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C O N S P E C T U S

In the investigation of a chemical reaction, researchers typically survey variables such as time, temperature, and stoi-
chiometry to optimize yields. This Account demonstrates how control of these variables, often in nontraditional ways,

can provide significant improvements in enantiomeric ratios for asymmetric reactions. Dynamic thermodynamic res-
olution (DTR) offers a convenient method for the resolution of enantiomeric products in the course of a reaction. This
process depends on an essential requirement: the equilibration of the penultimate diastereomers must be subject to
external control. As a general case, the reaction of AR, AS with B under the influence of the chiral species, L*, gives
resolved products CR and CS.

In the first step of dynamic resolution under thermodynamic control, the enantiomeric reactants AR and AS and L*
form the diastereomers AR/L* and AS/L*. The equilibrium between AR and AS can be rapid, slow, or not operative, and
L* can represent a ligand, an auxiliary, or a crystallization process that provides a chiral environment. Second, the
populations of the diastereomers are controlled, usually by thermal equilibration. Finally, the reaction of the diaster-
eomers with a reagent B provides the enantiomeric products CR and CS. The control of the diastereomeric equilib-
rium distinguishes DTR from other resolution techniques. By contrast, physical resolutions separate thermodynamically
stable, nonequilibrating diastereomers, and dynamic kinetic resolutions utilize kinetic control for reactions of rapidly
equilibrating diastereomers.

The dynamic thermodynamic resolutions discussed in this Account illustrate cases of significantly improved enan-
tioselectivities using this technique. Although many of the well-recognized cases come from organolithium chemistry,
the principles are general, and we also present cases facilitated by other chemistries. This approach has been used
to control enantioselectivities in a number of different reactions, with improvements in enantiomeric ratios up to 99%
from essentially racemic reactants.

Introduction

Time, temperature, and stoichiometry are vari-

ables routinely surveyed in the investigation of

a reaction. Changes in time (sometimes shorter

but usually longer), in temperature (sometimes

lower but usually higher), and in stoichiometry
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(usually higher concentrations) are tested empirically. This

Account demonstrates how control of these variables, often

in nontraditional ways, can provide significant improve-

ments in enantiomeric ratios for asymmetric reactions.1,2

Classic resolutions from racemic mixtures require the for-

mation and physical separation of diastereomers followed by

removal of the resolving agent. The separated diastereomers

can be salts, covalent compounds, or complexes. Selective

crystallization and chiral chromatography, illustrative of the

former and latter approaches, are considered to be thermo-

dynamically driven.

Resolution in the course of a reaction involves diastereo-

meric transient complexes or transition structures that favor

one enantiomer over the other. If control of the population of

transient diastereomers is possible and recognized, a dynamic

resolution under thermodynamic control (dynamic thermody-

namic resolution, DTR) may be developed. If the diastereo-

meric species have significantly different thermodynamic

stabilities or activation energies in a subsequent reaction, an

initially racemic reactant can provide a highly enantioenriched

product in a convenient one flask operation under DTR. It is

control of the diastereomeric populations that makes DTR dif-

ferent from dynamic kinetic resolution (DKR), in which diaster-

eomeric species are in rapid equilibrium and the extent of

resolution is determined by the Curtin-Hammett principle.

The energy and reaction diagrams of Figure 1 progressively

illustrate the general case of DTR from AR, AS to CR and CS. A

racemic mixture of the enantiomers AR and AS under the influ-

ence of an enantiopure species L* followed by reaction with

an achiral reagent B is shown to provide unequal amounts of

the products CR and CS. The first diagram shows the equal

populations and equal energies of AR and AS in an initial

achiral environment. The next step of association with L* pro-

vides equal populations of the nonequilibrated diastereomers

AR/L* and AS/L*. Direct reaction of this mixture with the

reagent B then would provide equal amounts of CR and CS.

