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ABSTRACT
OH
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R—=H P — %R
2. RCHO R
(S)-BINOL 91 -99% ee

Ti(O'PF)4, 1t R’ = aryl, alkyl or

vinyl groups
OH
e

The readily available and inexpensive BINOL in combination with Ti(O'Pr), is found to catalyze the reaction of an alkynylzinc reagent with
various types of aldehydes including aliphatic aldehydes, aromatic aldehydes, and other a,f-unsaturated aldehydes to generate chiral propargyl
alcohols with 91-99% ee at room temperature. No previous chiral catalysts have exhibited such a broad scope of enantioselectivity with
respect to the type of aldehydes for this reaction.

(S)-BINOL

In recent years, significant progress has been made inargyl alcohols that are versatile functional precursors to many
developing the catalytic enantioselective alkynylzinc addition chiral organic compound§:*°In 1994, Ishizaki and Hoshino
to aldehyded:® This process allows the synthesis of prop- found that ligandsl were effective for the addition of
alkynylzinc reagents to aldehydéslp to 90-95% ee was

lg_ni%/efSit{Jo_f Virginia. observed for the reaction of alkynylzincs with benzaldehyde,
(1)'Eulf?_r.‘; YTJ',VeHr.ngChem. Rev2001,101, 757—824. cyclohexanecarbaldehyde, and trimethyl acetaldehyde, but

(2) Frantz, D. E.; Féssler, R.; Tomooka, C. S.; Carreira, EAb. Chem. the scope of the enantioselectivity was very limited. Carreira
Res.2000,33, 373—381. ~ ; ;

(3) Ishizaki, M. Hoshino, OTetrahedron: Asymmetr}094.5, 1901— and co-workers discovered a catalyst based on the chiral
1904.

(4) (@) Anand, N. K.; Carreira, E. M. Am. Chem. So2001,123, 9687 (9) Jiang, B.; Chen, Z.; Xiong, WI. Chem. Soc., Chem. Commga02
9688. (b) A stoichiometric amount & was found to carry out a highly 1524—-1525.
enantioselective addition of terminal alkynes to aliphatic aldehydes and  (10) Modern Acetylene Chemistntang, P. J., Diederich, F., Eds.;
benzaldehyde: Frantz, D. E.; Fassler, R.; Carreira, EJMAmM. Chem. VCH: Weinheim, Germany, 1995.

So0c.2000,122, 1806—1807. (11) Marshall, J. A.; Wang, X. Jl. Org. Chem1992, 57 1242—1252.
(5) Moore, D.; Pu, LOrg. Lett.2002,4, 1855—1857. (12) Fox, M. E.; Li, C.; Marino, J. P., Jr.; Overman, L. E.Am. Chem.
(6) Lu, G.; Li, X.; Chan, W. L.; Chan, A. S. Cl. Chem. Soc., Chem. S0c.1999,121, 5467—5480.

Commun2002, 172—173. (13) (a) Myers, A. G.; Zheng, Bl. Am. Chem. S0d.996,118, 4492—
(7) (@) Niwa, S.; Soai, KJ. Chem. Soc., Perkin Trans.1B90, 937— 4493. (b) Trost, B. M.; Krische, M. J. Am. Chem. Sod999 121, 6131~

943. (b) Tombo, G. M. R.; Didier, E.; Loubinoux, Bynlett1990, 547— 6141.

548. (14) Roush, W. R.; Sciotti, R. J. Am. Chem. S0d.994,116, 6457—
(8) (a) Li, Z.; Upadhyay, V.; DeCamp, A. E.; DiMichele, L.; Reider, P.  6458.

Synthesisl999, 1453—1458. (b) Lu, G.; Li, X.; Zhou, Z.; Chan, W. L,; (15) Corey, E. J.; Cimprich, K. Al. Am. Chem. S04994,116, 3151—

Chan, A. S. CTetrahedron: Asymmetr§001,12, 2147—2152. 3152.
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amino alcohoR for the alkynylzinc addition to aldehydés.  to form the chiral propargyl alcohdl. Earlier, we reported
High enantioselectivity in the range of 999% ee was  the following reaction condition that gave excellent enantio-
achieved for the reaction of alkynylzincs with a variety of selectivity for this reactiof.A toluene solution (2 mL) of
aliphatic aldehydes at 60C. It utilized a catalytic amount  phenylacetylene (1.1 mmol) and diethylzinc (1.0 mmol) was
of both the chiral ligand2 and Zn(OTf}. However, this heated at reflux under nitrogen for 5 h. It was then combined
reaction was not suitable for the addition to aromatic with (S)-BINOL (0.10 mmol), CHCI, (8 mL), Ti(OPr)
aldehydes because of a significant Cannizzaro reaction.(0.25 mmol), and benzaldehyde (0.5 mmol) at room tem-
perature. After 4 h, compourtiwas isolated in 77% yield

