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Abstract: The effect of fluorine substitution at the 5, Y, 6,6' ,  7,7', 8 and 8' positions of 

2, 2 ' -dihydroxy- 1, 1 ' -binaphthy 1 (BINOL) on its catalytic activity in titaniurn-mediated 

ethyI glyoxylate-ene reaction was examined, A highly enantioselective catalyst was 

formed by mixing BINOL with 5, S, 6, 6', 7, 7', 8, 8'-octafluoro-2' 2'-dihydroxy- 1, 1 '- 

binaphthyl (F&INOL) in one system. Kinetics and crystallization evidence were found to 

support pseudoracemic assembly of BINOL, FaINOL, and Ti(OiPr)4. A synthetic route 

to 5, 6, 7, 8-tetrafluoro-2, 2'-dihydroxy- 1, 1 '-binaphthyl (FBFNOL) was developed. 

Homochiral F4BINOL and its derivatives were synthesized Catalytic asymmetric 

glyoxylate-ene reaction and sulfoxidation of suifides were k e d  out to study the sense 

of chiral induction of F4BINOL/Ti(OiPr)4 derived Lewis acid. 
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Introduction 

In catalytic asymmetric transformations, catalysîs with stronger efficiency are 

demanded. By understanding the balance of stenc and electronic factors required to fine 

tune a catalyst, the optimal rate and selectivity could be  achieved in a particular 

rea~tion'~. BINOL (2, 2'-dihydroxy- l , 1 '-binaphthyl) (1) (Figure 1 ), a molecule with 

axial chirality has wide utility in asymmetric catalysis as the ligand tu derive chiral Lewis 

acidslb. Modifications of the BINOL skeleton aimed at changing its steric as well as 

electronic properties have proven to be necessary and effective in several catalytic 

asymmetrïc reactions. For example, BINOL-3, 3'-dicarboxyamide was found to be the 

Figure 1 

1 2 
more efficient chiral auxiliaries than BINOL for the alkylation of aidehydes as well as 

Simmons-Smith cyclopropanation of allylic alcohol. In the hetero-Diels-Alder reaction 

(Danishefsky aldol reaction), by substitution at 3 and 3' position with sterically more 

hindered triphenylsiyl or tri(3,5-xy1yl)silyl codd increase enantioselectivity of the 

catalyst in the reaction." The same tlpe of 3, 3'-bis(triarylsily1)binaphthol ligands was 



a1so used in catalytic Claisen rearrangment of allyl Wiyl ether by Yamanoto. In this case, 

3, 3'-bis(tert-bu@ diphenylsilyl) subdtuted BINOL exhibited the highest 

enantiose~ectivty?~ Partially hydrogenated BINOL used by Chan could give increase of 

ee 6rom 60-80% to around 95% in the alkylation of a ldehydd The sarne ligand was also 

used by Shibasaki to catalyze the enantioselective ring opening of achiral epoxides.5 

Mikami reported that modification at the 6 and 6' of binaphthol by bromines could 

increase the enantiomenc excess of product fÏom 84% to 93% in glyoxylate-ene 

reaction" As weI1, this type of ligand could be used in the catalytic asymmetric Friedel- 

Crafts reaction with fluoral, which gave a better enantiomeric excess (90%) than BINOL 

(64%)? The same ligand was used by Kobayashi used it in the catalytic enantioselective 

Mannich-type reactions of aldimines with silyl enolates, in which the ee was improved 

from 70% (BINOL) to 9 0 % ~ ~  

Substitution of hydrogens by fluorines at the 5, 5 ' ,  6, 6', 7, 7', 8,  and 8' positions 

of BINOL induced a considerable electronic perturbation of the aromatic systern which 

could be calculated fiom the PC Spartan modeling, in the resulting 5, S, 6, 6', 7, 7', 8, 

8'-octafluoro-2, 27-d&ydroxy- 1, 1 '- binaphthyl (FaINOL) (2) (Figure 1).' Compared 

with BINOL, the electron-deficient nature of the aromatic rings raises the oxidative 

stability of F8BINûL as well as increases the acidity of the ring-bound hydroxyl groups. 

We reasoned that this could translate into modulated binding to metals as well as 

reactants in the FaINOL-mediated processes. Furthemore, a dramatic increase 

configurational stability of homochid FaINOL was found due to a combination of 

steric and electronic alterations with electronic effects playing a decisive role. 



Earlier study of 2 in the catalytic asymmeîric sulfoxidation surprisingly indicated 

the reversal in the sense of chiral induction for FSINOL and BINûL with the same 

absolute configuration under identical condition. Kinetic study on these two ligands 

revealed that as a stronger Lewis acid the F&INOL/Ti(VT) is a more active catalyst than 

BINOL/Ti(VI). 

The research work surnmarized in this thesis was based upon the above research 

results. To understand more about the innuence of £horination on the chiral pocket as 

well as the nature of caîalytic process, a series of cataiytic asymmetric reactions and 

syntheses were camed out. 



Results and Discussions 

Part 1 

Generation of Highly Enantioselective Catalysts from the Pseudoenatiomeric 

Assembly of BINOL, FsBINOL, and Ti(0~Pr)~ in Glyoxylate-Ene Reaction 

To test the effect of fluorimtion on BINOL scaffold, the gIyoqlate-ene 

reaction-a reaction between an alkene with an a-proton and ethyl glyoxylate aldehyde 

to afford a chiral ethyl a-hydroxyl ester was chosen as the model. As discussed in the 

introductory part, the electron deficient nature of 2 increases the Lewis acidity of the 

derived chiral Lewis acid during the catalytic process. As a resuit, the activation of the 

carbonyl with 2/Ti(VI) was proposed to be stronger than l/Ti(VI) to giving a more 

reactive carbonyl-Lewis acid adduct and resultïng in a higher conversion. 

Table 1. Glyoxylate-ene reaction wiîh different ligand combinations 

Entry 

1 

2 

3 

4 

5 

Catalyst 

(9-1 (10 mol%), Ti(0iPr)d (5 mol %) 

(RI-2 (10 mol %), Ti(0~Pr)~  (5 mol %) 

(3-1 (5 mol %), (R)-2 (5 mol %), Ti(OiPr)r (5 mol %) 

(3-1 (5 mol %), (8-2 (5 mol %), Ti(OiPr)4 (5 mol %) 

(3-1 (5 mol %), rac-2 (5 mol %), Ti(OiPr)4 (5 mol %) 

yieid (%) 

48 

53 

95 

92 

1 (12)-2 (5 mol %), r a d  (5 mol %), Ti(OiPr)4 (5 moi %) 

Ee (%) 

98 (8 

92 (R) 

99 ( 9  

99 ( 9  

90 99 ( 9  

65 78 



However, with the same substrates and under identical reaction conditions the 

isolated yield is rather disappointïng by comparing (S)-1 and (Rf 2 (Table 3, entry 1 and 

2). Both catalysts offer modest yields of 48% and 53% respectively. There is no 

significant increase in the yield by FaINOL as expected However, comparing the 

enantioselectivity, FaINOL gave a lower ee (92%) than BINOL (98%), which may 

indicate increase of reactivity of the carbonyl by FaINOL and decrease of selectivity at 

the same time. Since the yield and enantioselectivity were quite comparable, we designed 

an experiment to compare these two ligands in the same system. The same equivalent of 

two ligands with opposite configuration was put together with same equivalent of 

Ti(01Pr)~ to fonn the mixed ligand catalysts. Since the absolute configuration of the 

product is just same as that of the ligand, based on the results of separated experirnents, a 

low ee or even racemic product was expected. Surprisingly, the ee was observed in this 

experiment was excellent 99% (entry 3) and coafiguration of product was determined 

only by regdar BINOL. Also with 2 equivalents of Ti(OiPr)4 and 1 equivalent of each of 

(9-1 and (R)-2, similar result was obtained. RemarkabIy, an almost quantitative isolated 

yield was obtained in this case. A possible explanation for this surprising result might be 

that (S)-l/Ti (VI) complex acted as a much stronger catalyst than (R)-2ITi (VI). 

Kinetically the fast catalyst overwhelmed the slow catalyst during the reaction process. 

So the configuration of product was determined only by (9-1. 



To ven@ this explanation, the initial rate studies under the pseudo first order 

condition were carried out, both (9-1 and (R)-2 were used as the catalysts to mesure the 

pseudo first order constant separately. The result indicated that the catalyst derived fkom 

FaINOL [ ( K ' ) = U . ~ ~ ~ O ~ ~ S - ' ]  is approximately 4 times slower than the catalyst derived 

fiom BINOL [(~ ' )=2.7~10-~~- ' ]  (Graph 1). A possible reason for this fact is that as a 

stronger Lewis acid (R)-2ITi could not cleave from product (a-hydroxyl ester) as fast as 

(8-1/Ti does, which resulted in a low turnover number, although it may activate the 

carbonyl more at the starting stage. More importantly, from this data only moderate 

I Graph 1 : Ln(AolA) vs Ti- 

enantioselectivity (around 60%ee) should be observed for the catalyst produced in the 

(R)-2/(S)- 1 /Ti(OiPr)4 mixture (1 : 1 : 1 ratio), if they were considered as the independent 

catalysts, which overthrow the explanation of kinetic overwhelrning. The high 

enantioselectivity and yield observed from the mixed ligand system could only be 

explained by forming a new synergistic catalytically active species between (R)-2, ( 9 - 1  

Graph 2 : % Conversion vs Time 



and T i o .  