However, if the diastereomers are allowed to equilibrate, their

energy difference will lead to unequal populations of AR/L*

and AS/L*. Subsequent reaction with B then provides resolu-

tion in the formation of unequal amounts of CR and CS. Each

of these steps is very well-known. However, their combina-

tion with intentional control of the equilibration offers oppor-

tunities for resolutions that otherwise might not be recognized.

The profiles in Figure 1 illustrate the possibilities of DTR for

a case in which the activation energies for reaction of the dia-

stereomers are equal. In cases where these are not equal,

additional enantioenrichment may be possible. For example,

if the lower energy diastereomer has the lower activation

energy, the use of appreciably less than one equivalent of the

achiral reactant would lead to an enantiomeric ratio larger

than would be observed with a full equivalent of the reagent.

In this case, repeated limited amounts of the reagent followed

by reequilibrations of the diastereomers would provide enan-

tioenrichments that significantly exceed the relative popula-

tions of the equilibrated diastereomers (vide infra). If,

alternatively, the higher energy diastereomer has the lower

activation energy, reaction of the nonequilibrated diastereo-

mers with less than one equivalent would afford an enan-

tioenriched product. In this case, use of a sacrificial reagent,

which would select the minor but more reactive diastereomer

to make a different product, followed by the reaction of the

original reagent with the more highly populated, less reac-

tive diastereomer would lead to an enantioenriched product.

The first profile of Figure 1 illustrates a case in which AR and

FIGURE 1. Energy and reaction diagrams for dynamic thermodynamic resolution of A to provide C.
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AS are not rapidly interconverting relative to their reaction with

L*. If there is facile equilibrium between the enantiomers rel-

ative to the association with L*, the population of the result-

ing stable diastereomers would be determined by the

difference in activation energies for the association step. That

population of stable diastereomers could be subject to subse-

quent thermodynamic control through equilibration.

Under DTR, the enantiodetermining diastereomeric energy

differences, which lie in the relative stabilities of the diaster-

eomers or in the transition states leading to the product, are

available for enantiocontrol. The source of thermodynamic

energy difference between the diastereomers could be the

energy differences of species in solution, on absorption, or in

the solid state.

The most well-recognized examples of enantiocontrol

based on DTR are in organolithium chemistry with a general

case shown in Scheme 1. The generation of chiral organolith-

ium reagents, their configurational stability, the reaction mech-

anisms involving chiral organolithium reagents, and the

transfer of stereochemical information with enantioenriched

organolithium reagents have recently been reviewed.3 The

well-known complexation, aggregation, crystallization, and

sometimes slow equilibrations of organolithium species may

increase the opportunities for DTR.

The selected examples in this Account illustrate how

straightforward management of the experimental conditions

can provide control of the diastereomeric equilibrations and

lead to significantly improved enantioselectivities. We believe

that recognition of this possibility could provide useful enan-

tioenrichment for reactions that, absent this consideration,

would not be developed.

Ligand-Based Control
A reaction sequence that clearly demonstrates the use of tem-

perature to control a diastereomeric and subsequent enantio-

meric ratio (er) was reported by Coldham and co-workers.

They found that when a racemic R-lithio amine pyrrolidine

derivative (R)-4/L* and (S)-4/L*, generated by tin-lithium

exchange from racemic 3, was treated with the enantioen-

riched chiral ligand 6 at -10 °C then stirred for 90 min prior

to cooling to -78 °C for the addition of the electrophile, the

products (R)-5 and (S)-5 were obtained with er’s of 96:4

(Scheme 2).4 This is consistent with an initial 1:1 ratio of dia-

stereomeric complexes being converted to a higher ratio

through equilibration, which ultimately provides a highly

enantioenriched product.