VR bh Ve and 96% ee. _
N= The above procedure was used to carry out the alkynylzinc
HO addition to other aromatic aldehydes, and the results are
AT & ] HO , NMe, summarized in Table 1 The reactions of phenylacetylene
)
O OH BINOL Table 1. Reaction of Terminal Alkynes with Aromatic
OO OH Aldehydes in the Presence of Diethylzin§){BINOL, and
Ti(O'Pr)@
entry aldehyde isolated yieid (%) ee (%)
Recently, wé and Chahhave found that 1,4bi-2-naphthol 1 @_CHO 77 96
(BINOL) in combination with Ti(OPr),!¢ can catalyze the R 24 9%
alkynylzinc addition to aromatic aldehydes with high enan- B F—{_)-cHo N
tioselectivity. We have further demonstrated that the BINOL 3 O.N —@—CHO 79° 97
. . . . . . 2
Ti(O'Pr), catalyst system is also highly enantioselective for
the phenylacetylene addition to aliphatic aldehydes as well ~ * ci—_)-cHo 81 92
as o,f-unsaturated aldehydes. Herein, these results are s al 79 92
reported. @—CHO
We conducted the asymmetric alkynylzinc addition in two od 05 0

steps: (1) treatment of a terminal alkyne with diethylzinc in 6 QCHO > =
refluxing toluene; (2) addition of)-BINOL, Ti(OPr),, an Ci
aldehyde, and a second solvent. Scheme 1 shows this two- 7% Me—@—CHo 93 97

IS Me 77 94
| {y-cro

Scheme 1. Reaction of Phenylacetylene with Benzaldehyde in

the Presence of DiethylzincS)-BINOL, and Ti(OPr), 0 QCHO 81 %
PhCHO Me
(S)-BINOL 10 Q—CHO 73 93
EtpZn Ti(O'Pr), /OH OMe
Ph—=—H —— | Ph—=—2ZnEY| ph—=—( 1 MeQ 78 93
Step 1 3 Step 2 . . Q‘CHO
12° pMeoL)—cHo 97 94
13¢ 7 72 92
. . . . CHO
step reaction using phenylacetylene, diethylzinc, and ben- 4 o CHO .~ 0
zaldehyde catalyzed by (S)-BINOL and Tif®),. The first
step probably generated the alkynylzinc intermedatehich
then added to benzaldehyde in the presence of the catalyst 15 CHO 77 98
(16) Selected examples for the application of BIN€Ellewis acids in 16° @—CHO 75 92
asymmetric catalysis: (a) Shibasaki, M.; Sasai, H.; AraAfigew. Chem.,

Int. Ed. Engl.1997,36, 1236—1256. (b) Mikami, K.; Matsukawa, 3. ) )

Am. Chem. S0d.993,115, 7039—7040. (c) Mikami, K.; Matsukawa, 5. 2 Phenylacetylene was used with the reagent ratio of phenylacetylene:
Am. Chem. Socl994,116, 4077—4078. (d) Keck, G. E.; Tatbet, K. H.; EtZn:Ti(O'Pr):BINOL:aldehyde= 2:2:0.5:0.2:1 unless otherwise indicated.
Geraci, L. S.J. Am. Chem. S0d.993,115, 8467—8468. (e) Costa, A. L.;  °Determined by’H NMR. ¢ Phenylacetylene:BZn:Ti(O'Pri:BINOL al-
Piazza, M. G.; Tagliavini, E.; Trombini, C.; Umani-Ronchi, A Am. Chem. dehyde= 4:4:1:0.4:19 Previously unpublished resultTriisopropylsilyl-
S0c.1993,115, 7001—7002. (f) Aoki, S.; Mikami, K.; Terada, M.; Nakai, ~ acetylene was used in place of phenylacetylene.

T. Tetrahedron1993,49, 1783—1792. (g) Mikami, KPure Appl. Chem.
1996,68, 639—644. (h) Mikami, K.; Terada, M.; Motoyama, Y.; Nakai, T.
Tetrahedron: Asymmetr§991,2, 643—646. (i) Mikami, K.; Motoyama, . .
Y.: Terada, M. J,ﬁm. Cﬁl:m S0d.994, 116, (2)312,2320_ 0) Mo%, M.: with ortho-, meta-, orpara-substituted benzaldehydes con-
Nakai, T.Tetrahedron Lett1997,38, 6233—-6236. (k) Zhang, F.-Y.; Yip,  taining electron-donating or electron-withdrawing substitu-

