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Abstract: The optimization of asymmetric catalysts for enantioselective synthesis has conventionally

revolved around the synthesis and screening of enantio

pure ligands. In contrast, we have optimized an

asymmetric reaction by modification of a series of achiral ligands. Thus, employing (S)-3,3'-diphenyl BINOL
[(S)-Ph2-BINOL] and a series of achiral diimine and diamine activators in the asymmetric addition of alkyl

groups to benzaldehyde, we have observed enantiome

ric excesses between 96% (R) and 75% (S) of

1-phenyl-1-propanol. Some of the ligands examined have low-energy chiral conformations that can contribute
to the chiral environment of the catalyst. These include achiral diimine ligands with meso backbones that
adopt chiral conformations, achiral diimine ligands with backbones that become axially chiral on coordination
to metal centers, achiral diamine ligands that form stereocenters on coordination to metal centers, and
achiral diamine ligands with pendant groups that have axially chiral conformations. Additionally, we have
structurally characterized (Ph,-BINOLate)Zn(diimine) and (Ph,-BINOLate)Zn(diamine) complexes and

studied their solution behavior.

Introduction

The ever-increasing demand for chiral intermediates of high
enantiopurity has driven the enormous effort to develop new
and improved catalytic asymmetric reactiéid\Vhile optimiza-
tion of the vast majority of catalysts for these reactions has
traditionally relied on the synthesis and screening of resolved
chiral ligands*~# promising alternative approaches that have
the potential to streamline the optimization process have been
advanced. These include the following: (1) chiral poisofirig,

(2) chiral activationt? (3) use of large, flexible achiral ligands
with chiral conformationd/~1° and (4) optimization of asym-
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metric catalysts by screening of achiral ligad8ig® as well as
other techniques.—23

A strategy that has been used successfully to activate one
enantiomer of a racemic catalyst, or to activate an enantiopure
catalyst, is “asymmetric activatiod®. Asymmetric activation
was introduced by Mikami and co-workers and applied with
impressive results to several asymmetric reactions including the
carbonyt-ene reactio? hydrogenation reactio?t,Diels—Alder
reaction?® and addition of alkyl groups to aldehyd&€sin one
application, a racemic (BINOLate)Ti-based catalyst is combined
with enantiopure BINOL activator, which preferentially activates
one of the enantiomers of the racemic catafySthe resulting
combination of racemic catalyst and resolved activator exhibited
90% ee in the asymmetric carbomdne reaction. A similar
methodology was employed with racemic ruthenium BINAP
derivatives and enantiopure chiral diamines in the asymmetric
reduction of ketone® Addition of the enantiopure diamine to
the racemic rutheniumphosphine precursor gave rise to the
two expected diastereomeric catalysts. Employing this mixture
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of diastereomeric catalysts in the asymmetric reduction of be used to activate an enantiopure catalyst and the resulting
ketones resulted in generation of the alcohol product with very catalyst would exhibit enhanced efficiency and enantioselectivity
high enantioselectivity® It is important to note that when  (eq 2)22 Using this strategy, many catalysts could be prepared
mixtures of diastereomeric catalysts are used in asymmetric

reactions, the ee of the product is determined by the enantiose-
lectivity of each diastereomeric catalygstidtheir relative rates.
e (S)-Pho-BINOL
Both of these characteristics are dependent on the substrate. ZnEty
Thus, the faster diastereomeric catalyst for reduction of 9-acetyl- @
anthracene is the slower diastereomer for reduction of the closely Activated OH
related 1-acetonaphthon®. It is clear from this example that PhCHO + ZnEt Catalyst P

the asymmetric activation of racemic catalysts is more complex

than the use of single catalyst systems. from each enantiopure ligand through combination with a series
Asymmetric activation has also been successfully performed of achiral and meso ligands. The advantage of this method is
by activation of an enantiopure catalyst with an enantiopure that many more achiral and meso ligands, and ligand precursors,
activator in the asymmetric carboryéne reactioff and the  are commercially available than related enantiopure ligands or
asymmetric addition of alkyl groups to aldehyd@8?Mikami building blocks. Furthermore, the cost of achiral ligands is
and co-workers have prepared highly enantioselective catalystsysually a fraction of that of enantiopure ligands.
using resolved 3;adiphenyl BINOL (Ph-BINOL)3-% and In the present work, we demonstrate the dramatic impact that
resolved diimines as the asymmetric activators (e¢/3)The achiral ligands can have on catalyst efficiency and enantiose-
lectivity. Using one configuration of a single resolved ligand
and carefully chosen classes of achiral amekenitrogen-based
(R)-Phy-BINOL ligands3>36we observed a remarkable range of enantioselec-

ZnEty tivities of 1-phenyl-1-propanol [76%S to 96% )] in the
asymmetric addition of alkyl groups to aldehydes. Additionally,
Activated OH we present studies that provide insight into the structure and
PhCHO + ZnEt Catalyst ph)\/ ) reactivity of these highly enantioselective and efficient Lewis
rMes acid catalysts.
|

Ph. _N 90% ee, 0°C
Chiral Activator = (A,RA) I 99% ee, -78°C
Ph N

§

Mes

Results and Discussion

The present study was inspired by the work of Ding, Ishii,
and Mikami2”-3%who reported that enantiopure ¢FBINOLate)-
Zn species could be activated with enantiopure diimine ligands
to form very efficient and enantioselective catalysts for the
asymmetric addition of alkyl groups to aldehydes (eq 1). We
rationalized that the enantioselectivities and the activities of
However, combining R)-Ph-BINOL, diethylzinc, and enan-  resolved catalysts could be increased by adding achiral and meso
tiopure diimine activators, substantial ligand accelerdtioras ligands (eq 2) rather than enantiopure ligands. We are particu-
workers then screened a series of enantiopure diimine activatorshat have chiral conformations and can extend and amplify the
with (R)-Ph-BINOL in eq 1 and were able to optimize the chijral environment of the catalykt1o
enantioselectivity of the asymmetric addition reaction. The  c|assification of Achiral Ligands. The achiral and meso
catalyst prepared from a resolved stilbene diimine derivative |jgands that we have selected for our study fall into six distinct
(eq 1) with R)-Ph-BINOL generatedR)-1-phenyl-1-propanol  classes: (1) achiral diimine ligands that do not generate
with 90% ee at CC and 99% ee at-78 °C.* This example  additional chirality on binding to tetrahedral metals, (2) diimine
demonstrates the utility of asymmetric activation. The only |igands with meso backbones that have chiral conformations,
shortcoming of this novel and useful approach to asymmetric (3) achiral diimine ligands with backbones that become axially
catalysis is that two different types of chiral ligands must be chijral on coordination to metal centers, (4) achiral diamine
resolved. The resolution of chiral ligands is often the rate- |igands that do not form stereocenters on coordination to metal
limiting step in the optimization of asymmetric proces¥es. centers, (5) achiral diamine ligands that form stereocenters on

A better approach to asymmetric catalysis than activation of coordination to metal centers, and (6) achiral diamine ligands
racemic or enantiopure catalysts with enantiopure activators with pendant groups that have axially chiral conformations.
W0u|d be aChII'a| aCt|Vat|0n Whereby an aChII’a| I|gand W0u|d Use Of S|mp|e Achiral D||m|ne Ligands_Based on the Work
of Mikami and co-workers (eq B30 achiral diimines from

catalyst generated from onl\R)-Ph-BINOL and diethylzinc
is sluggish and only moderately enantioselective (eq 1).

(28) Mikami, K.; Terada, M. IlComprehensie Asymmetric Catalysislikami,

K., Terada, M., Eds.; Springer: Berlin, 1999; Vol. 3, pp 134374.

(29) Pu, L.; Yu, H.-B.Chem. Re. 2001, 101, 757—824.

(30) Mikami, K.; Angelaud, R.; Ding, K. L.; Ishii, A.; Tanaka, A.; Sawada, N.;
Kudo, K.; Senda, MChem. Eur. J2001, 7, 730-737.