The work of Kessar and co-workers illustrates how a

warm-cool cycle can invert an enantiomeric ratio.5 The lithia-

tion of BF3-complexed N-ethyl pyrrolidine under kinetic con-

trol provides lithiated diastereomers with (R)-8/L* as the major

compound. When the reaction is kept at -78 °C followed by

addition of benzophenone, (S)-9 is the major product. How-

ever, if the lithiated intermediates are warmed to 0 °C and

stirred for 2 h, then cooled to -78 °C before addition of ben-

zophenone, the enantiomeric ratio is reversed and (R)-9 is the

major product (Scheme 3). The reaction at -78 °C occurs with-

out equilibration and warming to 0 °C allows the diastereo-

meric intermediates to equilibrate.

SCHEME 1 SCHEME 2

SCHEME 3
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For reactions in which the activation energies for conver-

sion of the diastereomers to product are significantly differ-

ent, it is possible to achieve enantioenrichments higher than

that provided by their thermodynamic ratio. An illustrative

case is the dilithiation of 10 to give racemic 11, which upon

treatment with (-)-sparteine followed by reaction with tetram-

ethylsilyl chloride (TMSCl) yields (R)-12 and (S)-12.6 The ini-

tial reaction at -78 °C gives racemic products because there

is little equilibration between the diastereomers. The subse-

quent warm-cool cycle allows equilibration of the diastereo-

mers, presumably to a 90:10 ratio, which leads to an er of

90:10 of the subsequent enantiomers (Scheme 4). The obser-

vation that addition of 0.1 equiv of the electrophile for a reac-

tion entirely at -78 °C gives an er significantly different from

racemic reveals that each of the diastereomers has a differ-

ent energy of activation for reaction with TMSCl. The corre-

spondence of er’s from the reaction with 1.0 equiv of the

equilibrated system with the 0.1 equiv with the unequilibrated

system establishes that the more populated diastereomer has

the lower activation energy. Hence, successive cycles of equil-

ibration and limited amounts of reagent offer an opportunity

for enrichment higher than is available from the thermody-

namic ratio of the enantiomers. A ten step sequence provided

a yield of 76% with an er of 99:1. In this case, a reaction that

has initially an unpromising er has been converted to a reac-

tion that provides a high er by the use of DTR.

Separation of the thermodynamic and dynamic steps in a

warm-cool cycle has been used by Collum, Grabowski, and

co-workers for the synthesis of the HIV reverse transcriptase

inhibitor efavirenz, 17.7 The highly stereoselective 1,2-addi-

tion reaction of 15 to 13 requires the formation of 2:2 tet-

rameric complex of alkoxide 14 and lithium acetylide 15.

Generation of the alkoxide-acetylide mixture at low temper-

ature and subsequent reaction with 13, without establishing

equilibrium, provided the addition product 16 with 93:7 er

(Scheme 5). However, a higher yield and a higher enantiose-

lectivity of 99:1 were obtained when 2.0 equiv of 14 and 2.0

equiv of 15 were allowed to equilibrate prior to reaction with

the ketone 13.

