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Predicative Design of Stereoinduction in
Catalytic, Asymmetric Reactions

0 TS- A2

Structure
To
Mechanism AG

-“7 >

Mechanism
To
Structure

reaction coordinate

“...in spite of literally thousands of chiral ligands that have been
reported in the past, there is no unique rationale for the efficiency

of all catalysts not even for those that have been applied to the same
reaction. Therefore the design of new catalysts is based on trial and
error.”

Holz, J. et. al. Eur. J. Org. Chem. (2001), 4615.



Chiral Catalysts

e
What are the requirements for successful enantiodiscrimination (or diastereo)?
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For the Diels-Alder reaction of 3-acryloyl-1,3-oxazolidininone with cyclopentadiene:
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DG (kcal/mol) X:Y %X : %Y
0.41 1:2 33 :67
0.65 1:3 25:75
0.95 1:5 17 : 83
1.36 1:10 9 :91
2.72 1:100 1 :99
4.08 1:1000 0.1:99.1

There is a clear lack of guidelines or rules for chiral catalyst design...

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.




Stereocartography

Prove or Disprove: Maximum asymmetric induction by a catalyst is achieved when the region
of greatest stereoinduction is spatially congruent with the site of chemistry

Region of Chirality Site of Chemistry

¢ Generalization for the intermolecular interactions between
a chiral ligand and the reagents undergoing a chemical trans.
C A at the M center fall off as 1/r (ion-ion) to 1/r2 (ion-dipole)

to 1/r3 (dipole-dipole) to 1/ré (dispersion)

Region of Chirality
Site of Chemistry

Having “chirality” at the reaction site will “desymmetrize”

@ an otherwise degenerate set of reaction coordinates
@ -

How do we prove this?

Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Stereocartography

“Mapping” of stereodiscriminating regions around a
chiral catalyst:

1) Place the catalysts center of mass @ origin of a
Cartesian coordinate system

2) Chiral “probe” molecule = TS of molecules reacting
In the presence of the catalyst

3) At each grid point, a Boltzmann weighted energy
is determined between the probe and the catalyst for
a large number of probe orientations

~ -Both (R) and (S) antipodes of probe are
> R considered in the calculations

,.// > -where interpentration of molecules occur, the
//’ data is ignored
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Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Stereocartography example:

@ O .D /‘ Plotting an isodesmic map: Diffaranm#
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Most enantiodiscriminating region § -E f ﬁ

“in front” of the catalyst, near the _ _ _ _ _
metal center Figure 4. Top view (top panel) and f_mu_t VIEW ln_-nklug_ down the f‘~_I]_—D
' bond (bottom panel) of the preferred binding domain of the (R) transition-
state probe around the catalyst, the (5) transition-state probe around the
catalyst, and the difference map defining the region of greatest stereo-

induction.
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Grid spacing 0.25 angstroms, at each point the TS is rotated 30 deg.
about x,y,z axis giving 1728 intermol. calc. Typical run of 17 angstroms
with ~275,000 grid points (475 million configs for each probe)

Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.
Lipkowitz, K.; Kozlowski, M. Synlett (2003), 1547.



Stereocartography Examples:
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2) Rxn should be as simple as possible o ey 10 i
3) Catalyst ligands have as few conformations
as possible

Catalysts 1-7 give excellent selectivities (above 90% ee)
Catalysts 8-11 give poor selectivites (all below 60% ee)

Is there a spatial congruence for 1-7 but not for 8-11?

Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Stereocartography Examples:

Ph Me
oo -Crystal structure of dimethyl acetal in CSD. Structure modified and used
Ph f\—k?h as a starting point for optimization using PM3.
Ph Pl
ﬂ"‘-~-1--l-"'ﬂ -Distance between the site of maximum stereoinduction and TS is 1.57 A

Figure 9. Location of transition-state probe and region of maximum stereoinduction for catalyst 1. The frames in the columns from left to nght show,
respectively, front, side, and top views of the docked transition state with the catalyst. In all frames, the catalyst is depicted in a cylinder (tube) format while
the transition-state probe is shown in a ball-and-stick format. All hydrogen atoms have been removed for clarity. The top row of frames illustrates only the
docked fransition-state structure for this catalyst system. The bottom row shows the most enantiodiseriminating region encapsulated within a sphere of 1
radius (centered about the most enantiodiseriminating grid point).

. Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Stereocartography Examples:

fle e
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Ph :I"_'Ilr Ph . . T ” - .
)«f \< -The site of chemistry is “in front” of the Ti-ligand complex whereas the site
Mo, ot of maximum stereoinduction is 5.33 A removed from the optimal TS
-
8

L

Figure 16. Location of fransition-state probe and region of maximum sterecinduction for catalyst 8. See caption of Fipure 9 for details conceming the
oraphic.

Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Stereocartography

-Of the 18 examples catalysts studies 17 conformed to the hypothesis. They could not
rationalize why the single catalyst did not conform.

“What this means is that one can now predict, in a yes/no way, whether a given
catalyst will be effective as asymmetric induction for a particular reaction with
94% probability of being right.”

-Caveats: Not all structures were reoptimized from the CSD. Counterions were not involved
directly in the calculations (this was done by moving them infinite distances away from the TS)

-Additionally, a linear relationship between enantioselectivity and distance from the
most enantiodiscriminating space could not be found

Lipkowitz, K. et. al. J. Amer. Chem. Soc. (2002), 124, 14255.



Functionality Mapping

A program designed to determine the most energetically favorable positions of functionality
in the binding domains of proteins:
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The program operates by:

1) rigidly defining a target molecule

2) Sequential, independent energy minimizations (MM2*) of a series of the same functional group
(probes) placed “randomly” around the target structure.

3) Only nonbonding parameters are incorporated into MM2* and thus only van der Waals,

and electrostatics are responsible for driving the probes to minimized locations around the target
(pi-pi and CH-pi are incorporated / approximated in the van der Waals parameters)

4) The probes that converge (RMSD) are computationally clustered into groups.

5) The clusters are sorted by energy and a representative probe is written to an output file

for each cluster

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Functionality Mapping to Determine Stereocontrol Elements

What if TS structures are used instead of macromolecules / proteins?
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Functionality mapping to the TS of an organic reaction would permit identification of the
optimal interactions between defined functional groups and the TS. Knowledge of these
interactions could give rise to ligand design!

