-53 (0)°
98% ee
(R,R)-29 R;: C;H.y, R: CH; (86) (R)-54 (only one isomer detected)®
(R,R)-48 R;: C¢H;, R: C¢H; (54) (S)-55 (98.7)° (R)-55 (1.3)°
97% ee
(RR)-49 R, C¢H,, R: OEt (77) (R)-56 (85.5)° (5)-56 (2.2)°  (R)-57 (10.8)°  (5)-57 (1.5)°
95% ee 76% ee
(R,R)-49 R;: CgH,y, R: OEt (73) (R)-58 (93.6)° (S)-58 (3.7)° (R)-59 (2.0)° (5)-59 (0.7)°
92% ee 48% ee
(R,R)-50 R;: C¢Hs, R: OPMP* (93) (R)-60 (only one isomer detected)?
(R,R)-51 R;: C¢Hs, R: SiMe; (68) (R)-61 (only one isomer detected)?
(R,R)-51 R;: CoH,y, R: SiMe; (69) (R)-62 (only one isomer detected)?

Determined by capillary GLC,* derivatization with N-isopropyl isocyanate. ®Determined by capillary GLC,*® after oxidative cleavage of the

PMP ether; cf. Scheme VI. ‘PMP = p-methoxyphenyl. ¢Determined by !H NMR spectroscopy with the shift reagent TFAF.3!

product ratios might be necessary, as small amounts of products
arising from possible enantiomeric impurity of the glyceraldehyde
acetonide 40 have been neglected in the analysis by capillary GLC.
The results with serine aldehyde 41 are similar. While the ratio
of (S5)-45 and (R)-46 obtained with allyl Grignard is close to unity,
reaction with the achiral Cp(2-PrO),Ti(allyl) gives a 2:1 preference
for (R)-46. The conversions with the chiral reagents are again
highly diastereoselective and, depending on which enantiomer of
41 and 9 is chosen, (S)-45, (S)-46, and (R)-46 could be prepared
with very high isomeric purity. As the starting aldehydes L- and
D-41 contained 1-2% of the other enantiomer and not all four
stereoisomers could be resolved by capillary GLC (Chirasil-Val
column),*® the diastereomer ratios listed in the Experimental
Section might have to be corrected, albeit by less than 1%. Only
one isomer of the (S,S,S) configuration (47) was isolated when
L-41 was treated with the crotyl reagent (R,R)-29.

In addition to the crotyltitanium reagent (R,R)-29, the com-
plexes with phenyl-, alkoxy-, and trimethylsilyl-substituted allyl
groups (R,R)-48-51 have been prepared as described in Scheme
IIT for (R,R)-9 and -29. The results of their reactions with
benzaldehyde (3) and decanal are compiled in Table V. The
major or only product of all reactions is the anti diastereomer,
obtained by si face attack of the substituted allyl terminus ((S)-52,
(R)-54, (S)-55, (R)-56, (R)-58, (R)-60, (R)-61, and (R)-62).
Small amounts of the syn epimer (si face preference) are formed
in the reaction of benzaldehyde (3) with (R,R)-29 ((S)-53, 1.3%)
and of decanal with (R,R)-49 ((R)-59, 2.0%; (S)-59, 0.7%). With
12.3% of the syn isomer 57 the conversion of benzaldehyde (3)
with (R,R)-49 is the only exception of this series. By increasing
the bulk of the alkoxy group from ethoxy ((R,R)-49) to p-
methoxyphenoxy ((R,R)-50), the diastereoselectivity can, however,
be greatly increased. The optical purity of the major products,
which are obtained in acceptable to good yields, is excellent (in
most cases 295% ee). The reaction path leading to the minor
syn diastereomers appears to be less enantioselective. Incomplete
transmetalation can be ruled out, as the regioisomers, resulting
from attack of the unsubstituted allyl terminus, could not be
detected in the reaction mixtures.

Stereochemical Assignments

The configurational assignments of compounds (S)-4, (R)-30,
(8)-31, (5)-32, and (S)-33 are based on the relative retention times

(48) (a) Frank, H.; Nicholson, G. J.; Bayer, E. Angew. Chem., Int. Ed.
Engl. 1978, 17, 363; Angew. Chem. 1978, 90, 396-398. (b) Konig, W. A.;
Benecke, I.; Lucht, N.; Schmidt, E.; Schulze, J.; Sievers, S. J. Chromatogr.
1983, 279, 555-564. (c) Bayer, E. Z. Naturforsch. 1983, B38, 1281-1291.

Scheme V. Allyltitanation of Chiral Aldehydes?

(o] OH OH
/\)L /\R/k/\ R
o Y H 07 Y sV O/\M
)r [} E—— l¢) + )ro
Reagent  (Yield) |3
40 432 443
Allyl-MgCl 65.6% 34.4%
(R.R)9  (80%) 97.9% 21%
(559 (11%) 1.9% 98.1%
(o] OH OH
/\/U\ Reagent (Yield) s 51
0 H o oYY oYM
N__O . + N,
3z Boc Boc
(o]
(Lr41 (958% ee) (5)-452 (R)-46P
Allyl-MgCl  (86%) 55.1% 44.9%
(2-Prop.O),CpTi(all)  (89%) 37.3% 62.7%
(RR)-9  (93%) 98.1%° 1.9%
(559 (95%) 0.5% 99.5%¢
OH
(RR)-29  (93%) SAE .
@41 0o SR only one isomer
A, N._ CHj detected by
i B capillary-GLC*
47
(o] OH
R
O/\a)LH (RRY9  (84%) O/\M only one isomer
N, N, detected by
Ar Boc )‘: Boc capillary-GLC
(D)-41 (97.2% ez) (5)-46

“(a) Ratio determined by GLC,* derivatization with MPTA chlo-
ride.*® (b) Ratio determined by GLC,* derivatization with N-iso-
propyl isocyanate. (c) Includes ca. 2% of (§)-46 from D-41 contained
in the starting material L-41. (d) Most probably includes ca. 2% of
(R)-45 from the enantiomeric impurity of L-41.

of the GLC analysis (Chirasil-L-Val column,* ¢f. Experimental
Section, general remarks). The absolute configurations of their
enantiomers have been assigned before.!” The absolute and
relative configuration of (R)-39, obtained from the reaction of
2-phenylbutanal ((£)-35) with (S,S)-9 (Table IV), was determined
by X-ray structure analysis of its (1S5)-(-)-camphanic acid ester
69 (Scheme VI).** The assignment, based on Cram’s rule for
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Scheme VI. Transformations for the Configurational Assignments
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the relative configuration® and on the enantiofacial preference
of the chiral reagent (S,5)-9 for the absolute configuration, is thus
correct. This assignment confirms at the same time the config-
uration of the enantiomer (S)-39 and the relative configurations
of the diastereomers (R)- and (S)-37. With these premises it is
safe to assign the absolute configurations of (R)- and (S)-37 by
the enantiofacial preferences of the reagents (R,R)- and (S,S)-9,
and the configurations of (R)- and (S)-36, as well as (R)- and
(S5)-38, the products of 2-phenylpropanal ((£)-34) (Table IV),
by analogy. The structures of 43 and 44 are deduced by com-
parison of physical data with published values (3*C NMR,#®
[@]p**). The L-serine derivatives (S)-45, (R)-46, and -47 have
been converted to the 1,3-acetonides (S)-63, (R)-64, and 65 with
HCl in chloroform (Scheme VI). The relative configuration of
C(4) and C(5) follows from the H-H coupling constant (J*°),
which is 9.5 Hz for the trans configuration and <1.5 Hz for the
cis epimers (cf. ref 47a). The (2'S) configuration of 47 ((1'S)
of 65) is based on the anti preference of reagent (R,R)-29.
All four possible diastereomers of the conversions of reagents
(R,R)-29, (R,R)-48, (R,R)-49, (R,R)-50, and (R,R)-51 have been
prepared with achiral Grignard, Li, or K/Li reagents. Whenever
regioselectivity was a problem, these reagents were transmetalated
with Cp(2-PrO),TiCl (42). These mixtures served as references
for the GLC analyses (Chirasil-L-Val column,*® cf. Experimental
Section, general remarks) and also for 'H NMR spectroscopy with
the chiral solvating agent 2,2,2-trifluoro-1-(9-anthryl)ethanol

(49) Monoclinic, Cy; a = 2151.0 (1), b = 6131 (1), c = 1673.1 (1) pm; 8
=109.60 (1)°; ¥V = 2078 X 10° pm?; Z = 4; pyieq = 1.184 g/cm’. Intensity
measurements at 21 °C were carried out on an Enraf-Nonius CAD-4 dif-
fractometer (154.18 pm, Cu Ko, monochromated, # range 3° to 75°). The
structure has been solved from 2423 observed independent reflections with /
> 30(l) by direct methods. The refinement, according to the full-matrix
least-squares method, converged at R = 0.064 (R, = 0.087). Further details
of this crystal structure investigation, numbering of all atoms, positional
parameters, general displacement parameter expressions (U’s), bond distances,
bond angles, and measured reflections (A, k, /) are included with the sup-
plementary material.

(50) According to this rule, the (RS,RS) configuration corresponds to the
major diastereomers 36 and 37, respectively, of the reactions of a-phenyl-
propanal (34) and a-phenylbutanal (35) with allylmagnesium chloride. The
minor products are therefore the (RS,SR) epimers 38 and 39. See: (a) Cram,
D. J.; Abd Elhafez, F. A. J. Am. Chem. Soc. 1952, 74, 5828-5835. (b)
Mulzer, J. Nachr. Chem. Tech. Lab. 1984, 32, 16-18. (c) Lodge, E. P.;
Heathcock, C. H. J. Am. Chem. Soc. 1987, 109, 3353-3361. (d) Hoffmann,
R. W.; Brinkmann, H.; Frenking, G. Chem. Ber. 1990, 123, 2387-2394.
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(TFAE).>! Preferential formation of one diastereomer usually
allowed the assignment of enantiomeric pairs. Comparison with
published data confirmed the relative configurations of (S)-52
(6 13C of CHCH,*), (R)-54 (6 of H-C(3) and H-C(4)%), (S)-55
(A8"3C of C(1) and C(3) or C(4)%1), (R)-56 (5 H-C(1) = 4.82
ppm (d, J = 4.5), compared with the methoxy analogue?®®), and
(R)-61 (6 H-C(1) in CCl, = 4.70 ppm (d, J = 6.5)%%). The
relative configuration of (R)-60 was determined by silylation (—
(R)-66) followed by cerium(IV) ammonium nitrate (CAN) ox-
idation and desilylation, affording the erythro-diol (R)-67.
Treatment with 2,2-dimethoxypropane and acid gave the dioxolane
68 (Scheme VI). The 4,5-cis configuration of 68 follows from
Ab of the C(2) methyl signals (0.19 ppm)*S and from difference
NOE measurements, exhibiting an NOE of the CH; at 1.45 ppm
with both H-C(4) and H-C(5), but no NOE for the other CH,
at 1.64 ppm. The configurations of (R)-58 and (R)-62 are based
on analogy. The absolute configurations of the products shown
in Table V rely on analogy as well. The configuration of 47 has,
however, been verified by conversion to 65 (Scheme VI), and the
optical rotations of (S)-52 and (R)-54 correspond to the published
values: (S)-52 (66% ee), [a]p = -73.4 (c = 2, CHCl,); (R)-54,
[alp = +0.5 (CHCI;).%

Conclusions

The well-characterized cyclopentadienyl(1,3-dioxolane-3,4-
dimethanolato)chlorotitanium complexes b described in this study
form the basis for a novel class of highly stereoselective chiral
allyl-transferring agents. Asymmetric distortion of the titanium
coordination geometry, detected by X-ray analysis and “*Ti NMR
line widths, correlates qualitatively with the degree of enantioface
discrimination, suggesting that electronic rather than direct steric
effects govern the stereoselectivity of these reagents.

These complexes are prepared from readily available nontoxic
materials; the source of chirality, tartaric acid, is available in both
enantiomeric forms. The reagents derived from natural (R,-
R)-tartaric acid are complementary to those obtained from
chloride 28 with diacetone D-glucose ligands,*»!” as the opposite
face selectivity is observed. Contrary to allylboron® or allyltin
reagents,® these allyltitanium compounds can be prepared by
transmetalation with a variety of allyl Grignard, allyllithium, and
allylpotassium/-lithium compounds, and isolation or purification
is not necessary. The chlorides are crystalline, stable compounds,
freely soluble in toluene, THF, and chlorinated solvents, mod-
erately soluble in ether, and to some extent (especially Cp*-
substituted complexes) even in saturated hydrocarbons. Their
potential for large-scale conversions is better than that of any other
stoichiometric chiral allyl-transferring reagent known. Complex
(R,R)-15 can be prepared conveniently in 1-kg batches; ca. 7 kg
have been prepared so far.

The enantioselectivity equals or surpasses the selectivity of the
best boron or tin reagents, as far as the results can be compared.
Especially rewarding are the results with chiral substrates of
synthetic interest. The enantioface discrimination is retained or
even improved when the allyl ligand is terminally substituted with
alkyl-, aryl-, alkoxy-, or silyl groups. NMR analysis of the allyl
and crotyl reagents revealed a fast 1,3-migration of titanium,
favoring the (E) isomer with titanium 5'-bound to the unsub-
stituted terminus. This explains the almost exclusive formation
of the branched anti diastereomers, a clear restriction of this
method, but also a complementarity to the allylboron and allyltin
analogues, which give easier access to the corresponding syn
diastereomers.

(51) (a) Pirkle, W. H.; Sikkenga, D. L. J. Org. Chem. 1977, 42,
1370-1374. (b) Pirkle, W. H.; Hoover, D. J. In Topics in Stereochemistry;
Allinger, N. L., Eliel, E. L., Wilen, S. H.; Eds.; J. Wiley & Sons: New York,
1982; Vol. 13, pp 264-331.

(52) Coxon, J. M,; Simpson, G. W; Steel, P. J.; Trenerry, V. C. Aust. J.
Chem. 1984, 37, 65-72.

(53) Hoffmann, R. W.; Kemper, B. Tetrahedron Lett. 1981, 22,
5263-5266.

(54) Yamamoto, Y.; Saito, Y.; Maruyama, K. J. Chem. Soc., Chem.
Commun. 1982, 1326-1328.