The equilibration of diastereomers can be solvent-con-

trolled. The lithiation and substitution of the substrate 18 with

s-BuLi in the presence of (-)-sparteine in diethyl ether was

found by Wilkinson et al. to be kinetically controlled, with dia-

stereomeric complexes in rapid equilibrium, to give er’s in the

range of 73:27 to 88:12. 8 However, Park and co-workers

found that in methyl t-butyl ether (MTBE) the sequence

becomes thermodynamically controlled and provided er’s in

the range of 88:12 to 98:2 (Scheme 6). An interesting fea-

ture of this result is that no precipitation is evident, suggest-

ing that a soluble complex can drive the critical diastereomeric

equilibration. Subsequently, the methodology was applied to

the asymmetric synthesis of a 3,4,5-substituted benzazepine

system 21 in high yield.9

O’Brien et al. studied the lithiation-substitution of N-piv-

aloyl-o-ethylaniline 23, following preparation of the chiral (+)-

sparteine surrogate 22.10 After treatment of 23 with 2.4 equiv

of s-BuLi in diethyl ether at -25 °C for 2 h, the dianion was

treated with 2.9 equiv of 22 followed by equilibration for 45

min at -25 °C and cooling to -78 °C. Addition of trimethyl-

silyl chloride, gave 58% of the silylated product (S)-24 with

93:7 er (Scheme 7). This result is comparable to that of the

(-)-sparteine process, which provided 72% yield of (R)-24 with

95:5 er.11

Another interesting illustration of solvent control that allows

the enrichment of either enantiomer from the same reactants

by taking advantage of DTR has been reported by Hoppe and

co-workers for the synthesis of highly enantioenriched viny-

lallenes.12 The reaction of the carbamate 25 with n-BuLi/(-)-

SCHEME 4

a The warm-cool cycle was repeated for a total of 10 times.

SCHEME 5
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sparteine in toluene at -78 °C for 30 s formed the lithium

chelate (S)-26/L*, which on reaction with acetone provided

(RR,E)-27 in 81% yield with an er of 97:3. However, when a

pentane/toluene mixture was used as solvent, a brownish pre-

cipitate was formed, which upon stirring for 15 h followed by

addition of acetone, provided the opposite enantiomer (RS,

E)-27 in 61% yield with an er of 97:3 (Scheme 8). The initial

reaction is an asymmetric lithiation with (-)-sparteine to pro-

vide (S)-26/L*. Subsequent equilibration drives the reaction to

(R)-26/L*. Each of the epimers then subsequently reacts with

acetone to give, respectively, the enantiomers of 27. The

results are consistent with the formation of (S)-26/L* as the

kinetic diastereomer, which is transformed to the thermody-

namically stable diastereomer (R)-26/L*. The precipitation,

which apparently involves selective crystallization, appears to

provide the thermodynamic driving force for the equilibration.

Lete and co-workers investigated the R-oxybenzyl lithium

complexes of 29/L* generated by deprotonation of 28 with

s-BuLi in the presence of (-)-sparteine (1.1 equiv) at -78 °C.

After 5 min, reaction with imine 30 under various conditions

gave the threo isomer of 31 as the major diastereomer

(Scheme 9). The reaction provided the best diastereo- and

enantioselectivity when an excess of the s-BuLi/(-)-sparteine

(2.2 equiv) was used and the reaction was quenched at low

temperature to give single diastereomers. The enantiomeric

ratio was significantly improved after recrystallization to

98:2.13 The generation and use of the R-oxybenzyllithium

derived from O-benzyl carbamate and s-BuLi/(-)-sparteine in

the coupling reaction with a prochiral imine provided enan-

tioenriched threo-�-amino alcohol derivatives with modest to

good er’s. The stereochemical outcome of the reaction indi-

cates that the organolithium intermediate with the (S)-config-

uration is favored by equilibration, and the subsequent

addition reaction takes place with retention of configuration to

give (1R,2R)-31 as the major enantiomer.

The extent of equilibration of an intermediate diastereo-

meric complex can be controlled by a chiral ligand. The depro-

tonation of the thiocarbamate 32 reported by Hoppe with 1.2

equiv of n-BuLi in toluene is completed in 30 min at -78 °C.

With (-)-sparteine in the reaction mixture, a product with

moderate er (73:27) is obtained in 97% yield after addition

of trimethylsilyl chloride. Changes in the reaction tempera-

ture, solvent, and deprotonation times did not lead to signif-

icant improvements in the enantiomeric ratio of the silylation

product. It was shown that the configuration of the C-Li bond

complexed with (-)-sparteine is not stable under the reaction

conditions and that the (-)-sparteine ligand does not provide

significant differentiation between the two enantiomeric pro-

tons.14 However, the same reaction in the presence of the

chiral bis(oxazoline) ligands 35 or 36 yielded the silylation

product with an er of >99:1 in 87% yield. The in situ reac-

tions with the same chiral ligands and trimethylsilyl chloride

as an electrophile provided a product with an er of 52:48,

suggesting that enantiotopic differentiation is not occurring

during the deprotonation step. Longer deprotonation time or

warming the reaction mixture to higher temperature (-25 °C)

facilitated thermodynamic equilibration of the diastereomers

(S)-33/L* and (R)-33/L* to give the enantioenriched substitu-

tion product (Scheme 10). Substitution reactions with allyl bro-

mide, methyl triflate, triethylsilyl chloride, and pivaloyl

chloride also provided high selectivities and good yields. This

SCHEME 6

a Base was s-BuLi. b dr is 81:19. c dr is 97:3. d dr is 92:8.

