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Many important asymmetric reactions are catalyzed by (BINOLate)Ti species with unknown structures. Reported here are three structures of
BINOLate titanium complexes that show an interesting aggregation of (BINOLate)Ti(QiPr), with itself and with titanium tetraisopropoxide.
These complexes are potential intermediates in the asymmetric addition of alkyl groups to aldehydes.

Of the multitude of ligands that have been prepared and f-block elements$,and heterobimetallic combinatigtffrom
screened in asymmetric catalysis, BINOL (1, Figure 1) is these group3s-2

In concert with various titanium precursors, BINOL forms
highly enantioselective catalysts that have been employed
in many asymmetric process&s1® Considering the impor-

O O tance of titanium BINOL complexes in asymmetric catalysis,
OH 1 (3) Qian, C.; Zhu, C.; Huang, T. Chem. Soc., Perkin Trans.1D98,
OH 2131.
Oe (4) Shibasaki, M.; Sasai, H.; Arai, Angew. Chem., Int. Ed. Endl997,
36, 1237—-1256.

(5) Shibasaki, M.; Groger, HTop. Organomet. Chemi999,2, 200—
Figure 1. 232. . ; ;
(6) Paquette, L. AEncyclopedia of Reagents for Organic Synthekitin
Wiley and Sons: New York, 1995.
(7) Pu, L.Chem. Rey1998,98, 2405—2494.
; (8) Jacobsen, E. N.; Pfaltz, A.; Yamamoto, Bomprehensive Asym-
perhaps thg most effective across a broad spectrum of & Catalysis: Springer: Berlin, 1999: Vol—B.
transformations. (9) Gautheir, D. R. J.; Carreira, E. Mngew. Chem., Int. Ed. Endl996
. . 35, 2363—2365.
BINOL h"."s bee_n shown to form very gnantloselectlve (10) Keck, G. E.; Tarbet, K.; Geraci, L. S. Am. Chem. Sod 993,
catalysts with main group elemerittransition metals, 115, 8467—8468.
(11) Costa, A. L.; Piazza, M. G.; Tagliavini, C.; Umani-Ronchi, A.
Am. Chem. Sod 993,115, 7001—7002.
T Dedicated to Professor K. Barry Sharpless, a pioneer in asymmetric ~ (12) Mikami, K.; Terada, M.; Korenaga, T.; Matsumoto, Y.; Ueki, M,;

catalysis, on the occasion of his 60th birthday. Angelaud, RAngew. Chem., Int. E000,39, 3532—3556.

(1) Yamamoto, H.; Yanagisawa, A.; Ishihara, K.; SaitoPare Appl. (13) Doucet, H.; Santelli, MTetrahedron: Asymmet300Q 11, 4163-
Chem.1998,70, 1507—1512. 41609.

(2) Rosini, C.; Franzini, L.; Raffaelli, A.; Salvadori, Bynthesid992, (14) Huang, W.-S.; Pu, LTetrahedron Lett2000,41, 145—148.
503—505. (15) Pu, L.Chem. Eur. J1999,5, 2227—2232.
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there is little information regarding the structures of these NMR of this mixture. Importantly, to obtain high enantio-
species. With this in mind we initiated research designed to selectivity and turnover frequency in eq 1, an excess of
elucidate the solid state interactions between BINOL and titanium tetraisopropoxide must be used [Ti(OFB)NOL
varying amounts of titanium tetraisopropoxide. The resulting is 6:1]. Although the role of the excess titanium tetraiso-
structures provide insight into possible intermediates in the propoxide is not clear, the results of Nakai and Mori suggest
asymmetric addition of alkyl groups to aldehydes catalyzed that interaction of titanium tetraisopropoxide with (BINO-
by (BINOLate)Ti-based complexes in the presence of excessLate)Ti species must be considered in any mechanistic

titanium tetraisopropoxide (eq 1).

o) ) BINOL OH
+ ZnEt, + Ti(O/Pr) 1
P 2 Y 20mol% P @
0,
(Beq)  (1.2eq)  CHXCI, 0°C 90-95 %

The asymmetric addition of alkyl groups to aldehydes
employing BINOL and titanium tetraisopropoxide (eq 1) was
introduced independently by Nakaiand Charl? On the

basis of their results, other groups have examined related

additions including use of modifiétland hetero-substituted
BINOL analogue$? fluorinated BINOL derivatived? den-
drimers containing BINOI?! poly BINOLs!?? polymer-
supported BINOLZ3~2> and even fluorous BINOL derivatives
in organic/fluorous biphasic systertfs.