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Proof of Principle: Functional Mapping of the Boron Aldol

Can functionality mapping provide a realistic and usable assesment of the optimal positions
of a given functional group with respect to a TS structure?
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Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Masamune dimethylborolane Functional Mapping

Beginning by removing the chiral ligand from the lowest energy TS. The new structure was then

minimized providing the “core structures” A

‘Targets® *Probes”

A series of methane molecules were randomly placed around T“H I e
the surface of the chair TS. Theses methanes were independently ./ 25 'ijﬂ-':;"\r-me o
minimized to the surface of the TS. HUAs) AveF "

| ':l'_| H "-."IE'H Cibde

e |-y B o -
TABLE 1. Relationship between the Starting Number Me_ /1 _“?G Hon }?{" Obde
of Methane Probes and the Output Clusters Found with Ll"h:: A e A :

=) Vi &

the PRCG and TNCG Gradients in the Functionality
Mapping of A

population of clusters

no. of  no.of

entry 15 gradient® probes clusters® 1Ist 2nd 3rd 4th 5th
1  Afsf) PRCG 200 10 29 43 33 26 13
2¢ Ais)) PRCG 200 10 32 24 34 31 326
3  Als) PRCG 500 11 8l 91 75 T3 6l
4 Ais) PRCG 1000 12 148 196 189 147 119
5 Air) PRCG 200 10 33 31 45 30 28
65  A(re) PRCG 500 10 74 8% B8 TT T2
7 Als) TNCG 200 9 23 47 37 25 25
8¢ Als) TNCG 200 9 22 40 49 25 29
9 Als) TNCG 500 9 BO 82 01 T2 62
10 Aisy TNCG 1000 9 168 181 188 151 120
11 Ajra TNCG 200 9 43 25 28 39 29
12 Ajrg TNCG 500 9 G0 99 B9 66 58

a Convergence criteria: PRCG 0.001 kJ/{mol-A); TNCG 0.01 kJ/
(mol-A). # A 1.0 A RMSD (heavy atoms) was used for clustering.
¢ Repeat of the run in the prior table entry.

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.

Methanes are nonpolar and tend to only have
weak interactions (-5 to -8 kJ/mol) w/ the target.

The methane molecules were found to
distribute over large portions of the TS, but
discrete clusters did form. The clusters favored
Impressions in the TS structure.



Masamune dimethylborolane Functional Mapping

populations; energies (kJ/mol) energy distance in A
relevant no. of of the top five clusters range (energy in kJ/maol,
entry target TSk probe  clusters® lst Z2nd 3rd 4th 5th {kJ/mol) cluster no.)?
1 Als) 1(s4) CH, 9 23; 4T 3T 25: 25; —7.84 0.95 (—7.05, 5)
7.84 -7.78 -—-726 —-T.09 -7.05 to—5.19  3.11 (-T7.78, 2)
2 Alre) 1(re) CH, 9 28; 31 47; 32: 25; —7.84 1.80 (—7.05, 5)
—-784 778 726 -—-T.09 -T7.05 to—5.19  2.58 (—-T7.78, 2)
3 A'(sd) 1(s4) CHa 9 28:; 35; 34; 23: 11: —8.50 1.66 (—7.13, 4)
-850 -—-792 -731 -7.13 -T.13 to —5.81 2.59 (—8.50, 1)
4 A"(s1) CH, 8 39; 29; 38; 8 20; —10.88
—10.88 -—-10.51 -9.45 -921 —8.99 to —6.97
5 A%(re) CH, 8 38; 41; 33; 20; 20; —0.82
—-5.82 —9.6l1 —-9.63 -—9.52 047 to —6.92

2 200 probes with a TNCG gradient and a convergence criterion of 0.01 kJ/(mol-A) were used in all cases. ? Corresponds to the transition
state incorporating the relevant chiral auxiliary (see Figure 2}, which is being compared to the target and its functionality map. < A 1.0
A RMSD (heavy atoms) was used for clustering. “ Distances between stereodiscriminating groups of the transition state from the third
column and their closest clusters. The interaction energy of these clusters and their rank, in terms of favorable interaction energy, are

Most favorable points

of interactions were above
and below plane of chair
(lesser interactions w/
oxygen heteroatoms).

Consistent w/ optimization
of van der Waals
interactions.

FIGURE 3. Functionality mapping of target A with 200 methane probes. The reddest clusters have the largest favorable
interactions and the most yellow clusters have the smallest favorable interactions: (a) target A(si), 9 clusters were found; (b)
target A(re), 9 clusters were found.

. Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Masamune dimethylborolane Functional Mapping

FIGURE 4. Functionality mapping of target A with 200 methane probes. The reddest clusters have the largest favorable
interactions and the most yellow clusters have the smallest favorable interactions. Only the probes closest to the stereodiscrimi-
nating groups of the chiral ligand are illustrated. (a) Target A{si) is overlaid with 1(si). (b) Target A{re) is overlaid with 1(re).

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Masamune dimethylborolane Functional Mapping

FIGURE 5. Overlay of 1(si) (purple) and 1{re) (vellow). The
methane probes from the corresponding functionality maps of
A(sf) and A(re) which are closest to the methyl substituents
of the chiral ligands are also shown.
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Masamune dimethylborolane Functional Mapping

Type 1: neither enantiomorphic TS undergoes
favorable interactions (neg. energy)
-absence of interactions (zero energy)
-disfavorable inter. (positive energy)
Type 2: Both TS favor probes at these positions
Type 3: Only one TS prefers probes at this location.