Also the conversion/time studies were camied out to ve- the hi& isolate yield 

obtained fiom the rnixed ligand system. In 30 minutes, the mixed ligand system could 

reach 60% conversion, and 1 (whether racernic or homochiral) could reach ody  40%, 

while 2 was even less than 20% conversion. 

Figure 2. Molecular structure of pseudoracemic 

TiI(R)-FaINOL/(S)-BINOL adduct 6 

Beside the kinetic study, structural work on the mixed ligand was carried out. 

Upon mixïng (R)-2 and (S)-1 with Ti(OiPr)4 in toluene, we were able to isolate crystds of 

a new species 6 incorporating both 1 and 2, rather than an equimoiar mixture of 2/73 and 

1/Ti complexes. The molecule of 6 (Figure 2) contains a pseudo crystallographic 

inversion syrnmetry, which is broken by fluorine substitution. The stabilizing stacking 

interactions between the proximal aromatic planes in 6 were identified through the 

correspondhg intraplanar distances in the region of 3.5 A. The central core in this 

structure is composed of six iitanium centers surrounded by the BINOL- and FaINOL 



halves. The crysta1 structure of the mixed ligand aggregate strongly supports the 

synergystic relationship between the opposite enantiomers of Z and 2 in the asymmetric 

ene process in term of thennodynarnics. 

AU the other combinations of ligands were tested as well. The mixture of 0 - 1  

and (S)-2 ligand gave a hi& enantioselectivity of 99% (S)-enolate without surprise (entry 

4). Mixed ligand of (3-1 and rac-2-the combination of entry 2 and entry 3 also gave 

high enantioselectivity of 99% (entry 5). Ml of these three mixed ligand cases afforded 

very good yield over 90%. The activation of (9 -1  by the fluorimted isostere witn the 

same configuration (3-2 c m  be proved by the observation of increase of the yield 

Finally the mixed WC-1 with (R)-2 gave 78% ee (R) product and 65% yield (entry 

6) .  This result can be explained by the cornpetition among small amount of (R)-l/(R)-2, 

(S)-l/(R)-2 and large amount of thermodynamically more stable but catalytic less reactive 

(R)-ZI(S)-1. Since the catalytic reactivity of the (R)-l/(R)-2 is the strongest among al1 of 

the combination, the configuration of the product was found to be a relative higher ee of 

78% (R), 

Most intriguingiy, the mixed ligand system was found to give excellent 

enantioselectivity with modest yield toward the aliphatic alkene substrates which was 

failed to af3ord product from none of the single ligand system (Equation 2, Table 2). 



Table 2. Use of mixed (R)-FsBINOL/(S)BINOL cataly sts in glyoxy late-ene reaction 

ee (%) 
99 (S) 

t 2 

yield (%) 
57 

3 

1 Ti(0~'Pr)~ (5 mol %) 

Catalyst 
(R}-2 (5 mot %), (9-1 (5 mol %), 

Entry 
I 

ethyl 

4 ( cyclopentyl 

In conclusio~ it is possible that fluorine atoms break the meso symmetry of the 

R 
methyl 

cyclohexyl 

caîa.lyticaUy active ligand/TiOV) assembly resulting in the observed enantioselective 

Ti(OiPr),, (5 mol %) 
(R)-2 (5 mol %), (9- l (5 mol %), 

Ti(0~Fr)~ (5 mol %) 
(R)-2 (5 mol %), (8-1 (5 mol %), 

outcorne of the catdytic process. The structurally characterized higher order aggregate 6 

Ti(OiPr)4 (5 mol %) 
(R)-2 (5 mol %), 0 - 1  (5 mol %), 

is signîficant as it captures the complimentarïty between 1 and 2 and confirms the dnving 

71 

59 

force to form the rneso-aggregate in the mixture of pseudoenantiomers. Thus, highIy 

99 (S) 

47 

99 (8 

enantioselective catalysts of increased activity are generated in the mixture of opposite 

99 (S) 

enantiomers of BINOL and its electron-poor isostere, FsBINOL. Structural as well as 

kinetic evidence for the ligand synergy has been obtained The pseudoracemic system 

could not only give higher enantioselecîivity but also afford much better yieid indicating 

high stability of the unique catalyst. 



Part II 

Design and Synthesis of FaINOL and Its Derivatives 

The initiative of synthesis of the FaINOL (5,6, 7, 8-tetrafluoro-2,2'-dihydroxy- 

1, 1'-binaphthyl) (7) is coming eom the pseudoenatiomeric assembly of BINOL, 

FaINOL and Ti(0iPr)s observed in the glyoxylate-ene reaction mentioned in the 

previous Part. If FaINOL could be considered as an activator to BINOL/Ti(VI) in the 

glyoxylate-ene reaction, by using FJ3INOL instead of the mixture of F&INOL in 

BINOL might obtain the same results. As well, the X-ray analysis of the single crystal 

revealed 2 has very similar structure to 1, in tenn of the dihedral angles and distance 

between the two oxygens. However, the opposite sense of chiral induction in asymmetnc 

sulfoxidation was observed for them of the same absolute configuration, indicating 

interesting ciifference in the nature of catalytically active species obtained fiom these two 

ligands. Moreover, partial fluorination of the BINOL scafEold to form a new ligand 7, 

was expected to have stenc sirnilarity of both 1 and 2, but electronic asymmetry diffèrent 

fiom none of the above. The partial fluorination of one naphthyI ring broke the C2 

symmetry in the whole rnolecule which is possessed by most of the binaphthyl type of 

ligands, resdting in two hydroxyls with different acidities. These facts made the catalysis 

result fiom 7 derived Lewis acid very interesting. 



2.1 Synthesis and resolution of FaINOL (5,6,7,8-Tetrafluoro-t, t94ihydroxy-1, 1'- 

binaphthyl) 

Figure 3 

Based on previous synthesis route of F8BINOL (5, 5', 6, 6', 7, 7', 8, 8'- 

Octafluoro-2, 2 'dihydroxy- 1, 1 ' -binaphthyl),8 1 -bromo-5, 6, 7, 8-tetrafluoro-2- 

methoxynaphthalene (8) was used as the fluorinated part of the starting materials which 

c m  be made in large scale. In the first coupling attempt, 1-bromo-2-methoxynaphthalene 

(9) was chosen as the starting material for the regular naphthyl part in order to synthesize 

+ OMe 

intermolecular hetero 



cross coupling was expected, Grignard reagent made fiom 9 was used to react with 8 

using Ni(PPh&Clt as catdyst in tetrahydrogenfuran (THF) under refluxL0 (Scheme 1) 

Reaction was rnonitored by cmde 1917 NMR as well as TLC. Due to the fluorine 

activation on the naphthyl ring, unexpected SNAr type of nucleophilic substitutions 

resulting in couplings on 5 ,6 ,  7, 8 position was observed. Attempts of making Grignard 

reagent fiom 8 was not successful, there was no evidence that the Grignard reagents were 

formed When 9 was treated with n-butyl lithium to form the axyllithium to react with 8 

under the same condition, nucIeophilic fluorine displacement took place again. Suzuki 

couplingl' between 1-iodo-5, 6, 7, 8-tetrafluoro-2-methoxynaphthdene (10) and 2- 

methoxy-1-naphthyl boronic acid catalyzed by Pd(fPh3)4 in DME also codd not give any 

selectivity between the halogen atoms. Meyers reactiod2 between the fluorinated 

aryllithum and methyl I-methoxy-2-naphthoate (1 1) was found to give good yield (77%) 

of an undesired ketone product (12). (Scheme 2) 

Scheme 2 
Fi/+% 

5 mol% 

Na2C03, DME 

OMe 
Li 

OMe 

Ullmann coupling13 that was used for the synthesis of 2 has also been tried 

(Scheme 3). Ullmann coupling between 8 and 9 accompanied by activated copper under 

heating at 175°C gave the homo-coupling product 13 in 85% yield, while the desired 



product in only 5% yield This result was not surprising, since the reaction is in favor of 

the electron poor substrate. In order to increase the chance of the hetero cross coupling, a 

more electron poor substrate for the reguiar naphthyl part is necessary to react with 8 in 

the UlLmann coupling. The coupling reaction between 1-bromo-2-naphthoic ester (14) in 

which the carboxylate at the ortho position activated the naphthyl and 8 can afford the 

desired 7 derivatives in moderate yield 47%. Also 5% of diastereomeric excess was 

observed in the hetero-coupled product. Recrystillization of 1% in hexane and methanol 

aEorded the (R) and (S) two diastereomers respectively. The absolute configuration of the 

diastereomer was assigned by X-ray analysis. (Figure 4) 

Scheme 3 

+ 
Cu, VO°Cw 3 fi 3 

OMe A ' OMe \ \ OMe F 1 \ OMe 
Br 8 r  / /' I / 

8 9 
13 

m.00 . Cu, 170°C - 

FacUonal 
Crystallltaiton 
In Hexanes 
d 

__t 

15 
1 Sa 27% 
ISb 47% 



Figure 4 Single crystal structure of (R)-15b 

lnstead of naphthoic esters, naphthy1-2-aldehyde (16) in which aldehyde carbonyl 

acted as an activator was also found to couple with 8 to afford corresponding aldehyde 

(17) in simila. yield 48%. (Scheme 4) Compound 16 was prepared fiom the 

commercially available 1-bromo-2-methyhaphthalene in two steps according to the 

literature procedure. l4 The conditions for the Ullmann Coupling were optimized-the 

modified condition by addition of DMF or pyridine15 was proved to increase the 

percentage of undesired homo coupling between the regular naphthyl. Finally the reaction 

was found to be carrïed out at 165OC with neat activated Cooper powder. 