(31) Simonsen, K. B.; Gothelf, K. F.; Jgrgensen, KJAOrg. Chem1998 63,
7536-7538.

(32) Pu, L.Chem. Re. 1998 98, 2405-2494.

(33) Berrisford, D. J.; Bolm, C.; Sharpless, K. Bngew. Chem., Int. Ed. Engl.
1995 34, 1059-1070.

(34) Seyden-Penne, Ghiral Auxiliaries and Ligands in Asymmetric Synthesis
John Wiley and Sons: New York, 1995.

6930 J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002

the first class were initially examined in combination wis)-(
Ph-BINOL (eq 2, Table 1). Under our conditionsS){Phx-
BINOL (10 mol %) with no added achiral ligand resulted in
the production of §-1-phenyl-1-propanol with low ee and poor
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100, 2159-2232.
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Table 1. Results of Screening Achiral Diimine Activators 1la—1g H
with (S)-Pha-BINOL in Eq 22 6\ ? T N .
N /
] ee at0°C  ee at-45°C o—zn" ) N——Zn""“o I w0
enty ligand (config) __(contig [ | ~oY "N
1 No achiral activator 44 (8) ~ OYH OYH 0 \"’%
/\ R R
2 1a =N N= 52 () -
C O Figure 1. Diastereomeric coordination geometries of /BiNOLate)Zn-
O O (diimine) bonded to the substrate aldehyde.
/\
3 1b =N N=

49(8) - R R
0 {él K? 0

Q Vo Q * \Zn/ H — H \Zn/ *
- / \N - D

Figure 2. Diastereomeric conformations of (PBINOLate)Zn(diimine)
derived frommesel,2-diaminocyclohexane.

Q
R
6 1 N N 75 (R &7 (R) * \Zn <N 4 *
e = = ~o
Mes Mes / >N a
o 7
a
M R
7 1f =N N=\ 76 (R) 78 (R) Figure 3. Diastereomeric conformations of (PBINOLate)Zn(diimine)
Mes Mes derived from ligand2g.
8 1g /:N> <N=\ 74 (R) 70 la[52% ee, (5)]. andle [87‘?/9 ee,R)]is thgt the Iigands .could.
Mes Mes be bonded to different positions on the trigonal bipyramidal zinc
center. In this case, we anticipate that simple achiral ligands
2 Reactions employed 10 mol % PBINOL, 10 mol % diimine ligand,  could greatly change the enantioselectivity of cataly&ts.
and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained ; O . .
as outlined in the Supporting Information. Achiral diimine ligands can also augment catalyst efficiency.

When diiminelewas used as the achiral ligand, the reaction at
efficiency in eq 2 (Table 1, entry 1, 44% ee and 83% conversion 0 °C was complete in less than 30 min (as compared to 83%
after 28 h). Asymmetric addition reactions in this study were conversion after 28 h with no achiral ligand, entry 1). This
conducted with 10 mol %S)-Ph-BINOL and 10 mol % achiral substantial increase in TOF on addition of the achiral diimine
ligand unless otherwise stated. Diimines derived from aromatic ligand is related to ligand-accelerated catalysis and is described
aldehydes and 1,2-diaminoethane, 1,2-diamino-2-methylpropanejn detail below33
and 2,3-diamino-2,3-dimethylbutane were employed as achiral  Use of Diimine Ligands with Meso BackbonesThe second
ligands (Table 1). With diimines derived from smaller aldehydes class of diimine ligands examined were those basethese
(laand1lb), catalysts were significantly faster than the catalyst diamine backbones such ass-1,2-diaminocyclohexane and
formed solely from §-Ph-BINOL and ZnEj. However, (1R29-1,2-diamino-1,2-diphenylethane (Table 2). These di-
enantioselectivities were moderate with tf8 ¢nantiomer of amines are distinct from those reported in Table 1 because they
the product predominating (entries 2 and 3). Surprisingly, with possess stereocenters. In the casssaf,2-diaminocyclohexane,
ligands derived from bulkier aromatic aldehydds-1e), the the two static chair conformations are enantiomers that inter-
opposite enantiomer of the product formed with moderate to convert by cyclohexane ring inversion. When diimines derived
good enantioselectivity (Table 1, entries-@&). Employing from cis-1,2-diaminocyclohexane bind to the ¢FBINOLate)-
diimines derived from 2,4,6-trimethylbenzaldehyde enantiose- Zn moiety, the enantiomeric conformations of the free ligand
lectivities were 74-76% at 0°C and as high at 87% at45°C become diastereomeric (Figure 2). If the diimine in #/Ph
(entry 6). Thus, in examination of these readily accessible BINOLate)Zn(diimine) preferentially adopts one of the diaster-
diimines, a range of product ee’s was observed spanning 52%eomeric conformations, theesediimine can extend the chiral
ee © with 1ato 87% eeR) with leemploying a single resolved  environment of the catalyst. We previously demonstrated that
ligand (Table 1). As we have previously emphasized, simple chiral conformations of achiral ligands can be used to control
achiral ligands can bind in an asymmetric binding mode in the relay of chiral information to a substrate in an asymmetric
certain metal geometrié8. Shown in Figure 1 are three transformatiot® A similar situation arises when diimines
diastereomeric trigonal bipyramidal aldehyde adducts that differ derived from (R29-1,2-diamino-1,2-diphenylethane bind to
only in the positions of the coordinated ligands (other isomers the (Ph-BINOLate)Zn moiety (Figure 3). The resulting diaza-
are also possible). One conceivable explanation for the differentmetallacyclopentane will pucker to avoid eclipsing the phenyl
sense of enantioselectivity of the catalyst incorporating ligands groups, giving rise to diastereomeric conformations.

J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002 6931
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Table 2. Results of Screening meso-Diimines 2a-g with Table 3. Results of Screening Achiral Diimine Activators Derived
(S)-Ph2-BINOL in eq 22 from 2,2'-Diamino-biphenyl 3a—3f with (S)-Ph,-BINOL in Eq 22
) ee at0°C eeat-45°C entry ligand eeat0°C eeat-45°C
entry figand (config)  (config) v figan (config) __(config)

$2 O~
1 2a =N N= 20(9 1 3a N N 38(9)
&

2 T

2 2b =N N—-_; 3(A - 2 3b N N 27(S)
—~ O,
3 2¢c

C =N N= O - ) 3 3c N N 38(S)
e Rase
Q 4 3d 8

4 2d cl =N N= Cl  74(R) 71(R)
T o0
{0 S O
5 2e /=N N= 75(R) 60 (A) 5 3e \N N/ 54 (R)

Mes Mes Cl cl
- -0
M M
6 2f . =N N= o ®A - 6 e N 80F %R
o oL
Ph Ph
7 29 N N 73R 86 (F) a Reactions employed 10 mol % £BINOL, 10 mol % diimine ligand,
M/e:s =\Mes and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained

as outlined in the Supporting Informatidithe catalyst formed from ligand
3f was not completely soluble at45 °C.

a Reactions employed 10 mol % £BINOL, 10 mol % diimine ligand,
and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained
as outlined in the Supporting Information.