There is no favorable interaction with enantiomeric
TS

Type 11

Carbons of methane shown at 15% van der Waals
radii - space filling
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Masamune dimethylborolane Functional Mapping
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Example #2: Corey (Stein) Functional Mapping

Transition State Transilion Stata
Leading Lo Leading fo Major Praduct Minar Product Targets” "Probes"
Major Froduct Minor Product
)
Phm= Ph Fh i Ph
802 \ RPN ) Me  NHMe
El‘. N {r——_-.l,, Et o Ok I:I:. OH iH | .
H | J=ph  Phee ' H L~ - - B | j
By N B"."' J‘J\ E1”A““*f' Et Er’ﬁ"I"J Et /] E‘d. MHMe C"
Voo v | | g o .
H._T.:"F__.I-_; =g =0, 0.5 - Ei -H (X1 ] Lhe
. e b s e & (5
Me Py iy Me ' w1 Cisi
5] 3re)
populations: energies (k.J/mol) energy distance in A
relevant no. of of the top five clusters range (energy in kJ/mol,
entry target TS probe clusters® 1st Znd 3rd 4th 5th (kJ/mol) cluster no.)<
Ci=f) 3is1) PhH T4 9; 6: T 5 5; —21.561 0.90f (— 19.29, 2 1)

—2161 —2161 -2161 —21.61 —2161 to—11.86 1.337(—21.61.1)

4 200 probes with a TNCG gradient and a convergence criterion of 0.01 kJ/(mol-A) were used in all cases. * Corresponds to the transition
state incorporating the relevant chiral auxiliary (see Figure 2), which is being compared to the target and its functionality map. < A 1.0
A RMSD (heavy atoms) was used for clustering. 9 Distances between stereodiscriminating groups of the transition state from the third
column and their closest clusters. The interaction energy of these clusters and their rank, in terms of favorable Interaction energy, are
given in parentheses. ® The high symmetry of benzene leads to mapping of up to 6 identical clusters having the same interaction energy.

fRMSD values comparing the 6 carbons of the benzene probe with those of the phenyl group.

Interactions much stronger than that of methane (-4 to -11 kd/mol vs. -12 to -22 kJ/mol)

. Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Corey (Stein) Functional Mapping

FIGURE 10. Functionality mapping of target C(si) with benzene probes. Target C(si) is overlaid with 3(si). (a) The first 40
clusters out of the 74 found are shown. (b) The clusters closest to the stereodiscriminating phenyl groups, and the EMSD between
them, are shown.

-Locations of two dense clusters of benzene probes with the phenyl rings of the arylsulfonyl
groups of the stein reagent. Additionally, the orientation of the phenyl rings is similar to the
stein reagent.

-Mapping of the benzenes on both sides of the TS w/ little change in the interaction energy
suggests the importance of both phenyl substituents in the C2 symmetric ligand.

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Example #3: MacMillan’s Iminium Diels-Alder Functional Mapping
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Based on ground state MM2 force field calc.

MacMillan suggested that the benzyl group shields the
re face of the dienophile.

Majar Preduct  Minor Prodiect “Targels® "Probes”
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First step involved a Monte-Carlo TS search (MM2 force field). Boltzmann distribution of these TS

At 298 K gives 87% ee (exo S), which is in agreement with experimental 93% ee. Exo/endo ratio
Calc at 1.7 : 1 was also in agreement exp = 1.3 : 1.

Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.
MacMillan, D. et al J. Am. Chem. Soc. (2000), 122, 4243.



Iminium Diels-Alder Functional Mapping

populations; energles (kJ/mol) energy BMSD in A
relevant no. of of the top five clusters range {energy in kJ/mol,
entry target TSk probe  clusters® 1st 2nd 3rd 4th 5th (lJ/mol) cluster #)
1 Fexn.s) 8(exo.s1) FhH 71 T 9; T 10; 11; —22.27 1.46 (—22.27, 1)
MbZ* —22.27 —2227 —-2227 —2227 2227 to —12.96
2 Flexo.re) 8(exo.re) PhH 67 20; 13; 3 T 5 —22.03 6.95 (—22.03. 1)
MhZ* —22.03 —2203 -2203 -—2203 -—-22.03 to —13.29
3 Flendo.si) 8(endo.sf) PhH 74 10; T a8 1: 12; —21.94 2.15 (—21.94. 1)
MhZ* —21.94 —2194 -2194 -—-2194 -—-21.94 to —12.51
4 Fexn.s) 8(exo.s1) FhH G4 13; 8; G; 4: 11; —22.72 1.81 (—16.55, 33)
HF/3-21G —22.72 —2272 2272 2272 2272 to —13.83

2 200 probes with a TNCG gradient and a convergence criterion of 0.01 kJ/{mol-A) were used in all cases. ® Corresponds to the transition
state incorporating the relevant chiral auxiliary (see Figure 16) which is being compared to the target and its functionality map. “ The
high symmetry of benzene leads to mapping of up to 6 identical clusters having the same interaction energy. A 1.0 A RMSD (heavy
atoms) was used for clustering. ¥ RMSD values comparing the 6 carbons of the closest benzene clusters with those of the phenyl
stereodiscriminating group of the transition state from the third column. The interaction energy of these clusters and their rank, in
terms of favorable interaction energy, are given in parentheses.

Benzene probes
Concentrated to 3
general areas. Most
favorable over the
surface of the
target (-22 kJ/mol)

FIGURE 17. Functionality mapping of target F{exo s1) with benzene probes. Target F(exo,si) is overlaid with 8(exo, si). (a) With
the MM2* target, FUNMAP found 71 clusters (the first 40 are shown). (b) With the HF/3-21G target, FUNMAP found 64 clusters
(the first 40 are shown).



Iminium Diels-Alder Functional Mapping

Observed (exo, si):(exo, re): 96.5: 3.5 (exo : endo) 1.3 : 1

FIGURE 18. (a) Functionality mapping of MM2* target F(exo,re), which is shown in purple, with benzene probes (the 12
overlapping clusters with the best interaction energies are shown in red). The o, f-unsaturated iminium of F(exo.re) is overlaid
with that of 8(exo,si), which is shown in half-bond colors. (b) Functionality mapping of MM2* target F(endo,s1), which is shown
in purple, with benzene probes (the 11 overlapping clusters with the best interaction energies are shown in red). The o f-unsaturated
iminium of Flendo,s) is overlaid with that of 8(exo.55), which is shown in half-bond colors.

-Functionality mapping tools are a way to better understand the governing non-bonding interactions of ligand
functional groups in TS leading to chiral products.
-Orientation as well as positional information about potential groups is obtained.
-It is possible to determine if a chiral ligand imparts the observed selectivity through stabilization of a pathway,
destabilization of a pathway or both by the quantification of the positions and energies afforded by
non-bonding interactions.
Can this be used for De-Novo design?
Kozlowski, M.; Panda, M. J. Org. Chem. (2003), 68, 2061.



Database Search Methods to Identify Chiral Ligands

Conventional approach towards ligand design / identification relies on intuition or random
screening approachs.

Is there a more systematic method that could lead to ligand design?