(55) Hoffmann, R. W.; Kemper, B.; Metternich, R.; Lehmeier, Th. Liebigs
Ann. Chem. 1988, 2246-2260.
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The allyltitanium complexes derived from chloride 15 of this
study are generally more stereoselective than the corresponding
reagents obtained from the previously described®!? diacetone
glucose complex 28. However, preliminary experiments have
revealed® that the excellent results of the aldol reaction with
titanium enolates derived from 28%32 are not paralleled by using
chloride 15 or any of the analogues described in this paper. A
good si face selective titanium enolate based on this methodology
is therefore still lacking.

Experimental Section

General Remarks. Specific rotations ([a]p) were measured in a 1-mL
microcuvette (10 ¢cm) on a Perkin-Elmer Polarimeter 241 at ambient
temperature (20-25 °C). Capillary GLC analyses were done on a Carlo
Erba Strumentazione HRGC 5300 chromatograph using Chirasil-Val-III
columns®® (50 m, 0.32-mm diameter, Altech Applied Science Labs,
Deerfield, IL 60015, Serial No. 986 L). Considerable variation in re-
tention time (¢3) and separation has been observed for different columns.
Before injection, secondary alcohols were either derivatized with N-iso-
propyl isocyanate® or, if necessary for separation, with (R)-(+)-3,3,3-
trifluoro-2-methoxy-2-phenylpropionyl chloride®® (MTPA chloride, see
below). The accuracy and reproducibility of such determinations is £0.1
to £0.3%. If some variation in the reactions is accounted for as well
(most reactions have been carried out only once or twice), the percentages
of product ratios should be rounded to 0.5%, as has been done for simple
experiments. In more complicated cases with more than two stereoi-
someric products, the ratios were rounded to 0.1% in order to report the
ratios of minor products as accurately as possible. 'H NMR spectra were
recorded on a Bruker AC-250 (250 MHz) or a Bruker AM-400 (400
MHZz) instrument at 295 K or at a higher temperature, if indicated. 3C
NMR spectra were recorded on a Bruker AC-250 (62.9 MHz) or a
Bruker AM-400 (100.6 MHz) spectrometer. The 4’Ti and “Ti NMR
spectras at 22.571 and 22.577 MHz, respectively, were measured on a
Bruker AM-400 spectrometer with a 10-mm diameter broad-band probe
(20-100 MHz). All samples were measured as 0.4 M solutions in 10-mm
tubes sealed under argon in toluene-dg at 373 % 1 K or in CDCI; at 320
%+ | K. To suppress acoustic ringing and (if necessary) the overlapping
47Ti signal, a preacquisition delay of 140 us was used. The *Ti signal
can be suppressed efficiently in cases where Ay, /,(“°Ti) 2 1000 Hz,
because A, /5(4Ti) = 34w, 5(¥*Ti). Errors in line widths and chemical
shifts due to temperature differences were avoided by not using 'H de-
coupling. To optimize the accuracy of peak positions, spectra were
Gaussian-broadened between !/ and !/, of their natural line widths.
Chemical shifts were recorded on the §-scale relative to external TiCl,.
In a typical case (Av = 2400 Hz), a signal-to-noise ratio of 10 was
achieved within 25 min of data acquisition.

Cyclopentadienyltitanium trichloride (8) was prepared from titanocene
dichloride and TiCl,,?¢ and (pentamethylcyclopentadienyl)titanium tri-
chloride (14) was prepared from pentamethyl(trimethylsilyl)cyclo-
pentadiene and TiCl,;*’ 8 and 14 were freshly sublimed before use.
Allylmagnesium chloride in THF was purchased from Alfa Products
(1.25 M; usually 0.8 M, when checked by titration’’). Crotylmagnesium
chloride was prepared according to O’Brien et al.,*®* filtered from pre-
cipitated salts, and titrated.” KO(¢-Bu) was freshly sublimed before use,
and the content of n-butyllithium in hexane (Fluka AG) was determined
by titration.’® THF, diethyl ether (ether), toluene, and saturated hy-
drocarbons were distilled from Na-benzophenone ketyl for drying.
(R,R)- and (8,S)-tartaric acid esters were purchased from Fluka AG.
D-Glyceraldehyde acetonide (40, [a]p = 75.7 (¢ = 6.66, CsHy)) was
prepared from 1,2:5,6-di-O-isopropylidenemannitol,*2® and terz-butyl
(4S)- and (4R)-2,2-dimethyl-4-formyloxazolidine-3-carboxylate (L- and
D-41) were prepared from L- and D-serine, respectively.** The optical
purity of 41 was determined by capillary GLC (carrier 50 kPa, 115 °C):
D-41, 1t = 13.7 min; L-41, tg = 13.9 min.

Procedure for the Derivatization of Alcohols with N-Isopropyl
Isocyanate (GLC Analysis). A solution of alcohol (1 drop, 20-50 mg)
in CH,Cl; (2 mL) and N-isopropyl isocyanate (1 mL) is placed in a
screw-cap ampoule with a high-pressure safety valve. After heating for
20 min in an oil bath of 100 °C with magnetic stirring, the volatile
components of the cooled mixture are evaporated in a stream of dry
argon. The residue is redissolved in CH,Cl, (5 mL), and 0.2 gL of this
solution is injected for GLC analysis.

General Procedure for Esterification of Alcohols with MTPA Chloride.
To a solution of 45 mg of substrate in 0.7 mL of pyridine (dried with
molecular sieves) are added 0.2 mL of (R)-(+)-3,3,3-trifluoro-2-meth-

(56) Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512-519.
(57) Bergbreiter, D. E.; Pendergrass, E. J. Org. Chem. 1981, 46, 219-220.
(58) Watson, S. C; Eastham, J. F. J. Organomet. Chem. 1967, 9, 165-168.
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oxy-2-phenylpropionyl chloride (MTPA chloride) and a few Crystals
(5-10 mg) of 4-(dimethylamino)pyridine. After stirring for 16 h at room
temperature, 3-(dimethylamino)-1-propylamine (0.5 mL) is added and
stirring is continued for 30 min. The mixture is poured into H,O (25
mL) and 2 N H,SO, (10 mL) and extracted with ether (20 mL, 20 mL,
10 mL). The combined organic extracts are washed with H,O (20 mL)
and saturated brine (20 mL), dried (Na,SO,), and evaporated. The
residue is subjected to GLC analysis without further purification.

Synthesis of Ligands. 1. (4R,trans)-2,2-Dimethyl-a,a,o/,a'-tetra-
kis(pentafluorophenyl)-1,3-dioxolane-4,5-dimethanol ((R,R)-10). A so-
lution of »-BuLi (1.6 M in hexane, 6.25 mL, 10 mmol) was added
dropwise over a period of 40 min to a solution of bromopentafluoro-
benzene (1.25 mL, 10 mmol) in 30 mL of Et,O at =78 °C. After stirring
for 10 min at room temperature, the reaction mixture was recooled to
0 °C, and an ethereal solution (20 mL) of (R,R)-13* (0.62 g, 2.5 mmol)
was added dropwise. After stirring overnight, the mixture was hydro-
lyzed with saturated NH,Cl (20 mL), filtered through Celite and ex-
tracted three times with 30 mL of ether. The combined organic phases
were dried with Na,SO; and filtered. Evaporation of solvent followed
by flash chromatography of the residue (80 g of silica gel, hexane/ether
5:1) afforded 1.06 g (51%) of (R,R)-10: MS m/e (EI) 811 (M* - 15);
'H NMR (CDCl;, 250 MHz) 5.43 (s, H-C(4), H-C(5)), 4.95 (s, 2 OH),
1.40 (s, (CH,),C). Anal. Caled for Cy H,oF20O4 C, 45.06; H, 1.22;
F, 45.98. Found: C, 45.20; H, 1.18; F, 46.03.

2. (4R,trans)-2,2-Dimethyl-a,a,a’ - tetra-2-furyl-1,3-dioxolane-4,5-
dimethanol ((R,R)-11). A solution of n-BuLi (1.6 M in hexane, 97 mL,
155 mmol) was added via cannula to a precooled solution (20 °C) of
furan (11.62 mL, 60 mmol) in ether (100 mL). After 10 min, the cooling
bath was removed, and the reaction mixture was stirred for 4 h at reflux
temperature and cooled to 0 °C, After dropwise addition of diethyl
(4R,trans)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate* ((R,R)-13,
9.84 g, 40 mmol, dissolved in 20 mL of ether), the solution was stirred
for 2 h at room temperature and boiled for 16 h under reflux. The
reaction mixture was hydrolyzed with saturated aqueous NH,Cl (300
mL), filtered through Celite, and extracted three times with 200 mL of
ether. The combined organic phases were dried with Na,SO, and fil-
tered. Evaporation of the solvent followed by flash chromatography of
the residue (800 g of silica gel, toluene/ether 10:1) afforded 5.6 g (33%)
of 11: MS m/e (EI) 426 (M*); '"H NMR (CDCl;, 250 MHz) 7.48-7.36
(m, 4 H) and 6.48-6.30 (m, 8 H) (4 2-furyl), 4.20 (s, 2 OH), 4.78 (s,
H-C(4), H-C(5)), 1.02 (s, (CH;),C); C NMR (CDCl;, 62.9 MHz)
154.3 and 152.9 (2s), 142.4, 110.6, 110.3, 109.8, and 109.3, (5d) (4
2-furyl), 111.5 (s, (CH;),C), 80.4 (d, C(4), C(5)), 72.6 (s, 2 C(furyl),0),
26.7 (g, CH;),C)). Anal. Caled for C;3H,,04:0 C, 64.78; H, 5.20.
Found: C, 63.93; H, 5.18.

3. (4R,trans)-2,2-Dimethyl-a,a,a’,a’-tetra-2-propenyl-1,3-di-
oxolane-4,5-dimethanol ((R,R)-12). Magnesium turnings (13.8 g, 575
mmol) were suspended in 50 mL of THF, and 43.7 mL (500 mmol) of
2-bromopropene were added dropwise during a period of 1.5 h. After
stirring for 2 h at room temperature, the reaction mixture was stirred for
1 h at reflux temperature and cooled to 0 °C. Dropwise addition of a
solution of (R,R)-13%* (24.6 g, 100 mmol) dissolved in 50 mL of Et,0
was followed by stirring for 10 h at room temperature. The reaction
mixture was then hydrolyzed with 2 N H,SO, (250 mL), filtered through
Celite, and extracted three times with 200 mL of ether. The combined
organic phases were dried with Na,SO, and filtered. Evaporation of the
solvent followed by flash chromatography of the residue (1000 g of silica
gel, hexane/ether 5:1) afforded 6.1 g (19%) of (R,R)-12: MS m/e (EI)
322 (M*); TH NMR (CDCl,, 250 MHz) 5.28, 5.21, 5.14, and 5.03 (4s,
split by small couplings, 4 CH,=C), 4.40 (s, H-C(4), H-C(5)), 3.10 (bs,
2 OH), 1.80 and 1.73 (2s, 4 CH,C=), 1.40 (s, (CH,),C); })C NMR
(CDCl,, 62.9 MHz) 146.1 and 145.7 (25, 4 CH;C=), 114.3 and 113.7
(2t, 4 CH,=C), 98.4 (s, (CH,),(), 80.2 (d, C(4), C(5)), 79.1 (s, 2
CH,=C(CH,)COH), 27.2 (g, (CH;),C), 21.0 and 19.4 (2q, 4 CH;C=
CH,). Anal. Caled for CyH4,0,: C, 70.77; H, 9.38. Found: C, 71.09;
H, 9.61.

Preparation of Titanium Complexes. 1. Cyclopentadienyl[(4R,
trans)-2,2-dimethyl-a,a,a’,a’-tetraphenyl-1,3-dioxolane-4,5-di-
methanolato- 0,0 ltitanium Chloride ((R,R)-15). (a) Neutralization with
Et;N. A solution/suspension of freshly sublimed cyclopentadienyl-
titanium trichloride (CpTiCl,, 8)% (11 g, 50 mmol) in Et,O (400 mL,
distilled from Na/benzophenone) was treated with (4R,trans)-2,2-di-
methyl-a,a,a’,a’-tetraphenyl-1,3-dioxolane-4,5-dimethanol'* (23.3 g, 50
mmol) under argon with exclusion of moisture. After 2 min at room
temperature (RT), a solution of NEt; (12.65 g, 110 mmol) in 125 mL
of Et,0 was added dropwise to the stirred mixture over 1 h (efficient
stirring is essential). After additional stirring for 12 h, Et;N-HCI (13.8
g) was filtered off under argon and washed three times with ca. 50 mL
of Et,0. This solution (610 mL) was assumed to be 82 mM and can be
used directly if desired. Crystals of (R,R)-15 will, however, separate after
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a few days if this solution is stored. Isolation: The solution was con-
centrated under reduced pressure to ca. 75 mL, and 300 mL of hexane
was added. After stirring for 30 min, the suspension was filtered, and
the residue was washed three times with 10 mL of hexane, yielding 26.8
g (87%) of analytically pure (R,R)-15.

(b) Evaporation of HCL. A solution/suspension of freshly sublimed
CpTiCl; (8)% (2.195 g, 10 mmol) in 200 mL of absolute cyclohexane was
treated with 4.655 g (10 mmol) of (4R,trans)-2,2-dimethyl-a,a,a’,a’-
tetraphenyl-1,3-dioxolane-4,5-dimethanol.!® The reaction apparatus was
fitted with a Soxhlet extractor containing 8.0 g of MgO (activated for
4 h at 300 °C). After the mixture was stirred for 12 h under reflux
temperature, the solvent was evaporated. The residue was twice dissolved
in 100 mL of absolute ether, stirred for 15 min, and concentrated,
yielding 6.0 g (98%) of analytically pure (R,R)-15: 'H NMR (CD,Cl,,
400 MHz) 7.65-7.27 (m, 20 H, aryl), 6.43 (s, CsHjy), 5.16 and 4.95 (2d,
J = 7.0, H-(C4), H-C(5), 0.94 and 0.50 (2s, (CH3);C); “C NMR
(CD,Cl,, 100 MHz) 148.87, 146.72, 142.86, and 142.72 (4s), 129.75,
129.08, 128.60, 128.36, 127.99, 127.92, 127.73, 127.68, 127.59, 127.57,
127.55, 127.49 (12d) (4 C4Hs), 117.48 (d, CsHy), 111.71 (s, C(2)), 98.65
and 98.06 (2s, 2 C(Ph),0), 82.12 and 81.67 (2d, C(4), C(5)), 27.60 and
27.00 (2q, (CH,),C).