Despite the flurry of recent interest in this reaction, little

concrete mechanistic information has been reported. The

proposed intermediates include (BINOLate)TiiR€),"*?and
(BINOLate)Ti(OiPr)(Et) (Figure 2} Upon combining 6
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investigation.

Our study began with synthesis of titanium BINOLate
complexes with BINOL to titanium tetraisopropoxide ratios
of 1:1, 1:2, and 1:6. All reactions were stirred at room
temperature for 1 h and the volatile materials removed under
reduced pressure. Combination of equal molar amounts of
BINOL and titanium tetraisopropoxide followed by recrys-
tallization of the resulting compound from chloroform-&80
°C provided crystals for a low-temperature structural deter-
mination (90% isolated yield). The structure is the trimeric
[(BINOLate)Ti(OiPr)y]ssCHCl; (2, Figure 3%’ For the

Figure 2. Proposed intermediates in the asymmetric addition of Figure 3. Structure of the trimeri@. The isopropoxy groups have

alkyl groups to aldehydes (eq 1).

been removed for clarity. Bond distances are located in Table 1.

equiv of titanium tetraisopropoxide with BINOL, Nakai and
Mori observed formation of a complex proposed to be
(BINOLate)Ti(OiPr) (Figure 2), on the basis of th&H

(16) Mori, M.; Nakai, T.Tetrahedron Lett1997,38, 6233—6236.

(17) Zhang, F.-Y.; Yip, C.-W.; Cao, R.; Chan, A. S. Tetrahedron:
Asymmetryl997,8, 585—589.

(18) Kodama, H.; Ito, J.; Nagaki, A.; Ohta, T.; Furukawa,Appl.
Organomet. Chen2000, 14, 709—714.

(19) Chen, Y.-X.; Yang, L.-W.; Li, Y.-M.; Zhou, Z.-Y.; Lam, H.-K;
Chan, A. S. C.; Kwong, H.-LChirality 2000,12, 510—513.

(20) Chen, Y.; Yekta, S.; Martyn, J. P.; Zheng, J.; Yudin, A.®tg.
Lett. 2000,2, 3433—3436.

(21) Hu, Q.-S.; Pugh, V.; Sabat, M.; Pu, 1. Org. Chem.1999, 64,
7528—7536.

(22) Yu, H.-B.; Zheng, X.-F.; Hu, Q.-S.; Pu, Polym. Prepr.1999,40,
546—-547.

(23) Yang, X.-W.; Sheng, J.-H.; Da, C.-S.; Wang, H.-S.; Su, W.; Wang,
R.; Chan, A. S. CJ. Org. Chem2000,65, 295—296.

(24) Dong, C.; Zhang, J.; Zheng, W.; Zhang, L.; Yu, Z.; Choi, M. C.
K.; Chan, A. S. CTetrahedron: Asymmetr§000,11, 2449—2454.

(25) Yang, X.; Su, W.; Liu, D.; Wang, H.; Shen, J.; Da, C.; Wang, R;
Chan, A. S. CTetrahedron2000,56, 3511—3516.

(26) Nakamura, Y.; Takeuchi, S.; Ohgo, Y.; Curran, DTBtrahedron
Lett. 2000,41, 57-60.
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purpose of comparison, bond lengths for all the structures
are given in Table 1. A structure differing in the absence of
the CHC} found in 2 was reported in the Ph.D. Thesis of
Dr. C. Martin from the laboratory of Prof. K. B. Sharples.
The spectroscopic data @fare identical to that reported by
Martin and Sharples®. Our structure is presented here
because the quality of the original structure was low and
this important structure has been misrepresented in the
literature several time$;>®>32including in an excellent recent
review/”

(27) Crystal structure data for;@17¢Cl3012Ti3 (2): crystal size 0.3%
0.22x 0.08 mm, orthorhombic, space groBg:12:2; (No. 19),a = 18.9384-
(3),b=22.5807(6), andt = 17.8197(4) AV = 7620.5(3) B, Z = 4, pcaic
= 1.282 g/lcm3, 20max = 50.7°, Mo Ka radiation, scan mode image plate
¢-oscillations,T = 220 K, m = 4.70 cnt!, Refinement orF2 for 1130
reflections and 839 parameters gave RD.06 and wR2= 24.76 forl >
20(l). Residual electron density0.364 < Ap < 0.567 e A3,

(28) Martin, C. Design and Application of Chiral Ligands for the
Improvement of Metal-Catalyzed Asymmetric Transformati®sD. Thesis,
MIT Press: Cambridge, 1989.