—
[Step 1] Firstseloct g Next generaie (g Can be done computationally

reaction. Lramsition slale,
Step zl Place "stereodiscrimmating AR 5G -'t-‘]"?G
T eous 8O hatfavor - 6] LA Done either emperically / combinatorially,
transition state, favored  disfavored computationally or by models (or serendipity)

|.5h‘j!15 j.;| Identify a scaffold
which connects the Ci\ AWS'Q
stereadiscriminating ["!'-_ o | j
oroups with the -
groups sq_, 5§/

transition state,

Not obvious how this could happen...

ligand hased
upon the
scatftold.

. lﬁE
|."ilt’p 5| Creafe a new B.——.
se—('/ ~

‘\.,a"f

for poential
selectivity

S valuste the G SG

Step 6|  Evaluate the

li] designed ligand I8 [W“\I
SG G Done in a flask / computationally

95:5

Fiz. 1. Generalized schematic of the ligand design protocol

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.



Database Search Methods to Identify Chiral Ligands

S 73] Weniiy  safold For the most part, the identification of a scaffold is

which connects the o SB(,rSQ generally based upon previously successful
5l Sriminating | . . .
aoupswithe -~ s§ — o'sq / chiral ligands (e.g. BINOL, pybox, salen, cinchona ect....)
Lransition slate, W —
5 . pa , .
(Step 5] Create a new E/«--ﬂ. Therefore, a new method to identify ligands based
iy el on their ability to act as stereodiscriminating scaffolds

would be immensely important.

Computational method to reduce 3-dimensional topographical information to a series of vectors:

CAVEAT: program designed to facilitate the structure-based design of enzyme inhibitors. Devised
By Paul Bartlett of UC Berkeley as an interactive “idea generator”

-Realized that the unifying problem encountered with structure-based searches was their reliance
upon the location of atoms. The focus should be on the orientation of the bonds.

Therefore, the CAVEAT program treats molecules as a set of defined vector relationships. These
Vectors are then placed into a search engine (CSD, TRIAD (tricyclic structures), ILIAD (acyclic
Structures), CAS-3D (chemical abstracts services three-dimensional database)

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.
Lauri, G.; Bartlett, P. J. Comp. Mol. Des. (1994), 8, 51.



CAVEAT

In a typical CAVEAT search a bond is treated as a vector; one of the atoms in the bond, the
Base, defines the location of the vector and the tip atom defines the orientation.

The relative orientation of several bonds is defined by the combination of several vectors
(taken in pairwise combination). These vector pairs are defined by: 1) distance between the
two atoms, 2) the dihedral angle between the vectors and 3) the two exterior angles for

each vector. N
W
C‘;+
HNj OH
NH Cg ty
I
Ca 2 f
Nft b2 _°
0 /
HN . »C — NH
\Cq)/ Cl., P = t1\ D)/ HNeo . _orla
;_‘.f A byl B 1
1z
I
tl ;"‘ ) IH"‘--.. 13
N e
h""
C

Fig. 1. To devise a peptide mimic, the C,-Cy bonds of the peptide (A) are represented as vectors (B); the relationship
between these vectors is determined by the three vector-pair combinations (C), which must also be present in a hit
structure (D) if it is to serve as a template for the design.

Lauri, G.; Bartlett, P. J. Comp. Mol. Des. (1994), 8, 51.



Database Mining Example #1: Boron Aldol

Stereochemical analysis:

l\ W K ;ﬂ

o c \‘:}1
o _xT o .
} I 1 v
; ,.ri:rfﬁx He-?,{;&f\i
P o =
e 0 F
- M rsa H 1s.a2
[ JLLJL
o,
R ™ Me R e
M P2
A TS- A2
fa i
TS A1 [ 1 AAG
fat II |I
AG I [
|I l'x 'I I|
| ¢\ PR
! S |
P1/ \_P2

reaction coordinate

Kozlowski, M.; Panda, M. J. Mol.

Computational methods have thus far been restricted to the

prediction of stereoselectivity for given substrates and
chiral ligands.

The use of computational methods for the generation of
chiral ligands has not been documented.

Known highly enantioselective boron auxillaries:

M; ¥
- ELC MBﬁ
4 | ’ T B; \ Tj{:Etl“r
1:: - H-.(’::!I:(}L-gg} - H- 0
Mé | Me T ME
dimethylborolane Me Me
{Masamune) I-favored I-disfavared
A\ P~s50. pn P”"‘E,Pe Ph
$OE' phT PJ—. H = .
SPh ;'Nl
B\ L 7 '|"').- R0 Py P
H-_J.f H- ’l':"'“-qc' |
A SD«.- S0 T 50,
| e PR Me PH
Stein reag&rrt N-favorad ll-disfavorad
(Coray)

Can separate the “stereodiscriminating” groups from the rest
of the scaffold (which rigidifies the ligand)

Graph. (2002), 20, 399.



Masamune Dimethylborolane Database mining

Vectors for the database were taken from minimized TS structures:

Me
we, H a):'j
T \I \ :, ] Vectors are the C-B bonds in the 5-membered ring and the
rmfr‘gs_’?ﬂ"ﬁ"* Sy Stereodiscriminating C-CH3 bonds.
'E‘:I o Il MEI
K" %- 0, cH, dimethylborolane Searching CSD: with “linked” backbone

With 0.5 angstrom vector pair distance tolerance, and 0.4 rad angle tolerance 17,035 structures
were retrieved. These hits were divided into 444 clusters and 60 Main groups (384 subgroups)

Group1 Me
FQ—N.H_EF " N—0Q },-*N / .
e Mey, | N Wi “Me
I \ ch A/ Qﬁ M
Me J _ mé N 'ﬂl
Me,Si H 4
VAMMOM (0.132) BIBSAG fﬂ.135|3 AZHXNI {0.134) 4.0 Me
Group 2 % T Group 5
Me 0 *. F ‘JH I

Me -
SeYRes 3 )

s T

h{j f’o\ Me ol /q\ HaN

ACACBED2 (0.186) MALBEK (0.193) CUNKEE (0.191)

Me

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.



Masamune Dimethylborolane Database mining

Group 3 {and Group 4 when rotated by C.-axis)

s
e, 1 3\ F
T 1
¥
i@ <
X oy
) - Y

MEI

Group 60
H
i \
SN O—P=0,, 4
~So—p=0" *

COKRAV (0.772)

Me RBORMY (0.188)

H X =0,CH, dimethylborolane
Group 1
H. H .
ME\ Ll a FHE"‘..__. _,_,-':: \O F3
J'N-\_\--E F_:IC '\‘- fg 'J'CF
3
MEu" M—"-{] l\ CFy
Me y F3E ‘o Fs
Me;S H AN
VAMNOM (0.132) BIBSAG (0.139)
GruupE __ s
0 S
< o > 5
e A we  d N
ACACBEODZ (0.188) MALBEK (0.193)

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.