2. Cyclopentadienyl[ (4S,trans )-2,2-dimethyl-a,a,0’ o’ -tetraphenyl-
1,3-dioxolane-4,5-dimethanolato-O,0titanium chloride (S,S)-15 was
prepared from (4S,trans)-2,2-dimethyl-a,a, o’ ,a’-tetraphenyl-1,3-di-
oxolane-4,5-dimethanol'® according to the procedure described above for
the synthesis of (R,R)-15.

3. (Pentamethylcyclopentadienyl)[(4R,frans )-2,2-dimethyl-a,c,c’,
o’-tetraphenyl-1,3-dioxolane-4,5-dimethanolato- 0,0 titanium Chloride
((R,R)-16). A solution of Cp*TiCl; (14)?" (1.37 g, 6.0 mmol) in 75 mL
of toluene was treated with 2.80 g (6.0 mmol) of (4R,trans)-2,2-di-
methyl-a,a,a ,&’-tetraphenyl-1,3-dioxolane-4,5-dimethanol.!® After 5
min at room temperature, a solution of NEt; (1.212 g, 12 mmol, in 15
mL of toluene) was added over 45 min to the stirred mixture. The
reaction mixture was boiled for 6 days under reflux; another portion of
NEt; (0.177, 1.75 mmol) had been added after 3 days. The reaction was
cooled to RT, and 1.48 g (90%) of Et;N-HCI was removed by filtration.
The solvent was evaporated under reduced pressure to yield 3.89 g of
crude product, which was contaminated with 14% of unreacted ligand
according to 'H NMR spectroscopy. An analytically pure sample was
obtained by recrystallization from chloroform at —30 °C: 'H NMR
(C¢Ds, 250 MHz) 7.82-7.54 (m, 8 H), 7.28-6.95 (m, 12 H), 5.60 and
5.54 (2d, J = 7.0, H-(C4), H-C(5)), 1.90 (s, C5s(CH;)s), 0.65 and 0.60
(2s, (CH,);C); 3C NMR (C¢Dg, 62.89 MHz) 148.40, 147.07, 144,71,
and 144.51 (4s), 130.74, 130.28, 129.11, 128.43, 128.11, 127.99, 127.74,
127.56, 127.52, 127.47, 127.30, 127.14 (12d) (4 C4Hs), 128.40 (s, Cs-
(CH3;)s), 112.70 (s, C(2)), 96.79 and 96.53 (2s, 2 C(Ph),0), 81.85 and
80.29 (2d, C(4), C(5)), 28.07 and 27.97 (2q, (CH,),C), 12.4 (g, Cs-
(CHy)s).

4. Cyclopentadienyl[ (4R ,trans)-2,2-dimethyl-a,a,a’,a’-tetrakis (pen-
tafluorophenyl)-1,3-dioxolane-4,5-dimethanolato-O,OMtitanium Chloride
((R,R)-17). CpTiCl; (8)% (1.23 g, 5.59 mmol) in ether (60 mL) was
treated with (4R,trans)-2,2-dimethyl-a,a,a’,a’-tetrakis(pentafluoro-
phenyl)-1,3-dioxolane-4,5-dimethanol ((R,R)-10) (5.13 g, 5.59 mmol)
and NEt; (1.23 g, 12.3 mmol, in 25 mL of ether) according to the
synthesis of (R,R)-15, yielding 130 mL of a solution which was assumed
to be 43 mM (used directly for further reactions).

5. Cyclopentadienyl[(4R,trans )-2,2-dimethyl-a,a,o’,a’-tetra-2-furyl-
1,3-dioxolane-4,5-dimethanolato-O,0"titanium Chloride ((R,R)-18).
CpTiCl; (8)% (0.88 g, 4.0 mmol) in ether (60 mL) was treated with
(4R,trans)-2,2-dimethyl-a,a,a’,a’-tetra-2-furyl-1,3-dioxolane-4,5-di-
methanol ((R,R)-11) (1.70 g, 4.0 mmol) and NEt, (0.89 g, 8.8 mmol,
in 16 mL of ether) according to the synthesis of (R,R)-15, yielding 120
mL of a solution which was assumed to be 31 mM (used directly for
further reactions).

6. Cyclopentadienyl{(4R,frans)-2,2-dimethyl-a,a,a’,0’-tetra-2-
propenyl-1,3-dioxolane-4,5-dimethanolato-0,0titanium Chloride ((R,
R)-19). CpTiCl, (8)% (0.88 g, 4.0 mmol) in ether (60 mL) was treated
with (4R,trans)-2,2-dimethyl-a,a,0/,a’-tetra-2-propenyl-1,3-dioxolane-
4,5-dimethanol ((R,R)-12) (1.29 g, 4.0 mmol) and NEt; (0.89 g, 8.8
mmol, in 16 mL of ether) according to the synthesis of (R,R)-15, yielding
120 mL of a solution which was assumed to be 31 mM. For analytical
purposes, 5 mL of this solution was evaporated under reduced pressure,
affording 25 mg of (R,R)-19: 'H NMR (CDCl,, 250 MHz) 6.49 (s,
CsHj), 5.34,5.26, 5.22, and 5.16 (4s, split by small couplings, 4 CH,—
C), 5.13, 5.11, 5.09, and 4.96 (4dq, J = 1.0, 1.0, 4 CH,=C), 4.67 and
4,35 (2d, J = 7.0, H-C(3), H-C(4)), 1.72, 1.69, 1.65, and 1.50 (4s, split
by small couplings, 4 CH,C=), 1.27 and 1.25 (2s, (CH,),C); })C NMR
(CDCl,, 62.9 MHz) 146.3, 145.5, 145.4, and 144.0 (4s, 4 CH,C=),
117.1,114.4, 112.9, and 112.8 (4t, 4 CH,=C), 116.4 (d, C;Hy), 109.9
(s, C(2)), 99.8 and 99.3 (2s, 2 CH,—=C(CH,)CO), 81.4 and 80.8 (2d,
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C(3), C(4)), 27.5 and 27.4 (2q, (CH;),C), 22.6, 22.3, 19.0, and 18.9 (4q,
4 CH;C=CH,).

7. Cyclopentadienyl[ (4R ,trans)-2,2,a,a,0/,a’-hexamethyl-1,3-di-
oxolane-4,5-dimethanolato-O,O'ltitanium Chloride ((R,R)-20). CpTiCl,
(8)% (1.10 g, 5.0 mmol) in ether (75 mL) was treated with (4R,
trans)-2,2-dimethyl-a,a,a’,a’-tetramethyl-1,3-dioxolane-4,5-di-
methanol!*® (1.09 g, 5.0 mmol) and NEt, (1.10 g, 11.0 mmol, in 10 mL
of ether) according to the synthesis of (R,R)-15, yielding 120 mL of a
solution which was assumed to be 41 mM. For analytical purposes, 5
mL of this solution was evaporated under reduced pressure, affording 40
mg of (R,R)-20: 'H NMR (CDCl;, 250 MHz) 6.48 (s, CsH;), 4.05 and
3.60 (2d, J = 8.0, H-C(4), H-C(5)), 1.35 (s, 2 CHj;), 1.34 and 1.29 (2s,
2 CHj,), 1.26 (s, 2 CH;); 13C NMR (CDCl,, 62.89 MHz) 115.4 (d,
CsHs), 107.7 (s, C(2)), 91.6 and 91.5 (2s, 2 C(CH;),0), 82.6 and 81.9
(2d, C(4), C(5)), 29.0, 28.7, 27.5, 27.4, 21.45, and 22.25 (6q, 6 CH,).

8. (Pentamethylcyclopentadienyl)[(4R,trans)-2,2,a,a,a’,a’-hexa-
methyl-1,3-dioxolane-4,5-dimethanolato-O,0"titanium Chloride ((R,
R)-21). Cp*TiCl, (14)¥ (0.724 g, 2.5 mmol) in 40 mL of ether was
treated with (4R,trans)-2,2,a,a,0’,a’-hexamethyl-1,3-dioxolane-4,5-di-
methanol!*2 (0.545 g, 2.5 mmol) and NEt; (0.55 g, 5.5 mmol, in 20 mL
of ether) according to the synthesis of (R,R)-15, yielding 90 mL of a
solution which was assumed to be 25 mM and was used directly for
further reactions. For analytical purposes, 5 mL of this solution was
evaporated under reduced pressure, affording 60 mg of (R,R)-21: 'H
NMR (CDCl,;, 250 MHz) 3.90 and 3.60 (2d, J = 7.0, H-(C4), H-C(5)),
201 (s, Cs(CH,)s), 1.30, 1.28, 1.24, 1.21, 1.20, and 1.18 (6s, 3 C(CH,),);
BC NMR (CDCl;, 62.89 MHz) 126.49 (s, Cs(CHs)s), 108.11 (s, C(2)),
89.74 and 89.62 (2s, 2 C(CHj;),0), 82.80 and 82.68 (2d, C(4), C(5)),
27.89 and 27.75 (2q, (CH;),C), 31.31, 29.00, 23.32, and 21.92 (4q, 2
C(CH,);0), 12.18 (g, C5(CHa)y).

9. Cyclopentadienyl[ (4R, frans)-a,a,a,o/ -tetraphenyl-1,3-dioxolane-
4,5-dimethanolato-O,0titanium Chloride ((R,R)-22). CpTiCl, (8)%
(2.20 g, 10.0 mmol) in ether (125 mL) was treated with (4R,trans)-a,
a,a’a’-tetraphenyl-1,3-dioxolane-4,5-dimethanol!*? (4.38 g, 10.0 mmol)
and NEt; (2.12 g, 21 mmol, in 20 mL of ether) according to the synthesis
of (R,R)-185, yielding 170 mL of a solution which was assumed to be 58
mM. For analytical purposes, 5 mL was evaporated under reduced
pressure, affording 180 mg of (R,R)-22: 'H NMR (CDCl,, 250 MHz)
7.85-7.18 (m, 20 H, 4 C¢H), 6.48 (s, CsHs), 5.05 and 4.02 (2d, J = 0.5,
2 H-C(2)), 4.94 and 4.86 (2d, J = 5.0, H-C(4), H-C(5)).

10. Cyclopentadienyl[(4S ,trans)-2-tert-butyl-a,a,a’,a’-tetraphenyl-
1,3-dioxolane-4,5-dimethanolato-O,0']titanium Chloride ((S,S)-23/24).
CpTiCl; (8)% (0.55 g, 2.5 mmol) in 50 mL of ether was treated with
(4S,trans)-2-tert-butyl-a,a,a’,a’-tetraphenyl-1,3-dioxolane-4,5-di-
methanol'%s (1.24 g, 2.5 mmol) and NEt, (0.55 g, 5.5 mmol) in 10 mL
of ether according to the synthesis of (R,R)-15, yielding 90 mL of a
solution which was assumed to be 27 mM. For analytical purposes, 5
mL of this solution was evaporated under reduced pressure, affording 30
mg of (S,5)-23/24 as a 4:1 mixture of C(2) epimers according to 'H
NMR analysis. Main isomer: 'H NMR (CD,Cl,, 400 MHz) 7.20-7.70
(m, 4 C4Hj), 6.26 (s, CsHy), 4.86 and 4.79 (2d, J = 6.5, H-C(4), H-C-
(5)), 3.43 (s, H-C(2)), 0.84 (s, C(CH,),); *C NMR (CD,Cl,, 100 MHz)
147.22, 146.79, 142.83, and 142.17 (4s), 128.73, 128.59, 128.24, 128.08,
127.99, 127.92, 127.91, 127.89, 127.59, 127.53, 127.47, 127.33 (12d) (4
C¢Hs), 117.32 (d, Cp), 109.42 (d, C(2)), 97.88 and 97.27 (2s, 2 C-
(Ph),0), 83.83 and 80.30 (2d, C(4), C(5)), 35.51 (s, C(CHj3),), 24.74
(g, C(CH,),). Minor isomer: 'H NMR (CD,Cl,, 400 MHz) 7.20-7.70
(m, 4 C4Hjy), 6.56 (s, CsHy), 5.03 and 4.78 (2d, J = 7.5, H-C(4), H-C-
(5)), 3.44 (s, H-C(2)), 0.61 (s, C(CHs,),); *C NMR (CD,Cl,, 100 MHz)
146.49, 146.45, 142.53, and 142.06 (4s), 129.25, 128.84, 128.63, 128.53,
128.16, 128.07, 127.99, 127.92, 127.88, 127.55, 127.46, and 127.17 (12d)
(4 C,Hy), 117.80 (d, Cp), 109.85 (d, C(2)), 97.52 and 97.40 (2s, 2
C(Ph),0), 80.83 and 80.01 (2d, C(4), C(5)), 35.30 (s, C(CH,),), 24.38
(q, C(CH,)y).

11. Cyclopentadienyl[ (4R ,trans)-2,2,a,a,0’,a’-hexaphenyl-1,3-di-
oxolane-4,5-dimethanolato- O,0ltitanium Chloride ((R,R)-25). CpTiCl,
(8)% (1.04 g, 4.73 mmol) in ether (60 mL) was treated with (4R,
trans)-2,2,a,0,o,a’-hexaphenyl-1,3-dioxolane-4,5-dimethanol?* (2.79 g,
4.73 mmol) and NEt; (1.0 g, 9.9 mmol, in 10 mL of ether) according
to the synthesis of (R,R)-15, yielding 105 mL of a solution which was
assumed to be 45 mM. For analytical purposes, 5 mL was evaporated
under reduced pressure, affording 170 mg of (R,R)-25: 'H NMR
(CDCl,, 250 MHz) 7.68—6.40 (m, 6 C,Hs), 6.32 (s, CsHs), 5.33 and 5.18
(2d, J = 7.0, H-(C5), H-C(4)); 1*C NMR (CDCl,, 62.89 MHz) 146.40,
146.27, 144.03, 143.44, 141.32, and 140.23 (6s), 129.3-125.2 (18d) (6
C¢Hy), 116.80 (d, CsHy), 112.24 (s, C(2)), 98.39, and 97.80 (2s, C-
(Ph),0), 84.27 and 83.47 (2d, C(5), C(4)).