C.-W.; Cao, R.; Chan, A. S. Cletrahedron: Asymmetr¥997,8, 585— - . . .
589. () Sakane, S.: Maruoka, K.. Yamamoto, Fetrahedron L ett1985, ents showed excellent enantioselectivity (entried 2). High

26, 5535—5538. enantioselectivity was also observed for the additions to other
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Table 2. Attempted Reactions of Phenylacetylene with Nonyl Aldehyde & dbluene}

phenylacetylene/ Ti(O'Pr), BINOL ee
entry conditions for step 1 conditions for step 2 diethylzinc (mol %) (mol %) (mol %) (%)
1 2 mL of Tol, reflux 5 h 8 mL of CH,Cly, rt, 4 h 200/200 50 20 75
2 2 mL of Tol, reflux 5 h 4 mL of Tol, rt, 4 h 200/200 50 20 75
3 2 mL of Tol, reflux 5 h 8 mL of THF, rt, 4 h 200/200 50 20 79
4 2 mL of Tol, reflux 5 h 8 mL of Et;0, rt, 4 h 200/200 50 20 83
5 2 mL of Tol, reflux 5 h 8 mL of Et;0,0°C, 4 h 200/200 50 20 59
6 2 mL of Tol, reflux 5 h 8 mL of Et,0, reflux, 4 h 200/200 50 20 77
7 2 mL of Tol, reflux 5 h 8 mL of Et,0, MS, rt, 4 h 200/200 50 20 83
8 2 mL of Tol, reflux 5 h 8 mL of Et;0, rt, 4 h 200/200 50 20 63
9 2 mL of Tol, reflux 5 h 8 mL of Et;0, rt, 4 h 200/200 140 20 68
10 2 mL of Tol, reflux 1 h 8 mL of Et;0, rt, 4 h 200/200 50 20 89¢
11 2 mL of Tol, reflux 0.5 h 8 mL of Et;0, rt, 4 h 200/200 50 20 82d
12 2 mL of Tol, reflux 1 h 8 mL of Et,0, rt, 4 h 400/400 50 20 85
13 2 mL of Tol, reflux 1 h 8 mL of Et;0, rt, 4 h 200/200 100 40 84¢
14 2 mL of Tol, reflux 1 h 8 mL of Et,0, rt, 4 h 400/400 100 40 91f
15 1 mL of Tol, reflux 1 h 8 mL of Et;0, rt, 4 h 400/400 100 40 919

aRedistilled nonyl aldehyde was used unless otherwise indicAfE@O'Bu), was used® Yield: 54%.9 Yield: 9%. ¢ Yield: 35.9%. Yield: 96%.
9 Undistilled aldehyde was used. Yield: 66%.

aromatic aldehydes such as 2-furaldehyde, 1-naphthaldehyde, -
and 2-naphthaldehyde (entries -4B5). The reaction of Table 3. Results for the Addition of Phenylacetylene to
triisopropylsilylacetylene with benzaldehyde gave high ee AlIPhatic anda.f-Unsaturated Aldehydes

as well (entry 16). entry aldehyde isolated vield (%) ee (%)
However, when the conditions for the highly enantiose- ! \W?CHO 66 91
lective addition to aromatic aldehydes were applied to the b ~jCHO 96 9]

reaction of aliphatic aldehydes, low enantioselectivity was
observed. For example, only 75% ee was observed for the 3 N CHo 70 73
reaction of nonyl aldehyde, a linear aliphatic aldehyde (Table 4 ~,CHO 91 93
2, entry 1). Various conditions were explored for the reaction 5 g4 97
of phenylacetylene with nonyl aldehyde, and the results are >"CHO

summarized in Table 2. We first varied the methylene 6 ~.-CHO 60 94
chloride solvent used in step 2 (entries4). It was found 7 O—CHO 58 95
that diethyl ether improved the ee to 83% (entry 4). We then 8

CHO 99 93
examined the effect of temperature on this reaction, but found @J
only decreased ee values at either higher or lower temper- 9¢ CHO 93 91
atures (entries 4—6). Addition of molecular sieves had no @‘J
effect on the enantioselectivity (entry 7). In entry 8, Ti- 10 _yCHO 92 96
(O'Bu), was used in place of Ti(®r), which gave lower i 93 96
ee. Increasing the amount of Ti@), in entry 9 could not 4/>’CHO
improve the enantioselectivity. Increased ee (89%) was 12 @_//-CHO 89 97
observed when the refluxing time in the first step was
reduced to 1 h, but the yield was also reduced (54%, entry I3 @_/}CHO 96 99
10). Further decreasing the refluxing time in the first step to
30 min gave very low yield (9%) as well as lower ee (82%) 147¢ ~CHO 94 94
(entry 11). To increase the yield, we increased the amount 15 \H’?CHO 92 96