SCHEME 7
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approach provides efficient access to acyclic, highly enantioen-

riched allylic thiol derivatives 34.

Marek and co-workers showed that the course of a

lithiation-substitution reaction involving DTR could be con-

trolled by diastereomeric equilibration with less than 1 equiv

of the chiral ligand. The formation of enantioenriched 1,2-

disubstituted cyclopropanes, by carbolithiation of the mixed

acetal 37 in the presence of (-)-sparteine, occurs by an

intramolecular displacement. Upon warming, a 1,3-elimina-

tion gives the chiral 1,2-disubstituted cyclopropanes 40 with

er’s greater than 95:5 (Scheme 11). The allylic organolithium

species is a mixture of cis- and trans-diastereomers. If the reac-

tion mixture is warmed to room temperature as soon as the

carbolithiation is completed, the formation of the vinyl cyclo-

propanes occurs in yields of 45-70% with er’s up to 92:8.

The configuration of the initially formed stereogenic center

does not change in the 1,3-elimination reaction, but upon

warming, the configuration of the allyl lithium is equilibrated

SCHEME 8

SCHEME 9

SCHEME 10

SCHEME 11
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to provide the thermodynamically more stable (E)- and the

trans-disubstituted vinylcyclopropanes.15

Toru reported that reaction of lithiated N-Boc-benzothiazo-

lidine 41 with aromatic aldehydes in the presence of (-)-

sparteine provided syn- and anti-42 with high enantio-

selectivity and low diastereoselectivity (Scheme 12).16 A mech-

anistic study revealed that the reaction proceeded by asym-

metric substitution and not by asymmetric deprotonation. A

test with a deficient amount of an electrophile confirmed the

reaction proceeded through a DTR pathway. Each diastere-

omer could be converted to the corresponding chiral ethane

diol by hydrolysis followed by reduction, hence the lithiated

anions served as formyl anion synthetic equivalents.

Valentine et al. developed the preparation of enantiomeri-

cally pure tertiary alkyl and aryl phosphines for asymmetric

catalysis using DTR. The borane complexes of alkyldimethyl-

or aryldimethylphosphines 43 were treated with s-BuLi in the

presence of (-)-sparteine to afford the diastereomers 44/L*.

Control of the enantioselectivity was obtained by equilibrat-

ing the diastereomeric organolithium intermediates prior to

their conversion to 45 and 46 (Scheme 13).17

Wulff and co-workers used an in situ generated cop-

per(II)-(-)-sparteine species to drive the deracemization of

BINOL, VAPOL, and VANOL ligands.18 The equilibration of the

VANOL complex was carried out with in situ generation of

copper(II) chloride. The product was obtained with 61% recov-

ery and >99:1 er. Subsequent removal of the copper and the

ligand gave the (S)-enantiomers of BINOL, VANOL, and VAPOL

(Scheme 14).

Auxiliary-Based Control
Dynamic resolutions that involve equilibrations of diastereo-

mers have been recognized for a number of reactions that

involve chiral auxiliaries. An interesting case in which a chiral

auxiliary is both generated by covalent bond formation and

then cleaved during the resolution is the oxidative resolution

of 50 reported by Gilheany et al.19 The reaction of a racemic

phosphine 50 with hexachloroacetone (HCA) and (-)-men-

thol provided the corresponding phosphine oxide 54 in high

yield and high er (Scheme 15). The (-)-menthol used as a

transfer chiral auxiliary was converted to (+)-neomenthyl chlo-

ride in the course of the reaction. The stereoselection may be

attributed to the equilibration of the intermediate diastereo-

mers 51 and 52 or the corresponding alkoxyphosphonium

salts through DTR. The use of the reaction to provide the chiral

ligand (R,R)-56 from 55 with an er of 99:1 is remarkably

efficient.

