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Devel opnent of the First Catalytic Asymetric Al dol-
Ti shchenko React i on. I nsi ght into the Cat al yst
Structure and Reacti on Mechani sm

Cheryl M Mascarenhas, Steven P. MIller, Peter S. Wite and Janes
P. Morken*

General. Infrared (IR) spectra were recorded on Nicol et Magna
560 and Perkin-El mer 283 spectrophotoneters, |pg in cml.  Bands
are characterized as broad (br), strong (s), nedium (n), and weak
(w). IH NWR spectra were recorded on Varian Gemini (300 MHz) and
Bruker AC200 (200 WMHz) spectroneters. Chem cal shifts are
reported in ppmfromtetranmethyl silane with the sol vent resonance
as the internal standard (CDCl 3: 7.24 ppm). Data are reported as
follows: chemcal shift, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, br = broad, m = nultiplet),
integration, coupling constants (Hz), and assignnent. 13C NWR
were recorded on a Varian Gemni 300 (75 MHz) spectroneter with
conpl ete proton decoupling. Chemcal shifts are reported in ppm
fromtetranethyl silane with the solvent as the internal standard
(deuterochloroform d 77.0 ppn). Mcroanal yses were perforned by
Robertson Mcrolit Laboratories (Mdison, NJ). H gh-resol ution
mass spectronmetry was performed by the University of M nnesota
Department of Chemistry, Mass Spectronetry Facility. Vapor
pressure osnonetry experinents were performed on a Knauer vapor
pressure osnoneter

Li quid chromat ography was perfornmed using forced flow (flash
chromat ogr aphy) of the indicated solvent system on Sigma silica
gel (SiOp) 60 (230-400) nesh. Thin | ayer chronmatography was
performed on EM Science 0.25 mm silica gel 60 pl ates.
Vi sual i zati on was obtained with phosphonolybdic acid in ethano
fol |l owed by heati ng.

Anal ytical gas-liquid chromatography (G.C) was perfornmed on
Hew ett - Packard 6890 Series chronmatographs equipped with split-
node capillary injection systens and flame-ionization detectors.



Anal ytical high performance liquid chromatography (HPLC) was
performed on a Shimadzu liquid chromatograph equipped with a W
detector. Enantioneric ratios were determned either by GLC with
a Supelco b-DEX 120 fused silica (30m x 0.25nmm capillary colum
with heliumas the carrier, or by HPLC with either a Chiracel Q
or Chiracel OD col um.

Al reactions were conducted in oven and flanme-dried gl assware
under an inert atnosphere of dry nitrogen. Diethyl ether, toluene
and dichloromethane were obtained from filtration stills.
Benzene was purified by extraction wth sulfuric acid, water and
di | ute sodi um hydroxide followed by drying and distillation from
powdered 4 A nolecular sieves (A drich). | sobut yral dehyde was
distilled under nitrogen from powdered 4 A nolecular sieves
(Aldrich) prior to use. Benzal dehyde (99.5+% was purchased in a
Sure/ Seal bottle from Aldrich and used in the glove-box w thout

further purification. p- Ani sal dehyde and ci nnanal dehyde were
distilled prior to use. Al other reagents were purchased and
used without further purification. Except for those conpounds

descri bed bel ow, salical dehydes and salen |igands were obtained
from Aldrich Chem cal Co. 3-t-Butyl - 2- hydr oxybenzal dehyde was
prepared according to reference 2. 3- hydr oxy- 2, 2-di met hyl - 3-
phenyl propi onal dehyde was prepared according to the nethod of
Mahr wal d. 7

3- Adamant yl - 2- hydr oxy- 4- et hyl benzal dehyde.1 A 50 m flanme-dried
flask equipped wth stir-bar under