(29) Harada, T.; Takeuchi, M.; Hatsuda, M.; Ueda, H.; Oku, A.
Tetrahedron: Asymmetr{996, 2479—2482.
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Table 1. Selected Bond Distances far4 [A]

2 3 4

Ti(1)—O(1) 2.117(5) 2.111(3) 2.147(2)

Ti(1)-0(2) 2.097(5) 1.861(3) 2.156(2)

Ti(1)-0(3) 1.775(5) 1.781(3) 1.779(2)

Ti(1)—0(4) 1.776(5) 1.779(3) 1.778(2)

Ti(1)—O(5) 2.046(5) 1.921(3) 1.999(2)

Ti(1)-0(9) 2.062(5) 1.997(2)

Ti(2)-0(1) 1.992(5) 1.980(3) 2.041(2)

Ti(2)—0(5) 2.119(4) 2.120(3) 2.073(2)

Ti(2)-0(6) 1.853(5) 1.794(3) 1.801(2)

Ti(2)-0(7) 1.752(6) 1.765(3) 1.779(2)

Ti(2)-0(8) 1.772(5) 1.805(3) 1.791(2)

Ti(3)-0(2) 2.011(5) 2.020(2)

Ti(3)—0(9) 2.093(5) 2.087(2)

Ti(3)—0(10) 1.847(5) 1.792(2) Figure 4. Structure of the dinucle&. Bond distances are located
Ti(3)-0(11) 1.762(5) 1.780(2) in Table 1.

Ti(3)-0(12) 1.776(6) 1.794(2)

Ti()-Ti(2) 3.334(2) 3.309 (1) 3.348(1)

Ti(1)=Ti@E) 3.339(2) 3.346(1) with the solid state structure. The structure can be contrasted

with the product formed on reaction of the monomeric
substituted 3,3derivative [(BuMe;Si),-BINOLate]Ti(GiPr),
with titanium tetraisopropoxide. This reaction gavB{iMe,-
Si),-BINOLate]Ti(OiPr) in which the naphthylate oxygens
each interact wittonly onetitanium centef?

In the asymmetric addition reaction in eq 1, titanium
tetraisopropoxide is in 6-fold excess with respect to BINOL.
We therefore combined 6 equiv of titanium tetraisopropoxide
with 1 equiv of (S)-BINOLS®

After removal of the volatile materials under reduced
pressure, crystals were grown in pentane-80 °C (isolated
yield 79%). Data for the structure were collected at low
temperature and an ORTEP diagram 4fs depicted in
Figure 538

The structure consists of a trinuclear arrangement of
titanium metals with a single BINOLate ligand, as would

The central titanium in2 is in a distorted octahedral
environment while the remaining titanium centers have
distorted trigonal-bipyramidal geometries. Importanthe
naphthylate oxygens bridge the metal centers and the
isopropoxy groups are termingror comparison, the analo-
gous 3,3'-dimethyl BINOLate derivative [(M&INOL)Ti-
(OiPr)), is dimeric, showing the sensitivity of these com-
plexes to small changes in the chiral ligafidt is unlikely
that trimer2 is involved in the asymmetric addition reaction
in eq 1 on the basis of the absence of nonlinear effééts
under the conditions of the addition reaction (ed®1).

When 2 equiv of titanium tetraisopropoxide was combined
with racemicBINOL under the conditions outlined above
and the resulting solid recrystallized from dichloromethane
at —30 °C, X-ray quality crystals formed in 70% yief§.
The structure oB is '"qsnated .m Flgure 4! o (36) Compound8 and4 were synthesized as outlined below employing

The structure contains two inequivalent titanium centers (S)-BINOL in the synthesis of. The'H and*3C{*H} NMR spectra of3
and one BINOLate igand. To a first approximation it appears 191 I¥Iets 1 eseeites e fams ang Tar. 1 2atier,
as if a (BINOLate)Ti(QPr), has bound to a molecule of Ti- 10 mL of dichloromethane, and titanium tetraisopropoxide (568 mg, 2.0
(OiPr),. Both titanium centers have distorted trigonal- mmol) was added at 2. The resulting mixture was stirred for 60 min,
bipyramidal geometries and again the naphthylate oxygen 3 \olatle materils were emoved under reduced pressure, Fecrysal-
bridges to the second titanium center. The room temperaturequality crystals of3 in 70% yield (512 mg, 0.7 mmol}H NMR (CDCls,