Dynamic resolutions after intentional equilibrations of dias-

tereoisomers have been recognized for a number of reactants

with chiral auxiliaries. Park et al. studied the reaction of the

N-methyl pseudoephedrine R-bromo-R-ethyl esters 57 and

58 (RR/RS)56:44) with sodium p-methoxyphenoxide

(PMPO-Na+). They found the reaction provided (R)-59 in a

75:25 er after methanolysis. However, when the starting ester

SCHEME 12 SCHEME 13

SCHEME 14
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was equilibrated with triethyl amine before treatment with a

nucleophile, equilibration provided an 89:11 ratio of the two

diastereomers. Subsequent treatment of the equilibriated mix-

ture with sodium p-methoxyphenoxide (PMPO-Na+) gave

(R)-59 with a 90:10 ratio in 77% yield, which was then con-

verted to (R)-60 with the same er (Scheme 16).20 The depen-

dence of the product ratio on the diastereomeric ratio of the

R-bromo compounds shows equilibration of the R-bromo

esters to be slower than the substitution reaction. With 1,2-

phenylenediamine as the nucleophile, a subsequent intramo-

lecular cyclization provided the R-substituted dihydro-

quinoxalinone 61 with an er of 98:2. The low nucleophilicity

of the aniline amino group presumably provided time for the

starting ester to equilibrate, resulting in an enhanced er.

Clayden very nicely employed auxiliary-controlled DTR for

the preparation of single atropisomers of aromatic tertiary

amides. Condensation of the 2-formyl naphthamide 62 with

a proline-derived 1,2-diamine or with (-)-ephedrine in reflux-

ing toluene afforded single atropisomers of imidazolidine or

oxazolidines 63 and 64. Hydrolysis of the auxiliaries followed

by immediate reduction of the corresponding aldehyde pro-

vided the enantiomerically enriched alcohols 65 (Scheme 17).

The conformational preference about the atropisomeric axis

accounts for the observed stereochemical thermodynamic

control.21

In a related investigation by Clayden, the two atropdiaste-

reoisomeric sulfoxides 67, derived from the reaction of 66
with (-)-menthyl p-toluenesulfinate, were seen to be critical

intermediates in an efficient and high yielding DTR. The more

stable of the diastereoisomers, anti-67, was used for the

sulfoxide-lithium exchange to regenerate an enantioenriched

nucleophilic organolithium reagent. Its subsequent use led to

68 with high er’s (Scheme 18). 22 Clayden also showed that

the stereocontrolling unit is the chiral axis in tertiary ami-

dophosphine ligands in a similar allylic alkylation.23

An asymmetric synthesis of bisoxazoline atropisomers by

DTR was reported for a copper-mediated Ullmann reaction by

Meyers in the conversion of 69 to 70 and 71 (Scheme 19).

The (S,S,R)-70-Cu complex has unfavorable nonbonding inter-

actions between the two isopropyl groups and results in the

equilibrium favoring the (S,S,S)-71-Cu complex by 93:7.24

Crystallization-Based Control
For DTRs in which precipitates are present, the driving force is

likely the well-known crystallization-induced dynamic resolu-

tion (CIDR). A review of CIDR has recently been published.25

For CIDR, the subsequent diastereoselective reaction leading

to an enantioenriched product needs to occur before loss of

configuration. Both ligand-based and auxiliary-based cases are

known.

In 1995, Hoppe and Boche reported crystallization-induced

dynamic resolution of (-)-sparteine-coordinated lithium

indenides. Deprotonations of 1-alkylindenes 72 by n-butyl-

SCHEME 15

SCHEME 16

SCHEME 17

Dynamic Thermodynamic Resolution Lee et al.