Scheme 4 
F A  

From compound 17 and homochiral 15b two routes were developed to reach the 

homochiral F4BINOL, both of which went through a key step of the Baeyer-Villiger 

oxidation.16 From the f ist  route, homochiral 15b was reduced by in diethyl ether 

to give the corresponding alcohol 18 (89%)' and continually treating 18 with pyridinium 

chlorochromate (PCC) to f iord homochiral form of 17 (90%). Then, Y, 6', 7', 8'- 



tetrafluoro-2'-methoxy- 1 , 1 ' -binaphthyl-2-formate (19) was prepared by treating 17 with 

3-chloroperoxybenzoic acid in dichloromethane at room temperature. Without any m e r  

pudication, BBr3 was found to cleave the formate and methyl fkom 19 in one step to give 

homochiral 7 in 59% yield (2 steps), which c m  be used as the ligand in later catalytic 

reaction. (Scheme 5) 

Scheme 5 c? 

Route l Baeyer-Villiger mCPBA 
Oxidation I 

In the second route, racemic form of 17 was converted to 29 by the same Baeyer- 

Villiger oxidation. In order to separate the octafluoro homo-coupled product 13 fiom 17, 

19 was continuaily hydrolyzed by KOH in THF at room temperature to afford 5', 6', 7', 

chromatography, 20 was separated fkom 13. Resolution attempts fkom 20 were made by 

converthg 20 to its mono-(-)-menthyl carbonate (2 1). However, two diastereorners fiom 

21 could not be separated by crystallization (in both hexanedether and methanoV2- 

propanol system) as well as by chromatography. 20 was then demethylated with BBr3 to 

afford a white crystal (mp 161.5°C)-racemic fonn of 7. (Scheme 6) A single crystal 

fiom racemic 7 was obtauied and X-ray analysis indicated two kinds of crystals exist with 



dihedral angle of 84.5" and 81,4° respectively. (Figure 5) The fact that both of the 

dihedral angles are bigger than 1 or 2 codd be explained by the hydrogen bonding 

exisfing between the 8 position fluorine and 5' position proton which need certain 

distance to lower the intra-rnolecular energy. 

Figure 5 Single crystal structure of 7 

One of the interesting by-products from the route two is fiom 20. When treated 

with KOH in THJ? under reflux condition, 20 may undergo an intra-molecular 

nucleophilic substitution-hydroxyl attacked the fluorine atom at 8' position-to fiord 



the helical cornpouid 22. (Scheme 7, Figure 6 )  However, homochiral fonn of 22 could 

not be obtained form homochiral 20 under the same condition, 

Schem 7 

Figure 6 Helicd compound 22 

Scheme 8 



Resolution of 7 was achieved through its biscarbonate diastereomers (23) The 

diastereomers were made by treating racemic 7 with (-)-menthyl chloroformate under 

pyridine and dimethylaminopyridine (DMAP). Fraction crystallization of 23 in methanol 

and isopropano!, yielded two diastereomers which were separated. (Scheme 8) Then 

L m  reduction afforded the homochiral form of (R) and (S) enadorner respectively. 

Again the absolute configuration of the ligand was determined by X-ray analysis of the 

single crystai of 23.(Figure 7) 

Figure 7 Single crystal structure of (R)-23 

2.2 Synthesis of nucleophilic substituted derivatives of FJBINOL 

Nucleophilic substitution of the fluorine atoms on 7, 7', 6, and 6' position on the 

naphthyl is one of the advantages of the ffuorinated BINOL in terms of fine tuning of 

Lewis acidity as well as the steric effect of the Ligand. l7 At the same time, chirality of the 

homochiral compound cm be kept during the process, which made it very convenient to 

derive different knds of chiral ligands directly from the chiral Buorinated BINOL. 

However, regioselectivity of the substitution may be a problem. In the case of 2, 

substitution at both 6' and 7' position of the second naphthyl always happened aftenvards 



because of the steric effect afier the mono-substitution at 7 of the first naphthyl. This fact 

always made the isomenc substituted product hard to be separaed and characterized 

Since there are less f l u o ~ e  atoms on 7, the nucleophilic substihrtion was expected to be 

simpler than the 2's case. 

According to literature procedure,17 F4BINOL was protected by converting into 

correspondkg benzyl ether (24) and was used as the substrate to be attacked by the 

alkoxïde in However, both substitutions at 7 and 6 position were observed in 

favorite of 7 (not separable), whatever the reaction conditions lïke time and temperature 

applied. (Scheme 9) 

scheme9 

Also a l b l  lithium could be used as a nucleophile to modiQ the 7 position even on 

the unprotected homochiral F4BINOL to afford homochiral derivatives. The similar 

pattern of substitution at 6, 7 position was observed The low yield of the reaction is due 

to the slow rate at low temperature, which was applied to increase the regioselectivity. 

In a conclusion, a seven-step route to synthesize the racemic F4BINOL fiom the 

commercially available materials was developed. The resolution of FJ3INOL was 



achieved through fiactional crystailization of the diastereomeric (-)-menthyl carbonate 

denvatives. Chiral nuclwphile substituted derivatives of F&LNOL were made fiom the 

homochirai FaINOL successfully. 



Part III 

Catalytic Asymrnetric Transformation Catdyzed by F ~ O L T ~ ( O Z T ~ ) ~  Derived 

Lewis Acid 

3.1 Catalytic asymmetric suLfoxidation of methyl p-tolyl sulfide 

Optically active sulfoxides are important intermediates for the synthesis of 

complex chiral rnole~ules.'~ Various asymmetric suLfoxidations have been described, and 

a number of metal-catalyzed versions were introduced.lg Uemura found that BINOL- 

derived titanium complexes gave optically active sulfoxides with very high 

enantioselectivity with moderate yield20. The reasons for this observation are due to a two 

step process: The enatioselective sulfide oxidation with a moderate enantioselectivity is 

followed by an oxidative kinetic resolution, which increase ee by selectively oxidizing 

one enantiomer to the sdfone. Previous work of the asymmetric sulfoxidation of methyl 

p-tolyl sulfide in chloroform by l / T i O  and 2/Ti(VI) indicated that both catalysts could 

afford moderate yields, but 1 - T i O  almost couId not give any chiral induction, 2 / T i 0  

could give ee as good as 75%. (Table 3 entry 1 and 2) Kinetic studies indicated that 

2/Ti(VI)-a stronger Lewis acid could convert sulfide to sulfoxide much faster (5 tïmes) 

than that fiom BINOL. Since the background reaction was observed in this reaction, it is 

not surprising that the kinetically favored FgBINOL catalyst afforded higher ee. 

Moreover, one surprising observation is that the chiral inductions fiom 2 and 1 with the 

same absolute configuration are opposite to each otherSg 

Under the same condition (with 1 eq of water, 5 mol% cataiyst, O°C), (R)- 2 ,  (R)-2 

and (R)-7 were used as ligand to asymmetricaily oxidize the methyl p-tclyl sulfide to 



corresponding sulfoxide. Cumyl hydro peroxide (CHP) was used as the oladant to 

oxidize the substrate in chloroform. 

Table 3. Cornparison of sulfoxidation by different ligand 

Actually fkom the above observation, (R)-7 gave the same sense of chiral 

induction as (R)-2 with higher enantioselectivity (80%). Also, a higher yield was 

observed for (R)-7 in an even shorter reaction time (78%). (entry 3) Monitoring of the 

reaction by TLC indicated that almost no sulfone was formed duîng the oxidation 

process. The pKa' study of these three ligands indicated that Lewis acidity of 7 (9.8) was 

just between that of 1 (10.3) and 2 (9.3). So, the enantioselectivity of its derived Lewis 

acid should be between that of 1 and 2 considering the kinetic reason. However, 

comparing with F8INOL7s case, higher enantiomeric excess and no sdfone formation 

indicated that there must be kinetic resolution in FaIN0L7s case that lowers the ee of 

the product. One of the F4BINOL derivat ives-(R)-7-~u~-~~~INo~ was also used as the 

Ligands Yield [%] ee [O/O] 



Ligand in this reaction- However, only low enantioselectivity and activities were obsewed 

under this case. 