AZHXNI (0.134) ME e

Group 5 r--|
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CUNKEE {0,131}



Masamune Dimethylborolane Database mining

L S H G'E'”“M v, H  Hasbeen shown in allylborane
" E‘H\if\ ,?j=-] oM N Reactions to give higher
I L2 e M§ e, Selectivities than dimethyl
LA JH Me M J Borolane variant!
[.f‘:' Ve - Mey Me,Si H
R X = 0, CH, dimethylborolane VAMNOM {0.132)
“Best hit” reported by Masamune. The identification of this closely
related compound validates (1) the use of vectors from calculated
structures and (2) the ability of the database to retrieve usable
structures
Group 60
H d!
f 1)
;"7:"\1 0—P—0 : : : oy
r. f B g Akin to the 9-borabicyclodecane chiral auxillaries developed
”*q_fﬁ“ P=0" by Soderquist!
H H
COKRAY (0.772)

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.
Short, R.; Masamune, T. J. Am. Chem. Soc. (1989), 111, 1892.
Soderquist, J. et. Al. Organoboranes for Synthesis, ACS symp ser. (2001), 783, 176.



Masamune Dimethylborolane Database Mining

Searching the “unlinked” CSD and TRIAD

Unlinked CSD:
H
. H--W&
i~ ) 1 5406 hits (15 main groups, 280
N : e Subgroups)
W 4
B1781-68-2 (0.286)  93185-81-0 (0.365) BE051-56-2 (0.392)

Unlinked TRIAD:

13, 806 hits (98 main groups, 139
Subgroups)

53493316 (0.490) F340a106 (0.515) 62542245 (0.566)

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399.



n
Stein reagent

From the connecting elements and the stereo-
discriminating elements a series of bond vectors
can be selected which “uniquely define the chiral

Example #2: Corey Stein Database mining

Linked CSD: 2391 hits
R = C{CH, ).0H

SELSEH (0.345)

L

SAFHEM (0.356)

N/

Unlinked CSD: 3299 hits

114447040 (0.244)

11444 7-04 -0 (0.308)

95313588 {0.386)

Unlinked TRIAD: 3279 hits

B312a448 (D.410)

B254a503 (D512)

|-|I'|--.

Hw—
H

45a701 (01.520)

auxillary”. Using CAVEAT a number of scaffolds can be found for starting points for
chiral ligand design.

Kozlowski, M.; Panda, M. J. Mol. Graph. (2002), 20, 399



De-novo design of a chiral ligand for asymmetric allylation

H L
Hix

_‘L - 0 (Step2) Wyl

/ Ho M =™
0] chooas - O
JL irﬂﬂ‘iﬂlm slereadiscriminating g Me H _H
17 e S o H
A1 uncuora v bold — bosds
translﬂéﬂtﬂtq mapping seloctad as

CAVEAT vectons

Product ratios controlled by the relative TS
Energies shown below: Functionality mapping: Targets A1/A2

Methanes as the probes

H LT
LB L - )__Hw____ﬁx —~ H Al (51} AZre)
= H f/J::g. L = P Ms H
+ Me ! H @ L L
i i I| i " =0 I|3
N H OH N Ma* e
H M SN |y e -<Be / K L a7 L
) HF-;JE/ L — o~ e H )iﬂd H "H
T P2 Me —
S I

Figure 1. Boron allylation reaction.

MM2-force field calc.

Kozlowski, M. et. al. Org. Lett. (2002), 4, 4391.



De-novo design of a chiral ligand for asymmetric allylation

Searched both linked CSD

e §
L.
=7

H‘[); G

H H

H. JH  carch and CAS-3D
;{I parameters
bold = bomds AFTNE =
selectad as CAVEAT vecioms

CAVEAT vectors

g 90

i }

I'. ‘-\. — " " {
bald = - b e
critical % axtess ':'“g adjust
seaffold Fi functionality

R122522-13-8E Cis-decalin structure!!!
Me
R
f Me
adjust -
synthetic <3
accassbiity; P
’ evaluale 2 =]
eompUtationally
Me' ®

New Chiral Auxiliaries Me”
b)

Kozlowski, M. et. al. Org. Lett. (2002), 4, 4391.



De-novo design of a chiral ligand for asymmetric allylation

“ COH 4 P~ —Me M O Me . Re- : L
e Me 'Ef’// o ~_re ME.-CI' ME_. '.:':I_..' GO Zﬁ" —{7 HLi \[
N w]\\ e EN - -7 90-95% =5 R
- 2) LiAIH,, Me ‘\ ;
I'u"le OMe H{" /\'J\“ Y, COzH MeOH Me! AH
Li Me OMe 3 KH. Mel 7294 DME a H=Et MeO
PN h_fa Me “o” Q ‘} T 4 b A=nBu 5
H- — )
HMQJ'“ 0 “]‘ L’H-%' R I'-.-'IEE:I Me MeO, Me
i Crahtree R Y\___, \' ~F Hﬁ:-%:tg —,
TS structure calculations a0, ME Ms W’ Me BMe
(85 : 15 sire, AAG = 0.68 kcal/mol) F\
* q}'} ___.,,-’
Based on MM2*, AM1, HF) 3 2 6 F{
MeQ Me
nB OH OH Observed selectivity

RCHO

Me OMe —™ MH + /”\l/'\ﬂ'
ME!"’D- i e

R

Kozlowski, M. et. al. Org. Lett. (2002), 4, 4391.