12. Cyclopentadienyl{(4R ,trans)-a,a,a’,c’-tetraphenylspiro{1,3-di-
oxolane-2,9-(9H)-fluorene)-4,5-dimethanolato-O,04titanium Chloride
((R,R)-26). CpTiCl; (8)% (1.12 g, 5.1 mmol) in ether (65 mL) was
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treated with (4R,trans)-a,a,o’,a’-tetraphenylspiro(1,3-dioxolane-2,9’-
(9H)-fluorene]-4,5-dimethanol?* (3.28 g, 5.1 mmol) and NEt; (1.08 g,
10.7 mmol, in 10 mL of ether) according to the synthesis of (R,R)-15,
yielding 105 mL of a solution which was assumed to be 48 mM. For
analytical purposes, 2 mL was evaporated under reduced pressure, af-
fording 70 mg of (R,R)-26: '"H NMR (CDCl,, 250 MHz) 7.60-7.05 (m,
24 H), 6.76 and 6.70 (2ddd, J = 7.0, 7.0, 0.5, H-C(2"), H-C(7"), fluor-
enyl), 6.55 (s, CsHs), 5.58 and 5.29 (2d, J = 7.5, H-(C5), H-C(4)), 5.28
and 5.22 (2d, J = 7.0, H-C(1"), H-C(8’), fluorenyl); 13*C NMR (CDCl,,
62.89 MHz) 146.6, 145.6, 143.4, 143.3, 142.6, 142.5, 139.3, and 139.1
(8s), 129.8, 129.7, 129.6, 129.3, 128.3, 128.2, 127.9, 127.8, 127.7, 127.5,
127.2, and 126.9 (12d), 124.3, 124.0 (2d, C(1"), C(8’), fluorenyl), 119.1,
119.0 (2d, C(4'), C(5’), fluorenyl), 117.3 (d, CsHs), 113.4 (s, C(2)), 98.2
and 98.1 (2s, C(Ph),0), 81.2 and 80.6 (2d, C(4), C(5)).

13. Reaction of CpTiCl; (8) with (4S,trans)-2,2-Dimethyl-1,3-di-
oxolane-4,5-dimethanol ((S,S)-27). CpTiCl; (8)% (0.55 g, 2.5 mmol)
in ether (30 mL) was treated with 27%* (0.41 g, 2.5 mmol) and NEt;,
(0.53 g, 5.25 mmol, in 10 mL of ether) according to the synthesis of
(R,R)-185, yielding (105 mL) of a stock solution which was assumed to
be 48 mM. For analytical purposes, 10 mL of the solution was evapo-
rated under reduced pressure affording, according to NMR analysis, 90
mg of a product mixture (oligomers): 'H NMR (CDCl;, 250 MHz)
6.58, 6.56, 6.54, 6.52 (4s, 4 CsH;), 4.82-4.36 (m), 4.32-3.60 (m),
1.55-1.40 (m); 13C NMR (CDCl,, 62.89 MHz) 118.0,117.6, 117.2, and
116.9 (4d, CH;), 109.85, 109.6, 109.55, 109.2, (4s, 4 C(2)), 81.0, 80.6,
80.2, 79.4, 79.0, 78.8, 78.5 (7t), 79.5, 78.7, 78.3, 78.1, 77.1, 77.1, 77.0
(7d), 29.6, 28.1, 27.5, 27.1 (4q).

14. Cyclopentadienyl[(4R,trans)-2,2-dimethyl-a,a,a’,a’-tetraphenyl-
1,3-dioxolane-4,5-dimethanolato-O,0)-2-propenyltitanium ((R,R)-9).
Allylmagnesium chloride in THF (1.8 mL of a 1.25 M solution, 2.25
mmol) was added dropwise at 0 °C under argon to 30 mL of a 82 mM
ethereal solution of (R,R)-15 (2.46 mmol) over 10 min. After stirring
for 1 h, the reaction mixture was filtered under argon, and the solvent
was removed under reduced pressure, affording 1.28 g (93%) of (R,R)-9:
'H NMR (CD,Cl,, 250 MHz, RT) 7.65-7.27 (m, 4 C,H;), 6.15 (s,
CH), 5.85 (quint, J = 11.5, H-C(2)), 5.40 and 4.78 (2d, / = 7.0,
H-C(4), H-C(5)), 3.36 (d, J = 11.5, 2 H-C(1’) and 2 H-C(3")), 0.72 and
0.58 (2s, 2 CH,); 3C NMR (CD,Cl,, 62.9 MHz, RT) 148.48, 147.86,
143.85, and 143.23 (4s), 129.8-127.5 (12 d) (C¢Hs), 143.4 (d, C(29)),
115.25 (d, CsHs), 112,10 (s, C(2)), 94.90 (2s, 2 C(Ph),0), 88.0 (t, C(1'),
C(3')), 82.30, 82.25 (2d, C(4), C(5)), 27.67, 27.64 (2q, 2 CH;). (Upon
cooling to =100 °C, the dynamic process was still in the fast exchange
limit, even for 13C NMR at a spectrometer frequency of 100.6 MHz.)

15. Cyclopentadienyl[ (4R, trans )-2,2-dimethyl-a,a,o/,a’-tetraphenyl-
1,3-dioxolane-4,5-dimethanolato-0,0}- (E)-but-2-enyltitanium ((R,
R)-29). Crotylmagnesium chloride (10 mL, 10 mmol, 1 M in ether) was
added dropwise at 0 °C under argon to a solution of (R,R)-15 (6.29 g,
10.25 mmol) in 125 mL of ether over 10 min. After stirring for 1 h at
0 °C, the reaction mixture was filtered under argon. Evaporation of the
solvent afforded 4.93 g (78%) of (R,R)-29: 'H NMR (CD,Cl,, 250
MHz, RT) 7.65-7.15 (m, 4 C4H;), 6.08 (s, CsHs), 5.46 (dtq, J = 14.0,
8.5, 1.5, H-C(2")), 4.82 (dq, J = 14.0, 6.5, H-C(3")), 5.38 and 4.75 (2d,
J =17.0, H-C(4), H-C(5)), 2.26 and 2.17 (2dd, J = 8.5, 8.5, 2 H-C(1")),
1.67 (dd, J = 8.5, 1.5, CH;C(3’)), 0.68 and 0.58 (2s, 2 CH,).

Allyltitanation of Aldehydes. 1. (15)-1-Phenyl-3-buten-1-ol ((S)-4).
(a) With Complex (R,R)-15. Allylmagnesium chloride in THF (5.3 mL
of a 0.8 M solution, 4.25 mmol) was added dropwise over 10 min at 0
°C under argon to a solution of (R,R)-15 (3.06 g, 5 mmol) in 60 mL of
ether. After stirring for 1.5 hat 0 °C, the slightly orange suspension was
cooled to =74 °C, and benzaldehyde (3, 403 mg, 3.8 mmol, dissolved in
5 mL of ether) was added over 2 min. Stirring at =74 °C was continued
for 3 h. The reaction mixture was then treated with 20 mL of aqueous
45% NH,F solution, sitrred for 12 h at room temperature, filtered
through Celite, and extracted twice with ether (50 mL). The combined
organic phases were washed with brine, dried with MgSO,, and con-
centrated. The solid residue was stirred with 50 mL of pentane. Sub-
sequent filtration furnished 1.68 g of white crystalline (4R,trans)-2,2-
dimethyl-a,a,a’,a’-tetraphenyl-1,3-dioxolane-4,5-dimethanol (ligand).
Chromatography of the residue of the filtrate (1.54 g, 200 g of silica gel,
CH,Cl;/hexane/ether 4:4:1) finally afforded 521 mg (93%) of (S)-4
(95% ee), as determined by capillary GLC (carrier 70 kPa, 160 °C, after
derivatization with N-isopropyl isocyanate): (R)-4 2.5%, tg = 14.9 min;
(S)-4 97.5%, tg = 15.3 min; [a]p = —47.9 (¢ = 5.0, C¢Hy).

Addition of benzaldehyde at -35 °C and additional stirring for 2 h
at this temperature afforded (S)-4 of 93% ee. The same reaction at 0
°C gives (S)-4 of 89% ee.

(b) With Complex (R,R)-16. Allylmagnesium chloride (3.44 mmol)
in THF (4 mL) was added to a solution of (R,R)-16 (2.63 g, 3.85 mmol)
in ether (60 mL) at 0 °C. After the solution was stirred for 2 hat 0 °C,
approximately one-third of the reaction mixture was transferred via
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cannula into a separate Schlenk tube, cooled to =74 °C, and treated with
benzaldehyde (3, 0.12 g, 1.14 mmol, reaction I). The remaining solution
of reagent (R,R)-9 was stirred for an additional 3 h at 0 °C before it was
divided as before into two equal parts. While the first part was treated
at 0 °C with benzaldehyde (3, 0.12 g, 1.14 mmol, reaction II), the second
was quenched at —74 °C with 3 (0.12 g, 1.14 mmol, reaction III).
Workup as described above gave a total of 86% of (5)-4, 84% ee from
reaction I and 87% ee from reactions II and IIIL

(¢) With Complex (R,R)-17. Reaction of benzaldehyde (3, 61 mg,
0.58 mmol) with the complex prepared from allylmagnesium chloride
(0.58 mmol) and 15 mL of a 43 mM ethereal solution of (R,R)-17 (0.645
mmol) according to preparation a afforded 53 mg (62%) of (S)-4, 54%
ee, as determined by capillary GLC.

(d) With Complex (R,R)-18. Reaction of benzaldehyde (3, 341 mg,
3.22 mmol) with the complex prepared from allylmagnesium chloride
(3.60 mmol) and 120 mL of a 31 mM ethereal solution of (R,R)-18 (3.7
mmol) according to preparation a afforded 300 mg (63%) of (S)-4, 66%
ee, as determined by capillary GLC.

(e) With Complex (R,R)-19. Reaction of benzaldehyde (3, 337 mg,
3.19 mmol) with the complex prepared from allylmagnesium chloride
(3.6 mmol) and 120 mL of a 33 mM ethereal solution of (R,R)-19 (4.0
mmol) according to preparation a afforded 250 mg (53%) of (S)-4, 71%
ee, as determined by capillary GLC.

(f) With Complex (R,R)-20. Allylmagnesium chloride (1.4 mmol)
was added to 39 mL of a 41 mM ethereal solution of (R,R)-20 (1.6
mmol). After stirring for 2 h at 0 °C, approximately one-half of the
reaction mixture was transferred via cannula in a separate Schlenk tube
and treated immediately with benzaldehyde 3 at -78 °C (0.75 mg, 0.71
mmol, reaction I), whereas the same amount of 3 was added at 0 °C to
the other part of the reagent solution (reaction II). Usual workup gave
a total of 0.14 g (66%) of (S)-4, with 14% ee from reaction I and 11%
ee from reaction II.

(g) With Complex (R,R)-21. Reaction of benzaldehyde (3, 211 mg,
1.99 mmol) with the complex prepared from allylmagnesium chloride
(2.25 mmol) and 85 mL of a 27 mM ethereal solution of (R,R)-21 (2.36
mmol) according to preparation a afforded 260 mg (88%) of (S)-4, 88%
ee, as determined by capillary GLC.

(h) With Complex (R,R)-22. Reaction of benzaldehyde (3, 340 mg,
3.2 mmol) with the complex prepared from allylmagnesium chloride (3.6
mmol) and 74 mL of a 58 mM ethereal solution of (£2,R)-22 (4.3 mmol)
according to preparation a afforded 460 mg (97%) of (S)-4, 80% ee, as
determined by capillary GLC.

(i) With Complex (S,5)-23/24. Reaction of benzaldehyde (3, 211
mg, 1.99 mmol) with the complex prepared from allylmagnesium chloride
(2.25 mmol) and 2.5 mmol of (S,5)-23/24 in 80 mL of ether according
to preparation a afforded 165 mg (56%) of (R)-4, 82% ee, as determined
by capillary GLC.

(j) With Complex (R,R)-25. Reaction of benzaldehyde (3, 338 mg,
3.19 mmol) with the complex prepared from allylmagnesium chloride
(3.6 mmol) and 96 mL of a 43 mM ethereal solution of (R,R)-25 (4.3
mmol) according to preparation a afforded 458 mg (97%) of (S)-4, 89%
ee, as determined by capillary GLC.

(k) With Complex (R,R)-26. Reaction of benzaldehyde (3, 338 mg,
3.19 mmol) with the complex prepared from allylmagnesium chloride
(3.6 mmol) and 90 mL of a 43 mM ethereal solution of (R,R)-26 (4.3
mmol) according to preparation a afforded 448 mg (95%) of (S)-4, 91%
ee, as determined by capillary GLC.

(1) With the Complex Mixture Obtained from CpTiCl; (8) and Iso-
propylidenethreitol (S§,5)-27. Reaction of benzaldehyde (3, 211 mg, 1.99
mmol) with a reagent prepared from allylmagnesium chloride (2.0 mmol)
and the solution of the conversion of CpTiCl; (2.46 mmol) with 27 (2.46
mmol) in ether (90 mL) according to preparation a afforded 59 mg
(20%) of (S)-4, 6% ee, as determined by capillary GLC.

2. (4R)-1-Tridecen-4-ol ((R)-30). Allylmagnesium chloride in THF
(10.6 mL of a 0.8 M solution, 8.5 mmol) was added dropwise over 10
min at 0 °C under argon to 120 mL of a 82 mM solution of (R,R)-15
(9.84 mmol). After stirring for 1 h at 0 °C, the slightly orange sus-
pension was cooled to =74 °C, and decanal (1.188 g, 7.6 mmol, dissolved
in 5 mL of ether) was added over 2 min. The mixture was stirred for
3 hat =74 °C. After hydrolysis with 45% aqueous NHF solution (20
mL, 12 h, RT), the reaction mixture was filtered through Celite and
extracted twice with ether (50 mL). The combined extracts were washed
with brine, dried with MgSO,, and concentrated. Trituration with pen-
tane (25 mL) and separation of precipitated (4R,trans)-2,2-dimethyl-
a,a, ,a'-tetraphenyl-1,3-dioxolane-3,4-dimethanol (2.2 g, ligand) fur-
nished 2.22 g of crude (R)-30, a small sample of which was derivatized
with N-isopropyl isocyanate for GLC analysis (carrier 50 kPa, 160 °C):
(8)-30 2.8%, tg = 35.3 min; (R)-30 97.2%, tg = 36 min, 94.4% ee. The
remaining crude (R)-30 was purified by acetylation (Ac,O/pyridine, 15
h at 0 °C). Removal of reagents by azeotropic distillation with hexanes
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(2 X 500 mL) and chromatography (250 g of silica gel, hexane/ether
20:1) finally afforded 1.72 g (94%) of (R)-1-tridecen-4-yl acetate
((R)-30a).