The catalysts derived from diimines in Table 2 showed trends
in enantioselectivity similar to those in Table 1. The larger the
aryl groups of the diimines, the higher the enantioselectivity of
the resulting catalysts. Catalysts incorporating diimines derived
from 2,4,6-trimethylbenzaldehyde and 1,2-diamines were the Figure 4. Diastereomeric conformations of (?BINOLate)Zn(diimine)
most enantioselective regardless of the structure of the ligandderived from ligandsa—3f.
backbone. Thus, unlike our previous studfélggands containing
meso backbones (Table 2) had essentially no additional impactdiastereomeric catalysts that exhibited a large difference in
on the enantioselectivity of the resultant catalyst when comparedrelative rates. In contrast, an interesting study by Gaayme

to their simple ethylene diimine counterparts (Table 1). co-workers recently appeared in which they prepared a bipheny!
Achiral Diimines with Biphenyl Backbones. The third class phosphine with a high barrier to atro'plsomerlz.atlon when bqund
of achiral diimine ligands was based on the 2jaminobiphenyl to the metal center. Once locked into a chiral conformation,

backbone (Table 3). These ligands become axially chiral on the diastereomeric platinum complexes were separated, the
binding to metal centers (Figure 4). They were chosen becausechiral-resolved ligand removed from the metal center, and the
we believed that the chiral environment of the fBNOLate)- platinum bearing the atropisomeric ligand locked in the chiral
Zn could be amplified by the chiral conformations of these Conformation was used in two catalytic asymmetric reactions
achiral ligands. Similar biphenyl phosphine derivatives have With excellent results! Atropisomerization of chelating phos-
been used successfully in the asymmetric reduction of kefdnes. Phines has been studied in platintimand ruthenium sys-

In that work, the slow interconversion of the enantiomeric (37) Becker, J. J.: White, P. S.: Gagiié. R. J. Am. Chem. So@001, 123
conformations of the biphenyl diphosphine led to formation of 9478-9479.
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tems3940 In related work, the structure and racemization of Table 4 Results of Screening Diamines 4a—4d with
the biphenyldiamine in f-CsHe)Ru(2,2-diaminobiphenyl)CIt (S)-Ph>-BINOL in Eq 2

was studied by Ashby and co-workers using X-ray crystal- entry figang eeat0°C  eeat-45°C
lography and 2D EXSY NMR spectroscofly Although the (config) __(contfig)
angle between the biphenyl rings in the ruthenium complex was 1 4a HoN NHs 47(S) -
60.# in the solid state, atropisomerization occurred with I\
AG¥ag3¢ = 66.8 kJ motl. On the basis of their studies, they 2 4b MeoN  NMe> 84(8)
proposed a mechanism in which the isomerization of the /N

4c EttN  NEt * (A 72 (R)

biphenyldiamine takes place without breaking either of the
Ru—N bonds.

It can be seen that combination §-Ph-BINOL with achiral
ligands3a—f (eq 2) resulted in a wide range of enantioselec-  aReactions employed 10 mol % PBINOL, 10 mol % diimine ligand,
tivities [38% ee §) to 89% ee R) at 0°C]. Further extending and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained
the trends observed in Tables 1 and 2, ligands derived from 23 °utined in the Supporting Information.

1-naphthaldehyde and 2-naphthylaldehyde resulted in formationy|enediamine, however, gave the opposite enantiomer with 36%
of predominantly theg) enantiomer. In contrast, use of ligands ge of the R) product at °C and 72% ee at45 °C. Similarly,
derived from 9-anthraldehyde, 2,6'diCh|0rObenZa|dehyde, and N,N,N,N’-tetramethy|_1,3_pr0panediamine gave 4% of tﬁp (
2,4,6-trimethylbenzaldehyde generated tR ¢nantiomer as  enantiomer at 0C and 75% ee of theR) enantiomer at-45
the major product. The use of ligaBfiresulted in the formation  °c_ A possible cause for this dramatic difference in enantiose-
of the most enantioselective catalysts of our study, generating|ectivity generated withtb and 4d could be that the ligands
the product in 89% ee at @ and 96% ee at-45°C. At —45 bind to different coordination sites on the metal (Figure 1). It
°C, not all the catalyst was soluble (Table 3). is not clear why some catalysts show large changes in enanti-
It is interesting to note that in each series of diimine ligands oselectivity with decreasing temperature and others do not. It
examined, regardless of the backbone, it was the ligands deriveds possible that at lower temperatures certain ligand conforma-
from 2,4,6-trimethylbenzaldehyde that formed the most enan- tions or catalyst geometries are less accessible. If the most active
tioselective catalysts (Tables-B). It is also quite surprising  form of the catalyst involves a higher energy conformation of
that catalysts incorporating ligande—1g (Table 1) and meso  the ligand, the product ee might show more complex behavior
ligands2e and 2g (Table 2) generated product in the narrow with changes in temperature (Curtilammett principle).
range of enantioselectivities between 73 and 76% ee°&.0 Achiral Diamines That Form Stereogenic Centers on
The results in Tables-13 indicate that the aromatic groups on  Binding to Metals. The next class of achiral diamines employed
the imine ligands are very important in determining the \ere those that form stereocenters on coordination to metals.
enantioselectivity of the catalyst in this system. It is possible Coordination of the nitrogen lone pairs of these ligands to zinc
that the (PB-BINOLate)Zn moiety dictates the position of the  suspends nitrogen inversion, rendering the nitrogens stereogenic
mesityl groups, and therefore, minor changes in the diimine centersi243t is likely, however, that inversion of the config-
backbone have little influence in the enantioselectivity- yration at nitrogen can still occur by a mechanism that involves
determining step. dissociation of one of the amine nitrogens to generate a
Use of Simple Achiral Diamines.Employing the achiral  3-coordinate zinc intermediaté-46 This is followed by inver-
diimine activators in Tables 1-3 in eq 2 we observed product sjon of the nitrogen lone pair and recoordination. We envisioned
ee’s from 96% R) to 52% ). Our goal was then to optimize  that theC,-symmetric (Ph-BINOLate)Zn moiety would induce
the catalyst by screening achiral ligands such that e ( the diamine to bind in one of the enantiome@g-symmetric
enantiomer of the product could be generated with higher modes. The chiral nitrogens would then be in close proximity
enantioselectivity. We therefore examined the use of diaminesto the G-C bond-forming processes and influence the enan-
as achiral ligands in eq 2 (Table 4). All of these ligands were tiofacial selectivity of the catalyst. A similar biasing of the
available from commercial sources. These diamines do notnijtrogens in a chiral diamine ligand bound to zinc has been
generate additional stereocenters on binding to tetrahedral metatharacterized by X-ray crystallograpfy.
centers. Employing simple diamines such as ethylenediamine  Use of ligandssa—5d (Table 5) in the asymmetric addition
and N-alkylated derivatives4db and 4c again resulted in reaction (eq 2) with (PRBINOLate)Zn led to a range of product
generation of alcohol product with a wide range of ee’s (Table ee’s [30% R) to 76% @)]. Higher enantioselectivity was
4). The product ee was found to be very sensitive to the size of pbserved with bulkier diamines, such g\'-di-tert-butyleth-
the N-alkyl groups and the number of methylene units in the ylenediamine%b), which gave the highest ee for tH§ product
diamine backbone. Ethylenediamine resulted in a slight increasein this study (73% ee at 8C and 76% ee at20 °C). Use of
in the ee of the product over RBINOL alone (Table 4, entry

1). TMEDA (entry 2) resulted in a further increase in the ee of (42) Eliel, E. L.; Wilen, S. H Stereochemistry of Organic Compountiéiley
& Sons: New York, 1994.

the (© product to 64% ee without a significant increase in the (43) von Zelewsky, AStereochemistry of Coordination Compounitshn Wiley

ivi i "N - _ & Sons Ltd.: West Sussex, U.K., 1996.
CatalySt aCtIVIty (as described beloM'N’N N Tetraethyleth (44) Geerts, R. L.; Huffman, J. C.; Caulton, K. l@org. Chem1986 25, 1803
1805

D

4d MeoN  NMeo 4(S) 75 (R)

(38) Tudor, M. D.; Becker, J. J.; White, P. S.; Gaghe R. Organometallics (45) Darensbourg, D. J.; Zimmer, M. S.; Rainey, P.; Larkins, ODnbrg. Chem.
200Q 19, 4376-4384. 1998 37, 2852-2853.

(39) Mikami, K.; Aikawa, K.; Korenaga, TOrg. Lett.2001, 3, 243—245. (46) Cummins, C. C. InThree-Coordinate Complexes of “Hard” Ligands:

(40) Korenaga, T.; Aikawa, K.; Terada, M.; Kawauchi, S.; Mikami, Adv. Advances in Synthesis, Structure and Reaiyti Karlin, K. D., Ed.; John
Synth. Catal2001, 1, 284-288. Wiley and Sons: New York, 1998; Vol. 47, pp 68836.