of phenylacetylene and diethylzinc which, however, gave _
: 16Pf CHO 92 95

lower ee values (entry 12). Increasing the amount of BINOL B e

and Ti(OPr), also showed no improvement (entry 13). 17" ~j-CHO 77 96

Therefore, we increased the amount of all reagents which Y

indeed led to both high enantioselectivity (91% ee) and

excellent yield (96%) (entry 14). The same enantioselectivity 2 Conditions of entry 15 in Table 2 were used with undistilled aldehydes

it unless otherwise indicateBRedistilled aldehyde was used. 2 mL of toluene
was observed for the use of undistilled nonyl aldehyde (emry was used in the first step Aldehyde was added dropwis&éPhenylacety-
15). lene:EsZn:Ti(O'Pr):BINOL:aldehyde= 6:6:1.5:0.6:1° Phenylacetylene:
The f0||owing gives the experimenta| procedure for entry EtZn:Ti(O'Pr),::BINOL:aldehyde= 6:6:2:0.8:1f Phenylacetylene:EZn:

. . Ti(O'Pr),:BINOL:aldehyde= 6:6:2.5:1:1.8 The same conditions as entry
15 of Table 2. Under nitrogen, a toluene (1 mL) solution of 17y this table except that redistilled aldehyde was used.

phenylacetylene (2.0 mmol, 224.) and diethylzinc (2.0

188 \H,CHO 96 96
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mmol, 210uL) in a 25-mL flask was heated at reflux for 1 || | | A I

h. Then, (S)-BINOL (0.20 mmol, 57.2 mg), & (8 mL),

and Ti(OPr), (0.50 mmol, 15Q:L) were added sequentially 100 -
at room temperature and stirred for 1 h. Nonyl aldehyde (0.50
mmol, 91 uL, undistilled) was added and the stirring
continued for an additional 4 h. The reaction was quenched
with saturated ammonium chloride. The resulting mixture
was extracted with methylene chloride and the extract was
dried over magnesium sulfate. After removal of the volatile
solvent under reduced pressure, the residue was passed
through a short silica gel column to afford the product
1-phenylundec-1-yn-3-ol in 66% yield. The ee was deter-
mined to be 91% by HPLC (ChiralDiacel OD column). ee of BINOL (%)

We applied the above conditions to the reaction of Figure 1. The relation of the enantiomeric purity of BINOL with
phenylacetylene with other aliphatic aldehydes. As the resultsthat of the propargyl alcohol product for the reaction of phenyl-

summarized in Table 3 demonstrate, highly enantioselectiveacetylene with benzaldehyde.

alkynylzinc additions to various aliphatic aldehydes were

achieved (9195% ee, entries19). In addition, the reactions  including aliphatic aldehydes, aromatic aldehydes, @jfd

of variousa,-unsaturaed aldehydes also exhibited very high unsaturated aldehydes. No previous catalysts have exhibited

enantioselectivity (96—99% ee, entries-11B). In entries such a broad scope of enantioselectivity with respect to the

14-18, we further increased the ratio of the reagents versustype of aldehydes for this reaction. In the BINOTi-

the aldehyde, which boosted the ee up to 96% for the reaction(O'Prl-catalyzed reaction, after the preparation of the

of phenylacetylene with nonyl aldehyde. alkynylzinc, the asymmetric addition to aldehydes proceeds
The effect of the ee of BINOL on the ee of the propargyl &t r0om temperature with 9199% ee. _This simplie cataly;t

alcohol product generated from the reaction of phenylacety- SyStém is practlcal for the asymmetric synthesis of various

lene with benzaldehyde was studied. Figure 1 shows a smalltyPes of chiral propargyl alcohols.

negative nonlinear effect in this reaction. It indicates that

the reaction may involve both the monomeric BINOL Research Fund, administered by the American Chemical

catalyst and its aggregates. . Society, and the National Institute of Health (RO1GM58454)
In summary, we have demonstrated that the readily ¢, partial support for this research.

available and inexpensive BINOL ligand in combination with

Ti(O'Pr) is a highly enantioselective catalyst for the reaction  Supporting Information Available: Experimental condi-

of an alkynylzinc reagent with various types of aldehydes, tions for determining the enantiomeric purity of the propargy!
alcohol products. This material is available free of charge

(17) For a recent mechanistic study on the BINOII(IV) catalyzed via the Internet at http://pubs.acs.org.
organozinc addition, see: Balsells, J.; Davis, T. J.; Carroll, P.; Walsh, P. J.
J. Am. Chem. So2002,124, 10336—10348. OL026921R
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