3. (4S)-5-Methylhexen-4-ol ((S)-31). Allylmagnesium chloride in
THF (2.9 mL of a 1.25 M solution, 3.6 mmol) was added to 80 mL of
a 63 mM ethereal solution of (R,R)-15 (5.0 mmol). Reaction with
2-methylpropionaldehyde (288 mg, 4.0 mmol) according to the procedure
described above for the synthesis of (R)-30, usual workup, and chroma-
tography (80 g of silica gel, pentane/ether 5:1) afforded 400 mg (88%)
of (5)-31, 97% ee, as determined by capillary GLC (carrier 50 kPa, 110
°C, derivatization with N-isopropyl isocyanate): (S)-31 98.6%, tx =
18.82 min; (R)-31 1.4%, tx = 19.1 min; 97.2% ee.

4. (35)-2,2-Dimethyl-5-hexen-3-ol ((§)-32). Allylmagnesium chlo-
ride in THF (3.4 mL of a 1.25 M solution, 4.25 mmol) was added to 72
mL of a 63 mM ethereal solution of (R,R)-15 (4.5 mmol). Reaction with
trimethylacetaldehyde (330 mg, 3.8 mmol) according to the procedure
described above for the synthesis of (R)-30 but extending the reaction
time from 3 to 18 h at —74 °C, usual workup, Kugelrohr distillation (150
°C, 20 mbar), and chromatography (38 g of silica gel, pentane/ether 4:1)
afforded 307 mg (63%) of (S)-32, 97% ee, as determined by capillary
GLC (carrier 50 kPa, 110 °C, derivatization with N-isopropyl iso-
cyanate): (S)-32 (98.54%, tg = 21.5 min; (R)-32 1.46%, tx = 22.0 min;
97.1% ee.

5. (3S)-1,5-Hexadien-3-ol ((S)-33). Allylmagnesium chloride in
THF (3.6 mL of a 1.25 M solution, 4.5 mmol) was added to 80 mL of
a 63 mM ethereal solution of (R,R)-15 (5.0 mmol). Reaction with
acrolein (225 mg, 4.0 mmol) according to the procedure described above
for the synthesis of (R)-30, usual workup, and chromatography (250 g
of silica gel, pentane/ether 5:1) afforded 448 mg (79%) of (S)-33, 95%
ee, as determined by capillary GLC (carrier 50 kPa, 140 °C, derivati-
zation with MTPA chloride): (R)-33 2.4%, tg = 16.8 min; (S)-33 97.6%,
tg = 17.4 min; 95.2% ee.

6. Reaction of (2RS)-2-phenylpropanal ((%)-34) with allylmagnesium
chloride gave a 65.6:34.4 mixture of (4RS,5RS)-5-phenyl-1-hexen-4-ol
((£)-36) and (4RS,5SR)-5-phenyl-1-hexen-4-ol ((£)-38), as determined
by capillary GLC (carrier 50 kPa, 200 °C, derivatization with MTPA
chloride): (4S,5R) isomer, (S)-38 17.2%, tg = 22.5 min; (4R,5S) isomer,
(R)-38 17.2%, tg = 23.1 min; (4S,5S) isomer, (S)-36 (33.1%, 1z = 24.3
min; (4R,5R) isomer, (R)-36 (32.5%, tg = 24.6 min; 31.2% de.

7. Reaction of (2RS)-2-Phenylpropanal ((£)-34) with CP-
(DAGO),Ti(allyl) (1). Allylmagnesium chloride in THF (7.0 mL of a
0.8 M solution, 5.6 mmol) was added at 0 °C to chloride 28 (68 mL of
a 91.7 mM solution, 6.25 mmol) in ether?!17-2 and stirred for 1.5 h. The
reaction mixture was cooled to =78 °C, and ()-34 (6.71 mg, 5.0 mmol,
dissolved in 5 mL of ether) was added. After stirring for 3 h at -78 °C,
the reaction mixture was hydrolyzed for 12 h by adding 10 mL of
THF/H,0 (1:1). Filtration through Celite and chromatography (160
g of silica gel, hexane/ether 4:1) afforded 815 mg (93%) of a 55.1:44.9
mixture of (R)-36 (containing 12.5% of (S)-36, 75% ee) and (R)-38
(containing 1.8% of (S)-38, 96.4% ee), as determined by capillary GLC
(see above): (S)-38, 0.8%; (R)-38, 44.1%; (S)-36, 6.9%; (R)-36, 48.2%.

8. Reaction of (2RS)-2-Phenylpropanal ((%)-34) with (S,S)-9.
Allylmagnesium chloride in THF (10.6 mL of a 0.8 M solution, 8.5
mmol) was added to 125 mL of a 78 mM ethereal solution of (S,S)-15
(9.8 mmol), and ()-34 (1.02 g, 7.6 mmol, dissolved in 5 mL of ether)
was added to the resulting reagent (.5,5)-9, according to the procedure
described for the synthesis of (R)-30. Chromatography (160 g of silica
gel, hexane/ether 10:1) afforded 1.31 g (98%) of a 50.2:49.8 mixture of
(R)-36 (containing 2.6% of (§)-36, 94.8% ee) and (R)-38 (containing
0.8% of (5)-38, 98.4% ee), as determined by capillary GLC (see above):
(5)-38, 0.4%; (R)-38, 49.4%; (5)-36, 1.3%; (R)-36, 48.9%.

9. Reaction of (2RS)-2-phenylbutanal ((%)-35) with allylmagnesium
chloride gave a 66:34 mixture of (4RS,5RS)-5-phenyl-1-hepten-4-ol
((£)-37) and (4RS,55R)-5-phenyl-1-hepten-4-ol ((£)-39), as determined
by capillary GLC (carrier 50 kPa, 200 °C, derivatization with MTPA
chloride): (4S,5R) isomer, (S)-39 17%, tg = 24.1 min; (4R,5S) isomer,
(R)-39 17%, tg = 25.6 min; (45,5S) isomer, (§)-37 33%, tg = 26.3 min;
(4R,5R) isomer, (R)-37 33%, tg = 26.8 min; 32% de. The diastereomers
can be separated by chromatography (silica gel, hexane/ether 5:1).
(4RS,5SR)-5-Phenyl-1-hepten-4-0l ((%)-39, eluted first): 'H NMR
(CDCl;, 250 MHz) 7.28-7.08 (m, C;Hj), 5.87-5.67 (m, H-C(2)),
5.06—4.94 (m, H-C(1)), 3.88-3.66 (m, H-C(4)), 2.44 (ddd, J = 10.0, 5.0,
5.0, H-C(5)), 2.30-2.15 (m, H-C(3)), 1.96 (ddd, J = 14.0, 8.0, 8.0,
H-C(3)), 1.83-1.53 (m, 2 H, H-C(6)), 1.46 (bs, OH), 0.69 (t,J = 7.0,
CH,); 1*C NMR (CDCl;, 62.9 MHz) 141.02 (s, C,Hs), 135.11 (d, C(2)),
128.98, 128.22, and 126.48 (3d, CsHy), 117.38 (1, C(1)), 73.61 (d, C(4)),
53.13 (d, C(5)), 39.49 (t, C(3)), 24.75 (t, C(6)), 12.09 (g, C(7)).
(4RS,5RS)-5-Phenyl-1-hepten-4-ol ((%)-37, eluted second): 'H NMR
(CDCl;, 250 MHz) 7.28-7.05 (m, C¢Hs), 5.77-5.61 (m, H-C(2)),
5.08—4.90 (m, H-C(1)), 3.72-3.62 (m, H-C(4)), 2.42 (ddd, J = 11.0, 8.0,
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4.0, H-C(5)), 2.08-1.78 (m, 3 H, H-C(3), H-C(6)), 1.64 (d, J = 4.0,
OH), 1.64-1.44 (m, H-C(6)), 0.67 (t, J = 7.0, CHj); 1*C NMR (CDCl,,
62.9 MHz) 142.19 (s, C¢H;), 135.06 (d, C(2)), 128.48, 128.37, and
126.41 (3d, CHy), 118.14 (1, C(1)), 74.25 (d, C(4)), 53.10 (d, C(5)),
38.83 (t, C(3)), 24.26 (t, C(6)), 12.05 (g, C(7)).

10. Reaction of (2RS)-2-Phenylbutanal ((%)-35) with CP-
(DAGO),Ti(allyl) (1). Allylmagnesium chloride in THF (7.0 mL of a
0.8 M solution, 5.6 mmol) was added at 0 °C to chloride 28 in ether (68
mL of a 91.7 mM solution, 6.25 mmol)21732 and stirred for 1.5 h, The
reaction mixture was cooled to —78 °C, and ()-35 (6.71 mg, 5.0 mmol,
dissolved in 5 mL of ether) was added. After stirring for 3 hat -78 °C,
the reaction mixture was hydrolyzed for 12 h by adding 10 mL of
THF/H,0 (1:1). Filtration through Celite and chromatography (160
g of silica gel, hexane/ether 4:1) afforded 907 mg (95%) of a 59.7:40.3
mixture of (R)-37 (containing 17.4% of (S)-37, 65.2% ee) and (R)-39
(containing 0.7% of (S)-39, 98.6% ee), as determined by capillary GLC
(see above): (S)-39, 0.3%; (R)-39, 40.0%; (S)-37, 10.4%; (R)-37, 49.3%.

11. Reaction of (2RS)-2-phenylbutanal ((%)-35) with (S,S)-9 as
described below for (R,R)-9 afforded a 51.5:48.5 mixture of (R)-37
(containing 4.8% of (5)-37, 90.4% ee) and (R)-39 (containing <0.5% of
(8)-39, 299% ee), as determined by capillary GLC (see above): (S)-39,
<0.2%; (R)-39, 48.3%; (S)-37, 2.5%; (R)-37, 49.2%. An analytically
pure sample of (R)-39 was isolated by flash chromatography (silica gel,
hexane/ether 5:1) ((R)-39 eluted first), [a]p = +9.0 (c = 6.21, C;H,).

12. (15)-3-Oxo-4,7,7-trimethyl-2-oxabicyclo[2.2.1]heptane-1-
carboxylic Acid (4R,5S5)-5-Phenylhept-1-en-4-yl Ester (69). To a solu-
tion of (R)-39 (66 mg, 0.35 mmol) in 10 mL of pyridine was added
slowly (1S)-(-)-camphanic chloride (120 mg, 0.50 mmol) at 0 °C. After
the mixture was stirred for 16 h at RT, 30 mL of CH,Cl, was added.
The organic phase was washed four times with 20 mL of cold 2 N HCIl
and once with 20 mL of saturated NaHCO, solution, dried with MgSO,,
and filtered. Evaporation of the solvent followed by flash chromatog-
raphy (20 g of silica gel, hexane/ether 5:1) afforded 120 mg (93%) of
69. Crystals suitable for X-ray analysis were grown at 0 °C from an
ether solution: [a]p = -2.35 (c = 0.765, CHCl;); 'H NMR (CDCl,, 250
MHz) 7.28-7.09 (m, Ph), 5.80-5.60 (m, H-C(2)), 5.07-4.95 (m, 2 H-
C(1)), 5.33 (ddd, J = 7.0, 7.0, 4.5, H-C(4)), 2.66 (ddd, J = 10.5, 7.0,
4.5, H-C(5)), 2.46-2.32 (m, H-C(3)), 2.21 (ddd, J = 14.5, 8.0, 8.0,
H-C(3)), 2.09-1.94 (m, 1 H), 1.80-1.40 (m, 5 H), 0.99, 0.86, 0.64 (3s,
3 CH,), 0.69 (t, J = 7.0, H;C(7)); 13C NMR (CDCl,, 62.9 MHz) 178.1
(s), 166.9 (s), 140.5 (s), 133.4 (d), 128.8 (d), 128.3 (d), 126.7 (d), 118.3
(1), 91.1 (s), 54.8 (s), 53.8 (s), 50.9 (d), 37.2 (1), 30.7 (t), 28.9 (), 25.2
(t), 16.7 (g), 16.3 (q), 11.9 (q), 9.6 (q).

13. Reactlon of (2RS)-2-Phenylbutanal ((%)-35) with (R,R)-9.
Allylmagnesium chloride in THF (7 mL of a 0.8 M solution, 5.6 mmol)
was added to 80 mL of a 78 mM ethereal solution of (R,R)-15 (6.25
mmol), and the resulting (R,R)-9 was brought to reaction with (£)-35
(787 mg, 5.0 mmol, dissolved in 5 mL of ether) according to the proce-
dure described for the synthesis of (S§)-30. Chromatography (160 g of
silica gel, hexane/ethyl acetate 6:1) afforded 864 mg (91%) of a 51.1:48.9
mixture of (§)-37 (containing 4.7% of (R)-37, 90.6% ee) and (S)-39
(containing 0.6% of (R)-39, 98.8% ee), as determined by capillary GLC
(see above): (S)-39, 48.6%; (R)-39, 0.3%; (5)-37, 48.7%; (R)-37, 2.4%.