0 OH nitrogen was charged with 1.26 g (5.2
T

mol )  2-(1-adamantyl)-4-net hyl phenol, 1

mL dry toluene, 245 nL (2.1 mmol) dry

Me 2,6-lutidine and 60 nL (0.52 mml) tin

(1'V) chloride. After stirring for 20

mnutes, 345 ng (11.44 mmol) of parafornmal dehyde was added and
the mxture heated at 100 °C for 15 hours. The m xture was

cooled to room tenperature, poured into 30 nL water, acidified
with 6 NHCO to a pH of 2 and extracted with diethyl ether (2 x
100 ). The ether layers were washed wth water (75 nlL) and
brine (75 nmL), dried wth anhydrous MySO4 and concentrated in
vacuo to yield a pale yellow solid. Passage through a silica gel
plug vyielded 2.66 g (95% pure 3-adamantyl - 2- hydr oxy- 4-
met hyl benzal dehyde. IR (neat): 3420 (br, s), 2930 (m, 1635 (m
cml; I1H NVR d 11.61 (1 H s, RCHO, 9.79 (1 H, s, phenyl), 7.22
(1 H br s, phenyl), 7.13 (1 H br s, phenyl), 1.51-2.28 (19H, m



alkyl); 13c NWR d 197.1, 159.4, 138.2, 135.5, 131.4, 128.3,
120.5, 41.1, 40.4, 37.3, 29.2, 20.9.

Ceneral Procedure for the Synthesis of Salen Ligands. 3 To a
50 nmL flask equipped with stir bar, under nitrogen, was added
2.98 g (11 mmol ) 3-adamantyl - 2- hydr oxy- 4- net hyl benzal dehyde and 8
mL et hyl al cohol. To this mxture was then added 1.13 g (5.52
mol ) of (1R 2R)-(+)-1, 2-di phenyl et hyl enediamine in 3 m of ethyl
al cohol . The mxture was heated overnight at reflux and
subsequently cooled in the freezer and the precipitate filtered
of . Purification was achieved by flash chromatography (10:1
hexanes/Et OAc) to yield 2.67g (70% of pure (R R-(-)N N Bis-(3-
Adamant yl - 5- net hyl sal i cyl i dene) - 1, 2- di phenyl et hyl enedi am ne (1f).

(RR-(-)-N,NBis(3-tert-butylsalicylidene)l, 2-cycl ohexanedi am ne

(1b). IR (neat): 3440 (br, s), 2940 (s),
1620 (s) cm?l; 1H NWR d 12.70 (1 H, s, OH),
8.26 (2 H s, ArCHN, 7.23 (2 H dd, J=8.0,

o
B 1.0 Hz, phenyl), 6.97 (2 H dd, J=8.0, 1.
OH HO Hz, phenyl), 6.69 (2 H t, J=8.0 Hz,
Me Me phenyl), 3.31 (2 H dd, J=9.1, 5.0 Hz

Me Me  Mé Me NCHCHN), 1.23-2.16 (8 H m cycl ohexyl) 1.35

(18 H, s, C(CHg)3); 13C NWR d 165.5, 160. 3,
137.1, 129.8, 129.3, 118.6, 117.8, 72.5, 34.9, 33.3, 29.5, 24.5,
HRMS (FAB) Calc'd for GCygHyoN\bO, (M+H) *: 435. 3013. Found:
435. 3006.

(R R-(-)N, NBi s(3-net hyl salicylidene)l, 2-cycl ohexanedi am ne

(1c). IR (neat): 2940 (s), 2850 (br, s),
1620 (s) cm?!; 1H NVR d3.62 (2 H, s, OH),
8.24 (2 H s, ArCHN), 7.10 (2 H, d, J=7.0

=N NT Hz, phenyl), 6.97 (2 H d, J=7.0 He,
OH HO phenyl), 6.71 (2 H t, J=7.0 Hz, phenyl),
Ve Ve 3.29 (2 H, dd, J=5.2, 4.1 Hz, ArCNCH), 2.21

(6 H s, ArCHy) 1.39-1.95 (8 H m
cycl ohexyl); 13C NWR di64.8, 159.3, 133.2, 129.2, 125.7, 118.1,
118.0, 72.76, 33.44, 24.44, 15.72. Anal Calc'd for CyoHgN,O,: C,
75.40; H, 7.48; N, 7.99. Found: C, 75.37; H, 7.38; N, 8.05.