(41) Alguindigue, S. S.; Khan, M. A.; Ashby, M. Drganometallics1999 18, (47) Mimoun, M.; Yves de Saint Laumer, J.; Giannini, L.; Scopelliti, R.; Floriani,
5112-5119. C.J. Am. Chem. S0d.999 121, 6158-6166.
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Table 5. Results of Screening Diamines 5a-d with (S)-Phx-BINOL Table 6. Results of Screening Achiral Diamines 6a—6d with
in Eq 2 (S)-Ph2-BINOL in Eq 2
o ee at0°C ee at-20°C ] ee at 0°C, -45°C, -78°C
entry ligand {contig) (config) entry  ligand (config)
1 S5a MesHZC—H H—CHQMes 47 (S) - 1 6a Nl ‘N 71(A) &7 @0
~ v 9
2 5b Me3C—'l:li H“CMQ:; 73 (S) 76 (9 O Q
/\
3 5¢c Pth—N LII— CPhs 0 (A)

/~\ N
4  sd PngHC-N  N-CHPh, 8(S) - 2 5b N B5R) & @
a Reactions employed 10 mol % £BINOL, 10 mol % diimine ligand, O O
and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained
as outlined in the Supporting Information.

the bulkierN-alkyl groups derived from tritylamineb€) resulted
in a reversal of the configuration of the product [30% B#.(

. . .. 3 6c N N 83(R) @ %
It is possible that théN-alkyl groups are sufficiently large to O O
disfavor simultaneous coordination of both amine nitrogens to
the Ph-BINOLate)Zn moiety. O Q
Ph Ph

Diamines with Axially Chiral Substituents. Diamines with
flexible pendant biphenyl groups listed in Table 6 were also
examined in eq 2. Ligandsa—6d were synthesized as shown

for 6¢ in eq 3. These ligands were prepared because the 4 5d 45 (S) -
e SRS

+ 2.2 equiv KaCOg
NH; Br EtOH, reflux aReactions employed 10 mol % RBINOL, 10 mol % diimine ligand,
86% yield and 300 mol % diethylzinc. Conversion data and alcohol ee’s were obtained

as outlined in the Supporting Information.

a &)
A
Sevs

6c O Figure 5. Diastereomeric conformations of (PBINOLate)Zn(diimine)
derived from ligandéa.

atropisomerization about the biphenyl unit should be fac-
ile.224142.48499|nteraction of the rapidly racemizing biphenyl
groups with the (PABINOLate)Zn moiety could be envisioned
to bias the configuration of the atropisomers and extend the
chiral environment of the resulting (RBINOLate)Zn(diamine)
Lewis acids (Figure 5). Phosphite ligands with atropisomeric
groups have been successfully employed in asymmetric hydro-
formylatiorP®51and hydrogenation reactioAReetz and Neu-
gebauer found that the atropisomeric group had a significant
impact on the enantioselectivity of the catalysts in some c&ses.
The results from our study with achiral atropisomeric ligands
are shown in Table 6. Catalysts of the type ABiNOLate)-
Zn(diamine) incorporating ligandéa and 6b behaved very
differently from the catalyst generated with TMEDA in the

asymmetric addition reaction (eq 2). Catalysts derived féam
and6b were more enantioselective, forming product of tRg (
configuration in 71% ee and 75% ee, respectively, @ (Table
6, entries 1 and 2) while the TMEDA-based catalyst generated
the opposite enantiomer in 63% ee. Catalysts derived Bam
and 6b both gave 87% ee at45 °C. Additionally, catalysts
formed with ligands6a and 6b were much faster than the
TMEDA complex as discussed below. Ligad with thecis-
1,2-diaminocyclohexane backbone, generated one of the most
enantioselective catalysts in this study. At35, and—78°C,
(R)-1-phenyl-1-propanol was generated in 83, 92, and 94% ee.
Synthesis of (Ph-BINOLate)Zn(diimine) and (Ph>-BINO-
Late)Zn(diamine). Our working hypothesis is that the active
Lewis acid catalysts in the asymmetric addition process are the
(48) Millen, K.; Heinz, W.; Klaner, F.-G.; Roth, W. R.; Kindermann, 1.;  4-coordinate zinc complexes (PBINOLate)Zn(diimine) and
Adamczak, O.; Wette, M.; Lex, Lhem. Ber199Q 123 2349-2371. (Ph-BINOLate)Zn(diamine). We therefore decided to synthesize

(49) Iffland, D. C.; Siegel, HJ. Am. Chem. S0d.958 80, 1947-1950. . . . i
(50) Sakai, N.; Nozaki, K.: Mashima, K.; Takaya, Fetrahedron: Asymmetry  these complexes and examine their solid-state and solution

1992 3, 583-586. : ;
(51) Nozzaki, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.; Horiuchi, T.; St__r“‘?t”res- The Symheses wer(_a p(_erformed by dlssolvmg the
Takaya, H.J. Am. Chem. Sod.997, 119, 4413-4423. diimine 1e (Scheme 1) or the diamingb (Scheme 2) and 1

6934 J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002



Catalyst Enantioselectivity Using Achiral and Meso Ligands ARTICLES

Scheme 1
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equiv of Ph-BINOL in dichloromethane at room temperature trans imine linkage in the solid-state structure (denciedrans
followed by addition of 1 equiv of diethylzinc. A small amount 7). The Zn—-0O(1) and Zr-O(2) distances of 1.881(2) and 1.918-
of gas, presumed to be ethane, was evolved upon combining(2) A, respectively, are similar to other Z® bonds with
the diethylzinc with the solution of the ligands. The resulting phenoxide ligand$}4> The Zn—N(1) and Zn-N(2) distances
compoundsy and8, were characterized as outlined below. of 2.080(2) and 2.058(3) A, respectively, are slightly shorter
Molecular Structure of (Ph,-BINOLate)Zn(diimine), 7. A than typical Za-N distances when zinc is bonded to other
search of the Cambridge Data Base found no structurally electronegative aton®$:5* The O(1)-Zn—0(2) bond angle is
characterized zinc(BINOLate) complexes. A single-crystal X-ray 101.32(10) while the N(1}-Zn—N(2) is more acute at 82.37-
diffraction study of 7 was undertaken for the purpose of (11)°. The torsional angle between the naphthyl rings is 9.5
characterization and for comparison with $§FBINOLate)Zn- Solution Behavior of 7.The solution properties a@lfistrans-7
(diamine). Crystals of were grown by slow diffusion of diethyl ~ were investigated by dissolving recrystallizet,trans7 in
ether into a dichloromethane solution of the compound at room CDCl; and collecting NMR data. ThéH and *3C{!H} NMR
temperature. A thermal ellipsoid plot of the structure7ois spectra were not consistent with the solid-state structure. The
illustrated in Figure 6 along With.selecte.d bond distances and (52) Reimann, C.. Block, S.. Perloff, Anorg. Chem 1966 5. 1185.
bond angles. The structure consists of zinc bonded to the Ph (53) Preston, H. S.; Kennard, C. H. I.. Chem. Soc., Chem. Commu867,
BINOLate and the diimine ligands with a pseudotetrahedral 708-709.