(71:29 AAG = 0.36 kcal/mol)

Is within error (0.2-0.5 kcal/mol) of the TS
calculations



De-novo design of a chiral ligand for asymmetric allylation

) O ke
N COH 1) O Me 2 Qme  om A
MeO_ Me y 0 “U® MO Me | Wl Boes A AL 7 L
] Y ; = T w0esn SR
A ~ H™ R 'E;Hﬂ/\,J\.l}\ - 2) LiAIH,, Me Ll\ M f\]’/
H O . TMeOMe H L, \ COzH MeOH e B & 0OH
H o L0 | 0 ..o MeOMe 3) KH, Mel, 72% OMe a A=Et MeO
"?_\ R B '--_\:} ME'I"}DT '-B_,D \.} . Fi| b H= F.'-F.'-L,I 5
H-_ 7 ¢ e /
mé’h ) H %|I| L‘Hi? R MeO, Me MeO, Me
H — e |-
. Crah?ree Hxﬁt,ﬁ______*_}x - Baf ™ Hﬁ}__.-L_._;\T___.K
TS structure calculations - x N — NEFFA
. . _ 889% HO ) Me OMe O a-f L,__ = =]
(85 : 15 si:re, AAG = 0.68 kcal/mol) Ho-| &, Lo
* ) 7
Based on MM2*, AM1, HF) s R /f-f 6 R
MeO Me
Observed selectivity
nB OH OH _ _
RCHO - (71 29 AAG - 036 kcaI/mOI)
« R oMo AR AR Is within error (0.2-0.5 keal/mol) of the TS
4 R calculations
nBu

“The decalin ligand could have been envisioned as a ligand for allylation w/o the use of computational
protocols. The benefit of this method is that a large number of potential scaffolds can be rapidly screened.
Additionally, the databases allow the user to identify structure types which the user may not be

familiar with.”

Kozlowski, M. et. al. Org. Lett. (2002), 4, 4391.



Quantum Mechanical Models Correlating Structure w/ Selectivity:

What if you want to improve an existing catalyst structure? What if the mechanism is
not entirely understood?

Can you still use computational methods to predict structures with superior enantiodiscrimination?

QSSR (quantitative structure selectivity relationship): computational (mathmatical)
correlation / relationship between the structure of chiral ligands to enantioselectivity in a
given transformation.

Importantly, the QSSR can be predictive if satisfactory cross-validation is demonstrated
Physical descriptors: obtained by placing each catalyst, oriented in the same way, at the center

of a cartesian coordinate. At each grid point the interaction between the aligned molecule and
a probe (a positron) is evaluated computationally.

These interaction energies are regressed onto the enantioselectivity data to generate a
mathmatical model that can be used to predict the selectivity of new analogues.

***Two sets of catalysts are employed in generating predictions using this approach:

1) A parameterization (testing) set to generate a model, and 2) a prediction set to which this
model is applied

Kozlowski, M. et. al. J. Amer. Chem. Soc. (2004), 126, 15473



QSSR: Predicting the enantioselectivity of aldehyde alkylation

Start simple: can QSSR predict known selectivities of diethyl zinc to the structures of
the B-aminoalkoxide zinc catalysts?

O catalyst CH OH
e T e AN T anti S (located using PM3 methods) the structures
“ (S) (R) were aligned using the O, Zn, and O atoms
/3 i R Tr R T
R Ni: _Et R _NT  _El AP, N~ _ Bt
R1/\-\,2/FI|3 Zn At FI|3 ,Z...‘ " HI'»Z,R! Zn
o i 0 0:( H H \,,
catalysts ] EIanEl Ph_ ! E| Zn—— ]
anti 8 syn R
Mhdag Mhta, |F‘r MMhe, M2, Mg,
[ ’[ (E j/ The structures were then split into a training
R" “OH _oH Ph set and predictive set
1 R=H = Ph T H= F‘h
2 B=Mea =1E-u NMEE B A=Me
Ma_ Me 04 __ —
X ,- ®
A N @ N et
4 \"ZE;H /\‘\ A ET-NMe
Mé 8" "R Coh 2 P OH
9 R=Ms 10 A=Me 12 14
11 Hp [GHﬂch:lpD 13 H = H —— \
Phg> . MM Fh rdvh}‘—f
. Ba -
-5 E J{}H . .
DX Me 7 o I A The QSSR models were aligned on a grid and
"OH - . . .
ﬁ \ """ asetof PM3 probe interaction energies (PIEs)

were computed separately for each structure

The diethylzinc and aldehyde were ignored
Kozlowski, M. et. Al. J. Amer. Chem. Soc. (2003), 125, 6614.



QSSR: Predicting the enantioselectivity of aldehyde alkylation

The PIE data are the pool of independent variables from which the mutli-linear regression

models are built.

The regression models that provided cross-validated results of the parametrization

set (in the aldehyde alkylation) were comprised of two PIE points per catalyst.

(aka, most of the variance in the er was restricted O 1. assr caicuiations Using Cataiysts from 1-18=
two regions of the catalyst; groups of different
sizes or electronic aspects at these positions
modify the enantioselection)

R OH
1 BR=H 3 F-| F"h
2 R=Mea 4 A=1Bu NMEE
M&\?(ME OH
— OH /k A
Me =] R
9 RaMe 10 A =Me

1 1 Rp = [GHgGHp]pD 1

. Kozlowski, M. et. Al. J. Amer.

3 R=H
Ph
T, P e P N
Meﬁj”'ﬂf I
Bh” COH P
16

i Ft—l"-"le

12 14

2
17 18

Chem. Soc. (2003), 125, 6614.

ExpL. anti 51 best
cmpd  %eet AL AG®  PIEF PIE=

ami 51 avyg
Y%oeen  Abw

T BEn

Training Set’

1 0 0.00 28 032 2592 476 26 0.30
3 59 0.76 T0 097 2179 354 63 0.92
4 93 1.85 89 161 062 444 o0 1.63
5 49 0.60 24 027 2625 487 34 0.39
a 66 0.88 T2 100 2192 372 70 0.96
7 73 1.04 T2 100 2428 544 76 1.10
8 81 1.26 79 118 2315 510 81 1.26
9 o8 2.56 98 2 1839 511 o8 247
10 95 204 97 235 1853 4085 97 238
11 o8 2.56 97 235 19.14 5139 o7 237
2 96 217 97 226 2155 694 96 218

2092 488 o3 1.83

13 .