Temperature study of the sdfoxidation by (R)-F4BINOL was also carried out. By 

lowering the temperature the enantioselectivity was increased reasonably. (Table 4) 

By increasing the amount of the catalyst loading, the enantioselectivity was 

Table 4 Temperature study of sdfoxidation by (R)-F4B INOL 

improved, but not very significant after 5 mol%. (Table 5) 

Temp [OC] 

25 

O 

-20 

Table 5 Amount of catalyst study of sulfoxidation by (R)-FaINOL 

Yield [Yo] 

70 (2hr) 

78 (2hr) 

46 (18hr) 

ee [%] 

75 (S) 

80 (S) 

84 (S) 

mol % of catalyst 

1 

5 

10 

Yield [%] 

65 

70 

87 

ee [Yo] 1 

64 (S) 

75 (S) 

78 (S) 



According to Kagan7s report,22' addition of one equivalent of water to catalyst may 

improve the enantioselectivity, therefore a shidy was done by changing the amount of 

water. However, no significant change was observed in this catalyst system by adding 

one equivalent of water. Increasing the addition of water significantly decreased the 

enantioseIectivity. (Table 6) 

Eqwtion 6 

Table 6 Addition of water study of sulfoxidation by (R)-FaINOL 

As a conclusion, F4BINOL-an electronic asymmetric ligand without C2 

symrnetry-could efficiently catalyze the titaniurn-mediated sulfoxidation process. In 

chloroform, the reactivity as well as the enantioselectivity of the fluorinated catalyst was 

improved comparing with BINOL. At the same time, kinetic resolution of over oxidation 

by FsBINOL was avoided in a certain degree. 

3.2 CataIytic asymmetric glyoxyhte-ene reaction 

According to the discussion of Part 1, pseudo enantiomeric assembly of (9-1, (R)-2 

and Ti(OiPr)4 was found to be an extremely active catalyst for glyoxylate-ene reaction 

especially for aliphatic dkene substrates. The result from 7 f l i m a . n  intra-molecular 

version of this catalyst assembly would confirm this assumption. 

1 Eq. of water added / Yield [%] ee [%] 



Under the same reaction conditions, four substratestwo aromatic and two aliphatic 

alkenes were applied to react with ethyl glyoxylate aldehyde. Three of them gave ideal 

yields and ee. Zmethyl-propene failed to afEord any product after 16 hr of reaction. 

Better enantioselectivities was observed for aliphatic olefms than aromatic ones. (Table 

7 )  

Equation 7 

Talbe 7 Ethyl glyoxylate-ene reaction by ( R ) - F m L  

Alkene 

3.3 NMR study on FSINOCTi(OzFr)4 complex 

The catalytic active species in the catdytic asymmetric reactions are the chiral Lewis 

acids derived fiom the chiral ligands and metal ion. '% NMR offered a powerful tool to 

study this interaction between fiuorinated BINOL and Ti(OiPr)4. The NMR experiment 

on the F4BINOL-Ti0 complex was carried out with racemic as well as homochiral 

F4BINOL. In both the experiments, upon addition of Ti(OiPr)4 into one equivalent of 

FaINOL in CDClp, the reaction mumire turned orange and '9 NMR at 6 -147.6, - 149.6, 

-156.9, -162.2, correspondhg to free F4BINOL, disappeared. A set of board peaks at S (- 

a-methylsyrene (3 a) 

2-methyl propene 

Yield [%] ee [%] 

98 

N/A 

95 (R) 

N/A 



140.2, -140.4), (-150.2, -150.6), (-159.0, -159.2) and (-163.0, -163.3) were observed This 

change is not su@sing since the tetrahedral titanium center may form bonding from 

both sides to the CI symmetrïc molecule, which differentiated the fluorine atoms into two 

sets or eight peaks. (Graph 3) 

Graph 3 "F NMR study of the FBINOL/Ti(OiPr)4 derived chiral Lewis acid 

In summary, Lewis acid derived fiom homochiral FaINOL and Ti(OiPr)4 as proved 

to be a chiral source withorrt any synimetry. This unique feature of this chiral catdyst 

does not affect i ts sense of chuality in the catalytic zsymmetric transformation of the 

glyoxylate-ene process as well as the sulfoxidation of methyl p-tolyl sulfide. 



Experiment Section 

Melting points: All melting points were recorded on a capillary melting point apparatus 

(Mel-TEMP II Laboratory Devices USA) that was uncorrected. 

Infrared (IR) spectra: IR was recorded on a Perkin-Elmer FT-IR (Paragon 500) 

spectrometer. 

Nuclear magnetic resonance spectra: 'H, l9I7 and I3c spectra were recorded on 

either Varian Gemini 200, Mercury 300 or VRX-S (Unity) 400 spectrometer. 'H NMR 

spectra were referenced to residuai CHCb (6 7.27 ppm), NMR spectra were 

referenced to CFC13 (6 O ppm) and "C NMR spectra were referenced to CDC13 (6 77.26 

P P ~ ) -  

Optical rotations: Optical rotation were measured on a Perkin-Elmer 243B polarimeter 

at the wavelength of the sodium D - h e  (598 nm) and at room temperatures 

Chromatography: Analytical thin layer chromatography (TLC) was performed on 

Macherey Nagel precoated TLC plates (silica gel 60 GF 254, 0.25 mm). Column 

chromatography was carried out using Silicycle 230-400 mesh silica gel. High- 

performance liquid chromatography (HPLC) was perfomed on HP-1100 series 

instrument using 4.6 mm x 25 cm Daicel CHIRALPAK OD, OJ, AD, and AS column. 

Gas-liquid-phase chromatography (GC) was done with HP-6890 series GC system using 

hi& performance capillary coIurnn HP-5. 

X-ray analysis: The X-ray analysis of the single crystal was measured on NONNS 

KAPPA-CCD system. 



General: In experiments requiring dry solvents, ether, toluene, hexanes, acetonitrile, 

dichloromethane were purchased fkom Aldrich Chernical Co. as "anhydrous". 

Tetrahydrofuran (Tm) was dried over sodium. Moisture or oxygen sensitive reactions 

were carried out using standard syrùige-septum techniques under argon or nitrogen 

atmosphere, 

Part 1 

Generation of Highly EnantioseIective Catalysts from the Pseudoenatiomeric 

Assembly of BINOL, FaIMOL, and Ti(0~Tr)~ 

General: Homochiral FsBINOL was synthesized according to the literat~re.~ The 

required ethyl glyoxylate was obtained and purified in accordance with the literature 

General procedure for the enantioselective synthesis of ethyl2-hydroxyaIk4enoates 

(5) 

A mixture of (R)-FaINOL (21.6 mg, 0.05 mmol), (9-BINOL (14.3 mg, 0.05 mmol) 

Ti(OiPr)4 (14.6 a, 0.05 mrnol) in toluene (1 mL) was heated at 60°C for 1 h. The 

solution was cooled to -20°C. After 15 min. ethyl glyoxylate (0.75 mmol, 1.02 M 

solution in toluene) and the corresponding aikene (0.5 m o l )  were added at an interval of 

15 min. Stirring was continued at -20°C for ovemight (16 h). The reaction mixture was 

transferred onto a plug of silica gel and was eluted with 5% as well as 20% ether in 

pentane to afTord the desired ethyI 2-hydroxyalk-4-enoates as coIorless oil. 

Ethyl2-hydroxy-4-phenylpent-4enoate (Sa) : 'H NMR (200 MHz, CDC13) : 1.22 (t, J 

= 7.2 Hz, 3H), 2.85 (dd, J =  14.4,7.6 Hz, IH), 2.87 (4 J =  6.4 Hz, lHy OH), 3.06 (dd, J =  



14.6,4.4 Hz; lH), 4-06 (m, 2H), 4.08 (dd, J= 7.6,4.4 Hz, lH), 5.21 (d, J =  1.2 Hz, IH), 

5.39 (4 J = 1.2 Hz, lH), 7.22-7.39 (m, 3H), 7.40-7.42 (m, 2H). 13c M (50 MHz, 

CDC13) : 14.06, 40.47, 61-54, 69-16, 116.16, 126.40, 127.66, 128.32, 140.36, 143.60, 

174.40. IR (neat, v-/cm-'): 1628, 1735, 2982, 3482. HRMS for Cl3HI6o3 calculated 

Mass 220.109945 and observed Mass 220.1 10 190. Enantiomeric excess determination 

HSLC analysis (CKIRALPAK AS column, Daicel CO., Japan, 1 rnL/min, Hexane : iso 

Propanaol = 95 : 5, & 250 nm) Rt = 10.06 (S)-isomer, Rt = 12.87 min (R)-isomer- 

>99% ee. 

Yield : 95 %, (S) codig.; (R)-F8BINûL and (S)-BINOL as mixed ligands. 

Ethyl2-hydroq-4-methylpent-4-enoate (5b) : 'H NMR (200 MHz, CDCb) : 1.29 (t, J 

=7.2 Hz, 3H), 1.78 (s, 3H>,2.36 (da J= 14.4, 8.4 Hz, IH), 2.52 (dd, J =  14.4 Hz, 4 H z ,  

lH), 2.75 (d, J = 6.0 Hz,  lH, OH), 4.24 (q, J =  7.2 Hz, 2H), 4.34 (dd, J = 8.2, 4.2 Hz, 

lH), 4.81 (dy J = 0.8 Hz, 1H) 4.87 (d, J = 1.6 Hi ,  1H). 13c NlVIR (50 MHz, CDC13): 

14.25, 22.52, 42.75, 61.72, 69.18, 114.05, 141.03, 174.79. IR (neat, v-.-/cm-'): 1648, 

1735, 2982, 3482. IXMS for C8HI4O3 calculated Mass 158.094294 and observed Mass 

lS8.0944 1 8. Enantiomenc excess determination HPLC analysis (CHlRALPAK AS 

column, Daicel CO., Japan, 1 mLJmin, Hexane : iso Propanad= 95 : 5, 2 IO nm) R = 

6.15 (S)-isome- Rt = 7.75 min (R)-isomer. >99% ee. 