(R R-(-)N, NBi s(3-Adamantyl - 5- et hyl sal i cyl i dene) - 1, 2-

cycl ohexanedi am ne (1d). IR (neat):
3430 (br, s), 2920 (s), 1635 (s) cm
1, 1H NWR d13.59 (2 H, s, OH), 8.19

(2 H s, AACHN), 6.92 (2 H d, J=1.0
OH HO Hz, phenyl), 6.73 (2 H d, J=1.0 Hz,
phenyl), 3.26 (2 H m ArCH\CH),
1.35-2.15 (44 H, m alkyl); 13¢C
NVR: [d165.7, 158.2, 137.0, 130.3,

129.7, 126.6, 118.4, 72.5,  40.5,
37.4, 37.0, 33.3, 29.3, 24.6, 20.8. HRVB (FAB) Calc'd for
CioHs4sN,O,:  618.4183.  Found (M) 618. 4136.

(R R-(-)-N N Bis-(3-Adamantyl - 5-met hyl sal i cyl i dene) -1, 2-
di phenyl et hyl enedi am ne (1f). I R
(neat): 3440 (br, m, 2910 (s), 1630

Ph,  Ph
—~
=N N= (s) cm?l, 14 NWMR [d13.43 (2 H, s,
Me OH HO Me oH), 8.27 (2 H s, ArCHN), 7.17 (10
H m aromatic), 6.95 (2 H d, J=2.0
Hz, phenyl), 6.72 (2 H d, J=2.0 Hz,
phenyl), 4.65 (2 H, s, NCHPh), 1.76-

2.14 (36 H m al kyl); 13¢C
NVR: [d167. 2, 158.2, 139.6, 137.1, 130.7, 130.0, 128.3, 128.2,
127.5, 126.7, 118.4, 80.2, 40.5, 37.4, 37.1, 29.4, 20.8. HRVS
(FAB) Calc'd for GCgohs/NoO, (MrH) *: 717. 4422. Found (M):
717. 4466.

CGeneral Procedure for Catalytic Asymmetric Al dol-Tishchenko
Reaction with YsQ(O-Pr);3 as the Catalyst. A 25 nm flask
equi pped with stir bar and 100 ng of 4 A powdered nolecul ar
sieves was heated with a heat-gun under vacuum for a few m nutes
to activate the sieves, then taken into an inert atnosphere gl ove
box. To the flask was then added 12.2 ng (0.046 mml) of YsO( G -
Pr)is, 42.6 ng (0.059 mol) of salen 1f and 9.2 nL of dry
di chl oronet hane. The m xture was stirred for 15 hours, at which
point 47 nL (0.46 mmol) benzal dehyde was added. After 5 mnutes,
250 nmL (2.76 mol) of freshly-distilled isobutyral dehyde was
added dropwi se, with stirring. After 5 hours, the mxture was
guenched with 1 MHO and extracted with dichloromethane (2 x 100



m.). The organic |ayer was washed with brine (75 nmL), dried with
MySO;, and concentrated in vacuo to yield a pale yellow oil.
Purification by flash chromatography (14:1 dichl oronethane: et hyl
acetate) yielded 76.3 ng of 2a (68%yield).

(1S) 1-Hydroxy-1-phenyl -2, 2-dinethyl prop-3-yl |sobutanoate (2a).
IR (neat): 3503 (br, s), 2973 (s), 2880

Q (m, 1717 (s) cm?l; 1H NVR [d7.20 - 7.35
OH o)l\r“"e (5 H m phenyl), 4.50 (1 H d, J=3 0 Hz,
' Me PhCHOH), 4.14 (1 H, d, J=10.9 Hz, CHH,O,
Me Me 3.69 (1 H d, J=10.8 Hz, CHyH,O, 2.55 (1

H m CH(CHg),), 2.38 (1 H d, J=3.0 Hz,
OH) 1.15 (6 H, d, J=7 Hz, CH(CHg),), 0.88 (3 H, s, CHg), 0.79 (3
H s, CHg); 13C NWVR Cdd77.3, 141.0, 127.8, 127.7, 127.6, 78.1,
70.6, 39.5, 34.4, 21.7, 19.6, 19.4, 19.3. Anal Calc'd for
CisthyO3: C, 71.97; H 8.86. Found: C, 72.18; H, 8.92.