; 77 X X (54) Singh, B.; Long, J. R.; Fabrizi de Biani, F.; Gatteschi, D.; Stavropoulos,
geometry. Interestingly, the diimine ligand has one cis and one P.J. Am. Chem. Sod.997, 119, 7030-7047.
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oy, 7, R
P &

trans,trans-7

Scheme 3

\_/
N

downfield region of thelH NMR spectrum contained five
slightly broadened singlets in a ratio of 2:2:2:1:1 attributed to
the aromatic and imine protons rather than six singlets in a ratio
of 2:2:1:1:1:1 expected based on the solid-state structure of
cistrans7. Also informative was the observation of a doublet
at 7.79 (4H) ppm, a triplet at 7.24 (4H) ppm, and a triplet at
7.16 (2H) ppm that belong to tleguivalent3,3-diphenyl groups
(assigned by analysis of the COSY spectrum). These results
indicate that the PRBINOLate ligand is in aCy-symmetric
environment on the NMR time scale. In the upfield region, there

are singlets at 1.79 and 1.92 ppm (6H each) and singlets at 2.07 N
and 2.18 ppm (3H each). Four multiplets integrating to one H I
each were found between 3.0 and 3.5 ppm representing the fourkigure 6. Thermal ellipsoid plot of. Ellipsoids are at the 30% probability
methylene hydrogens of the diimine backbone. These dataIzevel(-)(Sz';licgtleg(g;)r;iﬁ?\il?tle;nzcgz O(é)) aZn:_ Na&%lgsogée(g)ﬁgg; 216883%,
suggest that the diimine is not symmetrically coordinated to 47— : ' : : : ' -

the zinc. A possible explanation for the data above is that only 101.32(10), and N(BHZn—N(2) 82.37(11).

one diimine nitrogen is bound to ng-symmetric (PBr and 3.47 ppm. Over several dayanstrans-7 isomerized to
BllNOLate)Zn moiety ¢is-7, Scheme 1j>°°However, thé*C- = the same compound formed on dissolvicigtrans7 (NMR

{ H}lNMlR and IR data are inconsistent with this explanation. spectrometry). The chemistry of these compounds is outlined
The *C{'H} NMR spectrum supports tt@, symmetry of the 5 Scheme 1. Isomerization of free iminsand those coordi-
Ph-BINOLate ligand. The imine carbons resonate at 172 and pated to metal complexé59%have been reported to occur

176 ppm while in the free ligantiethey are found at 162 ppfi. slowly at room temperature. Consistent with the observed
The downfield shifts of the imine carbons indicate that both panavior ofcistrans7. use of crystallinecistrans7 in place
nitrogens are bound to zinc. The IR of the ligatghas a strong ot pp,-BINOL and 1e in eq 2 exhibited significantly lower
stretch at 1634 crt for the imine groups. In solution, the (P enantioselectivity and overall rate than the in situ prepared
BINOLate)Zn(diimine) complex has<€N stretching frequen-  c4ia1yst. After 10 min at 0C, cistrans7 exhibited 18% ee
cies at 1421 cm" with a shoulder at slightly higher frequency.  ang 2296 conversion in the asymmetric addition compared to

The absence of an imine stretch around 1630 cmdicates  thg in sjtu preparation dfanstrans 7 which gave 75% ee and
that both imine nitrogens are bound to zinc. The IR and NMR  ggo4 conversion under the same conditions.

data are consistent wittis,trans7 that readily dissociates the Because the spectroscopic data @§trans7 raise the

transimine to give a transientis-7 followed by rapid recoor-  4ssibility of the formation of the 3-coordinate intermedizigs?
dination of thetransimine to the zinc. o on dissolving crystals ofistrans7, we were curious as to
The unexpected solution behavior of crystallizesitrans7  \yhethertranstrans 7 might dissociate one imine nitrogen to
prompted us to examine |t.s formation. Cqmblnat|on of diimine give the 3-coordinateans7 (Scheme 3). If this were occurring
1g PRh-BINOL, and ZnEf in a 1:1:1 ratio in CDG followed it might be possible thatans-7 would catalyze the asymmetric
immediately by collection and analysis of the NMR data from  5qjtion reaction (eq 2). To examine this possibility, we modeled

this sample indicated that the complex formed was e the monodentate diimine imans-7 with a simple monodentate
symmetrictranstrans7 (Scheme 1). Singlets in aratio of 4:2:2  jine. As a model imine we chose thebuty! derivative9 and

for the aromatic mesityl hydrogens, the ‘4ydrogens of the oy amined its use at 10 and 20 mol % (Scheme 4). We found
BINOL backbone, and the imine hydrogens were observed. ih5t use of 10 and 20 mol % of trebutylimine 9 and 10 mol

Additionally, only one type of mesityl group was present and o (S-Ph-BINOL gave identical ee’s and overall rates. While
two doublets were observed for the diimine backbone at 3.24 | se of 1e and ©-Ph-BINOL gave 75% ee of theR)

(55) van der Poel, H.; van Koten, G.; Vrieze, K. Organomet. Chenil977, enantiomer9 and S)_PhZ_BINOL gave the OppOSite enantiomer

135 C63-C65.
(56) van der Poel, H.; van Koten, G.; Vrieze, Ikorg. Chem198Q 19, 1145~ (58) Jennings, B. W.; Al-Showiman, S.; Boyd, D.; Campbell, R. MChem.
. Soc., Perkin Trans. 2976 1501-1506.
(57) Paz-Sandoval, M. A.; Domguez-Dufa, M. E.; Pazos-Mayen, C.; Ariza- (59) Al-Najjar, I. M. Spectrochim. Actd988 44A 57—62.
Castolo, A.; Rosales-Hoz, M. J.; Contreras JROrganomet. Cheni995 (60) Al-Shalaan, A. M.; Al-Showiman, S. S.; Al-Najjar, . M. Chem. Res.
492 1-9. 1986 76—77.
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Scheme 4
r Mes
|
N
(S)-Pho-BINOL + [ 10 mol%
10 mol% N|
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1e
Activated OH

Catalyst
PhCHO  + ZnBty — o g™

75% ee (R)

( Mes 10 mol%
(S-Pho-BINOL + ' or
- 20 mol%

10 mol% n-Bu
9

. OH Figure 7. Thermal ellipsoid plot oB. Ellipsoids are at the 30% probability
écttlvlatetd level. Selected bond distances (A) and angles (deg)-@) 1.900(4),
PhCHO + ZnEt aialys M Zn—0(2) 1.940(2), Zr-N(1) 2.057(4), Zr-N(2) 2.086(4), O(1)}Zn—0(2)

101.30(14), and N(BHZn—N(2) 86.5(2).
10 mol% 9, 43% ee (S)

20 mol% 9, 43% ee (S) 80 ]
70 - ////

in 43% ee. Additionally, the catalyst formed frabe promoted | T Theorstical -7

i . A . . ) 60 ] Experimentaj -
the asymmetric addition rapidly, with completion at@in 10 £ 50 //'
min. However, both 10 and 20 mol % showed only 30% %'5 _/’
completion afte 1 h under the same conditions. These results 'g_40 L7
suggest that the active form of the catalyst generated ftem 2 30 o
and Ph-BINOL is not the 3-coordinatérans-7. 20 el

Molecular Structure of (Ph,-BINOLate)Zn(diamine), 8. " o
Crystals of8 were grown by diffusing hexanes vapor into a e
solution of the complex in dichloromethane. X-ray diffraction 0
0 20 40 60 80 100

data were collected at low temperature, and the structure was
solved by direct methods. The asymmetric unit contains two
independent molecules that have slightly different conforma-
tions. A thermal ellipsoid plot of molecule 1 of (PBINOLate)-
Zn(diamine) is shown in Figure 7 with relevant bond distances
and bond angles. Molecule 2 is shown in the Supporting
Information. The zinc center it8 is also 4-coordinate and
pseudotetrahedral, bound to thef#iNOLate and the diamine.
The diamine is coordinated to zinc inGe-symmetric fashion,
and the diamine nitrogens are chiral with ti ¢onfiguration.
This compound will be referred to aRkR)-8. The Zn-0O(1)
and Zn-0(2) distances of 1.900(4) and 1.940(2) A and the-Zn
N(1) and Zn-N(2) distances of 2.057(4) and 2.086(4) A,
respectively, are very close to those founccigtrans7. The
0O(1)-Zn—0(2) bond angle of 101.30(1%is virtually identical
to that found incistrans7 while the N(1)-Zn—N(2) of 86.5-
(2)° is slightly more open. The torsional angles between the
naphthyl rings in molecule 1 and molecule 2 are 63u0d 64.8,
respectively.