IH NMR spectrum has three types of methyl resonances in f’k?r%;\g)”%gl_})-ofs(cl"gbzeig 227'53'(1)' 11H1)0£c1192=(§].63|4Hz), grg,#éz(lm(s
an approximate ratio of 1:1:10 (the latter of which is very 3p), 73-7.4 (m 1H), 7.47 ’(d].= 8.6 Hz, 1H) 7.75 {dJ Z'8.8 Hz, 1H)’,

broad), indicating that one of the isopropoxy groups does 7-78 (d,J = 8.1 Hz, 1H), 7.86 (dJ = 8.1 Hz, 1H) ppm*C{*H} NMR
not readily exchange with the others. THE{*H} NMR (CDCl3, 125 MHz) 6 25.4, 25.6, 26.3 (b), 76.3 (b), 81.0, 118.5, 119.4,
y g . 121.1,122.6,122.8,123.3,125.1, 125.4, 126.9, 127.0, 127.8, 128.0, 128.1,

contains 20 aromatic resonances indicating that Ghe 128.8, 129.9, 130.1, 133.1, 133.5, 158.9, 159.9 ppm.

; ; (37) Crystal structure data forsgHs4OgTiz (3): crystal size 0.44< 0.32
symmetry of the BINOLate ligand has been lost, consistent _ -5 mm. monoclinic. spacegromllc (No. 14).a= 18.91252)b =
12.9863(1), and = 17.2672(2) Ap = 109.651(1)V = 3993.89(7) &, Z
(30) Boyle, T. J.; Eilerts, N. W.; Heppert, J. A.; Takusagawa, F. = 4, pcac = 1.222 g/cm3, 20max = 50.7°, Mo Ko radiation, scan mode

Organometallics1994,13, 2218—2229. image platep-ocillations, T = 210 K, m = 4.46 cntl. Refinement orF2
(31) Imma, H.; Mori, M.; Nakai, TSynlett1996, 1229—1230. for 6334 reflections and 445 parameters gave=Ra.26 and wR2= 15.16
(32) Kitamoto, D.; Imma, H.; Nakai, TTetrahedron Lett1995, 36, for | > 20(1). Residual electron density0.345< Ap < 0.467 e A3,

1861—-1864. (38) Crystal structure data fors@gO12Ti3 (4): crystal size 0.35< 0.18
(33) Boyle, T. J.; Barnes, D. L.; Heppert, J. A.; Morales, L.; Takusagawa, x 0.12 mm, orthorhombic, space groB@:2;2; (No. 19),a = 22.0884(1),

F.; Connolly, J. COrganometallics1992,11, 1112—-1126. b =24.2202(1), an¢t = 10.2972(1) AV = 5508.85(6) &, Z = 4, pcaic =
(34) Puchot, C.; Samuel, O.; Dunach, E.; Zhao, S. H.; Agami, C.; Kagan, 1.228 g/cm?, 2gmax = 50.7°, Mo Ka radiation, scan mode image plate

H. B. J. Am. Chem. S0d.986,108, 2353—2357. ¢-oscillations, T = 210 K, m = 4.79 cnt!. Refinement or? for 9983
(35) Girard, C.; Kagan, H. BAngew. Chem., Int. EA.998,37, 2922— reflections and 623 parameters gaveR#4.45 and wR2= 10.63 forl >

2959. 20(1). Residual electron density0.325< Ap < 0.533 e A3,
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Figure 5. Structure of the trinucleat. Bond distances are located
in Table 1.

be expected if binucle& had reacted with another equivalent
of titanium tetraisopropoxide. Like trime?, the central

702

titanium in 4 has a distorted octahedral geometry and the
terminal titanium centers have distorted trigonal-bipyramidal
geometries. The naphthylate oxygens O(1) and O(2) bridge
to Ti(2) and Ti(3) and exhibit shorter FiO distances to these
centers than to Ti(1). Conversely, isopropoxy oxygens O(5)
and O(9) form shorter distances to Ti(1) than to Ti(2) or
Ti(3) (Table 1). Whent is dissolved in CDG] the3C{!H}
NMR spectrum is identical to binuclea8 with excess
titanium tetraisopropoxide, suggesting that loss of one
titanium tetraisopropoxide from is facile in solution.

In summary, the three structures of BINOLatdanium
complexes reported here present insight into the association
of titanium and BINOL in the solid state. These aggregates
are being considered in mechanistic studies that are currently
ongoing in our laboratories.
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