Proof of Stereochem stry. Product stereochem stry was
determ ned through conparison with the independently prepared
enant i omer. LAH reduction® of the conmercially available

enantiopure phosphate ester (A afforded 1, 3-diol (B).

Subsequent acylation of the primary alcohol wth isobutyric
anhydri de yielded the 1R enantioner of 2b. G.C conparison of the
enantionmers (Supelco b-dex colum) was then used to confirm
configuration of the major product.
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(1S) - 1- Hydr oxy- 1- (4- br onophenyl ) - 2, 2- di net hyl pr op- 3-yl

| sobut anoate. IR (neat): 3501 (br, s),
Q 2973 (s), 2870 (m), 1717 (s) cm?l; 1H

OH o)l\r“"e NVR (d7.42 (2 H d, J=8 Hz, phenyl),

Me 7.15 (2 H d, J=8 Hz, phenyl), 4.49 (1

Me Me
Br




H, d, J=3.0 Hz, PhCHOH), 4.21 (1 H, d, J=11.1 Hz, CHH,OR), 3.70
(1 H d, J=11.1 Hz, CHH,OR), 2.51 (1 H, m CH(CHg)»,), 2.50 (1 H,
d, J=3.0 Hz, OH), 1.21 (3 H, d, J=1.4 Hz, CH(CHy),), 1.18 (3 H,
d, J=1.4 Hz, CH(CHg),), 0.88 (3 H s, CHg), 0.82 (3 H, s, CHy);
13C NVR [d1177.3, 140.0, 130.9, 129.4, 121.4, 77.3, 70.5, 39. 4,

34.4, 21.7, 19.3 (3 carbons). Anal Calc'd for CigHBrO;: C
54.72; H 6.43; Br, 24.27. Found: C, 55.01; H, 6.44; Br, 24.40.
Proof of Stereochem stry. Separation of the enantioners of 3a
was acconplished through HPLC, using a Chiracel OD colum. The
stereochem stry of +the mjor enantiomer was determ ned by
conversion of product 3a to product 2a through debrom nation
following the method of dover® with subsequent analysis by G.C

Racem zation did not occur during this transformation.
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1-Hydr oxy-1-(4-methoxy)-2,2-dimethylprop-3-yl Isobutanoate. IR (neat): 3020 (br,s), 3000

MeO

O

M
OH OJ\(e

Me Me

Me

(), 1730 (s), 1270 (s) cml; 1H NMR:0d7.20 (2 H, dd, J=9,
2 Hz, phenyl), 6.83 (2 H, dd, J=9, 2 Hz, phenyl), 4.51 (1 H, d,
JF2.3 Hz, PhCHOH), 4.16 (1 H, d, 11 Hz, CH_HOR), 3.78

(3H, s, PhOCH3), 3.73 (1 H, d, J=11 Hz, CH_H,OR), 2.59 (1

H, m, CH(CH3),), 2.30 (1 H, d, J=2.5 Hz, OH), 1.21 (3 H, d, J=7.7 Hz, CH(CH3),), 1.19 (3 H,

d, J=7.7 Hz, CH(CH3),), 0.91 (3 H, s, CH3), 0.82 (3 H, 5, CHg); 13C NMR:0d177.2, 159.0,

133.1, 128.7, 113.2, 77.7, 70.7, 55.4, 39.5, 34.4, 21.6, 19.6, 19.3, 19.3. HRMS (Cl) Calc'd for
C16H28Nlo4 (M +NH4)+: 298.2019. Found (M +NH4)+: 298.2019.