Yield : 57 %, (S) config.; (R)-FsBINûL and (S)-BINOL as mixed ligands. 

Yield : 88 %, (R) config.; (R)-FgBINûL and (R)-BINOL as rnixed ligands. 

Yield : 74 %, (S) config.; ruc-FsBINOL and (9-BlNûL as rnixed ligands. 

Ethyl 2-hydroq4ethylhex4enoate (5c): 'H NMR (200 MHz, CDC13) : 0.97 (t, J = 

7.6 Hz, 3H), 1.28 (t, J= 7.2 Hz, 3H), 1.60 (d, J =  6.8 Hz, 3H), 2.07 (m, 2I9, 2.27 (dd, J =  



14.4, 8.4 Hz, lH), 2.53 (dd, J =  14.4, 1.2 Hz lH), 2.66 (d, J = 6.0 Hz, 1H, OH), 4.21 (q, 

J =  7.2 Hz, 3H), 4.23 (m, lH), 5.30 (q, J = 6.8 Hz, 1H). "C NMR (50 MHz, CDCl3) : 

12.67, 13.18, 14-23> 22.62, 41.66, 61-48, 69.42, 122.59, 136.94, 174.89. IR (neat, 

v-/cmm1): 1735, 2936, 2966, 3482. HRMS for Ci0&O3 calculated Mass 186.125595 

and observed Mass 1 86.125074. Enafltiomeric excess determination HPLC analysis 

(CHIRALPAK AS column, Daicel CO., Japan, 1 mWmin, Hexane : iso Propanaol = 95 : 

5, k x 2 1 0  nm) & = 5.78 0-isomer, Rt = 6.42 min (R)-isomer. >99% ee. 

Yietd : 7 1 %, (S) config.; (R)-F&lNOL and (S)-BINOL, as mixed ligands. 

Yield : not done, (R) config.; (R)-FsBINOL and (R)-BINOL as rnixed ligands. 

Yield : 92 %, (S) config.; rnc-FaINOL and (S)-BINOL as mîxed Ligands. 

Ethyl 3-(cyclohex-l-enyl)-2-hydroxypropionate (Sd) : 'H NMR (200 MHz, CDCI3) : 

1.28 (t, 3H, J = 7.2 Hz), 1.48-1.64 (m, 4H), 1.84-2.04 (m, 4H), 2.28 (dd, J = 14.0,8.0 Hz, 

lH), 2.43 (dd, J = 14.0, 3.6 Hi, lH), 2.67 (d, f = 6.4 Hz, ZH, OH), 4.22 (q, J = 7.2 Hz, 

2H), 4.27 (m, IH), 5.52 (br s, 1H). I3c NMR (50 MHz, CDC4): 14.26, 22.23, 22.86, 

25.34, 28.47, 43.32, 65.52, 69.28, 125.39, 133.06, 174.98. IR (neat, v,,/cm-l) :1735, 

2837, 2935,3528. HRMS for CllHl8o3 calculated Mass 198.125595 and observed Mass 

198.126074. Enantiomenc excess determination HPLC analysis (CHRALPAK AS 

colurnn, Daicel CO., Japan, Z mL/rnin, Hexane : zso Propanaol = 95 : 5, hm- 2 10 nm) Rt = 

6.76 (5')-isomer, Rt = 7.58 min (R)-isomer. >99% ee. 

Yield : 62 %, (S) config.; (R)-FaINOL and (a-BINOL as mixed ligands- 

Yield : 91 %, (R) config.; (R)-F8BINOL and (R)-BINOL as mixed ligands. 

Yield : 95 %, (S) config.; rac-FsBINOL and (S)-BINOL as mixed ligands. 



Ethyl3-(cyclopent-1-enyl)-2-hydroxypropionate (5e) : 'H NMR (200 MHz, CDC13) : 

1.28 (t, J = 7.2 Hz,  3H), 1.86 (quint, l = 7.6 Hz,  2H), 2.19-2.28 (m, 4H), 2.48 (dd, J = 

14.4,7.6 H z ,  lH), 2.59 (dd, J = 15.2,2.8 H z ,  IH), 2.78 (ci, J = 6  Hz, OH, lH), 4.22 (dq, J 

= 1.6,7.2 Hz, 2H), 4.32 (dd, J = 7.6,4.2 Hz,  lH), 5.50 @r s, 1H). 13c N b R  (100 MHz, 

CDCl;) : 14.23, 23.50, 32.51, 35.22, 36.29, 61.62, 69.44, 127.81, 139.35, 174.85. IR 

(neat, v-./cm-') : 1735, 2847, 2949, 3482. HRMS for CIfl16o3 calculated Mass 

184,109945 and observed Mass 184.109046. Enantiomeric excess determination HPLC 

analysis (CHIRALPAK AS columq Daicel CO., Japan, 1 mL/min, Hexane : iso Propanaol 

= 95 : 5, &210 m) Rt = 6.72 (S)-isomer, & = 7.74 min (R)-isomer. 299% ee 

Yield : 59 %, (S) config.; (R)-FsBINûL and (9-BINOL as miied ligands. 

Yield : 77 %, (R) confïg.; (R)-FgBINOL and (R)-BINOL as mixed ligands. 

Yield : 83 %, (S) config.; rac-F&INOL and (S)-BmOL as mDred ligands. 

Geoeral procedure for measurement of kinetic constant under pseudo first order 

condition: 

A mixture of Ligand (0.02 mmol) and Ti(OiP& (0.01 mmol, 2 mol%) in toluene (1 mL) 

was heated at 60°C for 1 h. The solution was cooled to -30°C- M e r  15 min, ethyl 

glyoxylate [5 mmol, in toluene (2.7 mL)] and a-methyl syrene [ O S  mmol, in toluene (2 

mL) with naphthaiene (0.2 mmol) as the intemal standard] were added at an interval of 

15 min. The concentration of the glyoxylate aldehyde was kept at 0.877 moVL. 

The hornogeneous mixture was kept at -30°C and 100 pl, of the withdrawn was 

withdrew through a syringe at certain intervals. The mixture was mixed with NaHCOs 

saturated aqueous solution to quench the reaction and e-acted with ethyl acetate. The 

extract was then dried over MgS04 and passed through silica. The eluant was analyzed 



on gas chcomatography. (Oven condition: 150°C for lm& then temperature nses at 

10°C/rnin dl230 OC, the oven was kept at 230 OC for another 10 min) 

GC data and calculations: 

1) (R)-BINûL as Ligand: 

2) (9-F8BINOL as Ligand: 

LNAdA) Time(s) 

Time(s) 

ReIative Integration area 

Integration area 

(a-methyl syrene) 

Integration area 

W A d A )  Integration area 1 Relative 

I 

(naphmene) concentration (A) 



3) Plotting of Ln(AJA) vs. time and calculation of kinetic constant (K'): 

Ln(Ao/A) vs Time 

Tlme (s) 

General procedure for measurement of kinetic conversion curve: 

A mixture of Ligand (0.1 m o l )  and Ti(OiPr)4 (0.05 mmol) in toluene (1 m . )  was heated 

at 60°C for 1 h. The solution was cooled to -20°C- m e r  15 min, ethyl glyoxylate (0.75 

mmol, 1.02 M solution in toluene) and the correspondhg alkene (0.5 rnmol) were added 

at an interval of 15 min The homogeneous mixture was kept at -20°C and 100 pL of the 

mixture was withdrew through a syringe at certain intervals. The withdrawn was mixed 

with NaHCOt saturated aqueous solution to quench the reaction and extracted with ethyl 

acetate. The extract was then dried over MgS04 and passed through silica. The eluant 



was analyzed on gas chromatography. (Oven condition: 150°C for lmin, then 

temperature nses at 10°C/min until230 OC, the oven was kept at 230 OC for another 10 

GC data and calcdations: 

1 ) (S)-FaINOL as Ligand: 

I l htegration area 

(a-methyl syrene) 

Integration area 

(naphthalene) 

Relative 

concentration (A) 

%Conversion 



2) (R)-BINOL as Ligand: 

3) Rac-BINOL as Ligand: 

Time (min) Integration area 

(a-methyl syrene) 

Relative 

concentration (A) 

htegration area 

(naphthalene) 

%Conversion 

Time (min) 

- 
0.0 

O. Z 

5.0 

Relative 

concentration (A) 

2.049 

1.976 

1.169 

Integration area 

(a-methyl syrene) 

67.2 

66.4 

53.9 

%Conversion 

0% 

4% 

43% 

Integration area 

(naphthalene) 