Vol. 42, No. 2 February 2009 224-234 ACCOUNTS OF CHEMICAL RESEARCH 231



lithium/(-)-sparteine in ether/hexane with subsequent crys-

tallization, followed by addition of electrophiles, yielded

1-substituted indenes 75 with high ers (>98:2) and retention

of configuration (Scheme 20).26

Hoppe showed that the lithiation of the propargylic thio-

carbamate 76 with n-BuLi in the presence of (-)-sparteine in

pentane gives a mixture of (R)-77/Li and (S)-77/Li. At temper-

atures below -30 °C, the (S)-isomer selectively crystallized and

its absolute configuration was established. Reaction of the pre-

cipitate with trimethylsilyl triflate (TMSOTf) provided (S)-prop-

argylsilane 78 in 83% yield with an er of g98:2 (Scheme

21).27 When the precipitated crystal was dissolved, kept in tol-

uene at -78 °C for 6 h, and subsequently treated with

TMSOTf, an identical er was obtained, establishing the con-

figurational stability of (S)-77/Li.

Strohmann and co-workers reported the synthesis of the

highly diastereomerically enriched R-lithiated alkylsilanes 80

using (S)-2-(methoxymethyl)pyrrolidine (SMP) as a chiral aux-

iliary. The choice of the reaction solvent influences the stere-

ochemical outcome. The lithiation of (S)-79 in toluene/

cyclohexane gave a precipitate, assigned as (R,S)-80/L*, which

on reaction with trimethyltin chloride afforded (R,S)-81 with a

dr of 91:9. In THF, the same electrophile provided (S,S)-81

with 92:8 dr (Scheme 22). In the presence of THF, two dia-

stereomeric alkyllithiums 80/L* were observed by 13C NMR

spectroscopy at room temperature.28

Livinghouse and co-workers showed that stereoselectivity

in the synthesis of the phosphine derivative 84 results from a

crystallization-induced dynamic resolution. The lithiated tert-

butylphenylphosphine-borane 82 in the presence of (-)-

sparteine at -78 °C furnished a nearly homogeneous solution

of 83/Li, which upon warming to 25 °C, deposited a precipi-

tate (Scheme 23). Subsequent reaction with an electrophile

gave the substituted products 84 with er’s of 96:4 to >99:1.

Precipitation was found to be crucial to the success of the pro-

SCHEME 18

SCHEME 19

SCHEME 20

SCHEME 21
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cedure.29 If the reaction was warmed to 0 °C for 30 min prior

to addition of the electrophile, an er of 68:32 was obtained.

A remarkably useful auxiliary-mediated CIDR of unfunc-

tionalized aldehydes and ketones was developed by Evans by

formation of crystalline imines 86, using amine 87 as the

resolving reagent (Scheme 24). While the dr’s of all E/Z iso-

mers of 86 were close to 1:1 in solution, crystallization of the

imines resulted in improved selectivity. The best results were

obtained with unpurified solid imine stirred as a solid-liquid

mixture at 23 °C in polar solvents. A simple one-flash prepa-

ration of the imine followed by hydrolysis with aqueous CuCl2
afforded ent-85 in high yields with high er’s.30

Summary
For many asymmetric reactions, the variables of time, tem-

perature, solvent, and use of chiral nonracemic ligands or aux-

iliaries can be easily controlled. Rational management of these

variables for reactions in which stable diastereomers are sub-

ject to equilibration may allow separation of thermodynamic

and kinetic steps of a resolution and provide significant

improvement in enantiomeric ratios. Although the most well

recognized and developed examples of DTR are in organo-

lithium chemistry, its application can be more extensive. In

favorable cases, the approach is often more efficient than

more global changes.
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14 Sonawane, R. P.; Fröhlich, R.; Hoppe, D. Highly Enantioselective Reactions of a
Lithiated R-Thioallyl Carbanion via Thermodynamic Resolution Pathway. Adv. Synth.
Catal. 2006, 348, 1847–1854.