Solution Behavior of 8.Crystals of RR)-8 were dissolved
in CDCls, and™™ and*3C{'H} NMR data were obtained. The
IH NMR spectrum was more complicated than expected with
threetert-butyl resonances (between 0.6 and 0.8 ppm) rather (61) Girard, C.; Kagan, H. BAngew. Chem., Int. Ed. Engl99§ 37, 2922-
than the expected singlet based on the solid-state structure 01‘(62) ?;fhi’ N.; Matsuda, Y.: Kaneko, J. Am. Chem. S0d98§ 110, 7877
(R,R)-8. Also, between 1 and 2.5 ppm, eight resonances were 7878.
observed instead of the expected three (diamine backbone and83) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R.Am. Chem. Sod989

)

ee ligand/%
Figure 8. NLE with Ph-BINOL of various ee’s and ligande at 0 °C.

aromatic region of théH NMR spectrum is very complex.
However, the3C{1H} NMR spectrum exhibits three resonances
for each expected resonance &R)-8. Thus, in solution it
appears thaR,R)-8 is in equilibrium with either the 3-coordinate
species or the tetrahedral complex with tReSf configuration

of the nitrogens. Use of crystals of this compound in eq 2 at
—20 °C gave 75% ee while generation of the catalyst in the
reaction mixture resulted in product of 74% ee.

Nonlinear Studies.To address the nuclearity of the catalysts
under the reaction conditions, the ee of the-BINOL was
varied and the ee of the product was determined. Using a
representative achiral diiminé€) and diamine4b) in separate
sets of experiments with RBINOL of varying ee’s, we
observed no nonlinear effects in the asymmetric addition in eq
2 (Figures 8 and 9, respectively). These results suggest that the
catalysts for the asymmetric addition reactions are likely to be
monomeri€! unlike the amino alcohol-based catalysts of
Ogunif2 Noyori 8365 Nugentb6.67 and otherg?

- 111, 4028-4036.
N—H’s) based on the solid-state structure &{R)-8. The (64) Noyori, R.; Kitamura, MAngew. Chem., Int. Ed. Endl991, 30, 49-69.
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Figure 9. NLE with Ph-BINOL of various ee’s and ligandb at 0 °C.

80 100

Ligand-Accelerated Catalysis.We have performed several
experiments designed to provide insight into the nature of the
catalysts in this efficient asymmetric process. Dialkylzinc
reagents react very slowly with aldehydes in the absence of
Lewis acids. However, asymmetric addition reactions involving
Lewis acid catalysts formed from chiral amino alcohol ligands
have been shown to exhibit strong ligand acceleratiorhe
catalysts in these reactions can form 3-coordinate zinc specie
that dimerize®3:65.68-70 The dimers are the resting state of the
catalyst and are believed to be in equilibrium with the
3-coordinate monomers that enter the catalytic cycle.

Mikami proposed that the catalyst formed frompyfiNOL,

a chiral diimine, and diethylzinc is the 4-coordinate {Ph
BINOLate)Zn(diimine). This is reasonable based on the pro-
pensity of zinc to form tetrahedral complexes and our structural
and solution investigations @fand8.”! Because there is a large
excess of zinc (300 mol %) relative to PBINOL (10 mol %)

and the diimine or diamine (10 mol %), several different zinc
complexes can be envisioned to form. These include-(Ph
BINOLate)Zn, which is likely to be aggregated in solution due
to the instability of bent 2-coordinate zinc complexést is
also possible that (diimine)Znkts formed, as related com-
pounds have been characteriZédSpecies such as [(Rh
BINOLate)zn}, (diimine)ZnEg, and (diamine)Znktmay pro-
mote the addition reaction with different efficiencies and reduce
the ee of the product. To investigate these possibilities, three
diamines and two diimines were examined in the asymmetric
addition reaction in the absence and presencg)e?p-BINOL.
Under our standard conditions, the reaction of diethylzinc with

benzaldehyde in the absence of other ligands is 1% complete

after 8 h at 0°C. Addition of Ph-BINOL to this system results

in a significant increase in the rate of the reaction with just
under 25% conversion aft@ h (Figures 8 and 9). Addition of

a diamine (10 mol %) to the diethylzinc and benzaldehyde
solution also resulted in an increase in the rate of the addition
reaction. Using ligandb, diethylzinc, and aldehyde, less than

(65) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R.Am. Chem. Sod998 120,
9800-9809.

(66) Nugent, W. AJ. Chem. Soc., Chem. Commu®99 1369-1370.

(67) Chen, Y. K.; Costa, A. M.; Walsh, P. J. Am. Chem. So001, 123
5378-5379.

(68) Kitamura, M.; Suga, S.; Niwa, M.; Noyori, R. Am. Chem. Sod.995
117, 4832-4842.

(69) Kitamura, M.; Oka, H.; Noyori, RTetrahedron1999 55, 3605-3614.

(70) Rosner, T.; Sears, P. J.; Nugent, W. A.; Blackmond, DOfg. Lett.200Q
2, 2511-2513.

(71) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.; John
Wiley and Sons: New York, 1988.

(72) Charette, A. B.; Marcoux, J.-F.; Molinaro, C.; Beauchemin, A.; Brochu,
C.; Isabel, EJ. Am. Chem. So00Q 122 4508-4509.
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3% conversion was realized after 2 h, while diam&tegave
54% conversion in this period. Ligar@it gave 51% conversion
after 2 h. When the diamingb was combined with PRBINOL,

the reaction was 46% complete after 2 h, which was only slightly
faster than PRBINOL alone. Similar results were observed with
5b and PR-BINOL (57% after 2 h). Thus, achiral diamines such
as4b or 5b and Ph-BINOL must be weighed carefully to ensure
a 1:1 ratio of the ligands to maximize enantioselectivities. In
contrast, combination of B¥BINOL with 6cresulted in a huge
increase in the rate of the reaction. In this case, the reaction
wascomplete in 5 min at OC (Figure 10) and the product was
generated with high enantioselectivity (Table 6).

Use of diimines and BHBINOL also resulted in significant
ligand acceleration. Like the diamines of Figure 10, diimine
ligands alone were not efficient promoters of the asymmetric
addition reaction (Figure 11). However, combination of diimines
and Ph-BINOL resulted in the formation of highly efficient
catalysts for the asymmetric addition reaction. In experiments
with ligands 3f and BINOL, 5 mol % of each ligand was
employed. The most efficient (RBINOLate)Zn(diamine) and
(Ph-BINOLate)Zn(diimine) catalysts studied in this work are
markedly faster than catalysts formed from amino alcohol

S1igands. This may be due to the fact that the amino alcohol-

based catalysts have a dimeric resting state, and therefore, the
concentration of the active, 3-coordinate zinc catalyst is low.
Similar ligand acceleration has also been observed with
bifunctional zine-salen complexe®

Ligand acceleration is easily detected but difficult to under-
stand because it is often not clear which step in the catalytic
cycle is rate determining. In the asymmetric addition reaction,
important steps include coordination of the aldehyde to the zinc
catalyst, formation of the €C bond, and removal of the product
alkoxide or regeneration of the catalystf the rate-determining
step were removal of the product alkoxide from the catalyst,
we would expect that use of aldehyde substrates substituted with
electron-withdrawing and -donating groups in the para position
would show similar reactivity. The influence of the substituent
on the basicity of the zinc-bound alkoxide should be small due
to the inductive effect. However, if the rate-determining step
involves the addition of the alkyl group to the carbonyl carbon,
the electronic properties of the aldehyde will have a substantial
impact. Experiments were carried out using benzaldehyde and
p-trifluoromethylbenzaldehyde with ligarite under the condi-
tions in eq 2. Reactions with these two substrates were
conducted side by side and repeated twice. In both cases, after
1 h, p-trifluoromethylbenzaldehyde was 90% complete (75%
ee) while benzaldehyde was 58% complete (87% ee). These
results indicate that with catalyst formed from ligahg the
rate-determining step isot removal of the alkoxide from the
catalyst. It is conceivable that variation of the achiral or meso
ligands may change the rate-determining step and it is, therefore,
not possible to generalize that all the ligands will behave
similarly to 1e Ligand acceleration could also arise if a catalyst
that is only partially soluble becomes soluble on binding the
ligand. We have taken care to check the solubility of the
reactions outlined here and have noted when reactions were not
visually soluble. From the data presented, it appears that the
ligand acceleration is not simply a function of the Lewis acidity
of the zinc catalyst. Catalysts formed from diamifie or