32-8 

33-6 

46.1 



4) (R)-BINOL and (5')-FSBINOL as Ligand: 

Time (min) 

(a-rnethyl syrene) 

Integration area 

(naphthalene) 

Relative 

concentration (A) 

%Conversion 



5) Plotting of % Conversion vs. The: 

O h  Conversion vs Time 

' O 0  1 

O 10 20 30 

Tirne (min) 

Part II 

Design and Synthesis of FaINOL and Its Derivatives 

8 General: 1-Bromo-5, 6, 7, 8-tetrafluoro-2-methoxy-naphthalene (8), methyl 1- 

methovaphthyl-2-carboxylate (1 1) 23 and aUql 1-bromonaphthyl-2-carboxylate (14) 24 

were prepared by the procedure from literature. Cooper powder was treated according to 

the literature prior to the coupling reaction. 25 

5,6,7,&tetrafluoro-2, S9-dihydroxy-1, 1'-binaphthyl(7) 

To a solution of the 5', 6' , 7', 8'-tetrafluoro-2'-rnethoxy-2-hydroxy- 1, 1' -binaphthyl 

(1 -3 g, 3 Smmol) in dichloromethane (50ml), boron tribrornide (1.8g7 7 m o l )  was added 

by drop at O°C. The mixture was stimng for 24 hrs. Then the mixture was poured into 

2M hydrochloric acid (30ml) slowly, and extracted with dichloromethane 3 times 

(150mlj. The combined extracts were dried over magnesium sulfate and purïfied by the 

column chromatography (Hexane/ethyl acetate=l/l). Recrystallization in hexane of the 

pure product give a light yellow crystal (1. lg, 92%). Melting Point: 16 I0C. 'H NMR 



(300 MH2, CDC13): 6 4.87 (s, lK), 5.35 (s, lH), 7.09 (d, J=7.8Hz, lH), 7.30-7.40 (m., 

3H), 7.48 (d, J=9Hz, lm, 7.88 (4 J=7.8 Hz, lm, 7.96 (ci, J=8.7HS lH), 8.20 (4 5=7.8, 

1H). I3c NMR (100 CDC13): 108.56, 11 1.60, 116.23, 117.54, 119.97, 120.45, 

123.70, 124.43, 127.95, 128.81, 129.52, 131.84, 133.60, 135.01, 138.24, 141.04, 142.98, 

144.35,152.27, 154.56. "F NMR (280MHg CDClr): 6 -147.63, -149.59, -156.91, - 

162.25. HRMS @I) m/z calcd for [C2&fio02F4] 358.0617, found 358.1617. 

5,6,7, û-Tetrafluoro-2-methoxy-l-naphthyll-rnetholrynaphthyl-2-ketone (12) 

A solution of 1-bromo-5,6,7, 8-tetrafiuoro-2-methoxy-naphalene (370 mg, 1.4 m o l )  in 

diethyl ether (2nd) was cooled to -78OC. To the above solution, n-BSi (1 -6 mmol, 1.7M 

in hexanes solution) was injected slowly to form a yellow suspension. To a mixture of 

methyl 1-methoxynaphthyl-2-carboqlate (340 mg, L.6mmol) and dichlorobis(ts5phenyl 

phosphino)nickel(II) (130 mg, 0.2 mmol) in ether (10 ml), the above suspension was 

added slowly while stimng. The mumire was refluxed for 3hr, quenched with saturated 

m l  aqueous solution and extracted with ether (3 x 30 ml). Then, extract was washed 

with saturated NaCl solution (25 ml), dried over MgS04 and concentrated under vacuum. 

The residue was purified by column chromatography to afFord a yellow solid (400 mg, 

78%). 'H NMR (200 M H i ,  CDC13): 6 3.61 (s, 3H), 3.84 (s, 3H), 7.42-7.65 (m, 4H) 7.82- 

7.9 1 (m, 2H), 8-15 (4 P 8 . 8  Hz, 2H). "F NMR (280MHz, CDCL): 6 -140.38, -149.83, - 

157.04, -162.04. 

(-)-Menthyl S', 6', 7', 8'-tetrafluoro-2~-metho~y-l,l~-binaphthyl-2-carbonylate (1Sb) 

The mixture of 1-brorno-5, 6, 7, 8-tetrafluoro-2-methoxy-naphthalene (4.6g, 15mmol), 

(-)-rnenthyl 1 -bromonaphthyl-2-carboxylate (3 .8g, 1 Ommol) and 150 mesh copper 

powder (30g) were heated to 170°C for 48 hrs. The residue was dissolved in 



dichloromethane (300mi); the insoluble component was separated by filtration. Then the 

dichioromethane solution was washed with saturated ammonium chioride aqueous 

solution (150mi), and dried over magnesium sulfate. The extract was concentrated under 

vacuum. The residue was purified by column chromatography on silica (Hexane/ethyl 

acetate=4/1) to give a white crystal(2.5g, 47%). 'H N h B  (400 MHz, CDC13): 8 0.35 (m, 

2H), 0.62 (d, J=8.8= 3H), 0.68 (d, J=9.2% 3H), 0.82-0.95 (m, 4H), 1.25-1.80 (m, 5H), 

3.71 (s, 3H), 4.64 (m, lH), 7.22 (4 J=11.2Hz, lH), 7.34 (m, IH), 7.50 (4 5=12.4Hz, IK), 

7.56 (m, lH), 7.98 (t, J=1ZHk, 2H), 8.13 (d, J=11.2HZ, IH), 8.24(d, J=12Hi, 1H). 1 9 '  

NMR (280MNz, CDC13): 6 -143.8, -150.8, -158.7, -163.3. The above diasteromeric (-)- 

Menthyl Y, 6', 7', 8'-tetrafluoro-2'-methoxy- 1, 1 ' -binaphthyl-2-carboxylate was 

recrystaked in hexanes to f iord a white crystal of (R)-isomer. The rnother liquid was 

concentrated and recrystallized in methano1 to give (5')-isomer. The diasteromenc excess 

determination HPLC analysis (CHIRALPAK AD column, Daicel CO., Japan, 1 mL/min, 

Hexane : iso Propanaol = 90 : 10, k 2 3 0  nm) Rt = 4.46 min, (R)-isomer, Rt =5.25 min, 

(S)-isomer. >99% de 

1-bromonaphthyl-2-aldehyde (16) 

a) 1-naphthalene-bromo-2-bromomethylnaphthalene 

To a solution of 1-bromo-2-methyl-naphthalene (22. l g, 100tnmol) and N-bromo- 

succinimide (2 l.4g7 120mmol) in beozene (300 ml), benzoyl peroxide (0.5g) was added. 

The mixture was reflux for 4 hrs until the NBS disappeared. The solution was cooled to 

room temperature to allow succinimide precipitate. The mixture was filtrateci Then the 

filtrate was concentrated and recrystalized in HexaneEthyl acetate (50/1) to afTord 



yellow solid product (27g 91%). 'H NMR (200 MHz, CDC13): 6 4.87 (s, 2H), 7.50-7.67 

(rn, 3H), 7.78-7.84 (m., 2H), 8.34 (ci, J=8E7 1H) 

b) 1-bromonaphthyl-2-aldehyde 

To a hot solution of 1-naphthalene-bromo-2-bromomethylnaphîhaiene (24.0g, 80mmol) 

in chloroform (50 ml), hexylmethlenetetramïne(12.3g 88mmol) was added in portion to 

form a white precipitate. The chloroform was removed under the vacuum. The residue 

was dissolved in the 50% acetic acid (250m.l) and reflux for 2 hrs. Product was filtrated 

after cooling to afFord white solid (12.6g7 67%). 'H NMR (200 MHz, CDCI1): 6 7.67- 

7.75 (m, 2H), 7.85-7-98 (m, 3H), 8.50-8.55 (m, lH), 10.68 (s, 1H) 

5', 6', 7', 8'-tetraRuoro-2'-methoxy-l,l'-binaphthyl-2-aldehyde (17) 

The mimire of 1-bromo-5, 6,  7, 8-tetrafluoro-2-methoxy-naphthalene (4.6g7 1 ~mmol), 1- 

bromo-2-naphthaldehyde (2.4g, l0rnmol) and newly activated 250 mesh copper powder 

(30g) were heated to 165°C for 48 hrs. The residue was dissolved in dichloromethane 

(300ml); the insoluble component was separated by fiItration. Then the dichloromethane 

solution was washed with saturated ammonium chloride aqueous solution (1 5Oml), and 

dried over magnesium sulfàte- The extract was concentrated under vacuum. The residue 

was passed through short silica to &ord a mixture of both homo- and hetero- coupled 

product (3.5g). The mixture was purified by column chromatography over silica 

(Hexane/ethyl acetate=4/1) to give a white solid (1.6g 48%). 'H NMR (300 MHz, 

CDCl3): 6 3.75 (s, 3H), 7.25-7.40 (rn, 2H), 7.54-7.60 (m, 2H), 7.94-8.02 (m, 2H), 8.10 (4 

J s 8 . m  lm, 8.30 (4 J=9Hz, lH), 9.79 (s, 1H). '% NMR (280MHz, CDC13): 6 -143.3, - 

149.7, -156.6, -16 1.7. 