14. (2R ,3S)-1,2-O-Isopropylidene-5-hexene-1,2,3-triol (43). Allyl-
magnesium chloride in THF (11.25 mL of a 0.8 M solution, 9 mmol) was
added dropwise over 10 min at 0 °C under argon to 122 mL of a 82 mM
ethereal solution of (R,R)-15 (9.8 mmol) according to the general pro-
cedure. Reaction of the resulting (R,R)-9 with (4R)-2,2-dimethyl-4-
formyl-1,3-dioxolane (D-glyceraldehyde acetonide (40),* 1.04 g, 8.0
mmol, dissolved in 5 mL of ether) at =74 °C (4 h), usual workup, and
chromatography (80 g of silica gel, pentane/ether 1:2) afforded 1.104
g (80%) of 43 ([a]p = 16.6 (¢ = 1.1, C4Hy); [alp = 155 (¢ = 1.1,
CHCL,); lit.#¢ [a]p = 17.4 (¢ = 3.4, CHC,)), 95.8% de according to
GLC analysis (carrier 50 kPa, 150 °C, derivatized with MTPA chloride):
(2R,3S) isomer 43 (97.9%, tg = 53.5 min; (2R,3R) isomer 44 2.1%, tg
= 61.2 min; 13C NMR (CDCl;, 62.9 MHz, signals with significant shift
differences compared to 44 are italicized) 133.94 (d, C(5)), 118.31 (t,
C(6)), 109.00 (s, C(CHj;),), 78.05 (d, C(3)), 70.35 (d, C(2)), 65.16 (1,
C(1)), 37.56 (t, C(4)), 26.52 and 25.24 (2q, C(CH,),).

15. (2R,3R)-1,2-O-Isopropylidene-5-hexene-1,2,3-triol (44). Allyl-
magnesium chloride in THF (11.25 mL of a 0.8 M solution, 9 mmol) was
added dropwise over 10 min at 0 °C under argon to 122 mL of an 82 mM
ethereal solution of (S,5)-15 (9.8 mmol) according to the general pro-
cedure. The resulting (S,5)-9 was then brought to reaction with p-
glyceraldehyde acetonide (40)* (1.04 g, 8.0 mmol, dissolved in 5 mL of
ether) at =74 °C and stirred for 4 h at this temperature. Usual workup
and chromatography (80 g of silica gel, pentane/ether 1:2) afforded 980
mg (71%) of 44 ([a]p = 19.3 (¢ = 1.5, C¢Hy); [a]p = 10.6 (¢ = 1.0,
CHCL,); lit.4 [a]p = 12.7 (¢ = 1.5, CHCL,)), 96.2% de according to
GLC analysis (carrier 50 kPa, 150 °C, derivatized with MTPA chloride):
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(2R,3S) isomer, 43 1.9%, tg = 53.5 min; (2R,3R) isomer, 44 98.1%, 1
= 61.2 min; *C NMR (CDCl,, 62.9 MHz, signals with significant shift
differences compared to 43 are italicized) 117.52 (t, C(6)), 109.14 (s,
C(CH,),), 78.37 (d, C(3)), 71.37 (d, C(2)), 65.77 (1, C(1)), 37.96 (t,
C(4)), 26.38 and 25.14 (2q, C(CH;),).

16. Reaction of D-glyceraldehyde acetonide (40) with allylmagnesium
chloride afforded a 65.6:34.4 mixture of 43 and 44, as determined by
capillary GLC (see above).

17. tert-Butyl (4S,1'S)-2,2-Dimethyl-4-(1’-hydroxy-3'-butenyl) oxa-
zolidine-3-carhoxylate ((5)-45). Allylmagnesium chloride in THF (5.6
mL of a 0.8 M solution, 4.5 mmol) was added dropwise over 10 min at
0 °C under argon to a solution of (R,R)-15 (3.06 g, 5.0 mmol) in 60 mL
of ether. After stirring for 1 hat 0 °C, the reaction mixture was cooled
to =78 °C, and a solution of rers-butyl (4S)-2,2-dimethyl-4-formyl-
oxazolidine-3-carboxylate (L-41,%° 95.8% ee, 917 mg, 4.0 mmol) in ether
(5 mL) was added over 5 min. Stirring at =78 °C for 3 h, hydrolysis,
usual workup, and chromatography (250 g of silica gel, hexane/ethyl
acetate 3:1) afforded 1.007 g (93%) of (S)-45 ([a]p = -17.0° (¢ = 0.95,
C¢Hy)), 96% de, as determined by capillary GLC (carrier 50 kPa, 190
°C, derivatization with N-isopropyl isocyanate): (4S,1’R) diastereomer,
(R)-46 1.9%, tg = 19.0 min; (4S,1’S) diastereomer, (S)-45 and ca. 2%
of (4R,1’S) diastereomer, (S)-46 98.1%, tx = 19.4 min; MS m/e (EI)
271 (M*), 256 (1), 201 (10), 200 (10), 174 (3), 156 (5), 144 (20), 100
(60), 57 (100); IR 3400 w, 2980 m, 2920 w, 2880 w, 1700 s, 1660 s, 1400
s, 13805, 1360 s; 'H NMR (C,D,, 250 MHz, 340 K) 5.92 (dddd, J =
17.0, 10.0, 7.0, 6.5, H-C(3), 5.08-4.97 (m, 2 H-C(4")), 3.96-3.84 (m,
H-C(4), H-C(1")), 3.73-3.59 (m, 2 H-C(5)), 2.30 (ddddd, J = 14.0, 6.5,
3.0, 1.0, 1.0, H-C(2"), 2.10 (ddddd, J = 14.0, 7.0, 7.0, 1.0, 1.0, H-C(2")),
1.62 (s, C(CHs3)3), 1.45 and 1.39 (2s, (CH;),C(2)); 13C NMR (C,Dq,
62.9 MHz, 340 K) 153.8 (s, COO-1-Bu), 135.7 (d, C(3")), 117.0 (4,
C(4')), 94.3 (s, C(2)), 80.4 (s, C(CHs)3), 72.3 (d, C(1")), 64.6 (t, C(5)),
61.9 (d, C(4)), 38.2 (t, C(2)), 28.4 (q, C(CH;);), 27.0 and 24.1 (24,
(CH;),C(2)). Anal. Caled for C,;HysNO, (271.36): C, 61.97; H, 9.29;
N, 5.16; O, 23.58. Found: C, 62.12; H, 9.10; N, 5.00; O, 23.67.

18, tert-Butyl N-{(4S,5S)-2,2-Dimethyl-4-(2’-propenyl)-1,3-dioxan-
S-yllcarbamate ((S)-63). Oxazolidine (S)-45 (20 mg, 0.07 mmol) was
dissolved in CDCI; (1 mL) containing traces of HCl. After 48 h at RT,
it had rearranged to dioxane (S)-63: 'H NMR (CDCl,, 250 MHz) 5.75
(ddt, J = 17.0, 10.0, 7.0, H-C(2")), 5.29 (d, J = 10.0, NH), 5.06 (dd,
J=17.0, 2.0, H-C(3")), 5.02 (dd, J = 10.0, 2.0, H-C(3")), 4.02 (dd, J
=120, 2.0, H-C(6)), 3.91 (1d, J = 6.5, 1.5, H-C(4)), 3.71 (dd, J = 12.0,
2.0, H-C(6)), 3.49 (dddd, J = 10.0, 2.0, 2.0, 1.5, H-C(5)), 2.17 (dd, J
= 1.0, 6.5, 2 H-C(1)), 1.42 and 1.36 (2s, (CH,),C(2)), 1.41 (s, C-
(CH3)3); 3C NMR (CDCl;, 62.9 MHz) 156.2 (s, COO-tBu), 133.7 (d,
C(2)), 117.6 (t, C(3")), 99.0 (s, C(2)), 79.3 (s, C(CHs3)5), 71.3 (d, C(4)),
65.3 (t, C(6)), 46.4 (d, C(5)), 36.2 (t, C(1’)), 29.6 (q, CH;C(2)), 28.3
(q, C(CH,)3), 18.5 (q, CH5C(2)).

19. tert-Butyl (4S,1'R)-2,2-Dimethyl-4-(1’-hydroxy-3'-butenyl) oxa-
zolidine-3-carboxylate ((R)-46). Reaction of L-41*° (95.8% ee) with
(8,8)-9, as described above for the preparation of (S)-45, afforded 95%
of (R)-46 ([a]p = 4.4 (c = 1, C4Hy)), 99% de, as determined by capillary
GLC (see above): (R)-46 and ca. 2% of the (4R,1’R) isomer, (R)-45
99.5%, tx = 19.0 min; (S)-45 0.5%, g = 19.4 min; 'H NMR (C¢Dq, 250
MHz, 340 K) 5.90 (dddd, J = 17.0, 10.0, 6.5, 6.5, H-C(3")), 5.12-4.97
(m, 2 H-C(4')), 3.92-3.80 (m, H-C(1’), H-C(4), H-C(5)), 3.63 (dd, J
=9.0, 6.5, H-C(5)), 2.20 (dd, J = 6.5, 6.5, 2 H-C(2"), 1.62 and 1.46 (2s,
(CH,),C(2)), 1.39 (s, C(CH,),); ¥C NMR (C¢Ds, 62.9 MHz, 340 K)
153.8 (s, COO-1-Bu), 135.9 (d, C(3")), 116.9 (t, C(4")), 94.4 (s, C(2)),
80.1 (s, C(CHj)3), 72.0 (d, C(17)), 64.5 (t, C(5)), 62.0 (d, C(4)), 38.9
(t, C(2%), 28.4 (q, C(CH,);), 27.0 and 24.2 (2q, (CH;),C(2)). Anal.
Calcd for C,4H,sNOy (271.36): C, 61.97; H, 9.29; N, 5.16; O, 23.58.
Found: C, 62.33; H, 9.31; N, 4.95.

20. tert-Butyl-N-[(4R,5S)-2,2-Dimethyl-4-(2’-propenyl)-1,3-dioxan-
5-yllcarbamate ((R)-64). Oxazolidine (R)-46 (20 mg, 0.07 mmol) was
dissolved in CDCl; (1 mL) containing traces of HCl. After 48 h at RT,
it had rearranged to dioxane (R)-64: 'H NMR (C(D,, 250 MHz, 340
K) 5.89 (dddd, 7 = 17.0, 10.0, 6.75, 6.75, H-C(2')), 5.06 (dddd, J = 17.0,
2.0, 1.25,1.25, H-C(3%), 5.02 (dddd, J = 10.0, 2.0, 1.25, 1.25, H-C(3')),
4.0 (m, NH), 3.75 (dd, J = 11.0, 5.0, H-C(6)), 3.56 (dddd, J = 9.5, 8.5,
8.5, 5.0, H-C(5)), 3.40 (ddd, J = 9.5, 6.75, 6.75, H-C(4)), 3.25 (dd, J
= 11.0, 8.5, H-C(6)), 2.34 (ddddd, J = 14.0, 6.75, 6.75, 1.25, 1.25,
H-C(1")), 2.23 (ddddd, J = 14.0, 6.75, 6.75, 1.25, 1.25, H-C(1’)), 1.38
(s, C(CH,);), 1.33 and 1.24 (2s, (CH;);C(2)); ’°C NMR (CDCl,, 62.9
MHz) 155.0 (s, COO-tBu), 134.2 (d, C(2')), 116.9 (t, C(3")), 98.7 (s,
C(2)), 79.7 (s, C(CH3)3), 72.4 (d, C(4)), 63.3 (t, C(6)), 49.1 (d, C(5)),
37.0 (t, C(1)), 28.3 (s, C(CH,);), 28.0 and 19.9 (2q, (CH;),C(2)).

21. Reaction of L-41 with Allylmagnesium Chloride. Allylmagnesium
chloride in THF (6.25 mL of a 0.8 M solution, 4.5 mmol) was added
dropwise over 10 min at 0 °C under argon to a solution of L-41%5 (1.008
8, 4.4 mmol, 95.8% ee) in ether (60 mL), and the mixture was stirred
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for 2 hat 0 °C. After hydrolysis with 10 mL of 1 N HCI, the reaction
mixture was extracted twice with ether (40 mL). Chromatography (80
g of silica gel, hexane/ether 2:1) afforded 1.03 g (86%) of a 55.1:44.9
mixture of (S)-45 and (R)-46, according to GLC analysis (see above).

22. Reaction of L-41 with Cp(2-PrO),Ti(allyl). Allylmagnesium
chloride in THF (5.63 mL of a 0.8 M solution, 4.5 mmol) was added
dropwise over 10 min at O °C under argon to a solution of diisoprop-
oxycyclopentadienylchlorotitanate 4232 (1.33 g, 5.0 mmol) in ether (80
mL). After stirring for 75 min at 0 °C, the reaction mixture was cooled
to-78 °C, and a solution of L-41% (917 mg, 4.0 mmol, 95.8% ee) in ether
(5 mL) was added over 2 min. Stirring for 5.5 h at =74 °C, the usual
workup, and chromatography (80 g of silica gel, hexane/ether 2:1) af-
forded 964 mg (89%) of a 37.3:62.7 mixture of (S5)-45 and (R)-46,
according to GLC analysis (see above).

23, tert-Butyl (4R,1'S)-2,2-Dimethyl-4-(1’-hydroxy-3’-butenyl)oxa-
zolidine-3-carboxylate ((§)-46). Reaction of D-41* with (R,R)-9, as
described above for the reaction of L-41, afforded 84% of (S)-46. GLC
analysis (carrier 50 kPa, 190 °C, derivatization with N-isopropyl iso-
cyanate) showed a single peak (1 = 19.4 min) with the same ¢y as
observed for (S)-45.