17 94 1.94 95 202 21.35 6.12 93 1.89
18 a7 2.33 97 243 20.97 (.97 06 223
Prediction Sets
2 3 0.03 11 0.12 27.91 5.67 5 0.06
14 36 1.43 gl 125 21.45 405 76 1.10
15 98 2.56 20 3.36 15.29 5.36 99 232
16 63 0.83 83 1.31 2368 585 75 1 09

7 Catalyst geometnies taken fmm anti § transition structures. Gndl
orientation, 0.7 A erid spacing. ° (§)-product. © The % ee is converted to
AG (kealmol) using AG = RT In K, K 15 1atio of the (R) and (5)
enantiomers. ¢ AGy, = a + o1(PIE;) + f;{PIE;_}: = 548 keal/mol, ¢; =
—0.27, ¢; = 0.36. * Probe interaction energies (keal/mol) at the two gnd
points identified in the QS5R analysis. "best,ave: 5D = 0.23, 0.17 keal/
mol; B> = 093,095 & best,ave: RMSE = 0.49, 0.29 keal/mol; R* = 0.72,
090 CC= 095 096



QSSR: Predicting the enantioselectivity of aldehyde alkylation

O catalyst OH QH
Ph™ "H Et:,Znh Ph “Et } Ptht
(S) (R)
m T R TTr L T -Average model consistantly gave better results
REZ’E;;;E‘ iy 2y H.iﬂ’ﬁ?ng’a -Important structural features (for stereoinduction):
H Ao H H_OH D:7< H_-*T“_D‘\iio
catalysts JZE PhEl.;zr’J-—-E. a) The first point was found near the bridging
) anti S ~ symR dimethylmethylene of DAIB
(TS analysis shows that bulk at this position is more
é ® Readily accepted in anti S than anti R, syn R, or syn S)
£ o b) The bottom face of the 5 membered zinc chelate
A\ N @z (destabilization by steric interactions, potential
@ 2a -2 carbonyl dipole interactions)
In- - _"IF" T

e
-

Figure 3. Models from QSSR calculations (gridl, 0.7 A) superimposed
on the anti § transition structure from the DAIB ligand (9). Left = average
model; Right = best individual model. Blue = ee increases with increasing
PIE values; Red = ee decreases.

Kozlowski, M. et. Al. J. Amer. Chem. Soc. (2003), 125, 6614.



QSSR: a priori prediction of new catalysts from ground state

What if the TS structure is not known?

. RR

R R) R1 I:‘\.__,H\ ;Et RE R‘f I,R1
Ra“v” ELZn Rop Mo RS LN E
5, - g O S Alps - g Zn
R oM z | R, RO

i ! % - bl &

R dimer Et N “ga Rcatalysl

r! R? {monomer)

0 Et,Zn 0

e

OH
P - X :
Pn” “Et catalyst Ph™Et Fh? Et

Zinc dimers (known cryst and in soln) are
tetrahedral at Zn, which is likely to reflect
the interactions encountered during rxn.
(calculated using PM3)

-Aligned by N, Zn, O atoms

-Prediction set of T1-T18
-Test set P1-P7

Kozlowski, M. et. al. Angew. Chem. (2006), 118, 5628

NR, ) Ui
.--.-"ﬂ'a\r 2 _.'___,.-""-'-..__-’" ‘rNRE T, Ej -nBu ME _.l"‘-ul"N —
1"0H )

fde

_NMe, _NMe; fPr\LNME» ,[Nr-ﬂed INMEE

R "OH RY "OH

TIR=H T3R=FPh TE T7 R = Ph
T2R=Me T4R =iBu T8 R =Me
MMe.
Me, Me OH — = 't
\'i NR \:? Kﬂa‘@—;‘:"! Y 7 Mo N
Ao L
me. < OH R/V\R KL%%"‘H"E“ Ph" “OH
T9 R =Me TI0R = Me T12 T14
T11R; =(CH,CH;,0 T13R=H </=_
Me R }
N Me s PEL NMe, Pha N -
E5(_.:::”4 ME'J‘K‘_iKH__GHHG I j
P Ph \ ‘ PH" “OH Ph” "OH
T15 T16 T17 T18

'\-\. .-"1
Me ‘OH

P1 F"E P3

R f r/ﬁ i r/ja R = Me
“’TGHCLDH

N
~ Me b R, = (CH.),
¢ R; = (CHg)y
':IH d Rz = {CHEGHE}EO
P7



QSSR: a priori prediction of new catalysts from ground state

R R

s R RT_‘\""& o W R R )
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o Et,Zn OH OH

+
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Pn” "Et calalyst  ppT CEt PR ER

Figure 2. a—) Several of the models from the “leave-two-out” analyses.
d) Superimposed models from all 153 trials. Blue: ee value increases
with increasing grid-point energy; red: ee value decreases.

Kozlowski, M. et. al. Angew. Chem. (2006), 118, 5628



QSSR: a priori prediction of new catalysts from ground state

Table 1: QSSR a priori predictions for catalysts derived from P1-P7.

Single run® “Leave-two-out"™

Ligand AcH % get! Mean sD % eel cl Expt.
AGH AGH % e % e

Pla 1.74 92.3 1.68 0.22 91.5 32 -
P1b 0.81 63.5 0.91 0.33 68.8 159 - 100 4 .x
Plc 1.16 78.9 1.45 0.38 87.2 8.2 89 wl
P1d 0.80 63.0 1.01 0.28 73.2 18 83 Mprea = 0.87
P2a 1.01 73.1 1.05 0.26 74.9 103 67 80 1
P2b 0.92 69.3 1.03 0.35 73.9 146 70 o
P2c 1.14 78.5 1.19 0.31 80.2 100 87 predicted
p2d 1.00 72.7 1.13 0.24 78.0 8.7 81 ee /% o
P2e 0.74 59.2 0.82 0.43 64.1 23.1 48 o
P3 1.11 77.4 1.26 0.29 82.3 8.4 84
P4a 2.88 99.0 2.68 0.31 98.6 0.8 - 40 1
P4b 2.10 96.0 2.01 0.38 95.2 32 - .
P4c 3.61 99.7 3.77 0.77 99.8 03 97 Y - - - e
P4d 3.67 99.8 3.78 0.75 99.8 0.2 94 experimental €8 /%
P5 2.71 98.7 2.69 0.16 98.6 0.4 98
P6 0.89 67.6 0.93 0.21 69.8 9.8 59
P7 0.47 412 0.55 0.24 50.1 8.0 33

[4] Compounds T1-T18 served as the parameterization set. [b] “Leave-two-out” cross-validating analysis
using 16 compounds from T1-T18 as the parameterization set (all 153 combinations). [¢] Calculated AG
in kcalmol . [d] Generated from AG at 273 K; S enantiomer product. [e] 95% confidence interval.

[f] From reactions performed at 273 K. 5 enantiomer product.