IR)-5', 6', 7', 8'-tetrafluoro-2'-methoxy-l,l'-binaphthyl-2-aldehyde (17, route 1) 

To a solution of (R)-S , 6', 7',  8'-tetrafiuoro-1 -hydoxymethyl-1 '-methoxy-2, 2'- 

binaphthyl(530rngy 1 m o l )  in dichloromethane, PCC (260 mg, 1.2 m o l )  was added 

and the rnirture was stirred for 2 hrs. The mixture was loaded ont0 silica and eluted with 

diethyl ether, the ehent was concentrated under the vacuum to afford a white solid 

(480mg, 90%). 'H NMR (300 MHz, CDC13): 6 3.75 (s, 3H), 7.25-7.40 (m, 2H), 7.54-7.60 

(m, ZH), 7.94-8.02 (m, 2H), 8.10 (d, J=8.7Hz, lH), 8.30 (d, J=9Hi, lH), 9.79 (s, 1H). 

NMR (280MHk, CDCh): 6 -143.37, -149-66, -156.55, -161.74. 

(R)-5', 6', 7'' 8'-tetrafluoro-l-hydoxymethyl-l'-methoxy-2,2'-binaphthyl(l8) 

To the above (R)-(-)-Ment'y1 5 ' , 6', 7'. 8'-tetrafluoro-S y -methoxy- 1, 1 ' -binaphthyl-2- 

carboxylate (1. lg, 2 mmol) in a solution of diethyl ether (20ml), lithium aluminum 

hydride (75mg, 2-01) was added, The mixture was then stirred for 2hrs at O°C and 

worked up with diluted hydrochloric acid and diethyl ether. The extracts were dried over 

magnesium sulfate and concentrated in vacuo. The resulting mixture was purified by 

column chromatography on silica gel (Hexane/ethyl acetate=3/2) to e o r d  a white crystal 

1 (0.69g, 89%)- H NMR (200 MHz, CDC13): 6 3.76 (s, 3H), 4.45 (s, 2H), 7.06 (d, 

J=9.6Hz), 7.25-7-62 (m, 3H), 7.72(d, J=8-4Hz, lH), 7.90-8.00 (m, 2H), 8.25 (4 J=9.6- 

1H). "F NMR (280MHz, CDCI,): S -144.0, -150.1 -157.3, -162.1. The enantiomeric 

excess determination by HPLC analysis (CHIRALPAK AD column, Daicel CO., Japan, 1 

ml/min, Hexane : iso Propanaol = 90 : 10, 230 nrn) Rt = 10.48 (R)-isomer, R, = 

1 1 -66 min, (a-isomer. 

5', 6*, 7', 8'-tetrafluoro-2'-methoxy-2-hydroxy-l,l~-binaphthyl (20) 

a) 5 ' , 6 ' , 7 ' , 8 ' - t e t r a f l u o r 0 - 2 ' - m e t h o x y - l , l ' ~ r m a t e  (19) 



(Baeyer-Villiger Oxidation) 

To a solution of the above product (1.6gY 4.8mmol) in anhydrous dichloromethane 

(lOOml), m-chloroperbenzoic acid (1 .7g, 9.6mmol) was added. The mixhxe was stimng 

at room temperature under N2 atmosphere for 12 hrs. The resulting mixture was poured 

into saturated sodium bicarbonate aqueous solution (lOOrnl), and extracted 3 times with 

dichloromethane (250mI). The combined extracts were dried over magnesium sulfate and 

concentrated to dryness without any M e r  purification. 

b) 5'' 6', 7', 8'-tetrafluoro-2'-methoxy-2-hydroxy-l,l'-binap hthyi (20) 

(Cleavage of the formate) 

To the above mumire containing formate in the mixed solvent of tetrahydrofuran and 

water ( H ,  SOml), 5% of potassium hydroxide (2.5g, 47mmol) was added. The mixture 

was stirring for 1 hr. The mixture was then acidified with 2M hydrochloric acid (30ml), 

extracted with dichloromethane (250ml), and dried over rnagnesium sulfate. The volatile 

were evaporated and the residue was purified with colurnn chromatography on silica 

(Hexane/ethyl acetate=7/3) to give pure product (1.3g, 63%). 'H NMR (200 MHz, 

CDC13): 3.77 (s, 3H), 4.72 @, lH), 6.98 (d, J=8Hz, lH), 7.20-7.45 (rn, 2H), 7.53 (d, 

J=9.4Hi, lH), 7.8 1-7.88 (m, 2H), 8.26 (d, J=9.5Hg 1H). 1 9 ~  NMR (280MHz, CDC13): - 

144.60, -149.01, -155.83, -161.06. 

(-)-Menthyl 5'' 6', 7', 8'-tetrafluoro-2'-metho~-l,l'-binaphthyi-2-carbonate (21) 

To a solution of 5',  6', 7', 8'-tetrafluor0-2'-methoxy-2-hydroxy- 1, 1 ' -binaphthyI (1 -3 g, 

3.5 m l )  in dichloromethane (50 ml), (-)-rnenthyl chloroformate (1.1 g, 5 mmol), 

pyriduie (2.5mL) and dimethylaminopyridine (5 mg) were added in sequence. The 

mixture was stirred at room temperature for L hr. To the mixture was added HCI solution 



(5%, 25 mL) and extracted with d ich loromme (3 x 50 mL). The extracts were washed 

with NNaHCq and aqueous NaCl solution and dried over MgS04. The dichloromethane 

was removed by vacuum and the residue was p d e d  by column chromatography to 

afford a yellow oil (Ethyl Acetate/Hexanes=1/9). 'H NMR (300 MHz, CDCl,): 6 0.50- 

1.90 (m, 18H), 3.75 (s, 1.5H), 3.77 (s, 1.5H), 4.45 (m, lH), 7.25-7.40 (m, 2H), 7.45-7.55 

(m, 3H), 7.90-8.02 (m, 2H), 8.23 (d, J=8.8Hz, 1H). 1 9 '  NMR (280MHz, CDC13): 6 - 

143.56 (OSF), -144.22 (OSF), -151.25, -157.86, -163.35. HPLC andysis (CKRALPAK 

AD column, Daicel CO., Japan, 1 rnL/min, Hexane : iso Propanaol = 90 : 10, A-. 230 nm) 

Rt = 14.45 min, (R)-isomer, & = 12-26 min, (9-isomer. 

Helical Compound (22) 

TO a solution of Y, 6', 7', 8~-tetr~uoro-2'-methoxy-2-hydroxy-1, 1 '-binaphthyl (1 86 

mg, 0.5 m o l )  in THF (10 mL), potassium hydroxide (0Sg) was added The mumire was 

reflux for 48 hrs until the colorless solution become dark. The mixture was worked up 

with HCl(5%, 10 mL) and extracted with diethyl ether. The extract was concentrated and 

purified by column chromatography (Ethyl Acetate/Hexanes= 1/20) to afford a yellow 

solid The product was recrystdlized in ether to afTord a yellow needle crystal. (175 mg, 

85%) 'H NMR (300 ~ ~ I E I z ,  CDC13): 6 3.81 (s, 3K), 7.38-7.50 (m, 4H), 7.70-7.90 (m, 4H). 

"F h W  (280MHi, CDC13): 6 -156.13, -162.43 -163.31. 

Resolution of 5,6,7,8-tetrafluoro-2,2'-dihydroxy-l,l'-binaphthyI 

a) Bis[(-)-menthyl] 5,6,7,8-tetrafluoro-l,l'-binaphthyl-2,2'-biscarbonate (23) 

To a solution of racemic FaINûL (Mg, 3mmol) in dichloromethane (lOOmI), pyrïdule 

(4ml), (-)menthyl chlorofonnate (2.2g7 IOmmol), and dimethylarnino pyridine (10mg) 

were added in sequence. The mixture was stirring for 2hrs, and worked up with S M  



hydrochloric acid (501x11) and dichIoromethane (200ml). The extracts was dned over 

magnesium sulfate and purified by silica gel column chromatography (hexandethyl 

acetate=20/1) to &ord the pure product (1.6g, 80%). 

The FJ3INOL (-)menthyl carbonate (23) was recrystallized in methanoV2-propanol(5: 1) 

to give a white crystal of (R)-FBINOL (-)rnenthyl carbonate. 'H NMR (300 MHz, 

cDCl3): 8 0.18 (d, J=7.2& 3H), 0.38 (d, J=6.9Hg 3H), 0.53 (d, J=6-9Hz, 3H), 0.67 (4 

J4.9- 3H), 0.75-1.90 (m, 24H), 4.15-4.35 (III, 2H), 7.23 (t, J=8.4Hz, 1H), 7.32 (td, 

J=6.9&, J=0.9Hz, IH), 7.43-7.48 (m, 2H), 7.61 (d, J=9.3Hz, lH), 7.90 (d, J=$.IHz, IH), 

7.97 (4 J=8.7Hz, lH), 8.24 ( 4  J=9.6Hz, 1H). "C N M R  (100 MEb,  CDC13): 16.36, 

16.51, 20.65,20.71, 21.93, 23.33, 23.35, 26.02, 26.20, 31.21, 31.26, 34.03, 34.08, 39.62, 

39.83, 46.51, 46.67, 79.25, 79.73, 218.56, 120.03, 120.98, 121.16, 123.45, 123.49, 

123-76, 125.42, 125-91, 127-14, 128.31, 130.25, 131.58, 133.17, 136.49, 238.42, 139.01, 

140.95, 142.08, 143.40, 144.75, 146.42, 149.11, 152.51, 152.53. '% NMR (280MHz, 

CDC13): 8 -141.13, -149-66, -156.38, -158.89. 