(73) DiMauro, E. F.; Kozlowski, M. COrg. Lett.2001, 3053-3056.
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Figure 10. Conversion vs time for ligandéb, 5b, and6c with and without PB-BINOL (eq 2).
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Figure 11. Conversion vs time for ligandse and 3f with and without PRBINOL (eq 2).

diimines 1e and 3f exhibit similar efficiencies, even though  Summary
amines are significantly more basic than imines. Furthermore, oo . "
catalysts bearing diamine ligands such as TMEB&,6b, and Optimization of asymm_etnc catalyst_s has tre_ldltlc_)nally been
6c are expected to have similar Lewis acidity. Yet, as seen for perforrr_1ed by the synt_he3|_s and screening of chiral ligaide
TMEDA and6cin Figure 10, the resultant catalysts have very resolution of such chiral ligands, or their components, can be
. . ' : . —.° an arduous and time-consuming task that severely limits the
different TOFs. Even in the case of ligands that are very similar - .
in structure, such aé&a—6c, significant differences in TOFs were production of new catalysts. The purpose of this research was
seen at—7,8 °C. These three ligands form efficient and to demonstrate that catalyst enantioselectivity and activity could
enantioselective catalysts in the asymmetric addition reaction be optimized by mod|f|cat|on of _ach|ral and meso ligands.
(eq 2) giving between 90 and 94% ee. Nonetheless, the TOFSSeveraI of the achiral and meso ligands developed here have
were different. Afte 3 h at —78 °C the.conversions \,/vere as chiral conformations and can amplify or extend the chiral
follows: 6a12"’/o 6b 90% and:‘ocllf;/o Thus, simply extending environment of the catalyst. Interestingly, these ligands were
the dia{mine ba'ckbone lb a sin le’ meth, lene unit causes afound to formthe most enantioseleeé catalysts in this study
A . - y ge y . Thus, using a single configuration of a resolved ligand and a
significant increase in the TOF. In this example, the difference - . .
CS L . . series of carefully chosen achiral and meso ligands, we have
in ligand acceleration is likely due to the increased bite angle . L
of the six-membered chelate wifib over the five-membered observed a remarkable range of catalysts enantioselectivities

X 76% (S to 96% R)]. These results, along with our previous
chelate formed witt6a and 6¢.74~77 [ 153529 Rl 9 pre
work,!819 clearly indicate that catalysts can be optimized by
(74) Dierkes, P.; van Leeuwen, P. W. N. M.Chem. Soc., Dalton Tran$999 modification of achiral Iigands. Because these CatalyStS are
1519-1530. i i
(75) Mann. G.: Baranano, D.: Hartwig, J. F.; Rheingold, A. L.; Guzei, 1JA. modular, they lend themselves to combinatorial methods.
Am. Chem. Sodl 998 120, 9205-9219. We have also examined the structures of the proposed
(76) Marcone, J. E.; Moloy, K. GJ. Am. Chem. S0d.998 120, 8527-8528. ; ; i
(77) Zhang, Z.; Qian, H.; Longmire, J.; Zhang, X. Org. Chem.200Q 65, catalysts and the impact of Fhe aChlra_‘l _and m_eso ligand on
6223-6226. catalyst efficiency. On the basis of reactivity studies and crystal
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structure data, the catalysts for the asymmetric addition reactionsN,N'-bis(mesitylmethyl)ethylenediamine54),%” N,N'-di-tert-butyl-
are proposed to have a pseudotetrahedral zinc that can coordinat@iamine 6b), N,N'-bis(triphenylmethyl)ethylenediaminesq),** and
the aldehyde to give a 5-coordinate zinc center. Investigation N:N'-Pis(diphenyimethyl)ethylenediaminéd).*® Synthesis and char-
into ligand acceleration shows that achiral diamines with larger 2¢térization of new achiral imines and amine ligantis (& 1f, 1g,

. . . . 2a—2f, 3b, 3d—3f, 6a—6d, and 9) are outlined in the Supporting
bite angles show greater ligand acceleration. Additionally, larger

- . - ~ Information.
diamines show increased catalyst efficiency than smaller di- Synthesis and Characterization of (PB-BINOLate)Zn(diimine)

amines such as TMEDA. cistrans-7. Under a nitrogen atmospher&)-Ph-BINOL (134 mg, 0.30
We are currently applying the strategy of optimizing asym- mmol) andN,N'-bis(2,4,6-trimethylbenzylidene)ethylenediamirie, (
metric catalysts by modification of achiral ligands to a variety 97.0 mg, 0.30 mmol) were dissolved in dichloromethane (2 mLy. Et
of reactions. Zn (38.4 mg, 0.31 mmol) in dichloromethane (1 mL) was then added
dropwise to this solution, and the mixture was stirred at room
temperature for 30 min. Crystals were grown from this solution over
several days by diffusion of hexanes. The crystals were washed with
General Methods. Details concerning handling of air-sensitive hexanes and dried in vacuo (197 mged,trans7, 0.24 mmol, 78%).
compounds and purification of solvents have been previously rep8rted. Cis;trans7: *H NMR (CDCl;, 500 MHz)6 8.48 (s, 1H), 7.87 (s, 1H),
All Et,Zn additions were carried out under a nitrogen atmosphere using 7-79 (d.J = 6.9 Hz, 4H), 7.71 (s, 2H), 7.62 (d,= 8.0 Hz, 2H), 7.24
standard Schlenk techniques. Proton and carbon-13 NMR spectra werel: J = 7.5 Hz, 4H), 7.16 () = 7.5 Hz, 2H), 6.96 (p) = 4.0 Hz, 2H),
recorded on either a Bruker 360-MHz or a 500-MHz Fourier transform ©6-87 (d,J = 3.7 Hz, 4H), 6.73 (s, 2H), 6.47 (s, 2H), 3.49 (m, 1H),

NMR spectrometer at the University of Pennsylvania NMR facility. <-29 (M, 1H), 3.12 (m, 1H), 3.00 (m, 1H), 2.18 (s, 3H), 2.07 (s, 3H),

Proton NMR spectra were recorded relative to tetramethylsilane. 1.93 (s, 6H), 1.79 (s, 6H) ppmiC{*H} NMR (CDCl, 125 MHz)
Chemical shifts are reported in units of parts per million downfield 175.6,171.8, 161.2, 141.8, 141.2, 140.1, 136.4, 136.0, 135.0, 134.1,

from tetramethylsilane and all coupling constants are reported in hertz. 322 iggg 11522 322(?2 35265(}?8231 ;2;1801%‘51 5713 127”2
Carbon-13 NMR spectra were obtained at either 90 or 125 MHz on o - g 4 96.8, 90.1, £1.2, 2.5, 19.5, 19.1 ppm;

) ) ] . . . (CH,Cly): 3054, 2986, 1421, 1264, 896, 746 cmAnal. Calcd for
the 360- or 500. MHz instrument, respectively, and chgmlcal S.hlftS were CoHuNO,Zn: C, 78.87: H. 5.88: N, 3.89. Found: C, 78.53: H. 5.91:
recorded relative to the solvent resonance. Melting points were