Notably: P1 to P4 was predicted, additionally
The low selectivity of P7 was fairly accurately

identified

. Kozlowski, M. et. al. Angew. Chem. (2006), 118, 5628
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QSSR: De Novo Chiral Amino Alcohols

-Using the same parameterization set as

2 R Before.
. RE 1 .
" ; o Ha.j\'“\zf ra . P -The test set was the previous 18
L 2 3 ] - . . .

F‘l L A T—“f‘j Szee amino alkoxide zinc catalysts.

RS/ 0H : i Ji R Red ©

T BN
amino alcohol gimer R'RZ " monomer = catalyst -2 programs were utilized to minimize the

Catalyst conformers (PM3 in spartan and
HF/3-21G*) thus two analyses were

O OH
. )LH 22 oquiv ZnEly tohuene 1 Completed and compared
.- n ol -} t
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QSSR: De Novo Chiral Amino Alcohols

R? N Et RZ B
3 4. S arh
o

» _ - — TN N
R - RYo o ggs ——FR Zn-Et
. RE R Y
R:h" \.OH ,ZI‘\I\ H G

) I 17
amino alcohol dimer R R*

';‘:g(
L'.'fH

.f

..-|'-"‘1 H@

maonomer = catalyst

2.2 equiv ZnEt;, toluene

o
Y i (wa Et
LA 5-10 mol % L, temp
0 KM”;?'
CIH
h.l 7T % LN
DTB$

. Kozlowski, M. Hsung, R. et. al. Org. Lett. (2006), 8, 1565.

average predictions (18 Models Total)

QMQSAR GQSAR
mean ee SD ee mean ee SD ee
L (%) (%) (%) (%)
228 K= —45°C
5a 90.2 0.1 08.1 0.7
5bh 99.0 0.2 98.0 0.6
e 99.2 0.1 98.0 0.6
hd 99.1 0.2 a97.9 0.7
6a 99.0 0.1 a97.8 0.5
6d 98.8 0.1 a7.6 0.5
218K =0°C
Ha 98.0 0.2 95.9 1.2
sh 97.6 0.3 95.7 1.0
e 98.1 0.2 95.8 1.0
ad 97.9 0.4 95.6 1.1
6a 97.6 0.2 95.5 0.9
6d 97.3 0.2 95.1 0.9
208 K=25°C
5a a7.0 0.2 04.3 1.5
5bh 96.5 0.4 4.1 1.3
e 97.2 0.3 04.3 1.2
ad 96.9 0.5 a4.0 1.4
6Ga 96.6 0.2 93.8 1.1
6d 96.1 0.2 93.3 1.1



Synthesis and evaluation

Scheme 1. O=xyallyl Cation [4 + 3] Cycloadditions
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average predictions (18 Models Total)

QMQSAR GQSAR expt. values
mean ee SD ee meanee  SDee ee vield
L (%) (%) (%) (%) (%) ()
228 K=—-45°C
5a 99.2 0.1 953.1 0.7 95 81
5b 99.0 0.2 98.0 0.6
5¢ 99.2 0.1 95.0 0.6 97 81
5d 99.1 0.2 97.9 0.7 97 51
6a 99.0 0.1 97.8 0.5
6d 98.8 0.1 97.6 0.5 95 73
2718 K=0°C
5a 98.0 0.2 95.9 1.2 90 90
5b 97.6 0.3 95.7 1.0
5e 98.1 0.2 95.8 1.0 93 92
5d 97.9 0.4 95.6 1.1 91 90
6a 97.6 0.2 95.5 0.9 93 88
6d 97.3 0.2 95.1 0.9 79 86
208K=25°C
5a 97.0 0.2 94.3 1.5 89 93
5b 96.5 0.4 94.1 1.3
5¢ 97.2 0.3 94.3 1.2 859 87
5d 96.9 0.5 94.0 14 89 93
6a 96.6 0.2 93.8 1.1
6d 96.1 0.2 93.3 1.1 44 53



Synthesis and evaluation
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average predictions (18 Models Total)

QMQSAR GQSAR expt. values
mean ee SD ee meanee  SDee ee vield
(%) (%) (%) (%) () (Fe)
228 K= —-45°C
99.2 0.1 953.1 0.7 95 81
99.0 0.2 98.0 0.6
. 99.2 0.1 95.0 0.6 7 51
5d 99.1 0.2 97.9 0.7 7 51
6a 99.0 0.1 97.8 0.5
6d 98.8 0.1 97.6 0.5 95 73
218 K=0°C
5a 98.0 0.2 95.9 1.2 90 90
5b 97.6 0.3 95.7 1.0
5e 98.1 0.2 95.8 1.0 93 92
5d 97.9 0.4 95.6 1.1 91 90
6a 97.6 0.2 95.5 0.9 93 88
6d 7.3 0.2 95.1 0.9 79 86
208 K=25°C
5a 97.0 0.2 94.3 1.5 89 93
5b 96.5 0.4 94.1 1.3
5¢ 97.2 0.3 94.3 1.2 859 7
5d 96.9 0.5 94.0 14 89 93
6a 96.6 0.2 93.8 1.1
6d 96.1 0.2 93.3 1.1 44 53



Synthesis and evaluation

; lead.
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2.2 equiv of ZnEts, and yields are given in parenthases.
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— k’ﬁ:{ / r’\{ \_ f/\\r - f/\\( The implementation of a completely
S . T Mo a prioi designed chiral ligand has been
f‘“;N..?--.nT, d T -""xwﬁ;l({o demonstrated using only the knowledge of the
e W .,-; ] - ngm
& . L o bres V5 ground state conformation and the selectivities

of a pool of known ligands

Kozlowski, M. Hsung, R. et. al. Org. Lett. (2006), 8, 1565.



Conclusions

Many levels of success already exist for prediction-based discovery of chiral ligands:
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Average Model (6 grid points)  Fest lndividual Model (2 grid points)
TS-anti-pro-R TS-anti-pro-S TS-syn-pro-R TS-syn-pro-S

Ultimately, though, it will not be the power of the computations (MM2, HF, ect..) that bridge the divide
between synthetic organic chemistry and computational chemistry.It will be the enginuity of the program
developers to identify algorithms that accurately portray chemical systems. Even more importantly than the
programmers will be the role of the synthetic chemist to adopt computational chemistry as a daily routine
and not an exotic method to be used only at post-chemistry rationalization.

Lipkowitz, K.; Kozlowski, M. Synlett (2003), 1547.
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