24, tert-Butyl (45,1'S,2'S)-2,2-Dimethyl-4-(2’-methyl-1’-hydroxy-
3-butenyl)oxazolidine-3-carboxylate (47). Crotylmagnesium chloride in
THF (11.25 mL of a 0.2 M solution, filtered through Celite, 2.25 mmol)
was added at =74 °C to a solution of (R,R)-15 (1.53 g, 2.5 mmol) in
ether (40 mL). The reaction mixture was stirred for 2 h at —74 °C before
the temperature was slowly raised to RT. After cooling to —74 °C, L-41%
(0.459 g, 2.0 mmol, 98% ee) was added, and stirring was continued for
3 h. Usual workup and chromatography (180 g of silica gel, hexane/
ether 3:1) afforded 0.51 g (93%) of 47, 298% de according to GLC
analysis (carrier 45 kPa, 140 °C, derivatized with N-isopropyl iso-
cyanate): (4S,1'S,25) isomer, 47 tg = 73.30 min; (45,1’R,2’R) isomer,
(tg = 72.36 min (obtained from a test reaction with (§,5)-29, not de-
tected); (45,1’S,2’R) isomer and (4S,1’R,2’S) isomer, tg = 72.00 and
72.32 min (obtained as additional diastereomers in a test reaction with
crotylmagnesium chloride, not detected); 'H NMR (CDCl,, 250 MHz)
5.85 (ddd, J = 17.0, 10.0, 9.0, H-C(3")), 5.03 (dd, J = 10.0, 2.0, H-C-
(4)), 4.94 (dd, J = 17.0, 2.0, H-C(4)), 4.25 (bs, OH), 3.99 (ddd, J =
9.0, 6.0, 1.5, H-C(4)), 3.85 (dd, J = 9.0, 6.0, H-C(5)), 3.63 (dd, J = 9.0,
1.5, H-C(5)), 3.52 (m, H-C(1")), 2.19 (dq, J = 9.0, 6.0, H-C(2")), 1.52
(s, (CH;),C(2)), 1.45 (s, C(CH,),), 1.10 (d, J = 7.0, CH,C(2)); 13C
NMR (CDCl;, 62.9 MHz) 153.8 (s, COOC(CH,),), 138.63 (d, C(3")),
116.01 (t, C(4"), 93.99 (s, C(2)), 81.39 (s, C(CHs3)5), 77.82 (d, C(1")),
64.82 (t, C(5)), 60.79 (d, C(4)), 42.03 (d, C(2")), 28.32 (g, C(CH3)3),
27.21 and 24.27 (2q, (CH3),C(2)), 17.99 (g, CH;C(2")). Anal. Caled
for C,sHsNO, (285.49): C, 63.10; H, 9.55; N, 4.93; O, 23.58. Found:
C, 63.15; H, 9.59; N, 4.82.

25.  tert-Butyl N-[(48,55,1'S)-2,2-Dimethyl-4-(1’-methyl-2’-
propenyl)-1,3-dioxan-5-yljcarbamate (65). Oxazolidine 47 (20 mg, 0.07
mmol) was dissolved in CDCI; (1 mL) containing traces of HCl. After
48 hat RT, it had rearranged to dioxane 65: 'H NMR (C,D,, 250 MHz,
340 K) 6.06 (ddd, J = 17.0, 10.0, 7.0, H-C(2’)), 5.50 (bs, NH), 5.19 (dd,
J=117.0, 2.0, H-C(3)), 5.17 (dd, J = 10.0, 2.0, H-C(3")), 3.89-3.72 (m,
H-C(5), 2 H-C(6)), 3.51 (d, J = 9.0, H-C(4)), 2.53 (ddq, J = 9.0, 7.0,
6.0, H-C(1")), 1.62 (s, C(CH,);), 1.44 and 1.30 (2s, (CH,),C(2)), 1.18
(d, J = 6.0, CH,C(1")); 3C NMR (C,Ds, 62.9 MHz) 155.0 (s, COOC-
(CH;),), 141.3 (d, C(2')), 113.8 (t, C(3)), 99.1 (s, C(2)), 79.0 (s, C-
(CH,),), 75.7 (d, C(4)), 65.6 (t, C(6)), 46.2 (d, C(5)), 38.8 (d, C(1")),
28.5 (g, C(CH,);), 29.7 and 18.50, (2q, (CH;),C(2)), 14.8 (g, C(1")-

3 .

26. (1S,2S5)-1-Phenyl-2-methyl-3-buten-1-ol ((S)-52). (a) (R,R)-29
Prepared from Crotylmagnesium Chloride. Crotylmagnesium chloride in
THF (23 mL of a 0.39 M solution, filtered through Celite, 9 mmol) was
added at =78 °C to a solution of (R,R)-15 (6.125 g, 10 mmol) in ether
(150 mL). After 30 min at this temperature, the reaction mixture was
stirred for 3 h at 0 °C and recooled to =78 °C, and benzaldehyde 3 (0.848
g, 8 mmol) was added. Stirring was continued for 4 h. Usual workup,
chromatography (150 g of silica gel, hexane/ether 5:1), and bulb-to-bulb
distillation (50 °C/0.001 mm) afforded 1.157 g (89%) of a 98.7:1.3
mixture of (S)-52 (containing 0.9% of (R)-52, 98.2% ee) and (S)-53
((R)-53 was not detected), as determined by capillary GLC (carrier 50
kPa, 130 °C, derivatized with N-isopropyl isocyanate): (1S,2R) isomer,
(5)-53 1.3%, tg = 83.03 min; (1R,2S) isomer, (R)-53 not detected, 1y
= 85.98 min; (15,28) isomer, (S)-52 97.8%, tg = 86.63 min; (1R,2R)
isomer, (R)-52 0.9%, tg = 89.73 min; [a]p = -115.4 (¢ = 1.5, CHCL);
13C NMR (CDCl,, 62.9 MHz) 142.4 (s), 128.1, 127.5, 126.7 (3d) (C,-
H;), 140.6 (CH=CH,), 116.5 (CH=CH,), 77.7 (CHOH), 46.1 (CHC-
H,), 16.4 (CH,).

(b) (R,R)-29 Prepared by Metalation of (Z)-2-Butene. To a solution
of 2,2,6,6-tetramethylpiperidine (0.51 mL, 3.0 mmol) in THF (20 mL)
was added dropwise n-butyllithium (1.88 mL of a 1.6 M solution in
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hexane, 3.0 mmol) at -74 °C. After 10 min, KO(s-Bu) (0.34 g, 3.0
mmol, freshly sublimed) was added slowly. The reaction mixture was
stirred for 2 h at -74 °C before (Z)-2-butene (0.34 g, 6.0 mmol) was
introduced by condensation. After stirring for 1 min at —74 °C, the
reaction mixture was transferred via cannula to a solution of (R,R)-15
(2.02 g, 3.3 mmol) in ether (50 mL), precooled to —74 °C, and stirring
was continued for 15 min at -78 °C and 30 min at 0 °C. Benzaldehyde
(3, 0.27 mL, 2.75 mmol) was then added at =74 °C to the red-brown
solution. Usual workup after 2 h and chromatography (80 g of silica gel,
hexane/ether 5:1) afforded 77 mg (17%) of a 98.85:1.15 mixture of
(5)-52 (97.7% ee) and (S)-53, as detected by GLC analysis (see above).

27. (35,4R)-3-Methyl-1-tridecen-4-ol ((R)-54). Reaction of decanal
(150 mg, 0.96 mmol) with (R,R)-29 as described above for benzaldehyde
(3) and purification by chromatography (80 g of silica gel, hexane/ether
3:1) afforded 0.175 g (86%) of (R)-54, containing no other isomers
according to GLC analysis (carrier 45 kPa, 140 °C, derivatized with
N-isopropyl isocyanate): (3R,4S) isomer ((S)-54), (3R,4R) isomer, and
(385,45) isomer (not detected, 1z = 112.53, 114.75, and 118.0 min);
(38,4R) isomer, (R)-54 100%, tg = 115.84 min; (a]p = 0.5 (¢ = 0.19,
CHCL); 'H NMR (CDCl,;, 250 MHz) 5.83-5.68 (m, H-C(2)),
5.14-5.06 (m, 2 H, H-C(1)), 3.40 (m, H-C(4)), 2.22 (dq, / = 7.0, 7.0,
H-C(3)), 1.56 (d, J = 4.0, OH), 1.58-1.15 (m, 16 H), 1.03 (d, / = 7.0,
CH,C(3)), 0.86-0.92 (m, CH,C(12)).

28. (1S,2R)-1,2-Diphenyl-3-buten-1-ol ((S)-55). n-Butyllithium in
hexane (2.8 mL, 1.6 M, 4.5 mmol) was added dropwise at -30 °C to a
solution of allylbenzene (0.59 mL, 4.5 mmol) in THF (50 mL). The dark
red reaction mixture was stirred for 30 minat -30 °Cand 1 hat 20 °C
and was then transferred via cannula to a solution of (R,R)-15 (3.06 g,
5.0 mmol) in ether (70 mL, precooled to 0 °C). Stirring for 1 hat 0 °C
(— (R,R)-48) preceded the addition of benzaldehyde (3, 0.424 g, 4.0
mmol) at -74 °C. After 2 h at =74 °C, the mixture was worked up as
usual. Chromatography of the residual oil (80 g of silica gel, hexane/
ether 9:1) gave 0.487 g (54%) of (S)-55 ([a]p = -12.5 (¢ = 3.4, CHCL,)),
97.4% ee, as determined by capillary GLC (carrier 70 kPa, 190 °C,
derivatization with N-isopropyl isocyanate): (1RS,2RS) diastereomer
fp = 35.94 and 36.82 min (obtained by reaction of 3 with lithiated
allylbenzene, not detected); (1R,2S) isomer, (R)-55 1.3%, 1z = 38.20
min; (15,2R) isomer, (S)-55 98.7%, tg = 39.20 min; 'H NMR (CDCl,,
250 MHz) 7.00-7.40 (m, 2 C¢Hj), 6.24 (ddd, J = 17.0, 10.0, 8.0, H-C-
(3)), 5.27 (dd, J = 10.0, 2.0, H-C(4)), 5.19 (dd, J = 17.0, 2.0, H-C(4)),
482 (d, J = 8.0, H-C(1)), 3.54 (dd, J = 8.0, 8.0, H-C(2)), 2.40 (bs, OH);
13C NMR (CDCl,, 62.896 MHz) 141.82, 140.59, (2s), 128.27, 127.82,
127.30, 126.60, 126.50 (5d) (2 C¢Hs), 137.79 (d, C(3)), 118.25 (1, C(4)),
77.14 (d, C(1)), 59.06 (d, C(2)).

29. Reaction of Benzaldehyde (3) with (R,R)-49. A solution of allyl
ethyl ether (0.258 g, 3 mmol) in THF (5 mL) was added slowly at 0 °C
to a solution of KO(z-Bu) (0.224 g, 2 mmol, freshly sublimed) in THF
(15 mL) followed by n-butyllithium in hexane (1.25 mL, 1.6 M, 2 mmol)
at —74 °C (exothermic reaction!). After stirring for 15 min at -74 °C,
the reaction mixture was transferred via cannula to a solution of (R,R)-15
(1.286 g, 2.1 mmol) in ether (30 mL, precooled to =74 °C). Stirring at
-74 °C was continued for 30 min, and benzaldehyde (3, 0.17 g, 1.6
mmol) was added to the dark brown solution of (R,R)-49. The reaction
was worked up as usual, after stirring for 3 h at =74 °C. Chromatog-
raphy (80 g of silica gel, hexane/ether/CH,Cl; 3:1:1) afforded 0.24 g
(77%) of a 87.7:12.3 mixture of (1R,2S)-1-phenyl-2-ethoxy-3-buten-1-ol
((R)-56, 95% ee) and (1R,2R)-1-phenyl-2-ethoxy-3-buten-1-ol ((R)-57,
75.6% ee), as determined by capillary GLC (carrier 60 kPa, 160 °C,
derivatized with N-isopropyl isocyanate): (1S,2R) isomer, (5)-56 2.2%,
g = 32.97 min; (1R,2S) isomer, (R)-56 85.5%, tg = 33.47 min; (15,25)
isomer, (S)-57 1.5%, tg = 36.63 min; (1R,2R) isomer, (R)-57 10.8%, 15
= 37.41 min; 'H NMR (CDCl,, 250 MHz, signals of (R)-56 only)
7.20-7.40 (m, C,Hy), 5.68 (ddd, J = 17.5, 10.5, 7.5, H-C(3)), 5.22 (dd,
J =10.5, 2.0, H-C(4)), 5.15 (dd, J = 17.5, 2.0, H-C(4)), 4.82 (dd, J =
45,4.0, H-C(1)), 3.85 (dd, J = 7.5, 4.5, H-C(2)), 3.58 and 3.37 (2 dq,
J=9.5,7.5 0CH,CH,),2.78 (d, J = 4.0,0H), 1.17 (dd, J = 7.5, 7.5,
OCH,CH,); 3C NMR (CDCl,, 62.896 MHz, signals of 56) 140.37 (s),
127.94, 127.38, 126.75, (3d) (C¢Hs), 134.23 (d, C(3)), 119.25 (t, C(4)),
84.76 (d, C(1)), 75.42 (d, C(2)), 64.36 (t, OCH,CH,;), 15.20 (q,
OCH,CH,); 13C NMR (CDCl,, 62.896 MHz, signals of 5§7) 140.37 (s),
127.94, 127.38, 126.75, (3d) (CgHs), 134.72 (d, C(3)), 118.90 (t, C(4)),
85.76 (d, C(1)), 76.56 (d, C(2)), 64.55 (t, OCH,CHj,), 15.20 (q,
OCH,CH,;).

30. (3S,4R)-3-Ethoxy-1-tridecen-4-ol ((R)-58). Decanal (250 mg,
1.6 mmol) was brought to reaction with reagent (R,R)-49 (1.3 equiv) as
described above for benzaldehyde (3 — (R)-56 and (R)-57). Chroma-
tography (80 g of silica gel, hexane/ether 3:1) afforded 0.283 g (73%)
of a 97.3:2.7 mixture of (R)-58 (92.4% ee) and (3R,4R)-3-ethoxy-1-
tridecen-4-ol ((R)-59, 48% ee), as determined by GLC analysis (carrier
70 kPa, 170 °C, derivatized with N-isopropyl isocyanate): (3R,4S)
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isomer, (5)-58 3.7%, tx = 31.81 min; (35,4R) isomer, (R)-58 93.6%, 1
= 32.30 min; (35,4S) isomer, (S)-59 0.7%, tx = 34.50 min; (3R,4R)
isomer, (R)-59 2.0%, tg = 35.10 min; [a]p = 26.6 (¢ = 1.1, CHCL;); 'H
NMR (CDCl,, 250 MHz) 5.72 (ddd, J = 17.5, 10.5, 8.0, H-C(2)), 5.26
(dd, J = 10.5, 1.5, H-C(1)), 5.19 (ddd, J = 17.5, 1.5, 1.0, H-C(1)),
3.61-3.49 (m, H-C(3), H-C(4)), 3.30, 3.52 (2dq, J = 9.5, 7.0,
OCH,CH,), 2.05 (d, J/ = 4.0, OH), 1.12 (dd, J = 7.0, 7.0, OCH,CH;),
1.16-1.43 (m, 16 H), 0.81 (m, CH,C(12)); *C NMR (CDCl,, 62.9
MHz) 134.90 (d, C(2)), 119.14 (t, C(1)), 84.10 (d, C(4)), 73.11 (4,
C(3)), 63.94 (t, OCH,CHa), 22.65, 25.37, 29.27, 29.54, 29.63, 31.85,
32.13, (7, C(5)—C(12)), 15.21 (q, OCH,CH,), 14.04 (q, C(13)).