The mother liquid was concentrated to give a yellow oil of (S)-FaINOL (-)menthyl 

carbonate. 

b) (R)- 5,6,7,8-tetrafluoro-2,2'-dihydroxy-1, Pbinaphthyl [(R)-7 

To the above (R)-F4BINOL(-)menthyl carbonate (0.7g, Immol) in a solution of 

tetrahydrofuran (20ml), lithium aluminufzl hydride (75mg, 2rnmol) was added. The 

mixture was then stirred for 2hrs at 0°C and worked up with diluted hydrochloric acid 

and diethyl ether. The extracts were dried over magnesium sulfate and concentrated to 

dryness. The resulting mumire was distilled under vacuum (0.SmrnHg) at 120°C to 

remove (-)menthol, the residue was recrystillized in toluene to give a light yellow crystal 



of (R)-F4BINOL ([a12'~ 4 9  O, ~ 4 . 6 4 ,  THF) (350mg, 95%). Enantiomeric excess 

determination HPLC analysis (CHIRALPAK AD col- Daicel CO., Japan, 1 W m i n ,  

Hexane : iso Propanaol = 90 : 10, & 230 nm) R, = 16.51 min, (R)-isomer, RI =17.54 

min_ (S)-isomer. >99% ee 

5,6,7, û-Tetrafiuoro-2,2'-dibenzoxyl-l, l '- bina p hthyl(24) 

To a mixture of 5, 6, 7, 8-tetrafluoro-2, 2'-dihydroxy-1, 1'-biaaphthyl (100 mg, 0.28 

m o l )  and benzylbromide (0.34 mL, 2.8 m o l )  in THF (10 mL), potassium carbonate 

(0.3 1 g, 2.25 mmol) was added The mixture was refluxed for 24 hr and worked up with 

HCI (5%, 10 mL). The mixture was extracted with diethyl ether and concentrated in 

vacuo. Purification by column chromatography to S o r d  a yellow solid (105 mg, 70%). 

1 H NMR (200 MHz, CDCl3): 6 4.93 (s, 233, 5.00 (s, 2H), 6.70-7.40 (m, 15H), 7.80 (t, 

J=9Hz, 2H), 8.05 (d, J=8.4Hz, 1H). "F NMR (280MXz, CDC13): 6 -144.35, -149.87, - 

157-52, -162.12. 

Nucleophlilic substitution of 5, 6, 7, û-Tetrafluoro-2, 2'-dibenzoxyl-1, Pbinaphthyl 

(24) with sodium rnethoxide 

To a solution of 5, 6, 7, 8-tetmfluoro-2,2'-dibenzoxyl- 1, 1 '-binaphthyl(48 mg, 89 pmol) 

in THF (10 mL), potassium hydroxide (25 mg, 0.45 mmol) and methanol(12.5 pL, 0.45 

m o l )  was added- The mixture was refluxed 1 hr. The mixture was concentrated and 

worked up with HCL (SN, 10 mL) and ether. The extracts was concentrated and purified 

by column chromatography (Ethyl Acetate/Hexanes=1/9) to afford a mixture (40 mg, 

76%) of 7 and 6 subsituted regio isomers (5:l) See attached 'H and M. 

Nucleophlilic substitution of 5, 6, 7, û-Tetrafluoro-2, 2'-dihydroxy-1, 1'-binaphthyl 

(7) with alkyl lithium 



A solution of 5,6, 7, 8-tetrafhoro-2,2'-dihydroxyl-1, 1'-binaphthyl(90 mg, 0.25 m l )  

in THF (10 mL) was cooled to -78OC. t-BuLi (0.75 m o l ,  1.7 in hexanes solution) was 

added dropwise. The mixture was stirred at -78OC for 2 hr and allowed to warm to room 

temp overl8 hr. The mixture was then worked up with HCL (5%, 10 mL) and ether. The 

extracts were concentrated and purified by colunin chromatography (Ethyl 

Acetate/Hexanes=1/9) to afford a m i m e  (41 mg, 40%) of 7 and 6 subsituted regio 

isomer (4:l) See attached 'H and "F NMR. HPLC analysis (CHIRALPAK AD column, 

Daicel CO., Japan, I mL/min, Hexane : iso Propanaol = 90 : 10, &,, 230 nm) Rt = 14.1 8 

min, (RI-7-isomer, Rt =13.24 min, (9-7-isomer. 97% ee R = 18.55 min, (R)-6-isomer, Rt 

=16.96 min, (S)-6-isomer. 97% ee 

Part III 

Catalytic Asymmetric Transformation by FfiINOGTi(OiPr)4 Derived Lewis Acid 

General: Homochiral FaINOL was synthesized according to Part II. The required ethyl 

glyoxylate was obtained and purified in accordance with the literature procedure? 

Chlorofom was distilled fiom phosphorus pentoxide and stored over 4 A molecular 

sieves (MS 4A). 

General procedure for the enantioselective synthesis of ethyl2-hydroxyalk4enoates 

(5% Sd, 5f) 

A mixture of (R)-FJ3INOL (18.0 mg, 0.05 mmol) and Ti(OiPr)4 (7.3 pL,0.025 mmol) i n  

toluene (1 mL) was stirred at room temperature for 1 hr. The solution was then cooled t o  

-20°C. M e r  15 min, ethyl glyoxylate (0.35 mmol, 1.53 M solution in toluene) and the 

corresponding alkene (0.5 m o i )  were added at a 15 min interval. Shning was continued 



at -20°C ovemight (16 h). The reaction mixture was transferred onto a plug of silica gel 

and was eluted with 5% as weU as 20% ether in pentane to a o r d  the desired ethyl 2- 

hydroxyalk-4-enoates as colorless oïl. 

Sa and Sd's NMR and HPLC data: refer to Part 1 

Ethy 1 2-hy droxy-4-phenylpent-4-enoate (5a): y ield 9 8% ee 9 5% 

Ethyl3-(cyclopent- 1 -enyl)-2-hydroxypropionate (5d): yieId 8 1%, ee 97% 

Ethyl2-hydroxy4(2-methylphenyl)-pent-4-enoate (5f): 'H NMR (400 MHz, CDC13): 

1.20 (t, J =  7.2 J3z, 3H), 2.33 (s, 3H), 2.71 & 2.74 (24 J =  7.6 tIz, IH), 2.75 (ci, J =  5.2 

Hz, OH, lH), 2.89 & 2.92 (24 J =  4.4 lH), 4.01 (m, lH), 4.12 (m, lH), 4.17 (m, 

lH), 5.04 (4 J =  1.6 Hz, 1H), 5.34 (s, IH), 7.17 (m, 4H). 13c NMR (100 MHz, CDC13) : 

14.12, 19.96, 42.43, 61.71, 68.84, 118.15, 125.56, 127.29, 128.83, 130.29, 135.23, 

141.45, 144.78, 174.57. IR (neat, v,,/~rn-~): 1635, 1735, 2981, 3482. HRMS for 

C1JIl8O3 calculated Mass 234.125595 and observed Mass 234.125 157. Enantiomeric 

excess determination HPLC analysis (CHIEULPAK AS column, Daicel CO., Japaq 1 

mL/min, Hexane : iso Propanaol = 95 : 5, A--- 250 MI) R, = 6.84 (S)-isomer, R, = 8.74 

min (R)-isomer. Yield 95%, ee 95%. 

General procedure for the enantioselective oxidation of methylp-tolyl suifide 

To a mixture of (R)-F4BINOL (0.025 mmol, 0.0978 M in solution of chloroform) and 

Ti(0tTr)q (0.0 125 m o l ,  0.669 M in solution of chloroform) in 0.5 ml of chloroform, 

water (4.5 pL, O.SSmmo1, HPLC grade) was added The mixture was stirred under & 

atmosphere for 1 hr, then was cooled to 0°C for 15 min. methyl p-tolyl sulfide (33& 

0.25 rnmol) and cumyl hydroperoxide (55.4$, 0.3 rnmol) were added at an interval of 

15 min. The reaction mixture was stirred for 16 hr and loaded onto short silica gel. A 



white solid product was obtained fiom elution by ethyl acetatehexanes (LI) and pure 

ethyl acetate. 'H-NMR (400 MHz, CDCls): 6 7.55 (ci, J=8.1 Hz,  2H), 7.34 (& J=8.4 Hz, 

2H), 2-70 (s, 3H), 2.42 (s, 3H). Enantiomenc excess d e t e e t i o n  HPLC analysis 

(CHTRALPAK AS column, Daicel CO-, Japan, 1 W m i n ,  Hexme : iso Propanaol = 70 : 

30, &-230 nm) Rt = 16.51 (R)-isoxner, Rt = 17.54 min (8-isomer- Yield 78%, 80% ee. 
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