15 Majumdar, S.; de Meijere, A.; Marek, I. Catalytic Asymmetric and Stereoselective
Synthesis of Vinylcyclopropanes. Synlett 2002, 423–426.

16 (a) Wang, L.; Nakamura, S.; Ito, Y.; Toru, T. Enantioselective Reaction of R-Lithiated
Thiazolidines as New Chiral Formyl Anion Equivalents. Tetrahedron: Asymmetry
2004, 15, 3059–3072. (b) Wang, L.; Nakamura, S.; Toru, T. Highly Enantioselective
Reaction of Lithiated N-Boc-thiazolidine: A New Chiral Formyl Anion Equivalent. Org.
Biomol. Chem. 2004, 2, 2168–2169.

17 Valentine, D. H., Jr.; Hillhouse, J. H. Electron-Rich Phosphines in Organic Synthesis
II. Catalytic Applications. Synthesis 2003, 243, 7–2460.

18 Zhang, Y.; Yeung, S.-M.; Wu, H.; Heller, D. P.; Wu, C.; Wulff, W. D. Highly
Enantioselective Deracemization of Linear and Vaulted Biaryl Ligands. Org. Lett.
2003, 5, 1813–1816.

19 Bergin, E.; O’Connor, C. T.; Robinson, S. B.; McGarrigle, E. M.; O’Mahony, C. P.;
Gilheany, D. G. Synthesis of P-Stereogenic Phosphorus Compounds. Asymmetric
Oxidation of Phosphines Under Appel Conditions. J. Am. Chem. Soc. 2007, 129,
9566–9567.

20 Kim, Y.; Kang, K. H.; Choi, E. T.; Lee, M. H.; Park, Y. S. N-Methyl Pseudoephedrine-
Mediated Asymmetric Syntheses of Dihydroquinoxalinones for the Preparation of
Flavane Analogues. Bull. Korean Chem. Soc. 2007, 28, 325–328.

21 Betson, M. S.; Clayden, J.; Helliwell, M.; Johnson, P.; Lai, L. W.; Pink, J. H.;
Stimson, C. C.; Vassiliou, N.; Westlund, N.; Yasin, S. A.; Youssef, L. H.
Conformational Preference in Aromatic Amides Bearing Chiral Ortho Substituents: Its
Origin and Application to Relayed Stereocontrol. Org. Biomol. Chem., 2006, 4, 424–
443.

22 Clayden, J.; Kubinski, P. M.; Samiceli, F.; Helliwell, M.; Diorazio, L. Sulfoxides as
‘Traceless’ Resolving Agents for the Synthesis of Atropisomers by Dynamic or
Classical Resolution. Tetrahedron 2004, 60, 4387–4397.

23 Clayden, J.; Lai, L. W.; Helliwell, M. Using Amide Conformation to ‘Project’ the
Stereochemistry of an (-)-Ephedrine-Derived Oxazolidine: A Pair of
Pseudoenantiomeric Chiral Amide-Phosphine Ligands. Tetrahedron: Asymmetry
2001, 12, 695–698.

24 Meyers, A. I.; Nelson, T. D.; Moorlag, H.; Rawson, D. J.; Meier, A. Chiral Oxazoline
Route to Enantiomerically Pure Biphenyls: Magnesio and Copper Mediated
Asymmetric Hetero- and Homo-Coupling Reactions. Tetrahedron 2004, 60, 4459–
4473.

25 Anderson, N. G. Developing Processes for Crystallization-Induced Asymmetric
Transformation. Org. Process Res. Dev. 2005, 9, 800–813.

26 Hoppe, I.; Marsch, M.; Harms, K.; Boche, G.; Hoppe, D. Generation of
Enantiomerically Enriched Lithium Indenides by Means of (-)-Sparteine-Structure,
Stereoselective Substitution, and Solvent Effects. Angew. Chem., Int. Ed. Engl.
1995, 34, 2158–2160.
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