31. (1R,28)-2-(4-Methoxyphenoxy)-1-phenyl-3-buten-1-ol ((R)-60).
sec-Butyllithium in cyclohexane (2.5 mL, 1 M, 2.5 mmol) was added at
—-60 °C to a solution of 3-(4-methoxyphenoxy)-1-propene (0.41 g, 2.5
mmol) in THF (20 mL). This reaction mixture was then transferred over
1 min via cannula to a solution of (R,R)-15 (1.53 g, 2.5 mmol) in ether
(40 mL, precooled to =74 °C, exothermic reaction). After stirring for
3 h, benzaldehyde (3, 0.16 g, 1.6 mmol) was added at —78 °C to the dark
brown solution of (R,R)-50, and stirring was continued for an additional
3 h. Hydrolysis with 20 mL of aqueous 45% NH,F solution and stirring
for 12 h at room temperature, usual workup, and chromatography (80
g of silica gel, hexane/ether/CH,Cl, 5:1:1) afforded 0.403 g (93%) of
(R)-60: [a]p = -20.6 (c = 1.6, CHCI;); 'H NMR (CDCl,, 250 MHz)
7.55-7.20 (m, C¢Hs), 6.87-6.70 (m, OC,H,OCHj;), 5.80 (ddd, J = 17.0,
10.0, 7.0, H-C(3)), 5.30 (dd, J = 10.0, 2.0, H-C(4)), 5.23 (dd, / = 17.0,
2.0, H-C(4)), 5.02 (dd, J = 4.0, 4.0, H-C(1)), 4.65 (dd, J = 7.0, 4.0,
H-C(2)), 3.75 (s, OCHj,), 2.60 (d, J = 4.0, OH); *C NMR (CDCl,, 62.9
MHz) 154.38 and 151.37 (2s, OC,H,0), 139.81 (s, C4Hs), 133.20 (d,
C(3)), 128.04, 127.59, 127.21 (3d, C,H;), 119.6 (t, C(4)), 117.7 and
114.5 (2d, OC,H,0), 84.33 (d, C(1)), 75.36 (d, C(2)), 53.62 (q, CH;0).

32. (1R,2S)-2-(4-Methoxyphenoxy)-1-phenyl-1-(trimethylsiloxy)-3-
butene ((R)-66). Trimethylsilyl triflate (0.5 mL, 2.76 mmol) was added
dropwise at =74 °C to a solution of (R)-60 (0.57 g, 2.11 mmol) in
CH,Cl, (20 mL). After the mixture was stirred for 5 min, Et;N (0.32
mL, 2.31 mmol) was added, and stirring was continued for 30 min at -74
°C and for another 30 min at 0 °C. Evaporation of solvent and chro-
matography (60 g of silica gel, hexane/ether 5:1) afforded 0.654 g
(90.5%) of (R)-66: 'H NMR (CDCl;, 250 MHz) 7.06-7.34 (m, C¢Hj),
6.50-6.70 (m, OC,H,OCH,;), 5.88 (ddd, J = 17.0, 10.0, 6.0, H-C(3)),
5.15 (dd, J = 10.0, 2.0, H-C(4)), 5.06 (dd, J = 17.0, 2.0, H-C(4)), 4.79
(d, J = 5.5, H-C(1)), 4.65 (dd, J = 6.0, 5.5, H-C(2)), 3.61 (s, OCHy),
0.1 (s, Si(CH,),).

33. (1R,2S)-1-Phenyl-3-butene-1,2-dlol ((R)-67). To a solution of
(R)-66 (0.14 g, 0.41 mmol) in CH,CN/H,O (4:1, 13 mL) was added
cerammonium nitrate (0.56 g, 1.02 mmol) at 0 °C in portions. The
reaction mixture was stirred for 30 min, diluted with ether (20 mL), and
extracted twice with saturated aqueous NH,F solution (25 mL) and twice
with H,O (20 mL). The combined organic extracts were washed with
brine, dried with Na,SO,, and concentrated. Evaporation of the solvent
and chromatography (60 g of silica gel, ether/CH,Cl, 5:1) afforded 54.7
mg (81.4%) of (R)-67, one isomer according to GLC analysis (carrier
80 kPa, 190 °C, derivatized with N-isopropyl isocyanate): (1S,2R)
isomer, (S)-67 not detected, 1z = 55.47 min (reference obtained from
analogous reaction sequence, omitting transmetalation with (R,R)-15);
(1R,2S) isomer, (R)-67 100%, tg = 56.19 min; (1RS,2RS) diastereomer
not detected, 1z = 69.2 and 71.7 min (reference obtained from analogous
reaction sequence, omitting transmetalation with (R,R)-15); 'H NMR
(CDCl,, 250 MHz) 7.25-7.40 (m, C¢Hs), 5.82 (ddd, J = 17.0, 10.0, 6.0,
H-C(3)), 5.28 (ddd, J = 17.0, 2.0, 2.0, H-C(4)), 5.21 (dd, J = 10.0, 2.0,
H-C(4)), 4.75 (m, H-C(1)), 4.30 (m, H-C(2)), 2.65 and 2.28 (2bs, OH).

34, (4S,5R)-4-Ethenyl-2,2-dimethyl-5-phenyl-1,3-dioxolane (68). A
few crystals of pyridinium p-toluenesulfonate were added to a solution
of (R)-67 (38 mg, 0.23 mmol) in acetone (4 mL) and 2,2-dimethoxy-
propane (4 mL). After the reaction was stirred for 24 h, volatiles were
evaporated. Chromatography (60 g of silica gel, hexane/ether 5:1)
afforded 40 mg (84%) of 68: 'H NMR (CDCl,, 500 MHz) 7.23-7.35
(m, C¢Hjy), 5.29 (ddd, J = 17.0, 10.0, 7.0, CH=CH,), 5.29 (d, / = 7.0,
H-C(5)), 5.18 (d, J = 17.0, 2.0) and 4.98 (dd, J = 10.0, 2.0) (CH=C-
H,), 481 (dd, J = 7.0, 7.0, H-C(4)), 1.64 and 1.45 (2s, (CH;),C(2))
(NOE:’s of around 3% are observed between the CH; group at § = /.45
ppm and both H-C(4) (8 = 4.81 ppm) and H-C(5) (8 = 5.29 ppm), but
no NOE’s are observed from the other CH; group at 8 = 1.64 ppm); 1*C
NMR (CDCl,, 62.9 MHz) 137.48 (s, C¢Hy), 134.98 (d, CH=CH,);
126.92, 127.68, 128.12 (3d, C¢Hjy), 117.99 (t, CH=CH,), 108.91 (s,
C(2)), 80.76 and 80.25 (2d, C(4), C(5)), 27.39 and 25.03 (2q,
(CH,),C(2)).

35. (1R,2S)-1-Phenyl-2-(trimethylsilyl)-3-buten-1-ol ((R)-61). To
a solution of KO(s-Bu) (0.20 g, 1.8 mmol, freshly sublimed) in THF (10
mL) was added slowly allyltrimethylsilane (0.29 mL, 1.8 mmol) dissolved
in THF (5 mL) at 0 °C. The reaction mixture was cooled to -74 °C,
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and a solution of n-butyllithium (1.13 mL, 1.6 M in hexane, 1.8 mmol)
was added dropwise (exothermic reaction). After stirring for 1 h at -74
°C, the mixture was transferred via cannula to a solution of (R,R)-15
(1.225 g, 2.0 mmol) in 50 mL of ether, precooled to ~74 °C. Stirring
at —74 °C was continued for 2.5 h, and benzaldehyde (3, 0.16 g, 1.6
mmol) was added to the dark brown solution of (R,R)-51. After stirring
for 3 h at —74 °C, the reaction was worked up as usual. Chromatography
(80 g of silica gel, hexane/ether/CH,Cl, 5:1:1) afforded 0.24 g (68%)
of (R)-61 ([a]p = —46.43 (c = 2.8, CHCl,)), 295% ee, according to GLC
analysis (carrier 50 kPa, 140 °C, derivatization with N-isopropy! iso-
cyanate): (1R,2S) isomer, (R)-61 tg = 19.3 min; (15,2R) isomer, (S)-61
tg = 19.6 min (obtained with (R)-61 in a reaction using Cp(2-PrO),TiCl
42 for transmetalation, not detected); 295% de as the (1 RS,2RS) dia-
stereomer (syn) was not detected by 'H and *C NMR; 'H NMR
(CDCl,, 400 MHz) 7.23-7.35 (m, C¢Hy), 5.86 (ddd, J = 17.0, 10.0, 10.0,
H-C(3)), 5.11 (dd, J = 10.0, 2.0, H-C(4)), 5.02 (dd, J = 17.0, 2.0,
H-C(4)), 479 (dd, J = 8.5, 2.0, H-C(1)), 2.20 (d, J = 2.0, OH), 2.08
(dd, J = 10.0, 8.5, H-C(2)), -0.21 (s, Si(CHj3);); 'H NMR (CCl,, 250
MHz) 7.23-7.35 (m, C¢Hy), 5.73 (ddd, J = 17.0, 10.5, 10.5, H-C(3)),
4.87 (dd, J = 10.5, 2.0, H-C(4)), 4.73 (dd, / = 17.0, 2.0, H-C(4)), 4.70
(dd, J = 6.5, 2.0, H-C(1)), 1.64 (d, J = 2.0, OH), 1.90 (dd, J = 10.5,

6.5, H-C(2)), -0.21 (s, Si(CHs);).

36. (3S,4R)-3-(Trimethylsilyl)-1-tridecen-4-ol ((R)-62). Reaction
of decanal (285 mg, 1.825 mmol) with (R,R)-51 as described above for
benzaldehyde (3 — 61) afforded 0.34 g (69%) of (R)-62, purified by
chromatography (80 g of silica gel, hexane/ether/CH,Cl, 5:1, [a]p =
1.40 (c = 3.5, CHCl;)), 295% ee, as determined by 'H NMR (addition
of (S)-2,2,2-trifluoro-1-(9-anthryl)ethanol (TFAE)"!): (3S,4R) isomer,
(R)-62 6 H,-C(1) = 4.94; (3R,4S) isomer, (S)-62 § H-C(1) = 4.91
ppm (not observed, racemic 62 was produced using Cp(2-PrO),TiCl 42
for transmetalation); 'H NMR (CDCl,, 400 MHz) 5.80 (ddd, J = 17.0,
10.5, 10.5, H-C(2)), 5.04 (dd, J = 10.5, 2.5, H-C(1)), 4.93 (dd, J = 17.0,
2.0, H-C(1)), 3.79 (m, H-C(4)), 1.68 (dd, J = 10.5, 5.5, H-C(3)), 1.46
(d, J = 4.5, OH), 1.34-1.21 (m, 16 H), 0.83 (t, J = 6.75, CH3), 0.04 (s,
Si(CHa)3).

Supplementary Material Available: Tables of crystal structure
data, positional parameters, displacement parameters, bond dis-
tances, and bond angles (8 pages); tables of observed and cal-
culated structure factors (28 pages). Ordering information is given
on any current masthead page.
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Abstract: The products and rate constants for the thermal gas-phase reactions of eight halogenated methanes (RX), including
CCl,, CFCls, CF,Cl,, CHCl3, CHjl, CClyBr, CF,Br,, and CH,Br,, with selected molecular anions (A7), including azulene(-),
nitrobenzene(-), and several substituted nitrobenzenes(-), are reported. The electron affinities of the donor molecules (A)
range from 16 kcal mol™ for azulene to 46 kcal mol™! for p-dinitrobenzene. CCl,, CCl;Br, and CF,Br, react rapidly with
several A~ to form halide ions (X") and clustered halide ions (A-X"). No molecular ions of the type RX™ are observed as reaction
products. For these three halomethanes, a continuous decrease in the reaction rate constants with increased electron affinity
of A is observed. The other five halomethanes react either with none of the molecular anions or only with Az™. The products
and rates of these reactions are shown to be consistent with an electron-transfer mechanism in which the clustered halide ion,
A-X", rather than X7, is first formed in a two-part reaction sequence. The low reactivities of CFCl;, CF,Cl,, CHCl;, CH,I,
and CH,Br, with the molecular anions can be explained in terms of unfavorable polarizabilities and unfavorable dipole-
moment-induced orientations for these molecules in the transition states of the proposed mechanism.

Introduction

Several classes of compounds have been shown to react rapidly
with either thermal electrons or electron donors to form stable
negative ions in the gas phase. In these studies, a diversity of
mechanistic behaviors for electron-capture (EC) and electron-
transfer (ET) processes have been revealed.'™ For EC reactions,’
several classes of compounds (nitroaromatics and perfluorinated
alkanes, for example) have been shown to undergo EC by the
resonance electron capture (REC) mechanism, shown as reaction
1 in which an excited intermediate, A™*, has a sufficiently long

e+t A=A"*— A" 0))
lifetime that it is collisionally stabilized in a bath gas of moderately
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high pressure. Several other classes of compounds (chlorinated,
brominated, and iodinated alkanes, for example) have been found
to undergo thermal EC by the dissociative electron capture (DEC)
mechanism, reaction 2, in which an excited intermediate, RX™*,

e+ RX—>RX*—R + X" (2)

has a very short lifetime against dissociation relative to the time
required for stabilizing collisions with a bath gas. Even though
some halogenated alkane molecules, RX, are known to have
positive electron affinities (EA), molecular anions, RX", have never
been observed as stable reaction products_in their EC reactions.

The formation of molecular anions A“by resonance electron
transfer (RET) from donor molecular anions B~, as shown in
reaction 3, have been extensively studied>*S for compounds A and

B +A=B+ A" 3)

B of the type that tend to form stable molecular anions upon
exposure to thermal electrons by REC (reaction 1). It has been
noted that most RET reactions (those of substituted aromatic
compounds, substituted benzo-, naphtho-, and anthroquinones,
and tetracyanoethylene, for example) occur at near collision
frequency as long as the reaction is exothermic by a few kilocalories
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