Enantioneric excess was determned via HPLC separation of the
stereoi somers on a Chiracel OD col um:
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1- Hydr oxy- 1- ( 2- napht hyl ) - 2, 2-di net hyl prop-3-yl |sobutanoate. IR

o (neat): 3496 (br, s), 3057 (m, 2973 (s),

o O)l\rMe 2876 (m), 1717 (s) cml; 1IH NWVR Od7.75 (4

Me H m naphthyl), 7.43 (3 H m naphthyl),

OO e Me 4.70 (1 H d, J=3.1 Hz, naphthyl CHOH),
4.27 (1 H d, J=11.1 Hz, CHH,OR), 3.76 (1

H d, J=11.1 Hz, CHHOR, 2.64 (1 H m
CH(CHg),), 2.48 (1 H d, J=3.5 Hz, OH), 1.20 (6 H, d, J=7.0 Hz,
CH(CHz),), 0.95 (3 H s, CHg), 0.87 (3 H s, CHy); 13C
NWVR da77.3, 159.1, 138.6, 133.0, 132.9, 128.0, 127.7, 127.3,
126.5, 126.1, 125.9, 78.1, 70.7, 39.8, 34.4, 21.8, 19.6, 19.4,
19. 3. Anal Calc'd for CigHs0O5: C, 75.97; H 8.05. Found: C,
76.11; H, 8.083.

Enantioneric excess was determned via HPLC separation of the
stereoi somers on a Chiracel QJ colum:
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1- Hydr oxy- 1- (trans-ci nnanyl ) - 2, 2- di net hyl pr op- 3-yl | sobut anoat e
(6a). IR (neat): 3480 (br, s), 2990 (s),
2 e 1725 (s) cm?; 1H NVR Od7.25-7.42 (5 H m
OH OJ\( phenyl), 6.62 (1 H, d, J=16 Hz, PhCH=CH),
6.30 (1 H, dd, J=15, 7 Hz, PhCH=CH), 4.20
Me Me (1 H d, J=11.1 Hz, CHH,OR), 4.11 (1 H
m PhCHCHCHOH), 3.85 (1 H, d, J=10.8 Hz,
CHH,OR), 2.64 (1 H m CH(CHg),), 2.25 (1 H, d, J=4.1 Hz, OH),
1.21 (6 H, d, J=7.0 Hz, CH(CHg),), 0.99 (6 H, s, CHy); 13C
NVR (d177.3, 136.7, 132.3, 128.7, 128.3, 127.8, 126.6, 76.9,
70.4, 39.2, 34.4, 21.8, 19.8, 19.4, 19.3. Anal Calc'd for
Ci7Hp4O3: C, 73.88; H, 8.75. Found: C, 73.60; H, 8.60.

AN Me

Enantioneric excess was determned via HPLC separation of the
stereoi somers on a Chiracel OD col um:
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General Procedure for Preparation of Catalyst for Vapor
Pressure Gsnonetry (VPO St udy. St ock sol utions of
tri phenyl met hane in dichloronethane were made up at different
concentrations, several VPO neasurenents obtained for each stock
solution, and a l|inear relationship between nV and nononer
concentration was observed (see graph bel ow). To calculate the
aggregation state of the YsO(QO-Pr)q3-1a conplex, a mxture was
prepared as follows: to a 50 nL flask equi pped with stir-bar was
added 80 nmg (0.3 mml) YsOX( G -Pr),3, 213 ng (0.39 mmol) of salen
ligand 1la and 6 nL dry dichloronethane and the mxture stirred
for 24 hours to form a 0.050 M stock solution of catalyst in
di chl or onet hane. Mul tiple VPO neasurenents for the catalyst
solution were then obtained and the solute concentration
determned fromthe calibration curve for triphenyl nethane.

Cali bration Curve
[triphenyl met hane], M current, mv
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Anal ysis of la-YsQ( QO -Pr)q3 Conpl ex
current (nV) neasured for a 0.050 M solution each in nmetal and
ligand la: 72.7, 78.3, 80.8, 80.8, 88.1 (ave.: 80.1 + 6.9)
[solute] = 0.057+0.005 M



Correlation Between Catalyst Optical Purity and Product
Optical Purity. The general procedure for catalytic reaction was
foll owed using ligand la of varying optical purity (prepared by
m xi ng authentic enantionmers in different ratios). Analysis of

enanti osel ectivity was perfornmed on Supel co b-dex col um.

Dependence of Product ee on Ligand ee

%e of ligand la ee of 2a
8.9 5.7
24.9 12. 4
49.5 27.6
75.1 38.6
90. 3 37.2
98.0 52.3
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