. . ) . . N, 3.39.
determined in a Thomas-Hoover capillary melting point apparatus and Synthesis oftrans,trans7. (S-Ph-BINOL, 1e and EiZn were

arg unc'orrected. ngh-rgsolutlon mass spectra we_re measured a_lt thecombined in a 1:1:1 ratio in CDGland a'H NMR spectrum was
Umvers!ty of Pennsylvania Mass Spectrometry Service Ce_nter on eltheracquired after 30 min at room temperatdt¢ NMR (CDCl, 360 MH2)
a VG Micromass 70/70H or a VG ZAB-E spectrometer. Microanalyses s o" 4,4 (s, 2H), 7.73 (] = 7.3 Hz, 4H), 7.58 (s, 2H), 7.54 (d,= 7.9
were performed at the University of Pennsylvania. Single-crystal X-ray Hz, 2H), 7.29 (tJ = 7.5 Hz, 4H), 7.20 (M, 2H), 6.88 (§ = 7.2 Hz,
structures were determined at the University of Pennsylvania with an 2H), 6.72 (m, 2H), 6.46 (d) = 8.4 Hz, 2H), 6.30 (s, 4H), 3.48 (br d,
Enraf Nonius CAD-4 automated diffractometer. IR spectra were either j_g 5 1y, 2H), 3.25 (br dJ = 8.3 Hz, 2H), 1.95 (s, 6H), 1.86 (s, 12

obtained from solid samples in KBr disks or in solution with a Perkin- H) ppm.
Elmer .1600 Sene; FT-IR .spectrometer. Enantiomeric excesses were Synthesis and Characterization of (Ph-BINOLate)Zn(diamine)
determined by chiral capillary gas chromatography on a Hewlett- 8.(S-Ph-BINOL (51.5 mg, 0.12 mmol) anti,N'-di-tert-butyldiamine
Packard 6890 gas chromatograph. (5b; 21.2 mg, 0.12 mmol) were dissolved, under a nitrogen atmosphere,
Materials. Unless otherwise specified, all reagents were purchased in dichloromethane (2 mL). Then, Zn (15.0 mg, 0.12 mmol) in
from Aldrich Chemical Co. and used without further purification. 1,2-  dichloromethane (1 mL) was added to the solution, which was stirred
Ethylenediamine,N,N,N’,N'-tetramethylethylenediamine (TMEDA), for 30 min at room temperature. Red crystal8efere grown by vapor-
N,N,N',N'-tetraethylethylenediamine, atN,N',N'-tetramethylpropy- phase diffusion of hexanes into the reaction mixture. The crystals were
lenediamine were purified by distillation from Cahprior to use. then washed with EO and dried in vacuo (76 mg & CH.Cl, 0.10
Solutions of diethylzinc in toluene (1.0 M) were made from neat Et ~ mmol, 85%). In solution8 is a mixture of two isomers*H NMR
Zn (Aldrich) and stored in Schlenk storage tubes under nitrogen. (CDCl;, 500 MHZz)6 7.91-7.85 (m, 7H), 7.81 (s, 2H), 7.707.66 (m,
Benzaldehyde was distilled and stored in a Schlenck tube under3H), 7.33 (t,J = 7.7 Hz, 2H), 7.28 (t) = 7.7 Hz, 2H), 7.22 (t) =
nitrogen. The following intermediates and ligands were prepared by 7.7 Hz, 2H), 7.26-6.94 (m, 12H), 2.45 (m, 1H), 2.37 (m, 2H), 2.17
following literature procedures or are commercially available: 2,3- (M, 1H), 2.01 (m, 1H), 1.88 (1= 6.7 Hz, 1H), 1.72 (m, 1H), 1.45 (¢,

Experimental Section

diamino-2,3-dimethylbutar®,2,2-diaminobiphenyf° 2, 2-bis(bromo- J=6.3Hz, 1H), 1.11 (m, 1H), 0.78 (s, 9H), 0.78 (s, 9H), 0.64 (s, OH)
methyl)-1,1-biphenyl8! 3,3-diphenyl-2,2-dihydroxy-1,1-dinaphthy! ppm (the spectrum d is shown in the Supporting InformatiorffC-

1
(Ph-BINOL), % N,N'-bis(1-naphthylidene)ethylenediamirie) 2 N, - {H} NMR (CDCl;, 125 MHz) ¢ 160.6, 160.3, 160.1, 141.8, 141.6,

bis(2-naphthylidene)ethylenediamirteo],* N,N-bis(2,6-dichloroben- 1411, 136.1,135.9,135.8, 135.2,134.7, 133.9, 130.9, 130.9, 130.8,
zylidene)ethylenediamind.€) 84 N,N'-bis(2,4,6-trimethylbenzylidene)- 128.1,127.7,127.7,127.7, 127.6, 127.4, 127.3, 127.1, 127.0, 126.4,
1,2-diphenylethylenediamin@g),2® N,N'-bis(1-benzylidene)biphenyl- 1;?2 1122(?51:;206721%5585:205573 é22307 1224'07’41122'31’114222'2’012227'2’
2,2-diamine @), N,N'-bis(2-naphthylidene)biphenyl-2;@iamine @), 27.5 ppm (three aromatic signals could not be located due to overlapping
resonances); IR (KBr): 3053, 2986, 1558, 1540, 1506, 1419.chmal.

(78) g:;iltchett, S.; Gantzel, P.; Walsh, P.Qrganometallics1999 18, 823~ Calcd for GoHaN20,ZNCH,Clo: C, 68.03; H, 6.11: N, 3.69. Found:
(79) Ase{ro, M. F.; Nakayama, I.; Wilson, R. B. Org. Chem1992 57, 778— C, 68.26; H, 6.18; N, 3.68.

(80) 7L‘|302);d’ D.: McDougall, R. HJ. Chern. Socl960 4136-4137. Representative Procedure for the Diethylzinc Addition to Benz-
(81) Laufenberg, S.; Feuerbacher, N.; Pischel, 1rsBh, O.; Nieger, M.; Vgtle, aldehyde. Ph-BINOL (21.6 mg, 0.05 mmol) and the corresponding
©2) 'F:-r '6'8?}3?.5; é&%éfne;rgl‘gé?é%?lgﬁg%ﬁi%g 24, 19051907, achiral ligand (0.05 mmol) were introduced in a dry Schlenck flask,
(83) Srivastava, S.; Singh, Asian J. Chem1999 11, 1511-1513.

(84) Saleh, A. AEgypt. J. Chem1991, 34, 198-197. (87) Wang, Y.; Babirad, S. A.; Kishi, YJ. Org. Chem1992 57, 468-481.
(85) Saleh, A. A.; Elzawawy, F. M.; Abu-Elwafa, S. Mgypt. J. Chem1993 (88) Hart, H.; Lin, L.-T. W.; Ward, D. LJ. Am. Chem. S0d984 106, 4043~

(86) ?é?égg’saa.si.; Vgtle, F.Chem. Ber1965 98, 2681—2690. (89) ﬁ%ﬁ, R. W.; Dessy, R. El. Org. Chem1982 47, 4452-4463.
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and the system was purged with nitrogen. To this flask were added (GM58101), and the University of Pennsylvania. P.J.W. is a
dichloromethane (0.5 mL) and #£n (1.0 mL of a 1.0 M solution in Camille Dreyfus Teacher Scholar.

toluene). After the reaction mixture was stirred for 20 min at room

temperature, the reaction flask was placed in a bath &€ and Supporting Information Available: Detailed information on
benzaldehyde (51 mL, 52 mg, 0.5 mmol) was added dropwise. Aliquots the crystal structure determinations®énds, including tables
were taken from the reaction at given times, quenched in a saturatedof data collection parameters, final atomic positional and thermal
ammonium chloride solution, diluted with pentane, and stirred for 5 parameters, and interatomic distances and angles as well as
min. The organic layer was analyzed by GC. ORTEP diagrams. Synthesis and characterization of new achiral
imines and amine ligandd.¢ 1le 1f, 1g, 2a—2f, 3b, 3d—3f,
6a—6d, 9). NMR data for ligandsla, 1b, 1d, 2g, 5a, 5¢, and

%d, plots of nonlinear studies, artth NMR spectra of7 and8
(PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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